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A Transient Inflammatory Reaction in the Lung After
Experimental Hemorrhagic Shock and Resuscitation With a
Hemoglobin-Vesicles Solution Compared With Rat
RBC Transfusion

YOSHITAKA YAMANASHL* Masaki Mori,* Katsuvuki Terajima,* TAKAYA TsuesHITA,* Hirorisa HorinoucH, +
HiROMI SAKALT AND ATSUHIRO SAKAMOTO™®

Transfusion for hemorrhagic shock can improve oxygenation,
but immunoreactions may induce inflammation. Artificial oxy-
gen carriers have been developed to address clinical concerns of
infection and stability, but whether an artificial oxygen carrier
might induce inflammation is not well known. To address this
question, we compared inflammatory reactions after resuscita-
tion with hemoglobin vesicles (HbVs) or red blood cells (RBCs)
in a hemorrhagic shock rat model. Both HbVs and the stored
and irradiated rat RBCs deprived of buffy coat were suspended
in recombinant human serum albumin [(Hb) = 8.6 g/dL]. Under
anesthesia, hemorrhagic shock was induced for 30 min, fol-
lowed by resuscitation by 20 min transfusion of HbVs or rat
RBCs in a volume equivalent to the volume of withdrawn blood.
Lungs were excised 2 or 24 h after resuscitation, and mRNA
levels of tumor necrosis factor alpha (TNF-a), intercellular ad-
hesion molecule-1 (ICAM-1), nitric oxide synthase 2 (iNOS),
nitric oxide synthase 3, hypoxia-inducible factor 1 alpha, and
heme oxygenase 1 (HO-1) were measured. In rats resuscitated
with HbVs, mRNA levels of TNF-a and HO-1 2 h after resusci-
tation were significantly higher than those in the rat RBC group,
but the levels at 24 h were similar in both groups. The expression
of iNOS and ICAM-1, second messengers of inflammation, was
not affected, and inflammatory levels after 24 h with HbVs are
similar to rat RBC transfusion. The rat RBC group did not show
an expected inflammatory reaction related to a transfusion-
induced lung injury, and a clinical relevance concerning this
level of transient inflammatory reaction induced by HbVs is not
known; however, attention to the early stage of resuscitation in
ongoing studies of HbV is required. ASAIO journal 2009; 55:
478-483.

B lood transfusion is the primary treatment for massive hem-
orrhage from injury and during surgery, but various adverse
effects have been reported, including transfusion-related acute
lung injury (TRALI) and other transfusion reactions, such as
graft versus host disease (GVHD), other immunological reac-
tions, and bacterial, viral, and prion infections.’ To reduce
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these adverse effects, several types of hemoglobin (Hb)-based
artificial oxygen carriers, including liposome-encapsulated
Hb, have been developed.2

The oxygen carrying capacity of Hb vesicles (HbVs) have
been confirmed to be similar to that of red blood cells (RBCs)
and are expected to be useful for clinical applications. To
prepare these vesicles, purified human Hb is encapsulated
with phospholipid bilayer membranes (liposomes), and the
vesicular surface is modified with polyethylene glycol chains.
HbVs contains no blood group antibodies or infectious patho-
gens and can be stored for a prolonged period compared to
RBCs.2 In a rabbit hemorrhagic shock model, we have shown
that administration of HbVs leads to recovery of hemodynam-
ics and mediates oxygen delivery to vital organs and peripheral
tissues to sustain life.# In a subsequent study, we compared the
hypoxic and inflammatory responses of major organs in a
hemorrhagic shack model to the transfusion of either HbVs or
Ringer Lactated solution (RL), by quantifying mRNA levels of
hypoxia-induced factor 1-alpha (HIF-Ta) and tumor necrosis
factor alpha (TNF-a). Our results showed that resuscitation
from hemorrhagic shock with HbVs did not increase hypoxic
or inflammatory effects in major organs, compared with resus-
citation using RL solution.® However, it is not known whether
resuscitation with HbVs after hemorrhagic shock may induce
stronger inflammatory reactions than those induced by RBC
transfusion. Therefore, we needed to measure the mRNA levels
for proteins associated with inflammatory and hypoxic reactions.
Tumor necrosis factor alpha (TNF-c) is a cytokine involved in
systemic inflammation along with a number of cytokines that
stimulate the acute phase reaction.® A rapid release of TNF-«
plays a central role in the synthesis of adhesion molecules on
polymorphonuclear leukocytes (PMNs)7:8 and intercellular ad-
hesion molecule-1 (ICAM-1) on endothelial cells.210 Further-
more, TNF-o induces nitric oxide synthase 2 (iNOS) and nitric
oxide (NO) production in cultured vascular smooth muscle
cells.’1.12 NO generated by nitric oxide synthase 3 (eNOS)
plays a vital physiological role in maintaining appropriate
microvascular tone and blood flow and exhibits protective
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effects.’® The primary insult of trauma-hemorrhage is the in-
duction of cellular hypoxia. The adaptive response to hypoxia
is orchestrated through the induction of HIF-1e.7* Heme oxy-
genase 1 (HO-1) also should be examined as an index of an
inflammatory reaction and as the index of heme metabolism.
By using the indices mentioned previously, we compared
inflammatory and hypoxic reactions induced by resuscitation
with HbVs and rat RBCs in a hemorrhagic shock model.

Materials and Methods

The study was approved by the Ethics Committee for Animal
Experiments at Nippon Medical School. A total of 36 Sprague-
Dawley rats aged 10-13 wk and weighing 275 + 28 g were
anesthetized by injection of 30 mg/kg pentobarbital into the
tail vein. Anesthesia was maintained with 15 mg/kg pentobar-
bital during the experiment. Tracheal intubation was per-
formed to allow maintenance of spontaneous respiration under
a normal atmosphere. Body temperature was maintained at
36°C-37°C using a hot blanket. Polyethylene catheters were
placed in the left femoral artery and vein, through which the
mean arterial pressure (MAP) and central venous pressure
(CVP) were measured using a transducer (Dinascope DS-3300,
Fukuda Denshi, Tokyo, Japan) and arterial blood was sampled.

Blood was withdrawn from the femoral artery over a period
of 5 min until a MAP of 30 mm Hg was reached. This level of
hypotension was maintained for 30 min by blood withdrawal
or by infusion of shed blood. The rats were resuscitated with a
20 min infusion of an HbV/recombinant human serum albu-
min (rHSA) or rat RBC/rHSA dispersion equivalent to the vol-
ume of withdrawn blood. Rats were revived from anesthesia
2 h after transfusion and observed for 24 h after fluid resusci-
tation. MAP and CVP were measured before hemorrhagic
shock (baseline), immediately after shock, immediately after
resuscitation, and 1 and 2 h after resuscitation. Arterial blood
(0.2 mL) was sampled before hemorrhagic shock (baseline),
just before resuscitation, and 1 and 2 h after resuscitation. The
arterial blood lactate (Lac) and base excess (BE) levels were
measured using an ABL700 instrument (Radiometer A/S,
Copenhagen, Denmark). Rats were randomly allocated to
sham, HbV, and rat RBC groups (n = 12 per group). Six rats
were killed at the 2-h time point, and six rats were killed at the
24-h time point in each group. In the sham group, the duration
of anesthesia was the same as that in rats during the induction
of shock, but no blood was withdrawn with the exception of
blood sampling.

Preparation of HbV and RBC Dispersions

To prepare HbVs for transfusion, a solution of HbVs [Oxy-
genix Corp., Tokyo, Japan; (Hb) = 10 g/dL, 8.6 mL] was mixed
with an rHSA solution (25%, 1.4 mL, Nipro, Osaka, japan)
before use. As a result, the final concentration of the rHSA
solution was 5 g/dL. The colloidal osmotic pressure of the
dispersion was 20 mm Hg, and the final concentration of
HbVs dispersed in rHSA solution was 8.6 g/dL.15 For the
rat RBC transfusion, mannitol-, adenine-, and phosphate
(MAP)-supplemented rat RBC concentrate was prepared
aseptically following the standard protocol of the Japanese
Red Cross Society Central Blood Center for human blood.'s
Blood was collected from donor Sprague-Dawley rats using a

heparinated syringe and centrifuged to concentrate the RBCs.
Forty milliliters of blood was combined with 6 mL of ACD-A
solution (containing 22.0 g/l sodium citrate, 8.0 g/L citric acid,
and 22.0 g/L glucose; Kawasumi Laboratories, Japan). After
centrifugation of the mixture at 4,000 g for 6 min plasma and
the buffy coat were carefully removed, and the precipitate was
combined with 9.2 mL of MAP solution (containing 14.57 g/L
mannitol, 0.14 g/L adenine, 0.94 g/L sodium dihydrogen phos-
phate dihydrate, 1.50 g/l sodium citrate, 0.20 g/L citric acid,
7.21 gL glucose, and 4.97 g/L sodium chloride; Kawasumi
Laboratories) to preserve rat RBCs [(Hb) = 10 g/dL]. Then, 1.4
mL of rHSA was added to 8.6 mL of this blood sample and the
Hb concentration in rHSA solution was adjusted to 8.6 g/dL,
the same condition of the HbV resuscitative fluid. The rat RBC
suspension was stored at 4°C for 2 wk and irradiated with v
rays at 15 Gy immediately before transfusion.

RNA Extraction

Animals were killed at appropriate time points, and the
lungs were removed. Total MRNA was isolated from the lung
using the acid guanidinium-phenol-chloroform method with
Isogen solution (Wako Chemical, Tokyo, Japan). The RNA
level was determined by measuring the absorbance at 260 nm
using a spectrophotometer,

Complementary DNA Synthesis

mMRNA was reverse-transcribed using a High Capacity com-
plementary DNA (cDNA) Reverse Transcription Kit (Applied
Biosystems Japan, Tokyo, Japan) in a final volume of 20 L
containing 2 ug eluted mRNA, 2 ul 10X reverse transcription
buffer, 80 nmol dNTP mixture, 2 pL random primers, 50 U
MultiScribe (TM) reverse transcriptase, 20 U ribonuclease in-
hibitor, and 3.2 ul of nuclease-free water. The reverse tran-
scription reaction was carried out using polymerase chain
reaction (PCR) Express (Thermo Fisher Scientific, Waltham,
MA) at 25°C for 10 min, 37°C for 10 min, and 85°C for 5 s.

Real Time Reverse Transcription-Polymerase Chain Reaction

The amplification of TNF-a, ICAM-1, INOS, eNQS, HIF-1e,
and HO-1 was performed in a Fast 96-well reaction plate
(Applied Biosystems). We used TagMan Gene Expression As-
says (Applied Biosystems) and TagMan fluorogenic probes.
Reactions were carried out in a 20 ul volume containing 10
L of TagMan Universal PCR master mix (Applied Biosystems),
1 b of Tagman probe (Applied Biosystems), 8 pl of deionized
water, and 20 ng of cDNA. The expression of glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) was used as an internal
control to assess DNA integrity. The accession numbers of
primers and probes are shown in Table 1.

The PCR composed of an initial denaturation at 95°C for
205, followed by 40 cycles of 95°C for 3 s and 60°C for 30 s.

‘The Tagman probe labeled with FAM was cleaved during

amplification, generating a fluorescent signal and the fluores-
cence signal was measured after each cycle using the ABI
PRISM 7500 Fast Sequence Detector (Applied Biosystems).
Results of real-time PCR data were represented as threshold
cycle (C) values, where C, represents a unitless value defined
as the fractional cycle number at which the sample fluores-
cence signal passes a fixed threshold above baseline. Mark-
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Table 1. Code Numbers of Primers and Probes (Applied
Biosystems, Foster City, CA)

Gene Code Number

Tumor necrosis factor alpha (TNF-c)

Intercellular adhesion molecule-1 (ICAM-1)

Hypoxia inducible factor 1 alpha (HIF-1a)

Heme oxygenase 1 (HO-1)

Nitric oxide synthase 2 (iNOS)

Nitric oxide synthase 3 (eNOS)

Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH)

Rn99999017_m
Rn00564227_mi
Rn00577560_m1
Rn00561387_m1
Rn00561646_m1
Rn02132634_s1

Rn99999916_s1

edly, different values obtained from triplicate samples, indicat-
ing inaccurate operation, were omitted. In practice, if the
difference between one C, value and the average of the other
two was >1.00, it was omitted. Relative amounts of all mRNAs
were calculated by the comparative Cr method (Applied Bio-
systems, Foster City, CA).17.18

Statistical Analysis

All values obtained from hemodynamic measurements
were expressed as means = standard deviation (SD). Hemo-
dynamic data were analyzed by means of analysis of vari-
ance (ANOVA). All values obtained from gene expression
measurements were expressed as box and whisker plots
showing median, inter-quartile, and full range. Gene ex-
pression data were analyzed by Kruskal-Wallis H-test, and a
Mann-Whitney U test with a Bonferroni correction when a
significant difference was found. The significance level was
set at p < 0.05.

Results

Changes in Hemocdynamics

The mean values of blood withdrawal volumes were 9.03 *
1.54 ml and 9.04 = 1.74 ml in the HbV group and the rat RBC
group, respectively (no significant difference between two
groups), indicating that approximately 58% of whole blood
was withdrawn under the assumption that the whole blood
volume of rats was 56 ml/kg. All the rats that received either
HbV or rat RBC survived until the time of organ resection. The
hemodynamics during the experiment are shown in Figure 1.
The baseline values of MAP and CVP were similar in all
groups, and MAP and CVP returned to baseline immediately
after resuscitation in the HbV and rat RBC groups. No arterial
hypertension was observed in both groups. There was also no
significant difference in MAP or CVP from baseline at 2 h after
resuscitation in any group. The BE level significantly decreased
after hemorrhagic shock and increased after resuscitation in
the HbV and rat RBC groups, with no significant difference be-
tween the groups (Figure 2). The Lac level was significantly higher
just before resuscitation in the HbV and rat RBC groups compared
with haseline and the sham group, but there were no significant
differences among the groups at 2 h after resuscitation.

Expression of mRNA

TNF-a mRNA expression was elevated by four times of the
sham group 2 h after resuscitation in the HbV group. It was

120 4
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Figure 1. Changes over time in mean arterial pressure (MAP) (A)
and central venous pressure (CVP) (B). BL, baseline; shock, just
before resuscitation; resus, just after resuscitation; 1 h, 1 h after
resuscitation; 2 h, 2 h after resuscitation. Closed circles: sham
group, closed squares: HbV group, closed triangles: rat RBC group.
* indicates significant difference from baseline (p < 0.05). # indi-
cates significant difference from the sham group {p < 0.05).

significantly higher than in the rat RBC group, but there was no
significant difference at 24 h (Figure 3A). Intercellular adhesion
molecule-1 mRNA expression did not differ between the HbV
and rat RBC groups throughout the experimental period (Fig-
ure 3B). INOS and eNOS mRNA levels after resuscitation
showed no significant difference between the HbV and rat
RBC groups (Figure 3C and D). There was a significant differ-
ence in HIF-Te mRNA expression between the sham group
and both the HbV and rat RBC groups at 2 and 24 h, but no
significant difference was found between the HbV and rat RBC
groups throughout the experimental period (Figure 3E). HO-1
mRNA levels 2 h after resuscitation were greater in the HbV
group, but there was no significant difference between the
HbV and rat RBC groups 24 h after resuscitation (Figure 3F).

Discussion

A series of biochemical and biomechanical changes of RBCs
during storage shorten the survival time of these cells and
impair function.® Moreover, transfusion of blood after storage
may increase the risk of multiple organ failure (MOF) devel-
opment,2° and complete prevention of infection is very diffi-
cult because of unknown infectious diseases and window
periods. Use of artificial blood products may overcome these
adverse events, and artificial oxygen carriers such as HbVs
have been developed as substitutes for RBC transfusion. As
shown in Figures 1 and 2, the resuscitative effect of HbV was
comparable with that of rat RBC transfusion. No arterial hy-
pertension was observed in both groups. Some artificial oxy-
gen carriers scavenge NO and induce vascular constriction
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Figure 2. Changes over time in blood base excess (BE) (A) and
lactate concentration (Lac) (B). BL, baseline; shock, just before
resuscitation; 1 h, 1 h after resuscitation; 2 h, 2 h after resuscitation.
Closed circles: sham group, closed squares: HbV group, closed
triangles: rat RBC group. * indicates significant difference from
baseline (p < 0.05). # indicates significant difference from the sham
group {p < 0.05).

and hypertension.2? In contrast, the reaction of HbV with NO
is retarded, and therefore, resuscitation with HbVs did not
elevate MAP.22 Despite such effectiveness of HbV, it was not
known how HbV might influence on the inflammatory reac-
tions in the lung after hemorrhagic shock and resuscitation.
Itis clinically proven that neutrophils (PMNs)7-¢ and vas-
cular endothelial cells are among the important cellular
mediators that induce inflammation after RBC transfusion.2s
Neutrophils, monocytes, and macrophages are thought to be
activated by phagocytosis of liposome-encapsulated Hb, with
subsequent induction of cytokines.2+25 According to Ertel et
al., the inflammatory reaction after hemorrhagic shock showed
significant elevation at around 2 h and began to fall at 24 h.
Therefore, we chose similar time points in this study.26 Our
results showed that TNF-a mRNA expression transiently in-
creased immediately after HbV administration, compared with
the level of TNF-a mRNA after rat RBC transfusion. However,
the mRNA expression levels in the lung at 24 h after resusci-
tation with HbVs did not differ significantly from those after
resuscitation with rat RBCs in the hemorrhagic shock model,
showing that inflammatory reactions induced hy HbVs were
transient and that the conditions after 24 h are comparable to
those after rat RBC transfusion. According to the previous
studies, acute lung injury (ALI) was induced in rats by hemor-
rhagic shock followed by resuscitation with shed autologous
blood, and the TNF-a mRNA level in the lungs was approxi-
mately four times higher than the sham group.2? TNF-a mRNA
levels in lung increased at 3 h and decreased 24 h after
resuscitation.2® Similar to the results in these studies, the
expression of an inflammatory cytokine such as TNF-« in-
creased during an early period of inflammation and tended
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Figure 3. Gene expressions of TNF-a (A), ICAM-1 (B), iINOS (C),
eNOS (D), HIFt1-a (E), and HO-1 (F) expressed as box and whisker
plots showing median, inter-quartile, and full ranges. * indicates signif-
icant difference from the sham 2 h group (p < 0.05). ** indicates
significant difference from the sham 24 h group (p < 0.05). # indicates
significant difference between HbV and rat RBC group (o < 0.05).

to gradually decrease. In our study, the rat RBC group did
not show an expected inflammatory reaction related to a
transfusion-induced lung injury, probably because the rat
RBCs fraction was carefully deprived of the buffy coat and
irradiated with v rays, and contamination of inflammatory
cytokines would be minimized, which might reduce the TNF-a
mRNA level in comparison to transfusion of shed autologous
blood in the literatures.

In addition to TNF-a mRNA, we measured |CAM-1, iNOS,
and HO-T mRNA levels because they are second messengers
of inflammation. Intercellular adhesion molecule-1 is a struc-
tural component of the epidermis and endothelial cells, and its
expression increases significantly after hemorrhagic shock.2?
In this study, ICAM-1 mRNA levels were not significantly
different between the HbV and rat RBC groups. Therefore, the
effects of HbVs on the vascular endothelium may be similar to
that of rat RBCs, with little effect on inflammation.

NO is an important oxidant radical that is released in lungs
and liver by activation of iNOS during hemorrhagic shock.30
TNF-a plays a role in the induction of INOS gene expression in
fibroblasts, glial cells, cardiomyocytes, and vascular cells 3 In
our study, there were no significant differences in iNOS and
ICAM-T mRNA levels. These results suggest that the transient
increase of TNF-« level in the HbV group may not promote the
expression of the second messengers, iNOS and ICAM-1.
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HO-1 catalyzes the oxidation of heme, carbon monoxide,
bilirubin, and iron at an early stage and is the rate-limiting step
in these processes.3233 HO-1 is induced by a variety of con-
ditions and nonheme substances, such as oxidative stress,
heavy metals, endotoxins, heat shock, cytokines, and prosta-
glandins.?* Although the HO-1 expression level 2 h after re-
suscitation was significantly higher after transfusion with HbVs
compared with rat RBCs, ICAM-1, and INOS expression levels
were not significantly different. This suggests that HO-1 ex-
pression may be enhanced by heme metabolism.

Hypoxia-induced factor-1 e and p38 mitogen-activated pro-
tein kinase are associated with fibroblast proliferation and
remodeling of the pulmonary artery and rapid hypoxia in-
duced by hemorrhagic shock enhances expression of these
molecules in the lung.35 In this study, the expression level of
HIF-Te, a marker of hypoxia, was not significantly different
between the HbV and rat RBC groups, although a significant
increase was shown after resuscitation for both groups. These
results suggest that resuscitation with HbVs is comparable to
that with rat RBCs in regard to oxygen transport to tissues.

Conclusion

Our results indicate greater early-stage expression of TNF-g,
HO-1 in lungs after resuscitation with HbVs compared with rat
RBC transfusion in a hemorrhagic shock model. However, the
differences between fluid resuscitation with HbVs and rat RBC
transfusion disappeared within 24 h, and the expression of iINOS
and ICAM-1 as second messengers of inflammation was not
affected in both groups. In our study, the rat RBC group did not
show an expected inflammatory reaction related to a transfusion-
induced lung injury, and a clinical relevance concerning this
level of transient inflammatory reaction induced by HbVs is not
clarified. It is necessary to pay attention to the early stage of
resuscitation in ongoing studies of HbVs. However, it has to be
emphasized that HbVs have an oxygen-carrying capacity
equivalent to RBCs in hemorrhagic shock without causing
arterial hypertension. We suggest that HbVs is a promising
substitute for RBC transfusion.
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ABSTRACT:

The hemoglobin vesicle (HbV) is an artificial oxygen carrier encap-
sulating a concentrated hemoglobin solution in a liposome of
which the surface is covered with polyethylene glycol (PEG). It was
recently reported that repeated injections of PEGylated liposomes
induce the accelerated blood clearance (ABC) phenomenon, in
which serum anti-PEG IgM plays an essential role. To examine this
issue, we investigated whether HbV induces the ABC phenomenon
in mice at a dose of 0.1 mg Hb/kg, a dose that is generally known
to induce the ABC phenomenon, or at 1400 mg Hb/kg, which is
proposed for clinical use. At 7 days after the first injection of
nonlabeled HbV (0.1 mg Hb/kg), the mice received HbV in which the
Hb had been labeled with 1?51, After a second injection, HbV was
rapidly cleared from the circulation, and uptake clearances in liver

and spleen were significantly increased. In contrast, at a dose of
1400 mg Hb/ky, the pharmacokinetics of HbV was negligibly af-
fected by repeated injection. It is interesting to note that IgM
against HbV was produced 7 days postinjection at both of the
above doses, and their recognition site was determined to be
1,2-distearoyl-sn-glycero-3-phosphatidylethanolamine-N-PEG in
HbV. These results suggest that a clinical dose of HbV does not
induce the ABC phenomenon, and that suppression of ABC phe-
nomenon is caused by the saturation of phagocytic processing by
the mononuclear phagocyte system. Thus, we conclude that in-
duction of the ABC phenomenon would not be an issue in the dose
regimen used in clinical settings.

It is well known that liposomes are able to function as carriers of
drugs (Noble et al., 2006) and genes (Tuffin et al., 2005), and they
have the ability to enhance blood retention and to specifically target
encapsulated materials because the cellular structure of such vesicles
is able to protect encapsulated materials against degradation and
enhance their biodistribution. Many liposome-type drugs such as
AmBisome (Astellas Pharma US, Inc., Deerfield, IL) and Doxil
(Ortho Biotech, Horsham, PA), which have been approved for use and
are currently in clinical use, take advantage of these characteristics.
There is now little doubt that liposomes are useful and are in wide-
spread use. To further enhance the quality and efficiency of lipo-
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somes, they are frequently modified with polyethylene glycol (PEG)
(Veronese and Pasut, 2005). PEGylated liposomes exhibit a prolonged
half-life, a higher stability, are water-soluble, have lower immunoge-
nicity and antigenicity, as well as the potential for specific cell
targeting. Because of these attributes, the majority of the recently
developed liposome formulations are modified with PEG (Sakai et al.,
2008; Okamura et al., 2009).

However, Dams et al. (2000) and lshida et al. (2003a) reported that
the intravenous injection of PEGylated liposomes causes a second
dose of liposomes to lose their long-circulating characteristics and
accumulate extensively in the liver when they are administered twice
in the same animal [referred to as the accelerated blood clearance
(ABC) phenomenon]. In addition, based on reported liposomal phar-
macokinetics data, it is clear that several factors (e.g., size, lipid
composition, surface modification, and membrane fluidity) influence
the circulating time and the distribution to targeting areas (Ishida et
al., 2004; Samad et al., 2007). Ishida et al. (2004) showed that the

ABBREVIATIONS: PEG, polyethylene glycol; ABC, accelerated blood clearance; HbV, hemoglobin vesicle; Hb, hemoglobin; PLP, pyridoxal
5'-phosphate; MPS, mononuclear phagocyte system; DPPC, 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-phosphatidylethanolamine-N-PEG; rHSA, recombinant human serum albumin;
125_HpV, 125)_jabeled hemoglobin vesicle; BSA, bovine serum albumin; ELISA, enzyme-linked immunosorbent assay; Clyptake Uptake clearance;
AUC, area under the concentration-time curve; CL, clearance.
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physicochemical properties of liposomes, such as lipid composition,
diameter, surface modification, and dose, can also have an effect on
the ABC phenomenon. Moreover, they also found that anti-PEG IgM,
produced by the spleen in response to an injected dose of PEGylated
liposomes, is involved in the induction of the ABC phenomenon
(Ishida et al., 2006a).

Hemoglobin vesicles (HbV) have been developed as a cellular type
of oxygen carrier, in which highly concentrated hemoglobin (Hb) is
encapsulated in a phospholipid bilayer membrane with PEG. There
are some distinct advantages for HbV to exist in a liposomal structure;
the oxygen affinity (Psp) of HbV can be easily regulated by manip-
ulating the content of an allosteric effector such as pyridoxal 5'-
phosphate (PLP) (Sakai and Tsuchida, 2007). Furthermore, the diam-
eter of HbV liposomes can be tailored to approximately 250 nm, and
further modification by PEG leads to an enhanced lifetime in the
blood circulation compared with other types of hemoglobin-based
oxygen carriers (f,,, for cell-free Hb and PEGylated Hb in rats of 1.5
and 10.9 h, respectively) (Goins et al., 1995; Lee et al., 2006) because
the encapsulation of Hb completely suppresses renal excretion, al-
though HbVs in the circulation are eventually captured by phagocytes
in the mononuclear phagocyte system (MPS) (Sakai et al., 2001). In
fact, our group reported that HbV has a long circulation time in blood
as an OXygen carrier in mouse, rat, rabbit, and a hemorrhagic shock
model rat (Sou et al., 2005; Taguchi et al., 2009a,b). Because of these
unique characteristics, such liposomes show an oxygen transport
comparable with red blood cells (Sakai et al., 2008) and also show
improved survival in hemorrhagic shock animal models (Sakai et al.,
2004b, 2009).

In clinical use, it is expected that repeated high-dose injections
would be required, as a red blood cell substitute, in patients with
massive hemorrhage. 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 injec-
tions, then the pharmacological action of HbV could be influenced.
Therefore, it becomes necessary to characterize the pharmacokinetic
properties of HbV after repeated injections at a dose that is routinely
used in clinical practice as a red blood cell substitute.

In this study, we investigated whether the first injection of HbV at
a low dose (0.1 mg Hb/kg), in which the lipid dose induced the ABC
phenomenon, as reported by Ishida et al. (2003a), or a high dose (1400
mg Hb/kg), a dose that is proposed for use in a clinical situation,
affects the pharmacokinetic behavior of HbV after the second injec-
tion in mice. In addition, we also investigated whether anti-HbV IgM
is produced after the first injection, and which lipid component of
HbV is recognized by 1gM. '

Materials and Methods

Materials. An Hb solution, from outdated donated blood, was provided by
the Japanese Red Cross Society (Tokyo, Japan) and purified according to a
previously described purification method (Sakai et al., 2002). PLP was pur-
chased from Sigma-Aldrich (St. Louis, MO). Powdered 1,2-dipalmitoyl-sn-
glycero-3-phosphatidylcholine (DPPC), cholesterol, and 1,5-bis-O-hexadecyl-
N-succinyl-L-glutamate (DHSG) were purchased from Nippon Fine Chemical
(Osaka, Japan), and 1,2-distearoyl-sn-glycero-3- phosphatidylethanolamine-N-
PEG (DSPE-PEG; molecular weight of PEG = 5000) was purchased from
NOF Co. (Tokyo, Japan). Recombinant human serum albumin (rHSA) was a
gift from Nipro Corp. (Osaka, Japan). lodine-125 as Na'**1 was purchased
from PerkinElmer Life and Analytical Sciences (Waltham, MA). Horseradish
peroxidase-conjugated goat anti-mouse IgG (Cayman Chemical, Ann Arbor,
MI) and peroxidase-labeled affinity purified antibody to mouse IgM () were
purchased from Sigma-Aldrich.

Preparation of HbVs. HbVs were prepared under sterile conditions, as
previously reported (Sakai et al., 1997). A typical encapsulated Hb (38 g/dl)
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solution contained 14.7 mM PLP as an allosteric effector to regulate the Py, to
25 to 28 Torr. The lipid bilayer comprised a mixture of DPPC, cholesterol, and
DHSG at a molar ratio of 5:5:1, and PEG-DSPE (0.3 mol%). The HbVs were
suspended in a physiological saline solution at [Hb] 10 g/dl, filter-sterilized
(Dismic; Toyo-Roshi, Tokyo, Japan; pore size, 450 nm), and bubbled with N,
for storage. The content of lipopolysaccharide was <0.1 EU/ml.

HbV Labeling with *°. '*[-labeled HbVs ('*I-HbVs) were prepared as
previously reported (Taguchi et al., 2009a). In a typical preparation, '2’1-HbV
was prepared by incubating HbV with Na**3] in Iodo-Gen (1,3,4,6-tetrachoro-
3a,6a-diphenylglycoluril) and was separated from free '**1 by passage through
a PD-10 column (GE Healthcare, Little Chalfont, Buckinghamshire, UK). The
'»[-HbVs were then sterile-filtered (pore size, 450 nm) to remove aggregates.
More than 97% of the iodine was bound to internal Hb in this HbV preparation.
Before use in experiments, two different concentrations of '*I-HbV suspen-
sions were prepared by mixing with nonradiolabeled HbV to adjust the target
Hb concentration (0.1 or 1400 mg Hbrkg). All the suspensions were mixed
with rHSA to adjust the albumin concentration of the vesicle suspension
medium to 5 g/dl. Under these conditions, the colloid osmotic pressure of the
suspension was maintained constant at approximately 20 mm Hg (Sakai et al.,
2004b).

The Pharmacokinetic Experimental Protocol. All of the animal experi-
ments were performed according to the guidelines, principles, and procedures
for the care and use of laboratory animals of Kumamoto University. All the
mice were given water containing 5 mM sodium iodide (Nal) for the duration
of the experiment to avoid any specific accumulation in the glandula
thyreoidea. Male dd¥Y mice (28-30 g; Japan SLC, Inc., Shizuoka, J. apan) were
anesthetized using ether and received a single injection of a nonlabeled HbV
suspension (0.1 or 1400 mg Hb/kg, 420 pl/30 g) to the tail vein. Seven days
after the first injection of the nonlabeled HbV suspension, the same ddY mice
received a ‘2’I-HbV suspension to the tail vein under ether anesthesia (the
concentration and injected volume were identical to those for the first injec-
tion). Each mouse received a total dose of 2 X 10° cpm/30 g '*[ activity. At
each time after the injection of >*I-HbV, blood was collected from the inferior
vena cava under ether anesthesia, and plasma was separated by centrifugation
(3000g, 5 min). One percent bovine serum albumin (BSA) and 40% trichlo-
roacetic acid were added to the plasma to remove degraded protein and free
'*3], and pellets were obtained by centrifugation (1000g, 10 min). After
collecting blood, the animal was sacrificed for excision of organs (kidney,
liver, spleen, heart, and lung), which were rinsed with saline and weighed. '*I
radioactivity in the plasma and excised organs was determined using a liquid
scintillation counter (ARC-5000; Aloka, Tokyo, Japan).

Quantitative Determination of Anti-HbV IgG and IgM. The ddY mice
received injections of saline or HbV (0.1 or 1400 mg Hb/kg, 420 ul/30 g b.wt.)
to the tail vein under ether anesthesia, At each time point (days 3, 7, and 10)
after injection, blood was collected from the inferior vena cava. Plasma was
collected after centrifugation (3000g, 5 min), and the supernatant was subse-
quently ultracentrifuged to remove intact HbV (50,000g, 30 min) (Sakai et al.,
2003). The supernatant collected as the plasma sample and was stored at
—80°C until used.

Enzyme-linked immunosorbent assay (ELISA) was used to detect IgG and
[gM against HbV using a previously described method, with minor modifica-
tions (Wang et al.,, 2007). The empty vesicles, which contained 475 ng/mi
lipids as HbV (comprising DPPC, cholesterol, DHSG, PEG-DSPE at a molar
ratio of 5:5:1:0.3) were added to 96-well plates (Immuno 96 MicroWell Plate;
Nalge Nunc International, Rochester, NY). The plates were incubated for 2 h
at 25°C. After incubation, the wells were washed three times with a wash
solution (50 mM Tris, 0.14 M NaCl, 0.05% Tween 20, pH 8.0). A blocking
solution (50 mM Tris, 0.14 M NaCl, 1% BSA, pH 8.0) was then added to each
well, and the plate was incubated for 2 h at 25°C. After incubation. the wells
were washed three times with wash solution, and 100 pl of plasma sample,
diluted 1:100 with sample solution (50 mM Tris, 0.14 M NaCl, 0.05% Tween
20, 1% BSA, pH 8.0), was added to the wells. After incubation for 90 min, the
wells were washed tluee times with wash solution, and 100 ul of horseradish
peroxidase-conjugated goat anti-mouse [gG or peroxidase-labeled affinity pu-
rified antibody to mouse IgM (u), diluted [:1000 with sample solution, was
added to each well. After incubation for 60 min, the wells were washed three
times with wash solution. Coloration was initiated by adding 100 pl of
o-phenylene diamine (I mg/ml). After incubation, the reaction was terminated
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by adding 100 ul of 1 N H,S0,, and the absorbance was measured at 490 nm
using a Microplate reader (model 680; Bio-Rad Laboratories, Tokyo, Japan).

Quantitative Determination of Anti-Lipid IgM. A 10-nmol aliquot of
each lipid (DPPC, cholesterol, DHSG, or PEG-DSPE) in 50 ul of 100%
ethanol was added to 96-well plates (Immuno 96 MicroWell Plate; Nalge Nunc
International). The plates were incubated for 4 h at 37°C to dry completely.
After incubation, blocking solution was added to each well, and the plate was
incubated for 2 h at 25°C. Following processes were identical to those
described under Quantitative Determination of Anti-HbV 1gG and IgM.

Data Analysis. Pharmacokinetic analyses, after HbV injections, involved
the use of a two-compartment model, and pharmacokinetic parameters were
estimated by curve fitting. Pharmacokinetic parameters were calculated by
fitting using MULT], a normal least-squares program (Yamaoka et al., [981).
The uptake clearance (CLy,q) Was calculated as described in a previous
report using integration plot analysis at designated times (from 1-30 min),
during which time 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 Bonferroni test was used for comparisons
with a saline injection group within each group. Significant differences among
each group were examined using the Student’s # test. A probability value of
p < 0.05 was considered to indicate statistical significance.

Results

Pharmacokinetic Properties of HbV after Repeated Injection of
0.1 or 1400 mg Hb/kg. The fate of the ***I-HbV administered to mice
was evaluated by determining the residual trichloroacetic acid-precip-
itable radioactivity in plasma. In this study, the time interval for
injection was selected for 7 days based on the previous report, in
which ABC phenomenon in mice was observed the most strongly
when the time interval for the injection was 7 to 10 days (Ishida et al.,
2003b). In addition, blood viscosity after high-dose administration of
HbV was equal to that before administration of HbV (Sakai et al,,
1998), and repeated infusion of HbV had no adverse clinical signs or
symptoms (Sakai et al., 2004a). Figure 1 shows the time course for the
plasma concentration curve for ***I-HbV administered once or twice
to mice, and Table 1 lists the pharmacokinetic parameters obtained
using the two-compartment model.

Atadose of 0.1 mg Hb/kg, plasma HbV in the second injection was
rapidly cleared compared with that in the first injection (Fig. 1A). The
half-life (7,,,) in the second injection was reduced significantly—by
approximately half~—compared with that in the first injection. Ac-
companied by the reduction in f,,, the area under the concentration-
time curve (AUC) was also significantly decreased (27.1 = 18 and
4.5 = 3.8 h*% of dose/ml, p < 0.001, for first and second injection,
respectively), whereas plasma clearance (CL) was significantly in-
creased in the second injection compared with that in the first injec-
tion (3.69 + 0.4 and 22.3 = 8.1 mi/h, p < 0.001, for the first and
second injections, respectively). However, the distribution volume of
the central compartment (V,) remained unchanged as the result of
repeated injections (Table 1).

At a dose of 1400 mg Hb/kg, the values of 7, and CL in the second
injection were not significantly different from those for the first
injection, but the AUC was decreased slightly, in the case of the
second injection (829 = 38 and 695 * 38 h*% of dose/ml, p < 0.05,
for first and second injections, respectively) (Table 1).

Effect of Repeated Injection on the Hepatic and Splenic Distri-
bution of HbV. Because liver is the major distribution organ for HbV
(Taguchi et al., 2009b), the effect of repeated injections on the hepatic
distribution of HbV was examined. Figure 2 shows the time course
distribution for *#°I-HbV (percentage of injection of dose) in the liver
after the administration of '*°1-HbV once or twice. Up to 0.5 h after
the injection of '**I-HbV at a dose of 0.1 mg Hb/kg, the hepatic
distribution of ***I-HbV in the second injection was much higher than
that in the first injection (Fig. 24, inset). However, after 0.5 h or more,
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FiG. 1. Plasma concentration curve of '23L-HbV after the first injection (open
symbol) or the second injection (filled symbol) of '*’]-HbV to mice at a dose of 0.1
mg Hb/kg (A) or 1400 mg Hb/kg (B). Male ddY mice received a single injection of
a nonlabeled HbV suspension or '**I-HbV to the tail vein at a dose of 0.1 or 1400
mg Hb/kg. Seven days after the first injection of the nonlabeled HbV suspension, the
same ddY mice received the '*5I-HbV suspension to the tail vein. Blood was
collected from the inferior vena cava under ether anesthesia, and plasma was
obtained. Each point represents the mean + S.D. (n = 3-G).

the differences between the first and second injections were minor
(Fig. 2A). From the beginning after an HbV injection at a dose of
1400 mg Hb/kg, hepatic distributions of '**1-HbV were similar be-
tween the first and the second injection (Fig. 2B, inset), and this
tendency was maintained for periods of up to 72 h.

We next calculated the CL 5. in the liver (Table 2). At a dose of
0.1 mg Hb/kg, the CL, ;. for the second injection was 8.5 times
higher than that for the first injection (3.5 = 0.4 and 29.6 = 18 ml/h,
p < 0.01, for the first and the second injection, respectively), whereas
at a dosage of 1400 mg Hb/kg, the CL, . for the second injection
was only 1.5 times higher than that for the first injection (0.26 = 0.04
and 0.37 = 0.03 ml/h, p < 0.05, for the first and the second injection,
respectively).

Because the spleen is an another major distribution organ of HbV
(Taguchi et al., 2009b) and an essential organ in terms of inducing the
ABC phenomenon (Ishida et al., 2006a), we also examined the time
course for the distribution of '*I-HbV (percentage of injection of
dose) in the spleen. For periods up to 1 h after HbV injection, the
splenic distributions of '>1-HbV in the first and the second injections
were not greatly different for doses of both 0.1 and 1400 mg Hb/kg
(Fig. 3, A and B, insert). However, 1 h or more after the second
injection, higher splenic distributions of HbV were observed in both
the low- and high-dose groups compared with those in the first
injection (Fig. 3, A and B). In addition, we calculated the CL . 10
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TABLE 1

Pharmacokinetic parameters for HbV after one or two injections of "*I-HbV in mice

Mice received a single or double injection of ‘2*I-HbV (0.1 and [400 mg Hb/ke) containing 5% rHSA. Al each time after the "*1-HbV injection, blood was collected from the inferior vena
cava, and plasma was obtained. Each parameter was calculated by MULTI using the two-compartment model. The values are mean = $.D. (n = 3-6).

0.1 mg Hb/kg 1400 mg Hb/kg
In;e;;é;n Ii;:c(ﬁgjn First Injection Iﬁje:c(;;g‘n
fh72 () 2.7 202 3 +0.3% 188 1.3 17439
AUC (h*% of dose/ml) 271+ 18 45 *38 829 = 38 695 * 38*
CL (ml/h) 3.69x04 22,3 & 8. 1= 0.12 = 0.04 0.14 = 0.05
V, (mb) 3.1 203 32%x03 175 0.6 1.81 £03
V. the distribution volume of the central compartment.
#p < 0.05, %% p < 0,001 vs. fist injection.
A 60 significant differences were observed between the first and the second
—O~ first 60 injections (data not shown).
© Determination of IgG and IgM against HbV after HbV Injec-
50 ¢ _‘_§ 40 tion. In a previous study, it was reported that IgM, which is produced
9 40 "é 20 ) by the preinjection of PEGylated liposomes, is strongly involved in
2 = the induction of the ABC phenomenon (Ishida et al., 2006b). There-
E 0 : fore, we examined the issue of whether IgG or 1gM against HbV is
o 30 0 0.5 1 elicited by an initial injection of saline or HbV at a dose of 0.1 and
R Time (hr) 1400 mg Hb/kg. Figure 4 shows the quantitative determination of
20 plasma IgG (A) and IgM (B) against HbV. Negligible levels of IgG
were elicited against HbV in all the injection groups at 3, 7, and 10
10 days after the injection of saline or HbV (Fig. 4A). In contrast, the
IgM against HbV was significantly elicited starting from 3 days after
0 O —0  the first injection of HbV at a dose of 0.1 mg Hb/kg (Fig. 4B). On the
0 12 24 48 72  other hand, at a dose of 1400 mg Hb/kg, the IgM against HbV was
significantly elicited starting from 7 days after the first injection. At
B 25 5 10 days after the first injection, IgM levels against HbV at a dose of
—O first N 1400 mg Hb/kg were significantly higher than the levels at a dose of
20 L —§— second g 10 0.1 mg Hb‘/kg ‘(p < 0.01) (Fig_. '4B). o
s Determination of the Specific Recognition Site of IgM against
@ T s HbV. To evaluate the specific recognition site of 1gM against HbV, a
S 15 F modified ELISA was employed using each lipid component of HbV.
5 0 . 0.'5 . Figure 5 shows data for the quantitative determination of the specific
X Time {hr) recognition site of IgM against HbV at 3, 7, and 10 days after the first
10 : injection of HbV at doses of 0.1 or 1400 mg Hb/kg. At a dose of 0.1
j mg Hb/kg, strong binding of IgM to DSPE-PEG was observed,
5 [ - starting at day 3 after the first injection, whereas a dramatic enhance-
& ment in the binding of IgM to DSPE-PEG was observed, starting at 7
days at a dose of 1400 mg Hb/kg. On the other hand, IgM against
0 other lipid components (DPPC, cholesterol, and DHSG) were negli-
0 12 24 48 72 gible during all the times examined after the injection of both low and
Time (hr) high doses of HbV.

Fic. 2. Time courses for radioactivity in liver after the first injection (open circles)
or the second injection (filled circles) of '*1-HbV to mice at a dose of 0.1 mg Hb/kg
(A) or 1400 mg Hb/kg (B). Male ddY mice received a single injection of nonlabeled
HbV suspension or *1-HbV to the tail vein at a dose of 0.1 or 1400 mg Hb/kg.
Seven days after the first injection of the nonlabeled HbV suspension, the same ddY
mice received the '>S1-HbV suspension to the tail vein. Each point represents the
mean * $.D. {n = 3-6).

the spleen. At a dose of 0.1 mg Hb/kg, the CL, ., for the second
injection was 4.5 times higher than that for the first injection (1.6 %
0.1'and 7.2 £ 3.2 ml/h, p < 0.01, for the first and the second injection,
respectively). Ata dose of 1400 mg Hb/kg, the CL, .. for the second
injection (0.07 = 0.02 ml/h) was not significantly changed compared
with that for the first injection (0.05 *+ 0.01 mU/h).

Furthermore, we also examined the distribution of '#*I-HbV in the
kidney, lung, and heart at doses of both 0.1 and 1400 mg Hb/kg. No

Discussion

As discussed in the introduction, HbV is a red blood cell substitute,
the proposed dose of which is 1400 mg Hb/kg. This dosage is more
than 100 times higher than that of liposome preparations used as
pharmaceuticals, and the use of multiple doses is planned under
clinical situations. Therefore, an investigation of whether repeated
HbV injections induce the ABC phenomenon is a necessity. However,
little information is available on the ABC phenomenon at such ex-
traordinarily high doses of liposomes. In this study, we found an
interesting phenomenon, namely, that repeated injections of HbV to
mice at a dose of 1400 mg Hb/kg did not seem to induce the ABC
phenomenon, even though the plasma levels of IgM against HbV were
significantly elevated.

When mice received injections of a low-dose (0.1 mg Hb/kg) HbV,
a dose that Ishida et al. (2003b) reported induced the ABC phenom-
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TABLE 2

Uptake clearance of HbV in the liver and spleen of mice receiving injections of "**I-HbY

All of the {1\ice received a single or double injection of 1251 HbV (0.1 and 1400 mg Hb/kg) containing 5% rHSA. The uptake clearance for each organ was calculated by integration plot
analysis al designated times from | to 30 min after injection. The values are mean = S$.D. {n = 3-6).

0.1 mg Hb/kg 1400 g Hb/kg
Firs
Inje|cr:'llon I;S\jeeccgli‘c‘»jn First Injection Second Injection
Liver (mi/h) 35204 29.6 = 18* 0.26 = 0.04 0.37 = 0.03%*
Spleen (ml/h) 1.6 0.1 7.2 £3.2% 0.05 = 0.01 0.07 = 0.02
#p < 0.01 and *% p < 0.05 vs. first injection.
A7 6 A 2
6 L —(O first g 5 [} saline
——e'— second 'g 4 = HbV
) g Es (0.1)
o S g B HbV (1400)
[*] 1 =
- 4 0 1 ©
5 0 0.5 1 § 1r
2 3 Time (hr) @
£
[}
305 |
<
0 3 S S T
3day 7day 10day
Time (hr) B 2
B 5 z saline
~O- first . £ =7 HbV (0.1) .
—&— ond & £ 18
4 b sec é 3 2 Bl HbV (1400)
5 2 %
o ® T
1 [ L
g 3 g
° 0 — &
by 0 0.5 1 £
° Time (hr) 5
N 2 205
<

1 ! i

0 12 24 48 72
Time (hr)

Fic. 3. Time courses for radioactivity in spleen after the first injection (open
circles) or the second injection (filled circles) of **H-HbY to mice at a dose of 0.1
mg Hb/kg (A) or 1400 mg Hb/kg (B). Male ddY mice received a single injection of
nonlabeled HbV suspension or **I-HbV to the tail vein at a dose of 0.1 or 1400 mg
Hb/kg. Seven days after the first injection of the nonlabeled HbV suspension, the
same ddY mice received the '2’[-HbV suspension to the tail vein. Each point
represents the mean = S.D. (n = 3-6).

enon, the ABC phenomenon was clearly induced at 7 days postinjec-
tion (Fig. 1A; Table 1). Consequently, the pharmacokinetics of HbV
was markedly changed. For example, the 1, and AUC for HbV in the
second injection were significantly decreased compared with the
values for the first injection, and the CL for the second injection was
significantly increased. In addition, the hepatic distribution of L1231
HbV after the second injection at a dose of 0.1 mg Hb/kg was
increased for periods of up to 30 min (Fig. 2A) with an increase in
hepatic uptake clearance for the second injection (Table 2). In a

3day 7day 10day

Fic. 4. Determination of IgG (A) and IgM (B) against HbV after a single intrave-
nous injection of saline (open bars), HbV at a dose of 0.1 mg Hb/kg (gray bars) or
1400 mg Hb/kg (closed bars) in mice. The ddY mice received injections of saline
or HbV (0.1 or 1400 mg Hb/kg) to the tail vein. At 3,7, and 10 days after injection
of saline or HbV, blood was collected from the inferior vena cava, and plasma was
obtained. Anti-HbV IgG and IgM were detected with ELISA. Each bar represents
the mean = S.D. (# = 4). **, p < 0.01.

previous study, Dams et al. (2000) reported that, in mice that were
administered liposomes at weekly intervals at a dose of 5 wmol of
phospholipids/kg, the ABC phenomenon was not induced. It is well
known that a variety of factors, including the lipid dose and physico-
chemical properties (degree of PEGylation, PEG chain length, surface
charge and size) of the initially injected liposome, strongly affect the
pharmacokinetic response to subsequent injection (Ishida et al., 2004).
For example, it appears that the ABC phenomenon was not caused by
preinjection with smaller-sized polymeric micelles but was triggered
by preinjection with larger-sized polymeric micelles (Koide et al.,
2008). Wang et al. (2005) found that the induction and magnitude of
the ABC phenomenon were also influenced by the lipid composition.



