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ABSTRACT—The hemoglobin vesicle (Hb-vesicle) is a cellular-type artificial oxygen carrier showing a resuscitative effect
comparable to that of blood transfusion in several animal models. However, the efficacy of Hb-vesicles for resuscitation
when the hemorrhage cannot be controlled remains unclear. Therefore, we used Hb-vesicles in a rat hemorrhagic shock
model caused by continuous bleeding. For inducing uncontrolled hemorrhage, animals were heparinized and bled from the
caudal artery. Fluid resuscitation was subsequently performed with five materials: Hb-vesicle suspension in a 5% albumin
(Alb) solution (HbV), washed red blood cells (WRBC) in a 6% hydroxyethyl starch (HES) solution, 5% Alb, 6% HES, and
saline (Sal). During the experiment, all animals in the HbV and wRBC groups survived, whereas all those in the Alb and
HES groups died. In the Sal group, five of seven animals died. In the HbV and wRBC groups, the heart rate, mean arterial
pressure, and blood lactic acid levels were stabilized during resuscitation. Meanwhile, the hematocrit levels of the HbV, Alb,
and HES groups showed sharp decreases (HbV: 6.8% * 1.7%, Alb: 6.8% * 0.8%, HES: 5.5% + 0.7% at 100% total
circulated blood volume; final hematocrit of the HbV group: 1.5% + 0.5%). These results suggest that shocked animals can
survive longer when the Hb-vesicle supply is maintained and that HbV showed a similar effect to wRBC in maintaining the
circulating volume and oxygen metabolism. Continuous infusion of Hb-vesicles may extend the survival of trauma victims
with uncontrolled hemorrhage until they have reached a trauma center.
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INTRODUCTION

Many recent studies on resuscitation have focused on early
coagulation therapy. In particular, damage control resuscita-
tion has dramatically altered the initial care of severely injured
soldiers requiring massive transfusion at combat support hos-
pitals (1). In early coagulation therapy, blood components
(packed red blood cells [RBCs], fresh frozen plasma, and
platelets) are transfused to severely injured patients. However,
these components represent an infective risk and require pro-
per storage methods. In addition, the RBCs must be matched
to a recipient of the same blood type. In the frontline of major
disaster sites and the battlefield, a doctor may not be able to use
proper equipment or medicine until the patients are transferred to
the trauma center. Therefore, developing medical technologies
that provide patients with sufficient time to reach proper facili-
ties during transport is of critical importance. A particularly
challenging problem during transport is the uncontrolled hem-
orrhage, despite the use of hemostatic agents and tourniquet to
control it.
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Hemoglobin vesicle (Hb-vesicle) is a cellular-type artificial
oxygen carrier produced by encapsulating purified concentra-
ted Hb solution in a liposome, which consists of phospholipids,
cholesterol, negatively charged lipids, and polyethylene glycol
(2, 3). The Hb-vesicle particles are suspended in saline (Sal),
with the concentrations of Hb and lipid adjusted to 10 and
6.8 g/dL, respectively. This suspension is subsequently deoxy-
genated for storage in vials. Because the particle diameter is
controlled to about 250 nm, the vesicle does not leak from blood
vascular walls. Once the Hb-vesicles are administered intra-
venously, the particles disperse in the plasma and pass easily
through the capillaries.

To date, many studies on hemorrhagic shock have used vari-
ous animal models that simulate patients of traumatic injury and
perioperative events. Moreover, various experimental models of
uncontrolled hemorrhagic shock are used to study fluid resus-
citation, including the massive splenic injury model (4, 5), the
liver injury model (6, 7), the tail amputation model (8-12), and
the blood vascular injury model (13, 14). These models show
remarkable differences in the effects produced by each resus-
citation method. For instance, the findings of some reports have
suggested that large vessel hemorrhage models may not apply to
parenchymal viscus injury (6, 7). However, those models are
used mainly to assess traditional resuscitative fluids, with the
volume of RBCs remaining sufficient in the blood vessels.
Therefore, the total hemorrhage volume of these studies may
not be insufficient to assess the ability of an oxygen carrier to
enable resuscitation.

Our group previously reported several studies using a con-
trolled hemorrhagic shock model and an exchange transfusion
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model. In these studies, a 5% albumin (Alb) solution contain-
ing Hb-vesicles was injected into the animals (15-17). The
infusion of the vesicle suspension resulted in a sufficient
resuscitative effect comparable to that of erythrocyte trans-
fusion in terms of survival, hemodynamics, and the acid-base
balance. However, we have not conducted resuscitation studies
on uncontrolled hemorrhagic shock. In this study, we exam-
ined the ability of Hb-vesicles to achieve resuscitation in a rat
model of continuous bleeding.

MATERIALS AND METHODS

Preparation of resuscitative fluid

The Hb-vesicles, manufactured according to the method invented by the
Waseda group (2, 3), were provided by Oxygenix Co Ltd (Japan) and Nipro
Corp (Japan). The 25% human recombinant Alb solution was provided by
Nipro Corp.

For the HbV group, the Hb-vesicles were suspended in a 5% Alb solution:
the vesicle suspension was mixed with 25% Alb solution at the proportion of
8.6 to 1.4 to be used as a colloidal resuscitative fluid containing 5% Alb. This
mixture was filtered with a 0.45-um filter unit (DISMIC-25 cs; Toyo Roshi
Kaisha Ltd, Tokyo, Japan) to disperse large aggregates. The final Hb-vesicle
solution contained Hb at a concentration of 8.6 g/dL. For the washed RBC
(WwRBC) group, the washed erythrocyte suspension was prepared as follows.
After two donor rats were systemically heparinized with 500 U/body of hep-
arin sodium, the homologous blood was withdrawn via the abdominal aorta.
This blood was subsequently centrifuged (4°C; 2,000g, 15 min), and the RBCs
were washed twice with hydroxyethyl starch (HES; Salinhes; Kyorin Phar-
maceutical Co Ltd, Tokyo, Japan). After removing the plasma component, the
RBCs were suspended in HES, and the volume was adjusted to twice that of
the estimated circulating volume of the recipient rat (38—45 mL). For the Alb
group, a 5% Alb solution was prepared by diluting 25% Alb solution with Sal.
For the HES group, HES was applied without modification. Saline (Otsuka
Pharmaceutical Factory, Inc, Tokushima, Japan) was used for the Sal group.

Animals and surgical preparation

Experiments were conducted using 35 male Wistar rats (8-9 weeks of age).
The animals were kept on a bed of pulp paper in a ventilated, temperature-
controlled (23°C £ 1°C), specific-pathogen—f{ree environment with a 12-h
light~dark cycle. They were given access to food and water ad libitum. All
experimental protocols were reviewed by the Committee on the Ethics of
Animal Experiments at our university and were conducted in accordance with
the Guidelines for Animal Experiments issued by the Keio University School
of Medicine and the Experimental Animal Centre and with law no. 105 and
notification no. 6 issued by the Japanese Government. The ethical guidelines
conformed to the American Physiological Society guiding principles for the
care and use of animals.

The animals were anesthetized by inhalation of diethyl ether (Wako Pure
Chemical Industries Ltd, Osaka, Japan) for induction. Subsequently, an air
mixture containing 2.0% to 3.0% sevoflurane (Maruishi Pharmaceutical Co,
Ltd, Osaka, Japan) was supplied to the animals throughout the experiment;
spontaneous breathing was maintained.

For performing arterial pressure measurements, fluid injection, blood
sampling, and continuous bleeding, four cannulas were inserted into each
animal. A 24-gauge indwelling needle (Terumo Corp, Tokyo, Japan) was
inserted into a ventral caudal artery. Another 24-gauge indwelling needle was
inserted into the left dorsal metatarsal vein for fluid injection. For measuring
arterial pressure, a polyethylene catheter (SP45; Natsume Seisakusho Co, Ltd,
Tokyo, Japan) was inserted into the right carotid artery. For conducting fre-
quent blood collections, a polyethylene catheter (SP31; Natsume Seisakusho
Co, Ltd) was inserted into the left femoral artery. The cannulas were filled
with heparinized Sal (40 U/mL) to prevent coagulation.

A polygraph system (PEG1000; Nihon Kohden Corp, Tokyo, Japan) was
used to continuously record and monitor the mean arterial pressure (MAP) and
the electrocardiograms. The indwelling needle on the dorsal metatarsal vein
~was connected to an infusion pump via a polyethylene catheter. For measuring
the increase in the hemorrhage volume over the course of the experiment, a
bottle was hung under the tube exit, which was connected to the indwelling
needle of the caudal artery.

Grouping, establishment of hemorrhagic shock, and
resuscitation

The male Wistar rats were assigned randomly to five groups: the HbV
group (n = 6), the wRBC group (n = 6), the Alb group (n = 7), the HES group
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(n =9), and the Sal group (n = 7). The average body weights were 364.5
23.4 g in the HbV group, 358 + 18.7 g in the wRBC group, 350.6 + 22.8 g in the
Alb group, 345.6 + 19.7 g in the HES group, and 367.7 £ 36.9 g in the Sal
group. No significant differences were found between groups.

The total circulated blood volume (tBV) was estimated to be 56 mL/kg
body weight (18). After stabilization, the baseline data were measured. Hem-
orrhagic shock was subsequently developed by free bleeding from the caudal
artery until the hemorrhage volume had reached 30% of the tBV. At this point,
all animals showed shock status (mean pressure was near or below 40 mmHg).
Immediately after the hemorrhage reached 30% of the (BV, the resuscitation
was started, while the bleeding from the caudal artery was continued. The
injection was continued at a speed of 56 mL/kg per hour until the animal died
or the infusion volume reached 200% of the tBV. Resuscitation with 200%
tBV fluid took 2 h.

In the HbV group, HES was first infused up to 50% of the tBV, and then the Hb-
vesicle mixture was injected beginning at 50% of the tBV, whereas the
respective fluids for the other experimental groups were used throughout the
resuscitation. Because fluid resuscitation in clinical practice is usually initiated
with crystalloid or colloid solutions, we chose to infuse the Hb-vesicles at 50%
of the tBV to mimic clinical practice.

Experimental design

The animals were observed for a maximum of 2 h after the resuscitation
started. For determining the hematocrit (Ht) levels, the blood lactate concen-
trations, and the pH, 0.2 mL of arterial blood was collected before hemorrhage
and when the infusion volume reached 50%, 100%, 150%, and 200% of the
tBV. An equal volume of heparinized Sal was injected to maintain the circu-
lation volume of the animal. Afterward, the Ht was measured using the
microhematocrit method (12,000 revolutions/min, 5 min). The arterial blood
was collected in heparinized microtubes, and the serum lactate concentration
and the pH were analyzed using a pH/blood gas analyzer (ABL725; Radio-
meter A/S, Copenhagen, Denmark).

Statistical analysis

All data sets were analyzed using Statcel2 (OMS Publishing Inc, Saitama,
Japan, 2004) and were regarded as having a normal distribution. The survival
curve was drawn using the Kaplan-Meier method, and the log-rank test was
used to compare survival rates. For analyses involving three groups or more,
the variance was evaluated using the Bartlett test. One-way analysis of var-
iance (ANOVA) was used if the variance among groups was equal. Fur-
thermore, these data sets were evaluated using the Tukey-Kramer test when
significant differences were observed by ANOVA. If the variance was found to
be unequal in comparisons involving three groups or more, the Kruskal-Wallis
test was used for the analysis. Furthermore, these data sets were evaluated using
the Scheffé F test when significant differences were observed by the Kruskal-
Wallis test. Pairwise combinations were excluded from the calculations if the
combinations of the data sets could not be analyzed. For analyses involving two
groups, the variance was evaluated using an F test. These groups were analyzed
using the Student ¢ test and Welch ¢ test if the variance was found to be equal
and unequal, respectively. In addition, differences were considered significant
at P < 0.05. Results were expressed as the mean = SD.

RESULTS

Survival

Survival curves drawn by the Kaplan-Meier method and
the cumulative survival rates for the five groups are shown
in Figure 1, respectively. In the HbV and wRBC groups, all
animals survived during continuous injection, whereas those in
the Alb and HES groups died before the completion of infu-
sion. In the Sal group, five of seven animals died (mortality of
71.4%). For the survival curves, significant differences were
found between the HbV or wRBC group and the Alb, HES,
and Sal groups by the log-rank test.

The cumulative survival rates were 100% in the HbV and
wRBC groups (6/6 animals survived in each group), 0% in the
Alb group (0/7), 0% in the HES group (0/9), and 28.6% in the
Sal group (2/7). In the Sal group, one animal died near the very
end of resuscitation, although three animals survived through
the completion of the injection.
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Fic. 1. Survival curve according to the resuscitation fluid used. P <
0.05 vs. the HbV and wRBC groups, *P < 0.05 vs. the Alb group, TP < 0.05 vs.
the HES group, and ¥P < 0.05 vs. the Sal group.

Hemorrhage volume

At the start of the resuscitation, all animals underwent 30%
tBV bleeding (approximately 6 mL/body) to induce hemor-
rhagic shock. The hemorrhage volume values subsequently
increased in a linear manner in the HbV, wRBC, Alb, and HES
groups (Fig. 2). In the Sal group, the hemorrhagic volume
increased at a slower rate relative to that of the other groups.
All animals in the Alb and HES groups died before the 150%
tBV infusion. At 200% tBV, the hemorrhage volumes reached
52.9+4.0,473 £4.7, and 21.8 £ 2.5 mL in the wRBC, Hbv,
and Sal groups, respectively. A significant difference was
found between the wRBC or HbV group and the Sal group.
The HbV group showed no significant difference compared
with the wRBC group at any time point.

Heart rate

Before the hemorrhage, the heart rate (HR) before hemor-
rhage was 395 + 40 beats/min and decreased to 323 + 54 beats/
min when the hemorrhage volume reached 30% tBV (Fig. 3).
At the 50% tBV infusion, the HRs were 340 £ 38 beats/min in
the wRBC group, 290 + 42 beats/min in the HbV group, 289 +
46 beats/min in the Alb group, 245 * 92 beats/min in the HES
group, and 261 * 25 beats/min in the Sal group. At the 100%
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Fic. 2. Change in the hemorrhage volume. Differences between groups
were analyzed using Tukey-Kramer test. $P < 0.05 vs. the HbV group, *P <
0.05 vs. the wRBC group, TP < 0.05 vs. the Alb group, *P < 0.05 vs. the
HES group.
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Fic. 3. Changes in the HR. For the 100% tBV infusion, statistical differ-
ences were detected using Tukey-Kramer test. For the 200% tBV infusion,
HbV vs. wRBC was not significantly different (P = 0.0982, Student ¢ test), but
a comparison between the Sal group vs. the HbV and wRBC groups resulted
in error. “Pre”: before the hemorrhage. “Resus start”: start of the hemor-
rhage. Error bars represent SD. $P < 0.05 vs. the HES group.

tBV infusion, the HR decreased to 77 £ 107 beats/min in the
HES group and was significantly different from that of the other
groups. However, no other significant changes were observed.
The values for the HbV, wRBC, and Sal groups did not change
significantly at the 150% tBV infusion relative to those at the
100% tBV infusion. At the 200% tBV infusion, the HRs
were 320 £ 30, 280 £ 31, and 170 * 226 beats/min in the wRBC,
HbV, and Sal groups, respectively. The Sal group showed a
decrease in HR at the final measurement (n = 2), although no
statistical significance was found.

Mean arterial pressure

Before the hemorrhage, the MAP was 86.9 + 10.3 mmHg in
all groups (Fig. 4). The MAP subsequently decreased to 36.6 +
7.6 mmHg when the hemorrhage volume reached 30% tBV.
No significant difference was found among the groups. At
50% tBV infusion, the MAPs were 57.0 + 6.6 mmHg in the
wRBC group, 43.3 = 15.9 mmHg in the HbV group (up until this
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Fic. 4. Change of MAP. For the 50% tBV and 100% tBV infusions, stat-
istical differences were detected with the Scheffé F test. For the 150% tBV
and 200% tBV infusions, statistical differences were detected with Tukey-
Kramer test. “Resus start”: start of the hemorrhage. Error bars represent SD.
$P < 0.05 vs. the WRBC group, *P < 0.05 vs. the HbV group, TP<0.05 vs. the
HES group.
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point, the injection fluid did not contain Hb-vesicles), 36.4 +
7.3 mmHg in the Alb group, 38.1 £ 5.3 mmHg in the HES group,
and 34.4 £ 3.9 mmHg in the Sal group. A significant difference
was detected between the wRBC groups and the Alb, HES, and
Sal groups. At the 100% tBV infusion, the MAPs of the HbV and
wRBC groups (67.7 + 12.3 mmHg and 58.5 + 4.5 mmHg,
respectively) were significantly higher than those of the other
groups (28.2 £5.1, 152 + 14.4, and 33.7 £ 3.9 mmHg in the Alb,
HES, and Sal groups, respectively). At the 150% tBV infu-
sion, the MAPs were 70.8 £ 12.5 mmHg, 66.5 + 10.1 mmHg, and
21.0 £ 9.1 mmHg in the HbV, wRBC, and Sal groups, respec-
tively. The values for the HbV and wRBC groups were sig-
nificantly different from those of the Sal group. Atthe 200% tBV
infusion, the MAPs were 67.3 = 6.9 mmHg in the wRBC group,
66.0 + 10.1 mmHg in the HbV group, and 12.5 £ 13.4 mmHg
in the Sal group. Statistical analysis again revealed a significant
difference between the HbV and wRBC groups and the Sal group.

Respiration rate

The respiration rate (RR) before the hemorrhage was 61.3 +
8.9 breaths/min in all five groups (Table 1). The RR of each
group decreased gradually as the hemorrhage progressed. At
the 200% tBYV infusion, the RRs were 51.7 = 5.6, 46.5 £ 6.9,
and 16.5 + 23.3 breaths/min in the wRBC, HbV, and Sal
groups, respectively. Significant differences were observed
between the HbV or wRBC group and the Sal group.

Hematocrit

Before the hemorrhage, the Ht was 41.9% + 2.3% in all five
groups (Fig. 5). The Ht values subsequently decreased during
the hemorrhage because of hemodilution with the fluid infu-
sions. The Ht values showed a similar decrease in the HbV,
Alb, and HES groups over the course of the experiment. The
Ht of the HbV group decreased remarkably to 1.5% + 0.5% at
the final measurement. The wRBC group showed the highest
Ht values because of the homologous transfusion. At the 200%
tBV infusion, the Ht value was 19.0% * 2.1%, which was
approximately equivalent to the Ht value of the erythrocyte
suspension used for this group. In contrast, the Ht values of the
Sal group decreased gradually. At the 50% tBV infusion, sig-
nificant differences were found between the wRBC or Sal
group and the HbV, Alb, and HES groups. At the 100% tBV
infusion, the Ht values had decreased further for all groups.
However, the presence of significant differences was the same,
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Hematocrit (%)

pre resus start  50%tBV  100%tBV  150%tBV  200%tBV
Resuscitation volume

—5— HbV —4— WRBC —jii~ Alb —— HES ~A— Sal

Fie. 5. Change of Ht. At 200% tBV, the Sal group vs. the wRBC and Hbv
groups could not be analyzed statistically. For the 50% tBV, 100% tBV, and
150% tBV infusions, statistical differences were detected with Tukey-Kramer
test. For the 200% tBV infusion, HbV vs. wRBC was significantly different
(Welch ¢ test), but a comparison between the Sal group vs. the HbV and
wRBC groups resulted in error. Error bars represent SD. SP < 0.05 vs. the
HbV group, *P < 0.05 vs. the Alb group, TP < 0.05 vs. the HES group, *P <
0.05 vs. the Sal group.

with the exception of the wRBC and Sal groups, which now
showed a significant difference. At the 150% tBV infusion, the
Ht values were 11.1% + 1.4%, 3.2% + 1.0%, and 18.7% + 2.0%
in the Sal, HbV, and wRBC groups, respectively. Significant
differences were found between these three groups. At the
200% tBV infusion, the Ht values were 10.0%, 1.5% * 0.5%,
and 19.0% = 2.1% in the Sal, HbV, and wRBC groups,
respectively. Significant differences were found between the
HbV and wRBC groups.

Blood lactate levels

The average values of the blood lactate levels before hem-
orrhage were 0.8 + 0.2 mmol/L in all groups (Fig. 6). At the
50% tBV infusion, the lactate levels were 3.8 £ 1.5 mmol/L
in the HbV group, 5.1 + 2.2 mmol/L in the Alb group, 4.5 £
0.9 mmol/L in the HES group, and 4.6 = 1.1 mmol/L in the Sal
group. In the wRBC group, the lactate level was maintained at
1.7 £ 0.6 mmol/L. A significant difference was found between
the wRBC group and the Alb, HES, and Sal groups. At the
100% tBV infusion, the HbV and wRBC groups showed sig-
nificantly lower lactate concentrations (2.8 + 1.0 and 1.8 *
0.6 mmol/L, respectively) than did the HES, Alb, and Sal groups

TasLe 1. Respiration rate

Pre Resus start 50% tBV 100% tBV 150% 1BV 200% BV
HbV 585+109 (6) 627 +151  (6) 57.0+146  (6) 467+87  (6) 46558  (8) 46569  (6)
WRBC 63.8:7.1  (6) 63.2+107  (6) 62595  (6) 56.3:65  (6) 55.3+7.3  (6) 51756  (6)
Alb 60.0£97  (7) 58779  (7) 564:86  (7) 27.8+16.1  (6)
HES 60.7+81  (9) 63.1+9.0  (9) 614+71 (9 54+105 (5)
Sal 63.4+10.0 (7) 66.9:99  (7) 567+9.9  (7) 4441208 (7) 34.7+178  (6) 165+233 (2)

Values are mean = SD (n) in breaths/min.

Results of statistical analysis, P < 0.05. pre: No significant difference (P = 0.8144, one-factor ANOVA).

resus start: No significant difference (P = 0.7173, one-factor ANOVA). 50% tBV: No significant difference (P = 0.6674, one-factor ANOVA). 150% tBV:
Combination of groups with significant difference (method by Tukey-Kramer test) was as follows: wRBC vs. Sal. 200% tBV: Combinations of groups
with significant difference (method by Tukey-Kramer test) were as follows: HbV vs. Sal, and wRBC vs. Sal. 100% tBV: Combinations of groups with
significant difference (method by Tukey-Kramer test) were as follows: HbV vs. HES, wRBC vs. Alb, wRBC vs. HES, and HES vs. Sal.
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Lactate (mmol/L)

pre resus start 50%tBV  100%tBV  150%tBV  200%tBV

Resuscitation volume

—&-— HbV =&~ wRBC ——Alb —@— HES —# Sal

Fic. 6. Change of biood lactate level. At 100% tBV, HES group vs. others could not be analyzed statistically. For the 50% tBV and 150% tBV, statistical
differences were detected with Tukey-Kramer test. For the 100% tBV group, statistical differences were detected with Scheffé F test, but the comparison of the
HES group vs. the other groups resulted in error. Error bars represent SD. ¥P < 0.05 vs. wRBC group, *P < 0.05 vs. HbV group.

(11.0£1.2,9.4 £ 3.8, and 5.8 £ 2.5 mmol/L, respectively). At the
150% tBYV infusion, the lactate concentrations were 1.6 = 0.5,
1.7 £ 0.7, and 8.1 £ 0.9 mmol/L in the wRBC, HbV, and Sal
groups, respectively. Significant differences were found be-
tween the Sal group and the HbV and wRBC groups.

Blood pH

Before the experiment, the mean pH was 7.400 + 0.046 for
all groups (Table 2). For the HES, Sal, and Alb groups, the pH
decreased during the hemorrhage. However, in the wRBC and
HbV groups, the pH remained within physiological range; at
the end of experiment, the pH in the wRBC and HbV groups
was 7.334 + 0.032 and 7.316 * 0.048, respectively.

DISCUSSION

This study was conducted to evaluate the efficacy of the Hb-
vesicle as a resuscitation fluid in a continuous hemorrhage-
resuscitation model. In this model, we administered a large
volume of resuscitation fluid with rapid infusion to maintain
circulation. All animals in the Alb and HES groups died before
the end of the experiment, whereas all animals in the HbV and
wRBC groups survived. In the Sal group, two of the seven
animals were able to survive for 120 min; however, the MAP
was low, and the lactate levels were high in the two surviving
animals, so that recovery seemed nearly impossible. Collec-
tively, these findings indicate that the effectiveness of Hb-
vesicles in resuscitation is comparable to that of RBCs in this

model. Resuscitation with crystalloid soltutions (e.g., Sal) may
induce a decrease in the blood flow in the peripheral arteries
and thereby result in a decrease in bleeding. In contrast, resus-
citation with colloid solutions, such as an Alb solution or HES,
may be harmful in trauma patients who are bleeding conti-
nuously. Perel and Roberts (19) reported the relative effective-
ness of colloids compared with crystalloid fluids and described
how none of the evidence from randomized controlled trials
shows that resuscitation with colloids, when compared with re-
suscitation with crystalloids, reduces the risk of death in patients
with trauma, burns, or following surgery. However, in another
report, the restoration of blood pressure by vigorous infusion
with crystalloid fluids increased the hemorrhage volume and
resulted in a markedly higher mortality (13).

In our study, the hemorrhage volume increased continuously
in all five groups. However, in the Sal group, the hemorrhage
speed occurred at a slower rate than that of the other groups.
This phenomenon may result in part from the infused Sal being
lost through the vasculature to the interstitial space. In this study,
the estimated circulation blood volume was around 20 mL/body.
After the resuscitation was initiated, the resuscitation fluid was
administered at a rate of 56 mL/kg per hour, a much more rapid
injection rate than that of the usual intravenous resuscitation
therapy. In the HbV and wRBC groups, the MAP was partially
maintained, although the hemorrhage volume was greater than
that of the resuscitation fluid (Figs. 2 and 4). However, in the
other three groups, the MAP decreased below 40 mmHg, even

TasLe 2. Blood pH

Pre 50% 1BV 100% tBY 150% tBV 200% tBV
HbV 7.398 + 0.051 6) 7.447 + 0.100 6) 7.343 £ 0.062 ®) 7.340 £ 0.051 ®) 7.316 £ 0.048 ®)
WRBC 7.434 +0.026 ®6) 7.454 + 0.051 ®) 7.421 +0.020 (6) 7.379 + 0.020 ®6) 7.334 £ 0.032 6)
Alb 7.374 + 0.044 ®) 7.360 + 0.064 (5) 7.243+0.103 ()
HES 7.388 £ 0.026 ®) 7.413 £ 0.028 (6) 7.179£0.126 @)
Sal 7.407 + 0.060 6) 7.318 £ 0.049 (5) 7.258 + 0.225 ®) 7.076 £ 0.074 @)

Values are mean = SD (n). Results of statistical analysis, P < 0.05. pre: No significant difference (P = 0.1984, one-factor ANOVA). 100%tBV: No
significant difference (P = 0.0514, Kruskal-Wallis test), but HES vs. others was error. 200%tBV: HbV vs. wRBC was no significant difference (P =
0.4786, Student t test). 50%tBV: Combinations of groups with significant difference (method by Tukey-Kramer test) were as follows: HbV vs. Sal, and
wRBC vs. Sal. 150%tBV: Combinations of groups with significant difference (method by Tukey-Kramer test) were as follows: HbV vs. Sal, and wRBC
vs. Sal.

Copyright © 2012 by the Shock Society. Unauthorized reproduction of this article is prohibited.
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after resuscitation had been initiated. The accumulated hemor-
rhage volume was similar in the HbV, wRBC, Alb, and HES
groups. Therefore, no differences in the hemorrhage after re-
suscitation were apparent based on the resuscitation fluid, with
the exception of the Sal. In Alb and HES groups, restoration
of the circulating blood volume was possible, but the blood
pressure could not be maintained within a physiological range
because of the low Ht, which is the cause of organ hypoxia. In
contrast, the infused crystalloid solution, such as the Sal, can
escape to the interstitial space, followed by peripheral vaso-
constriction. Although the hemorrhage rate and volume were
lower than those of the colloid groups, hypoxia and organ
hypoperfusion were unavoidable and eventually compromised
the condition of the animals.

Before the animals received the 100% tBV resuscitation, no
significant differences were found between the HbV, wRBC,
Alb, and HES groups in terms of the hemorrhage volume and
the speed at which the resuscitation fluids were administered.
From these findings, we can speculate that the organ perfusion
might have been the same in these groups. However, the MAP
in Alb and HES groups did not recover, and the lactate levels
were significantly high. These results indicate that the oxygen
carrier is indispensable for resuscitation in this model. In terms
of the oxygen supply, wRBC and HbV have the same oxygen-
binding capacity in vitro. In this model, the lactate level was
maintained at a low level in the HbV and wRBC groups and
showed significant differences at the 100% tBV infusion
between the Alb and Sal groups. In the Sal group, the increase
in the lactate concentrations was suppressed. Moreover, in the
Sal group, the Ht was maintained at a significantly higher level
than in the Alb and HES groups. Therefore, the oxygen delivery
to the peripheral tissues in the Sal group might be partially
maintained with the subsequent suppression of the increase in
the lactate levels.

The functional half-life of the Hb-vesicle is significantly
shorter than that of the normal erythrocyte, although it takes
about 14 days until HbV completely disappears in vivo (17, 20).
However, the results of the present study suggest that animals
in this model can survive for the long term if they are kept
supplied with functional Hb-vesicles or blood. We infer that
volume resuscitation along with oxygen supply is necessary
for maintaining circulation in uncontrolled hemorrhage.

This study had some limitations. First, a group of rats resus-
citated with a soluble Hb solution was not included. Second, the
animals were examined for only 2 h in this study, so that no
information was available regarding the effects on long-term
survival. Finally, the effects of the various resuscitation regi-
mens on coagulation parameters were not assessed.

CONCLUSIONS

For uncontrolled hemorrhage, we conclude that a large volume
of colloid solution containing oxygen carriers such as Hb-vesicles
is effective and comparable to wRBC, because the HbV suspen-
sion fluid maintained the circulating volume and oxygen metab-
olism and prevented acidosis. Continuous infusion of functional
Hb-vesicles was able to extend survival in hemorrhagic shock
caused by continuous hemorrhage. Hence, patients with un-

SEISHI ET AL.

controllable hemorrhage may acquire sufficient time for trans-
portation to the trauma center using this treatment.
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Abstract: Extracellular soluble hemoglobins (Hbs) have long been studied for their possible use as safe and effective al-
ternatives to blood transfusion. While remarkable progress has been made in the use of cell-free Hb as artificial oxygen
carrier, significant problems remain, including susceptibility to oxidative inactivation and propensity to induce vasocon-
striction. Hemarina-M101 is a natural giant extracellular hemoglobin (3600 kDa) derived from marine invertebrate (poly-
chaete annelid). Hemarina-M101 is a biopolymer composed of 156 globins and 44 non-globin linker chains and formu-
lated in a product called HEMOXY Carrier®. Prior work has shown Hemarina-M101 to possess unique anti-oxidant activ-
ity and a high oxygen affinity. Topload experiment with this product into rats did not revealed any effect on heart rate
(HR) and mean arterial pressure (MAP). A pilot study with the hamster dorsal skinfold window chamber model showed
absence of microvascular vasoconstriction and no significant impact on mean arterial blood pressure. I vitro nitric oxide
(NO) and carbon monoxide (CO) reaction kinetics measurements show that Hemarina-M101 has different binding rates as
compared to human Hb. These results revealed for the first time that the presence of this marine hemoglobin appears to
have no vasoactivity at the microvascular level in comparison to others hemoglobin based oxygen carriers (HBOCs) de-

of a Natural Extracellular

veloped so far and merits further investigation.

Keywords: Annelid, blood substitute, extracellular hemoglobin, hemodynamic activity.

INTRODUCTION

Blood substitute development has mainly centered on
fluids that transport oxygen as this is a principal function of
the circulation. This focus on oxygen carrying capacity has
led to the development of two main groups of blood substi-
tutes: perfluorocarbon emulsions and hemoglobin (Hb)-
based oxygen carriers (HBOCs) [1]. HBOCs derived from
human, bovine or recombinant Hb have been found to pre-
sent different forms of toxicity [2]. This toxicity appears to
be circumvented by polyethylene glycol conjugation and
phospholipid encapsulation [3-5]. However, these ap-
proaches introduce significant quantities of additional mate-
rial in the circulation whose effect and clearance are not well
established. Molecular Hb in solution is an elegant method
for implementing an oxygen carrier because it can reach and
deliver oxygen to tissue regions inaccessible to red blood
cells. However the natural tendency of molecular Hb solu-
tions is to cause vasoconstriction and thus attainment of the
goal to transport oxygen to tissue is hindered by most mo-
lecular Hb solutions. Vasoconstriction while not necessarily
a negative effect per se, molecular Hb solutions are associ-
ated with significant incidence of adverse effects [4, 6].

*Address correspondence to this author at Hemarina, Aéropdle Centre,
Biotechnopdle, 29600 Morlaix, France; Tel: + 33 (0)2 98 88 1402;
Fax: + 33 (0)2 98 88 3894; E-mail: franck.zal@hemarina.com
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A fundamental observation that defines how the circula-
tion reacts to molecular Hb in blood was made by Sakai et
al. [7] who showed that vasoactivity is an inverse function of
molecular dimension. The validity of this tenent is supported
by results obtained with the zero-link polymer bovine Hb
and ultra-high molecular weight Hb polymers [8, 9]. These
mechanistic aspects have been explored by studies with mac-
romolecular plasma expanders that do not carry oxygen [10].

A molecular Hb that fulfills the dimensional paradigm of
Sakai ef al. [7] is the oxygen transporter of the marine inver-
tebrate Arenicola marina [11, 12]. This is a natural extracel-
lular respiratory pigment of high molecular weight (~3600
kDa) that does not require chemical modification. This giant
extracellular O, carrier consists of globin and non-globin
linker chain complexes that have a large Hb oxygen binding
capacity, carrying up to 156 O, molecules when saturated
[11, 13]. This material named Hemarina-M101, is purified
from extracellular hemoglobin of 4renicola marina and used
to produce HEMOXY Carrier® (Hemarina S.A., France), a
product being developed as an oxygen carrying therapeutic.
HEMOXY carrier® could be used in a large range of concen-
tration in terms of biorheological considerations since its
viscosity is similar to that of plasma. Furthermore, recent
works showed that a different formulation of Hemarina-
M101 (HEMO,life®, Hemarina S.A., France) considerably
improves kidney preservation waiting to be transplanted
[14].

© 2012 Bentham Science Publishers
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An important physiological aspect of red blood cell
(RBQ) function is the management of endogenous gaseous
messenger molecule transport such as nitric oxide (NO) and
carbon monoxide (CO). These molecules are potent vasodi-
lators and are effective at very small concentrations. NO
bioavailability in the vessel wall is determined by very com-
plex enzymatic mechanism [15] and also the balance be-
tween NO production by shear stress on the endothelium and
its scavenging by hemoglobin [16]. CO bioavailability ap-
pears to be of significance in the hepatic microcirculation
[17].

The present study reports a pilot microvascular investiga-
tion of the effect of a topload intravenous infusion of
HEMOXY Carrier™ on a) microhemodynamics in the hamster
dorsal skinfold window chamber model, and b) systemic
parameters in the rat. The in vifro biochemical activity in
terms of NO and CO reaction kinetics was also explored.

MATERIAL AND METHODS
HEMOXY Carrier® Production and Sample Preparation

HEMOXY Carrier” (Hemarina SA, France) was manufac-
tured using GMP standards governing medicinal products
[18]. HEMOX Y carrier” is formulated in an injectable saline
solution and its properties are presented in Table 1.

Table 1. Functional Properties of HEMOXYCarrier®
P50 (mmHg) 7.05 £ 0.93” (n=9)
n50 25440239 (n=9)
Bohr coefficient ¥ -0.5Y
AH (KJ mol-1) ? 199
COP (mmHg) ¥ 1.0
Viscosity (cP) 1.23
SOD activity (U/mg Hb) ¢ 3.53 £ 0.02 (n=3)
CN inhibition 100% ©
Fe (atom/molecule) 156 P

3.58+1.17 (n=5)?
5.13 £0.75 (n=5) 9

Cu (atom/molecule)

Zn (atom/molecule)

a) The oxygen equilibrium binding data were collected in dissolved lyophilized plasma
(Sigma) in 10 mM HEPES, pH 7.35 at 37°C for a final heme concentration of 40
mg/mL. The Bohr coefficient was measured over the pH range 7.2-7.6, and the tem-
perature effect from 33°C to 41°C, which corresponds to the range of values encoun-
tered in human, including pathological cases.

b) The Bohr coefficient and temperature sensitivity of hemoglobin are calculated as
previously described [24].

¢) COP and viscosity were determined on a M101 sample of 58 mg/mL at room tem-
perature on an Onkometer BMT 293 (BMT MESSTECHNIK GMB, Germany) accord-
ing the company protocol and on a Brookfield viscometer (Brookfield Engineering
Laboratories Vertriebs, Germany) according to the manufactures protocol.

d) The SOD activity was determined using the Flohé and Otting method [25] and value
come from [12].

€) HEMOXY Carrier® was incubated for 10 min with 50 mM KCN prior to the addition
of xantine oxidase.

f) Fe was determined by mass spectrometry [11].

g) The Cu and Zn contents were determined by inductively coupled plasma-MS [26].

Hamster and In Vitro Gas Studies

HEMOXY Carrier® (68 mg/mL) was defrosted slowly by
exposing the vial to room temperature. The sample was then
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diluted with 0.9% normal saline solution to produce 40
mg/mL solution for the study (4%). This diluted solution was
then aliquoted and returned to the -80°C freezer. In prepara-
tion for infusion into the animal, samples were removed
from the -80°C freezer and warmed to room temperature.
HEMOXY Carrier™ concentration was reduced in order to
compare the results to a previous study with several molecu-
lar Hbs also tested at the same concentration [19]. The dose
for these animals was approximately 280 mg/kg.

Rat Studies

For this study, HEMOXY Carrier” was administered by
i.v. infusion at the dose level of 600 mg/kg, a dose that has
shown a tissular oxygenation potential on rodent model (un-
published data). Concentration adjustment was performed
using an injectable saline solution developed by Hemarina as
previously mentioned. Prior to infusion, HEMOXY Carrier®
was removed from the -80°C freezer and warmed to room
temperature.

Animal Models and Preparation

I. Microcirculation Study with the Hamster Dorsal Skin-
fold Window Model

Studies were performed in golden Syrian male hamsters
(Charles River Laboratories, Boston, MA), weight range of
50-70g. Animals were handled according to the Guide for
the Care and Use of Laboratory Animals (US National Re-
search Council, 1996) and experiments were approved by the
University of California, San Diego Institutional Animal
Care and Use Committee. The hamster dorsal skinfold win-
dow chamber model has been widely used for microvascular
studies and allows for the study of intact tissue in an awake
animal, thus reducing complications due tissue exposure and
anesthesia. Chamber implantation and vascular catheteriza-
tion were performed under general anesthesia (pentobarbital
50 mg/kg i.p.) as previously described [20, 21]. Mean arte-
rial blood pressure (MAP) and heart rate (HR) were continu-
ously monitored using a data acquisition system (MP 150;
Biopac Systems, Inc., Santa Barbara, CA). Blood was sam-
pled from the arterial catheter into heparized microcapillary
tubes and centrifuged to determine systemic hematocrit
(Hct). Arterial blood chemistry (pH, pO2, pCO) was meas-
ured using a blood gas analyzer (RAPIDLab 248, Siemens,
Deerfield IL). Animals were included into the study if their
MAP > 80 mmHg, and systemic Hct > 45% which are within
the normal physiological range [22]. After baseline systemic
and microvascular measurements were made, animals were
given an 1v. infusion of the study material (100-150
puL/min), volume equal to 10% of its blood volume which
was estimated as 7% of the body weight. MAP and HR were
assessed at 10, 30 and 60 min after completion of the infu-
sion. Hematocrit and arterial blood gases were reassessed at
the end of the experiment (60 min after topload).

The unanesthetized animal was placed into a restraining
tube, which was then affixed to the stage of an intravital mi-
croscope (BX51WI, 40 x objective, NA 0.7 SW; Olympus,
Central Valley, PA). The tissue image was projected onto a
CCD camera (4815-2000; COHU, San Diego, CA) con-
nected to a timer and viewed on a monitor. Animals had at
least 30 minutes to adjust to the tube environment prior to
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measuring baseline parameters (MAP, HR, blood gases and
Hct). Arterioles and venules, chosen by their visual acuity
(4-6 each type), were characterized by their blood flow ve-
locity and diameter. Vessels were chosen from baseline ob-
servations and the same vessels were followed throughout
the experiment. Microvessel diameters were measured with
an image-shearing system (Digital Video Image Shearing
Monitor 908, Vista Electronics, San Diego, CA), while arte-
riolar and venular blood flow velocities were measured with
photodiodes using the cross-correlation technique (Velocity
Tracker Mod-102 B, Vista Electronics., San Diego, CA).
Blood flow rates (Q) were calculated as: O = m(RBC veloc-
ity/R,)(diameter/2)* where R, = 1.6 is the ratio of the center-
line velocity to the bulk velocity.

II. In Vivo Cardiovascular Effects in the Anaesthetized Rat

These experiments were carried out on male Wistar rats
(Elevage R. Janvier, France) weighing 250-300g (7 weeks
old). Rats were anesthetized with sodium pentobarbital (60
mg/kg i.p.). A catheter was placed into the left carotid artery
to measure arterial blood pressure and heart rate. A Millar-
type pressure probe was placed into the left ventricular cav-
ity via the right carotid artery to measure left ventricular
pressure (LVP). Lastly, a catheter was placed into the pu-
dendal vein for infusion of the test sample. The animal’s
body temperature was maintained at 37°C with a water cir-
culating warming blanket.

After stabilization of hemodynamic parameters, basehne
measurements were performed and HEMOXY Carrier® (600
mg/kg) or saline solution 0.9% (used as a control) was in-
fused intravenously (5 min, 1.2 mL/kg/min). Experiments
were carried out in 18 rats. Six animals received
HEMOXY Carrier® (600 mg/kg) and twelve animals received
saline solution as control. Hemodynamic parameters were
monitored for a period of 45 min post infusion. Heart rate
was derived from the phasic arterial blood pressure signal.
Left ventricular dP/dt,,, an index of myocardial contractil-
ity, was calculated as the maximal rate of rise of left ven-
tricular pressure signal.

IIL In Vitro Measurement of NO and CO Binding

. The time course of the ligand binding was analyzed dur-
ing rapid mixing of the deoxygenated HbV (human Hb vesi-
cles) and Hb solutions and a NO- or CO-containing solution
using a stopped-flow rapid scan spectrophotometer (RSP-
1000; Unisoku Co. Ltd., Osaka, Japan). Briefly, 3 mL of a
deoxygenated PBS solutlon containing HbV [23] human
HbA, Oxyglobin (Biopure) and HEMOXY Carrier® at [heme]
=3 uM was rapidly mixed with NO or CO containing PBS
solution. The change of absorption at 430 nm was moni-
tored. The methods are described in detail in a previous re-
port [23].

Data Analysis
Statistics were performed using Prism version 4.0 for

Windows (GraphPad, San Diego, CA). Data are presented as
mean + sem.

In the hamster studies, N and n denote the number of
animals and vessels studied, respectively. Differences within
groups were first tested with one-way analysis of variance
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(ANOVA) for repeated measures and for multiple compari-
sons between groups. Bonferroni post hoc test was used if
significance was obtained. In haemodynamic studies per-
formed on anaesthetized rat, homogeneity of baseline values
(TO) between the two groups was tested for each parameter
using a two-tailed Student's t test for independent samples.
For each parameter, changes from baseline value (delta %) at
each measurement time were compared between the two
groups using a two-way ANOVA (group, time) with re-
peated measurements over time. If group x time interaction
was significant, comparison between the two groups was
performed at each time by a student t test. Changes were
considered statistically significant if P < 0.05.

RESULTS AND DISCUSSION
I. Hamster Studies

The study was performed in 5 animals of 60 £ 5 g. All
animals tolerated and completed the protocol without any
adverse events. Table 2 presents the changes in hematocrit
and arterial blood gas parameters at basehne and 60 min af-
ter topload infusion of HEMOXY Carrier®. Blood gases pa-
rameters were not significantly affected by the administra-
tion of HEMOXY Carrier® while Het was slightly reduced (P
< 0.05). This slight change in Hect, while being statistically
significant, is not considered physiologically significant.
These data are consistent with previous experiments done on
mice and rats with this product [12]. Flgs (1A) and (1B)
show the effect of HEMOXY Carrier® on MAP and HR.
HEMOXY Carrier™ induced slight and transient changes in
MAP and HR after completion of topload compared to base-
line. No significant changes were observed 10 minutes after
the infusion until the end of the observation period after 1 hr.
Arteriolar (n=31, n: number of vessels) and venular (n=25)
diameters, microvascular flow velocity and flow were not
significantly modified by HEMOXY Carrier™ (Figs. 2A and
2B). We speculate that HEMOXY Carrier® in circulation
may not react with NO as found with others cell free Hbs or
that other properties such as its ability to transport CO may
lead to the arteriolar vaso-inactivity. Thus, it is 1mportant to
extend these microvascular studies of HEMOXY Carrier® to
measure perivascular NO to validate this hypothesis.

Table2. Hematocrit and Arterial Blood Gases before and
after i.v. Topload Infusion of HEMOXYCarrier®
Baseline 60 min

Het 498+1.6 483 +0.9*

Ph 7.37+0.02 7.37 £0.05

PO2 559+4.1 575+24

PCO2 563£1.2 55.7+£6.5

BE 7.0+£1.3 58+14

Figs. (3) and (4) present a summary of our previous find-
ings concerning MAP and microvascular response for sev-
eral molecular Hbs (sourced from human and bovine) when
infused with the same protocol as the current study [19]. The
prev1ous study used (1) aa cross-linked Hb (aaHb, HemAs-
sist®, Baxter); (2) polymerized bovine Hb (PBH4, Oxyglo-
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Fig. (1). Time course of MAP and HR after 10% blood volume
topload of HEMOXYCarrier® in hamster model. The slight
increase in MAP and decrease in HR initially observed after top-
load (TL) completion were statistically significant. The minor
changes observed during the rest of the observation period were no
significatively different from baseline. Parameters are presented
relative to baseline, thus no change from baseline would be denoted
as 1, while 1.05 would represent a 5% increase from baseline. Data
are presented as mean + sem.

bin®, Biopure Corp.), (3) polyethylene glycol decorated Hb
(PEG-Hb, Hemospan®, Sangart) or (4) 0.9% NaCl (saline).
Saline infusion was the no-treatment group/volume control
used to assess the effect of the experimental protocol. It was
a more extensive study where changes in microvessel diame-
ter, blood flow, and perivascular NO concentration along
with systemic hemodynamic parameters were followed. The
results obtained in the current study with HEMOXY Carrier™
were introduced into these figures for comparison.

The smaller molecular Hbs PBH4 and aoHb cause arte-
riolar constriction and reduced microvascular perfusion,
while both HEMOXY Carrier® and PEG-Hb (higher molecu-
lar size of human and bovine Hbs, 95 kDa) maintained arte-
riolar diameter. However, PEG-Hb induced blood volume
expansion in comparison with HEMOXY Carrier® that main-
tained microvascular flow.

All these solutions resulted in an increased mean arterial
pressure due to vasoconstriction for PBH4 and aaHb and to
blood volume expansion and maintenance of cardiac output
for PEG-Hb. This previous work with included perivascular
NO measurement using microelectrodes concluded that peri-
vascular NO was reduced to the same level for all Hb solu-
tions because NO binding affinities are similar. However,
effects on vascular resistance are related to the type of mo-
lecular modification, molecular volume and oxygen affinity.
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Fig. (2). Microhemodynamic changes as a function of time after
a 10% blood volume topload with HEMOXYCarrier® in ham-
ster model. Arteriolar and venular vessels responded with a weak
and non-significant increase in diameter by 5.2 = 0.9% and 4.7 =
0.9%, respectively (P < 0.05, relative to baseline) at 10 min. Panel
A: Arterioles. Panel B: Venules. Parameters are presented relative
to baseline, thus no change from baseline would be denoted as 1,
while 1.05 would mean a 5% increase from baseline. Data are
shown 10 (white bar), 30 (light grey bar) and 60 (dark grey bar)
minutes after completion of topload. All changes were not statisti-
cally different from their baseline levels. Data are presented as
mean + sem.
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Fig. (3). Changes in MAP after topoading with different mo-
lecular Hbs in hamster model. MAP was statistically increased by
all molecular hemoglobins compared to saline (P < 0.05) but no
statistical differences were obtained between the groups at each
time point. All data are presented as mean + sem. Parameter is pre-
sented as change relative to baseline, thus no change from baseline
would be denoted as 0, while 0.1 would mean a 10% increase from
baseline.

Thus, in the current study, the slight rise in MAP could be
explained by changes to blood volume expansion. However
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Fig. (4). Summary of diameter and flow (Q) response at the
microvascular level with molecular hemoglobins in hamster
model. The smaller molecular Hbs (aaHb and PBH4) caused arte-
riolar constriction leading to reduced microvascular perfusion com-
pared to PEG-Hb and HEMOXY Carrier®. Both HEMOXY Carrier®
and PEG-Hb did not change arteriolar diameter compared to base-
line and saline. However, increased arteriolar blood flow levels
were achieved with PEG-Hb, while HEMOXY Carrier® had un-
changed levels. aaHb and PBH4 induced reduced arteriolar blood
flow levels. Blood flow data (Q) is presented as mean + sem. Pa-
rameters are presented relative to baseline, thus no change from
baseline would be denoted as 1, while 1.05 would mean a 5% in-
crease from baseline. *, p < 0.05 relative to saline; I , p < 0.05 rela-
tive to HEMOX; §, p <0.05 relative to PEG-Hb.

without significant changes to vessel diameter compared to
baseline, one needs to consider expanding the current study
with HEMOXY Carrier® to make perivascular NO and car-
diac output measurements in order to better compare to the
other molecular Hbs. It is important to note that these find-
ings that indicate the absence of vasoconstriction in the dor-
sal window chamber which consists of a resting skeletal
muscle and connective tissue may not be reflective of the
absence of vasoconstriction in organs. We have shown in
parallel experiments which measure organ blood flow distri-
bution that results deduced from findings in the hamster
chamber window model, which allow the observation and
quantitative characterization of the microcirculation in the
intact and unanesthetized state, are representative of even in
some of the major organs that are not accessible by mi-
crovascular techniques [10].

II. In Vivo Cardiovascular Effects in the Anaesthetized
Rat

All animals completed the experimental protocol and are
included in these results.

Compared to saline-treated animals, injection of
HEMOXY Carrier® at 600 mgkg (5-min iv. infusion)
showed only minor effects on mean arterial pressure (differ-
ences not statistically significant compared to saline), heart
rate and left ventricular dP/dt,.« (an index of myocardial
contractility), as shown on Figs. (5, 6 and 7), respectively.
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Fig. (5). Comparison of the changes in MAP after i.v. infusion
of 600 mg/kg of HEMOXYcarrier® or saline solution in the
anaesthetized rat model. Parameter is presented relative to base-
line. No statistical difference was obtained between HEMOXY Car-
rier® and saline.

407 —~ Saline 0.9% solution
35 -+ HEMOX 600 mg/kg

30
254
204
15- Kk

10 . l T

S
-

~Lime (min)

5] 5T 10 T5—s6—25_ 30 35 40 45

Heart Rate
(% variation from the baseline)
o
*

Fig. (6). Comparison of the changes in HR after i.v. infusion of
600 mg/kg of HEMOXY carrier® or saline solution in the anaes-
thetized rat model. Parameter is presented relative to baseline.
Statistical differences observed between HEMOXY Carrier® and
saline are indicated for each time point (¥, **, p <0.05).

The maximal effect measured on left ventricular dP/dty ..
was a slight increase (9%, P<0.05) observed 15 min after the
end of the infusion and was followed by a return to baseline
value. Similarly, the effect of HEMOXY Carrier® on heart
rate was minor as heart rate increased slightly within 30 min
following the treatment (P<0.05) and tended to return to
baseline value thereafter. Since heart rate and myocardial
contractility are almost not affected by HEMOXY Carrier®
and are the major components of cardiac output, this parame-
ter may not be affected by HEMOXY Carrier®. The lack of
effects of HEMOXY Carrier™ on arterial blood pressure in
the anaesthetized rats suggests that HEMOXY Carrier® may
also not have a vasoconstrictor effect in the rat. These results
are consistent with those obtained in the hamster dorsal skin-
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(Left ventricular dP/dt,,,) after infusion of 600 mg/kg of
HEMOXYecarrier® or saline solution in the anaesthetized rat
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ferences observed between HEMOXY Carrier” and saline are indi-
cated for each time point (*, p < 0.05).
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Fig. (8). Nitric oxide (NO) and carbon monoxide (CO) binding
rates. HbV, hemoglobin vesicles (Waseda University, Tokyo, Ja-
pan), polymerized bovine Hb (Oxyglobin, Biopure Corp, Boston,
MA), human HbA and HEMOXYcarrier® (Hemarina SA, France).
All measurements were performed three times. Data were accumu-
lated and averaged automatically by using a stopped-flow rapid
scan spectrophotometer (model RSP-1000, Unisoku Co.) [23].

fold window studies demonstrating the lack of microhemo-
dynamic changes and no significant modification in heart
rate and arterial pressure after a 10% blood volume topload.

Vasoactivity has hampered progress of HBOCs due to
concern for adverse blood pressure responses and secondary
complications. Taken together, these preliminary investiga-
tions promote the large reduction of systemic side effects
with HEMOXY Carrier” and its use of as oxygen transporter.

ITI. Nitric Oxide and Carbon Monoxide Binding Rates

HEMOXY Carrier® presents interesting NO and CO
transport properties, having a lower binding rate than human
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Hb and polymerized bovine Hb (Oxyglobin, Biopure, Bos-
ton, MA) as shown in Fig. (8). However, NO binding rate is
not fully indicative of its NO scavenging capacity because it
does not reflect steady state NO bioavailability. Notably
phospholipid encapsulated Hb, which is not vasoactive has a
> 10 fold NO binding constant. The finding that CO binding
is somewhat greater than for other HBOCs suggests that this
material may decrease CO bioavailability.

In summary, HEMOXY Carrier” derived from a marine
organism presents biophysical transport properties appropri-
ate for an oxygen carrier for transfusion medicine.
HEMOXY Carrier” is derived from molecules designed by
evolution to maintain life in hypoxic conditions for pro-
longed periods, hence is suitable for transporting and deliv-
ering oxygen. The extremely low P50 of this molecular Hb
targets its oxygen delivery to highly hypoxic tissue and it is
unknown how this may affect the function of metabolically
active tissues. HEMOXY Carrier® is stable without needing
chemical modification over a wide range of ionic composi-
tions and osmolarities and has superoxide dismutase like
antioxidant properties [12, 14]. The current findings taken as
a whole do not provide a compelling explanation for
HEMOXY Carrier™s lack of local vasoactivity in the ham-
ster dorsal window chamber model. However, these prelimi-
nary data on rat and hamster demonstrates that the product
has different properties in comparison to previous HBOC
formulations and thus warrants more in depth investigations
and its continued pursuit as an oxygen transporter for trans-
fusion medicine or other applications where oxygen delivery
is needed.
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Abstract: Intravenous injection of liposomes into pigs report-
edly induces anaphylactoid reactions at a small dose, result-
ing in circulatory disorder. Hemoglobin vesicles (HbVs) are
artificial oxygen carriers encapsulating Hb solution in lipo-
somes. It is not known how pigs respond to HbV injection.
We aimed to analyze the cardiopulmonary responses to small
injections of HbV and empty vesicle (EV) and compare them
with a conventional liposome (CL) with a different lipid com-
position containing phosphatidylglycerol {PG). PG is known
to induce an anaphylactoid reaction in pigs. Nine male minia-
ture pigs were used for HbV, EV, and CL injections. The anes-
thetized pig received 0.05 and 0.5 ml/kg of a test fluid for the
first and second injection with a 70 min interval. Results
show that CL repeatedly induced significant increases in sys-
temic and pulmonary arterial pressures and vascular resistan-
ces and decreases in heart rate and cardiac output (CO). HbV
and EV at the first injection-induced pulmonary hypertension,

with significantly smaller changes in systemic arterial pres-
sure and CO. No remarkable response was visible at the sec-
ond injection in spite of a larger dosage. Only CL repeatedly
induced thrombocytopenia, leukocytopenia, and plasma
thromboxane B, increase resulting from complement activa-
tion, although HbV and EV showed smaller changes. Trans-
mittance electron micrograph of pulmonary intravascular
macrophages (PIMs) showed phagocytosis of HbV, indicating
the possibility that nonspecific phagocytosis by PIMs relates
to the responses observed after the first injection. HbV
does not induce a significant anaphylactoid reaction in pigs
compared with CL because of the different lipid composition.
© 2012 Wiley Periodicals, Inc. J Biomed Mater Res Part A: 100A: 2668-
2677, 2012.
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INTRODUCTION

Phospholipid vesicles or liposomes are widely used as a
vehicle for drug delivery system aimed at cancer and anti-
fungal therapies.! Stealth liposomes, of which the surfaces
are modified with polyethylene glycol (PEG), improve bio-
compatibility and minimize the immunological recognition
showing longer circulation persistence. Thereby, it enhances
the targeting of incorporated drugs to the site of a disease.
However, the so-called injection reaction is clarified as clini-
cal experiences accumulate, such as dyspensa, tachypenia,
tachycardia, hypotension and hypertension, chest pain, and
back pain.?~® It is believed that these hypertensive reactions
are a consequence of complement activation: so-called com-
plement activation-related pseudoallergy.* Reportedly, pigs

Of the authors, H.S. and K.S. are the holders of patents on Hb-vesicles.
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respond reproducibly and significantly to the injection of
liposomal products, especially those containing phosphati-
dylglycerol (PG), resulting in anaphylactoid reactions and
cardiopulmonary disorders, manifested as systemic and pul-
monary hypertension, increased vascular resistance,
decreased cardiac output (CO), thrombocytopenia, tachycar-
dia, and so forth. This model is useful for safety evaluation
of liposomal drugs.*®

Hemoglobin vesicle (HbV) is an artificial oxygen carrier
encapsulating concentrated Hb solution (35-40 g/dL) in
phospholipid vesicles (liposomes). It contains no pathogen
or blood type antigen, and it can be stored at room temper-
ature for years.® It is expected that HbV can be used as a
transfusion alternative and for other clinical indications that
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are not attainable with conventional blood transfusion.
Safety and efficacy evaluations of its use, mainly using
rodents, as a resuscitative fluid for hemorrhagic shock are
conducted energetically,”? as a priming fluid for extracor-
poreal membrane oxygenator,” and as a targeted oxygen
carrier for ischemic tissues*®™*? and tumors.'® Actually, Hb
encapsulation shields the toxic effects of stroma-free Hbs,
especially preventing unwanted reactions of Hb with endo-
genously produced NO,***% thereby preventing NO-related
vasoconstriction and hypertension.*®

However, it is important to confirm the biocompatibility of
“vesicles” The membrane components of the vesicles are
phosphatidylcholine, cholesterol, PEG-conjugated lipid, and a
negatively charged lipid. The negative charge on the surface of
the vesicles is necessary to enhance the encapsulation
efficiency by reducing the lamellarity of the vesicles.'” In addi-
tion, it is a key molecule for determining biocompatibility in
terms of complement activation. Our former formulation of
HbV contained DPPG as a negatively charged lipid. It showed
thrombocytopenia in a rat model.*® The present formulation
of HbV contains a different type of negatively charged lipid,
1,5-0-dihexadecyl-N-succinyl-L-glutamate (DHSG).® It has been
confirmed that DHSG significantly reduces the complement
activation using a rat model,**° and human plasma.?* Never-
theless, it remains unknown how pigs respond to the injection
of HbV. Pigs are known to respond sensitively to the injection
of liposomes.* Moreover, they show different biodistribution
of injected foreign particles because of the presence of pulmo-
nary intravascular macrophages (PIMs), which are usually not
seen in rodents and humans®?; but in some pathological con-
ditions PIMs appear.****

In this study, we aimed at examination of the response
of pigs to the small injection of HbV and empty vesicles
(EVs) that do not contain Hb. We analyzed the cardiopulmo-
nary response, and compared it with that obtained through
injection of PG-containing vesicles that are known to induce
an anaphylactoid reaction.

MATERIALS AND METHODS

Preparation of HbVs and EVs

With only slight modifications, HbVs were prepared using a
method reported previously® Human Hb solution was
obtained through purification of outdated RBCs provided by
the Japanese Red Cross Society (Tokyo, Japan). Then, Hb
was stabilized by carbonylation and concentrated using
ultrafiltration to 38 g/dL. Subsequently, pyridoxal 5'-phos-
phate (PLP; Sigma Chemical Co., St. Louis, MO) was added
to the carbonylhemoglobin solution as an allosteric effector
at a molar ratio of PLP/Hb tetramer = 2.5. The Hb solution
with PLP was then mixed with lipids and encapsulated in
vesicles. The lipid bilayer comprised 1,2-dipalmitoyl-sn-
glycero-3-phosphatidylcholine (DPPC), cholesterol, DHSG
(Nippon Fine Chemical Co., Osaka, Japan), and 1,2-
distearoyl-sn-glycerol-3-phosphatidylethanolamine-N-PEGsgo0
(DSPE-PEG; NOF Corp., Tokyo, Japan) at the molar composi-
tion of 5/4/0.9/0.03. The particle diameter was regulated
using the extrusion method. The encapsulated carbonylhe-
moglobin was converted to oxyhemoglobin by exposing the
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liquid membranes of HbVs to visible light under an aerobic
atmosphere. Finally, the Hb and whole lipid concentrations
of the suspension were adjusted, respectively, to 10 and
6 g/dL. The particle diameter distribution was measured
using a light-scattering method; it was 280 nm on average.

A suspension of EVs, with the same lipid composition as
that of HbV but which does not contain Hb, was prepared
using the same lipids by hydration with a saline solution.
The particle diameter was regulated using the extrusion
method. The lipid concentration (6 g/dL), the particle diam-
eter (ca. 280 nm), and the viscosity (ca. 3 cP) were almost
identical to those of HbV.

EVs containing DPPG as a conventional liposome (CL)
were prepared by hydrating a freeze-dried lipid powder
(DPPC/cholesterol/DPPG/DSPE-PEG = 5/4/0.9/0.03 by mol)
with a saline solution. The particle diameter was regulated
using the extrusion method. The lipid concentration (6 g/dL),
the particle diameter (ca. 280 nm), and the viscosity (ca.
3 cP) were almost identical to those of HbV.

Animal model preparation for injection and
measurement of cardiopulmonary circulation

The Laboratory Animal Care and Use Committee of Nihon
Bioresearch approved the entire experimental protocol. The
protocol complies with the Basic Guidelines for the Use of
Experimental Animals in Institutions under the Jurisdiction
of the Ministry of Health, Labour and Welfare, Japan (Notifi-
cation No. 0601001 of the Science Bureau, Japanese Minis-
try of Health, Labour and Welfare, Japan, June 1, 2006) in
accordance with the Declaration of Helsinki, and the Regula-
tions of the Committee for the Ethical Treatment of Animals
(Nihon Bioresearch, April 2, 2007). Experiments were con-
ducted using nine male NIBS pigs (33.6 = 1.0 kg body
weight, 11-18 months old). They were purchased from Nis-
seiken Co. (Yamanashi, Japan) and used after a quarantine
period of 1 week and habituation for a few weeks.

The pigs were anesthetized with an intramuscular injec-
tion of ketamine chloride (15 mg/kg) and then intubated
and ventilated (10-15 mL/kg, 15-25 times/min; R-60; Anes,
Tokyo) with 2-3%-isoflurane in a mixed gas of N,0 and O,
(2:1 by vol.) using a vaporizer (Safer 100; Anes). A polyeth-
ylene tube (PE-90; Intramedic, Becton, Dickinson and Co,,
NJ) was inserted into a left femoral artery and connected to
a transducer (TP-300T; Nihon Kohden Corp., Tokyo) and an
amplifier (AP-641; Nihon Kohden Corp.) for mean arterial
pressure (MAP) and heart rate (HR) monitoring. The elec-
trocardiograph (ECG) of standard limb lead I was produced
using an amplifier (AB-621; Nihon Kohden Corp.). A cathe-
ter-shaped transducer (5F; Millar Instruments, TX) was
inserted through the left carotid artery to the left ventricle,
which was connected to an amplifier (AP-601; Nihon Koh-
den Corp.) for measurement of left ventricular end-diastolic
pressure (LVEDP). A Swan-Ganz catheter (T172HF7;
Edwards Lifesciences LLC, Irvine, CA) was inserted through
the right jugular vein to a pulmonary artery. It was con-
nected to an amplifier (AP-641G; Nihon Kohden Corp. To-
kyo) for measurement of pulmonary arterial pressure (PAP)
and to a thermodilution monitor (MTC-6210; Nihon Kohden
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Corp.) for CO measurement. CO was assessed using a ther-
modilution method with a single rapid injection of a cold
glucose solution (5 mL, 0°C) at every measurement. Even
though CO measurements usually require three times of
injections for averaging, we avoided such multiple injections
at every measurement because the changes of pulmonary
circulation to be observed were so rapid (see “Results” sec-
tion). Right atrial pressure (RAP) was measured using a PE-
90 tube connected to an amplifier (AP-641G). For the intra-
venous injection of a test fluid, a PE-90 tube was inserted
into the left femoral vein. For peripheral blood collection, a
PE-90 tube was inserted into the right femoral vein. All PE-
90 tubes and the catheter were filled with 20 U/mL heparin
mixed saline solution. All data were recorded simultane-
ously using a recorder (WT-645G; Nihon Kohden Corp.);
they were stored and analyzed using computer software
(PowerLab; AD Instruments Pty). Pulmonary vascular
resistance (PVR) was calculated as (PAP/CO) x 80 (in
dyne-s-cm™), and systemic vascular resistance (SVR) was
calculated as {(MBP — RAP}/CO} x 80 (in dyne-s-cm™).

To confirm the anesthetic condition, arterial blood (2-3
mL) was collected from the femoral artery, and carbon diox-
ide tension was measured using a blood gas analyzer (AVL
OPTI CCA cassette B; Sysmex Corp. Kobe, Japan). It was
adjusted to 35-40 mmHg by changing the rate and amount
of ventilation.

After confirming the stabilization of the anesthetic con-
dition, a test fluid (0.05 mL/kg, HbV, EV, or CL) was injected
intravenously as the first injection. After a 70 min interval,
the same test fluid but increased dose (0.5 mL/kg) was
injected as the second injection. According to a literature,” a
bolus injection of liposome (5-100 mg lipids in 1 mL) into
a pig (25-50 kg) induced a strong anaphylactoid reaction
(0.2-4 mg/kg). In our experiment, the first and the second
injections correspond to 3 and 30 mg/kg, respectively,
which are, respectively, comparable and much higher doses
than those used in a previous study. We intended to test the
responses to both repeated injections (twice) and a dose de-
pendence (0.05 and 0.5 mL/kg) in one pig. The volume of
injections is less that 1% of total blood volume (77 mL/kg),
and essentially it does not affect on blood oxygen content,
blood volume, blood osmotic pressure, and so forth.

Arterial blood pressure, HR, left ventricular pressure,
PAP, RAP, and ECG were recorded continuously from the
preparation of the animal until 60 min after the second
injection. MAP, HR, LVEDP, PAP, and RAP were measured at
10, 5, and 1 min before injection,and 1, 2, 3, 4,5, 6,7, 8,9,
10, 20, 30, 40, 50, and 60 min after injection. CO was meas-
ured at 10 and 5 min before injection and 1, 2, 3, 5, 10, 20,
40, 60 min after injection. The time point of 60 min after
the first injection was used as the time point of 10 min
before the second injection.

Blood biochemistry and hematological and pathological
studies

One milliliter of blood was withdrawn from the femoral
vein into an EDTA-2K-treated syringe. Then the platelet
(PLT) count and white blood cell (WBC) count were ascer-
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tained using a blood cell counter (K-4500; Sysmex Corp.).
Another 2 mL of blood was collected in a heparinized vac-
uumed tube. It was centrifuged at 1600 x g for 15 min to
obtain blood plasma. It was then stored at —80°C and was
transferred to SRL (Tokyo) for quantitative measurements of
thromboxane B, (TXBZ2) using a radioimmunoassay method
provided by NEN-Life Science Products (Shelton, CT).

After the experiment, the pig was euthanized by exsan-
guination. lts lungs were examined macroscopically. Then a
part of the lung tissue was dissected and fixed in a 10%
formalin neutral buffer solution (Wako Pure Chemical
Industries, Tokyo) for all the pigs. The paraffin sections
were stained with hematoxylin and eosin. Transmission
electron microscopic (TEM) observation was performed to
visualize the presence of the HbV particles in the lung tissue
(PCL Japan, Tokyo, Japan). For that purpose, tissues of the
HbV group were fixed with 2.5% glutaraldehyde solution,
cut into approximately 2-mm? blocks, and stored in 8% su-
crose 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 dehydrated with ethanol solution
by a stepwise increase in ethanol concentrations from 50%
to 100%, washed with propylene oxide. They were 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 lung tissues were examined under a TEM (JEM-
100CX; JEOL, Tokyo, Japan) and photographed.

In vivo data analysis

The in vivo data are given as the mean * standard error
Data were analyzed using Abel 3 (Gigawiz Co., Tulsa). Time-
related differences compared with the baseline within each
group were assessed using a paired t test. Differences
among the groups at the same time point were assessed
using analysis of variance, followed by Fisher protected
least significant difference.

RESULTS

Cardiopulmonary responses to the injection of vesicles
MAP of the CL group increased significantly from 75 * 6
mmHg at the baseline to 129 = 8 mmHg at 1 min after the
first injection (p < 0.05) but returned to the baseline level
in 5 min [Fig. 1(a)]. MAP repeatedly increased significantly
to 143 = 2 mmHg at 1 min after the second injection (p <
0.01). It reverted to the baseline level in 5 min. The EV and
HbV groups showed the maximum MAP of 98 = 6 mmHg
and 110 = 6 mmHg at 3 min (p < 0.05), respectively, after
the first injection, and returned to the original level in 10
min. The change was minimal (nonsignificant) for both
groups after the second injection, which was contrasted to
that of the CL group (p < 0.001). The responses of the HbV
and EV groups were delayed a few minutes in comparison
to those of the CL group.

PULMONARY HYPERTENSION BY LIPOSOME INJECTIONS
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FIGURE 1. Systemic cardiovascular responses to the repeated injections of liposome suspensions (first, 0.05 ml/kg; second, 0.5 mL/kg): closed
circles, CL; open circles, EV, open squares, HbV; (a) mean arterial pressure, MAP; (b) heart rate, HR; (c) left ventricular end-diastolic pressure,
LVEDP; {d) mean pulmonary arterial pressure, PAP; () mean right atrial pressure, RAP; and (f) cardiac output, CO. For LVEDP, one pig for the
HbV group was omitted because of unsuccessful measurement with an abnormal value at the baseline. The CL group showed stronger and
repeated responses to the first and second injections. However, both HbV and EV showed lower responses. Arrows indicate the time points of
the first and the second injections (0, 70 min). *p < 0.01 vs. baseline, # p < 0.05 vs. baseline, @ p < 0.001 vs. EV and HbV, and 1 p < 0.01 vs. EV

and HbV.

HR of the CL group tended to decrease repeatedly by LVEDP of the CL group tended to increase to 12.8 *+
about 20 beats/min and 40 beats/min, respectively, at the 5.2 mmHg at 1 min after the first injection, and it
first and the second injection. However, the HbV and EV  returned to the original level in 4 min. It repeatedly
groups showed no such changes [Fig. 1(b)]. increased to 5.9 * 3.4 mmHg at 1 min after the second
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injection. However, both HbV and EV showed minimal
changes [Fig. 1(c)].

PAP of the CL group increased significantly from 10 = 1
mmHg at the baseline to 44 = 5 mmHg at 1 min after the
first injection (p < 0.01). It returned to the baseline level
within 10 min [Fig. 1(d)]. Again, it increased repeatedly to
41 = 3 mmHg at 1 min after the second injection, and
returned to the original level within 20 min. PAP of the EV
group increased, respectively, to 27 = 4 and 17 = 3 mmHg
at 3 min after the first and the second injections. PAP of the
HbV group, respectively, increased to 33 = 4 and 14 * 4
mmHg at 3 min after the first and the second injections.
The increased levels of the EV and HbV groups were signifi-
cantly lower than that of the CL group (p < 0.01). Further-
more, the EV and HbV groups showed a few minutes of
delayed response in comparison to the CL group.

RAP of the CL group significantly increased from 1.8 =
0.5 mmHg at the baseline to 13.4 = 1.2 mmHg at 1 min af-
ter the first injection (p < 0.01). It returned to the baseline
level in 4 min [Fig. 1(e)]. It increased repeatedly to 7.4 =
1.5 mmHg at 1 min after the second injection (p < 0.05),
and returned to the baseline level within 2 min. RAP of
both HbV and EV groups showed no such changes at either
the first or second injections.

CO of the CL group at the baseline was 3.5-3.7 L-min™
on average. It started to decrease 1 min after the first injec-
tion and showed the minimum value of 2.66 * 022
L-min™" at 3 min after the injection (p < 0.05) [Fig. 1(f)]. It
reverted to the original level within 20 min after injection.
At 1 min after the second injection, CO started to decrease
significantly (p < 0.01), reaching the minimum value of
2.62 = 0.14 L-min~" at 5 min after the second injection. It
reverted to the original level within 10 min. The differences
in CO between the CL group and the other two groups were
significant (p < 0.01).

PVR was calculated with PAP and CO. The CL group
showed significant PVR increase from 220-240 dyne-s-cm™>
on the average at the baseline to 1197 * 208 dyne-s-cm™>
at 1 min after the first injection (p < 0.01) [Fig. 2(a)], in
parallel to the significant PAP increase and CO decrease.
PVR returned to the original level in 20 min. Again it
increased repeatedly to 1228 * 109 dyne-s-cm™> at 1 min
after the second injection and subsequently returned to the
original level within 20 min. The EV and HbV groups
showed significant PVR increases, respectively, to 694 * 74
and 726 *+ 53 dyne-s-.cm™® at 3 min after the first injection,
but they were significantly lower than the level of the CL
group (p < 0.05). After the second injection, those groups
showed much smaller changes than those of the CL group
(» < 0.001).

SVR was calculated with MAP, RAP, and CO. The CL
group showed a significant increase in SVR from 1600-
1700 dyne-s-cm™ on average, at the baseline to 3378 =
262 dyne-s.cm™> at 2 min after the first injection (p <
0.01) [Fig. 2(b)]. It returned to the original level in 20 min.
It repeatedly increased significantly to 4081 = 309
dyne-s-cm™ 1 min after the second injection (p < 0.001); it
returned to the original level in 10 min. Both EV and HbV

1
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FIGURE 2. Changes in (a) pulmonary vascular resistance, PVR, and
(b} systemic vascular resistance, SVR, at the repeated injections of lip-
osome suspensions (first, 0.05 ml/kg; second, 0.5 ml/kg); closed
circles, CL; open circles, EV; open squares, HbV. The CL group
showed stronger and repeated changes in response to both the first
and second injections. However, both HbV and EV showed lower
responses. Arrows indicate the time points of the first and the second
injections (0, 70 min). *p < 0.01 vs. baseline, # p < 0.05 vs. baseline,
@ p < 0.001 vs. EV and HbV, + p < 0.01 vs. EV and HbV, and § p <
0.05 vs. EV and HbV.

groups showed smaller increases in SVR after the first injec-
tion, with no increase after the second injection.

In spite of the significant changes of cardiovascular
responses to the injection of liposomal fluids, ECG of all the
groups showed no notable change such as arrhythmia, ST
depression, or T-wave changes (Fig. 3).

Hematological data and thromboxane B,

The number of PLTs of the CL group decreased significantly
from 44.7 = 9.3 x 10* uL™! at a baseline to 13.5 * 4.9 x
10* uL™' 1 min after the first injection (p < 0.05) [Fig.
4(a)]. It returned to the baseline level at 30 min. After the
second injection, it tended to decrease repeatedly to 22.5 =
3.0 x 10* uL™%; then it returned to the baseline level 30
min later. PLT for the HbV and EV groups showed no such
dramatic change after either the first or second injection.
The number of WBCs of the CL group tended to decrease
from 103 = 18 x 10% uL™! at the baseline to 62 * 13 x
10% uL™* 1 min after the first injection [Fig. 4(b)]. It
returned to the baseline level at 30 min. After the second
injection, it decreased repeatedly to 42 = 10 x 10% pL™?
1 min after the second injection (p < 0.05). It returned to

PULMONARY HYPERTENSION BY LIPOSOME INJECTIONS
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FIGURE 3. Electrocardiographs obtained before and immediately after
injection of the first and second injections of liposomes: (a) CL group,
{b) EV group, and (c) HbV group. 1, before the first injection; 2, after
the first injection; 3, before the second injection; 4, after the second
injection.

126 * 23 x 10% puL™! after 30 min. The changes of WBC
for the HbV and EV were smaller than that of the CL group.
No change was observed after the second injection.

The plasma level of TXB2, a hydrolyzed form of reactive
TXA2, increased rapidly and significantly from 52 *= 12.2
pgmL™" at the baseline to 20,000 = 4500 pgmL™" at 1
min after injection of CL (p < 0.001) (Fig. 5). It decreased
considerably to 617 = 337 pgmL™" at 60 min after injec-
tion. After the second injection of CL, the TXB2 level repeat-
edly increased significantly to 9830 *= 1530 pg-mL~%. How-
ever, both the EV and HbV groups showed significantly
smaller increases. The EV group showed small increases of
TXB2 to 260 * 109 pg-mL~* at 1 min after the first injec-
tion, and 83 + 7 pgmL™" after the second injection. The
HbV groups showed small increases to 567 = 96 pgmL™*
at 1 min after the first injection, and 129 * 25 pg-mL™*

1 min after the second injection.
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Histopathological examination and TEM

No notable abnormality was observed by the examination of
the lung during autopsies. Because of acute studies, histo-
logical examination of sections of lung after hematoxylin
and eosin staining did not show any abnormalities, such as
edema or capillary embolism for all the groups (data not
shown). TEM observations (Fig. 6) clearly revealed the pres-
ence of HbV particles in PIMs of pigs that were sacrificed
immediately after the experiment. The HbV particles were
visible in the phagosomes of PIMs, The HbV diameter is
about 280 nm, which is about one-thirtieth of that of red
blood cells. Because one Hb contains four irons and conse-
quently has higher electron density, the HbV particles and
red blood cells are black.

DISCUSSION

The intravenous injection of the DPPG-containing CLs in
pigs repeatedly induces pulmonary and systemic hyperten-
sion, decreases CO, and increases pulmonary and peripheral
resistance at the first and second injections. Our results sug-
gest that such significant cardiovascular responses are
explainable by not only complement activation with lipo-
somes but also phagocytosis of liposomes by PIMs.
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FIGURE 4. Changes in (a) platelet count, PLT and (b) white blood cell
count, WBC, in response to the repeated injections of liposome sus-
pensions (first, 0.05 mL/kg; second, 0.5 mlL/kg); closed circles, CL;
open circles, EV, open squares, HbV. For PLT, one pig in the HbV
group was omitted because of an abnormally high baseline value.
Arrows indicate the time points of the first and the second injections
{0, 70 min). * p < 0.05 vs. baseline and # p < 0.05 vs. EV and HbV.
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