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Abstract

Hemoglobin-vesicles (HbV), encapsulating highly concentrated human hemoglobin in lipo-

somes, were developed as a substitute for red blood cells (RBC) and their safety and effi-

cacy in transfusion therapy has been confirmed in previous studies. Although HbV

suspensions are structurally and physicochemically stabile for least 1-year at room temper-

ature, based on in vitro experiments, the issue of whether the use of long-term stored HbV

after a massive hemorrhage can be effective in resuscitations without adverse, post-trans-

fusion effects remains to be clarified. We report herein on a comparison of the systemic

response and the induction of organ injuries in hemorrhagic shock model rats resuscitated

using 1-year-stored HbV, freshly packed RBC (PRBC-0) and by 28-day-stored packed

RBC (PRBC-28). The six-hour mortality after resuscitation was not significantly different

among the groups. Arterial blood pressure and blood gas parameters revealed that, using

HbV, recovery from the shock state was comparable to that when PRBC-0 was used.

Although no significant change was observed in serum parameters reflecting liver and kid-

ney injuries at 6 hours after resuscitation among the three resuscitation groups, results

based on Evans Blue and protein leakage in bronchoalveolar lavage fluid, the lung wet/dry

weight ratio and histopathological findings indicated that HbV as well as PRBC-0 was less

predisposed to result in a post-transfusion lung injury than PRBC-28, as evidenced by low

levels of myeloperoxidase accumulation and subsequent oxidative damage in the lung.

The findings reported herein indicate that 1-year-stored HbV can effectively function as a
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resuscitative fluid without the induction of post-transfused lung injury and that it is compara-

ble to fresh PRBC, suggesting that HbV is a promising RBC substitute with a long shelf-life.

Introduction

Because red blood cell (RBC) transfusions are routinely used in clinical situations, they have
greatly contributed to human health and welfare. Although there is little doubt that RBC trans-
fusions are life-saving in most types of trauma that involve bleeding, it is impossible to
completely eliminate some of the potential risks associated with conventional RBC transfu-
sions, such as blood-typemismatching, infections by unrecognizedpathogens, hepatitis or
human immunodeficiencyvirus infections, etc. [1]. In addition, various complications that can
arise after a RBC transfusion, such as transfusion-related acute lung injury (TRALI) and trans-
fusion associated circulatory overload (TACO), have been reported in cases of patients with
massive hemorrhages [1]. Furthermore, RBC products can undergo various biological changes
during storage, including the accumulation of certain types of bioactive substances, loss of the
deformability, decreasing oxygen (O2) delivery capacity, which are generally known as storage
lesions [2]. This represents one of the reasons for why conventional RBCs are not permitted to
be stored for 21–49 days in the world, depending on the country due to differences in additive
solutions, storage conditions and method used to collect blood among countries (ex. 21 days in
Japan, 42 days in USA) [3]. Therefore, it would be desirable to develop strategies for RBC trans-
fusions or RBC transfusion alternatives that would enable them to be used safely and effectively
after being stored for longer periods of time.

Hemoglobin-vesicles (HbV), a type of cellular type hemoglobin (Hb) basedO2 carrier, were
developed as a RBC substitute. In this product, a concentrated human Hb solution is encapsu-
lated in a liposome, the surface of which is covered with polyethylene glycol (PEG) [4]. The
transport capacity of O2 by HbV is equivalent to that for RBC, and HbV shows resuscitative
effects that are comparable to RBC in hemorrhagic shock rat models [5–7]. In addition, HbV
has been shown to be safe and biocompatible based on in vitro and in vivo experiments as fol-
lows: the absence of viral contamination [8], high biocompatibility in systemic immune
responses [9], no innate toxicity [10–12], readily metabolized and excreted under both healthy
and pathological conditions [13–15]. Furthermore, the structure and physicochemical charac-
teristics of HbV in the liquid state remain about the same during storage for periods of over 1
year at 4, 23, and 40°C, indicating that a HbV suspension can be stored at room temperature
for at least 1 year [16]. Based on these facts, HbV appears to have potential for use as a substi-
tute for RBC and has the added benefit that it can be stored for much longer periods of time.
However, it is not known whether resuscitation using long-term stored HbV after massive
hemorrhage could affect the outcome in vivo, including resuscitative effects and transfusion-
related adverse effects, compared to that for conventional RBC.

To evaluate whether long-term stored HbV effectively functions as an RBC substitute with-
out inducing adverse, transfusion-related effects in vivo, we first compared the systemic
response after the administration of 1-year-stored HbV and fresh packed RBC (PRBC-0) in a
hemorrhagic shock model rat. In addition to 1-year-stored HbV and PRBC-0, we also prepared
a 28-day-stored packed RBC preparation (PRBC-28) as a model of excessively stored PRBC
and observed the systemic response as well. In subsequent experiments, we examined the
induction of adverse, transfusion-related effects, with a focus on multi organ failure including
hepatic, renal and lung injuries, after resuscitation by the above three preparations, and further
investigated the reason for why HbV prevented the induction of post-transfused lung injury.
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Materials and Methods

Animals and ethics statement

Male Lewis rats aged 10–12 weeks were purchased from Japan SLC, Inc (Shizuoka, Japan). The
rats were housed in environmentally-controlled rooms with 12-hour light-dark cycles and
allowed free access to chow and water. All animal experiments were reviewed and approved by
the Animal Care and Use Committee of Sojo University (Permit number: 2015-P-026). The
care and handling of the animals were in accordance with the NIH guidelines. In order to mini-
mize any suffering of the animals, anesthesia (isoflurane) was used in surgical experiments
with the depth of anesthesia beingmonitored and fluid administration was performed via a
cannula without restraint. The rats were observed every 30 min throughout experiments and
humanely sacrificedby an overdose of isoflurane when they met the following humane end-
point criteria after starting resuscitation: prostration, spasm, difficulty breathing, rotational
motion and severe drop in blood pressure.

Preparation of PRBC

Both PRBC-0 and PRBC-28 were prepared as described in a previous report with minor modi-
fications [17]. In short, a cannula was introduced in Lewis rats (n = 32) via the carotid artery
under isoflurane anesthesia.Whole blood (8–10 mL) was withdrawn in a syringe containing a
CPDA-1 solution (Terumo Corporation, Tokyo, Japan), and the final concentration of the
CPDA-1 solution was adjusted to 14%. Collectedbloodwas passed through a high efficiency
leukocyte reduction filter (Purecell1, Pall Corporation,NY, USA), and was subsequently cen-
trifuged (1,000 g, 30 min) to separate the RBC from plasma. The final hematocrit (Hct) was
adjusted to approximately 66% by removing a part of plasma phase and the preparation was
then transferred to blood bags (Kawasumi Laboratories, Inc., Tokyo, Japan). PRBCs were
stored at 4°C until used. The Hct value of PRBC-0 and PRBC-28 was 66.3 ± 0.5% and
61.4 ± 2.6%, respectively when used.

Preparation of HbV

HbV particles were prepared under sterile conditions, as previously reported [18]. Briefly, an
Hb solution was purified from outdated blood donated by the Japanese Red Cross Society
(Tokyo, Japan). The encapsulated Hb (38 g/dl) contained 5.9 mM of pyridoxal 5'-phosphate as
an allosteric effector for regulating O2 affinity. The lipid bilayer was a mixture of 1,2-dipalmi-
toyl-sn-glycero-3-phosphatidylcholine, cholesterol, and 1,5-bis-O-hexadecyl-N-succinyl-L-
glutamate at a molar ratio of 5/4/0.9, and 1,2-distearoyl-sn-glycero-3-phosphatidyl-ethanol-
amine-N-PEG (0.3 mol%). The HbV particles were suspended in a physiological salt solution
at [Hb] = 10 g/dL and [lipids] = 8 g/dL. The resulting suspension was deoxygenated by expo-
sure to nitrogen gas prior to storage. The resulting HbV suspension was stored for 1 year at
4°C.

Traumatic hemorrhagic shock and resuscitation

Traumatic hemorrhagic shock model rats were prepared as described in a previous report with
minor modifications [17]. Lewis rats (n = 50) were anesthetizedwith isoflurane and a polyeth-
ylene catheter (PE-50 tubing, BectonDickinson and Company, Tokyo, Japan) filledwith hepa-
rinized saline (20 IU/mL) was placed in the right femoral artery for monitoring blood pressure
and withdrawing blood, the femoral vein for infusing resuscitation fluids.Mean arterial pres-
sure (MAP) and heart rate were monitored by means of an artery catheter connected to a pres-
sure transducer coupled to a polygraph system (AD Instruments Inc., Nagoya, Japan). At
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about 16 hours after catheter placement, the anesthetized rats were subjected to a 5-cmmidline
laparotomy to induce trauma. After recovering from the anesthesia, hemorrhagic shock was
induced by withdrawing blood via the arterial catheter into a heparinized syringe over a period
of 10 minutes using a syringe pump (KD Scientific Inc., MA, USA) under ananesthesia. A vol-
ume comprised of 40% of the total blood volume, as estimated as 56 mL/kg body, was drawn
[6]. The rats were maintained at MAP within 40 mmHg for 60 minutes by further bloodwith-
drawal or a blood infusion. The total withdrawn blood volume was 24.1±1.4, 25.8±2.7 and 26.1
±1.8 mL/kg for PRBC-0, PRBC-28 and HbV group, respectively. The resulting hemorrhagic
shock rats were then infusedwith Ringer’s Lactate (RL) for over 40 minutes (Infused volume:
twice the total of shed blood volume), and subsequently transfusedwith PRBC-0 (n = 12),
PRBC-28 (n = 13) or HbV (n = 11) for over 30 minutes. The injected volume of PRBCwas cal-
culated as (Hct at the baseline)/(Hct in PRBC) × (bleeding volume), while that of HbV is calcu-
lated as [Hb at the baseline]/[Hb in HbV] × (bleeding volume). Hct and Hb concentrations
were determined using an animal blood cell measuring apparatus (MEK-6458; NIHON KOH-
DEN, Tokyo, Japan). The infused volume and Hct of the PRBC and HbVwere adjusted to indi-
vidual values for the withdrawn blood by the addition of saline, resulting in nearly the same Hb
dose among groups. No plasma or platelets were included in any of the resuscitative fluids used
in this study. The sham treated rats (n = 10) were treated in an identical manner, except for
bleeding and the infusion of a resuscitation fluid. Five rats of each group were randomly
selected and injected with Evans Blue (EBD) (30 mg/kg, i.v.) after RL administration in order
to evaluate EBD leakage and protein accumulation in bronchoalveolar lavage fluid (BALF).
The remaining rats (n = 5) were used for the evaluation of blood gas, biological tests and histo-
logical tests. All surviving rats were followed up for up to 6 hours after the end of the transfu-
sion. The following experiments were performed using rats euthanized by isoflurane overdose.
All plasma samples were stored at -80°C for further use.

Blood gas analysis, glucose concentration and Hct

Arterial blood samples were collected before hemorrhagic shock (baseline), immediately after
hemorrhagic shock and resuscitation (end of transfusion) and at 6 hours after resuscitation.
Blood gas parameters and lactate concentrations were determined using a iSTAT analyzer
(Fuso Pharmaceutical Industries, Osaka, Japan). Hct was determined using an animal blood
cell measuring apparatus (MEK-6458). Glucose concentrations were measured using commer-
cial kits following the manufacturer’s instructions (Wako Pure Chemical Industries, Osaka,
Japan).

Blood biochemical tests

Collectedblood samples (baseline and 6 hours after the end of the transfusion of each fluid)
were centrifuged to obtain plasma. The levels of aspartate aminotransferase (AST), alanine
aminotransferase (ALT), serum creatinine (CRE) and blood urea nitrogen (BUN) were deter-
mined using commercial kits following the manufacturer’s instructions (Wako Pure Chemical
Industries, Osaka, Japan).

Pulmonary edema evaluation

Pulmonary edema evaluations were performed according to a previous report with minor
modifications [19]. Blood samples were collected at 6 hours after the EBD administration. A
bronchoalveolar lavage was performedwith 10 mL of saline, and the collected blood and BALF
were centrifuged. The concentration of EBD in the plasma and BALF were determined based
on the absorbance at 620 nm and are expressed as the percent of EBD that leaked into the
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BALF compared with the plasma EBD concentration. The percent of EBD leakage into the
BALF was calculated as [EBD concentration in BALF]/[EBD concentration in plasma (6 hour
after transfusion)] × 100. Protein concentration in BALF was also measured by means of a
BCA protein assay kit (Thermo Scientific, IL, USA) for evaluation of protein accumulation.
The lung wet to dry weight ratio was measured as another index of pulmonary edema [20]. At
6 hour after the administration of each fluid, left lung samples were removed and dried at 80°C
for 48 hours, and the wet weight / dry weight ratio calculated.

Histology

At 6 hour after the administration of each resuscitative fluid, the lobe of the right lung was
excised and fixed in a neutral buffer solution containing 10% formalin, embedded in paraffin,
and cut into sections. After removing the paraffin, the lung was stained with hematoxylin and
eosin (HE) for histopathological evaluation. After the staining, the sections were observed
using a BZ-X710 microscope (Keyence, Osaka, Japan). Histopathological scoring for lung tis-
sue was performed as previously describedwith minor modifications. Thirty areas of lung sec-
tions were graded on a scale of 0–4 according to four parameters (congestion, edema,
hemorrhage, and inflammation (cellular infiltration)) by pathologists and the data are
expressed as the sum of the individual scores of these parameters [21]. For immunological
staining, lung sections were treated with antigen retrieval in HistoVT one (Nacalai tesque Inc.,
Kyoto, Japan), solubilized in 50 mM Tris-HCl buffer containing 0.1% polysorbate 20 and
blocked with Block Ace (Dainippon Pharmaceutics, Osaka, Japan). The lung sections were
reacted overnight at 4°C with a diluted primary antibody, which contained the rabbit anti mye-
loperoxidase (MPO) heavy chain antibody (Santa Cruz, California, USA, cat#; SC-16128-R), or
the mouse anti 8-hydroxy-2’-deoxyguanosine (8-OH-dG) antibody (Santa Cruz, California,
USA, cat#; SC-66036). The secondary antibodies, Alexa Fluor 546 goat anti-rabbit IgG (Life
technologies, Oregon, USA, cat#; A11010) for MPO or Alexa Fluor 488 goat anti-mouse IgG
(Life technologies, Oregon, USA, cat#; A11001) for 8-OH-dG, were used as a molecular probe.
The sections for MPO staining were counterstained with the 4',6-Diamidino-2-phenylindole
(DAPI) solution (Dojindo Laboratories, Kumamoto, Japan, cat#; 340–07971). After the reac-
tion, the slide was observedusing a BZ-X710 microscope.

Data analysis

Data are reported as the mean ± SD for the indicated number of animals. One-way repeated
measures ANOVA with the Bonferroni collectionwas used for multiple comparisons within
the same group. Differences compared among the groups at the same point in time were deter-
mined by ANOVA followed by Scheffe's method. Comparisons of values between before hem-
orrhage and at 6 hour after resuscitation in the same group were performed by paired t tests.
Kruskal-Wallis test was performed for the histopathological evaluation. For survival studies,
log-rank test with Bonferroni correctionwas used. Differences were considered to be signifi-
cant when the value of p< 0.05.

Results and Discussion

Survival rate

Hemorrhagic shock was induced in the Lewis rats by withdrawing of 40% of their whole blood
from the femoral artery, and were then maintained in a hypotensive state (MAP< 40 mmHg)
for 60 min (Fig 1A). Four out of the forty (10%) hemorrhagic shock-induced rats died before
each sample administration. The 6-hour survival rate in the PRBC-0 group was 83.3%, while
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that in the PRBC-28 group was slightly less (76.9%) (Fig 1B). This result is consistent with
observations in humans, in which the stored RBC is associated with a risk of a poorer clinical
outcome [22]. A higher 6-hour survival rate was found in the HbV group (90.9%). However,
no significant difference was found among the groups.

Systemic responses

As shown in Fig 2A, MAP was decreased to below 40 mmHg immediately after hemorrhage. In
both the PRBC-0 and PRBC-28 groups, it recovered to the level of the baseline at 0 hour after
the administration of each sample and remained stable until planned death occurred (6 hour
after resuscitation). On the other hand, the MAP after HbV administration was slightly
decreased compared to the baseline. The reason for this is unclear, but circulatory blood flow
in the HbV group might have been less than that in both PRBC groups because the HbV is cap-
tured by the mononuclear phagocyte system, mainly Kupffer cells and splenic macrophages
[12,14]. In addition, the heart rate was slightly reduced after the end of administration of all of
the resuscitative fluids (Fig 2B).

Arterial blood carbon dioxide tension (PaCO2) decreased significantly after bleeding, but
completely recovered to the baseline level after the administration of the resuscitative fluids
(Fig 2D). The values for arterial blood oxygen tension (PaO2) were significantly increased after
the induction of hemorrhagic shock. After the administration of PRBC-0 and HbV, the PaO2

value reverted to the baseline level. However, the PaO2 value in the PRBC-28 group was lower
than that for the other groups (Fig 2C).The values for glucose, lactate and base excess (BE)
which reflect shock status recovered to the baseline level and were maintained there for 6 hours
among all groups (Fig 2E–2G). In addition, the Hct values in all groups were reduced after
bleeding (Fig 2H). After the administration of HbV, the Hct values were significantly reduced
due to the dilution of the bloodwith the HbV solutions (HbV is not reflected to Hct values).
Interestingly, the value of Hct at 6 hour after PRBC-28 administration decreased compared to
that after PRBC-0 administration. These results indicate that all of the resuscitative fluids used
in this study had the potential to resuscitate the rats from a hemorrhagic shock state.

Hepatic injury

The levels of AST and ALT in plasma, which reflect hepatic injury, were significantly increased
as the result of hemorrhagic shock and resuscitation for all samples (Fig 3A and 3B). It is

Fig 1. Scheme showing the experimental procedure and survival observations made after hemorrhagic shock and

resuscitation with PRBC-0, PRBC-28 and HbV. (a) Scheme showing the development of hemorrhagic shock and resuscitation. (b)

Survival rates of sham treated rats (n = 10), hemorrhagic shock rats resuscitated with PRBC-0 (n = 12), PRBC-28 (n = 13) or HbV

(n = 11). AB indicates after bleeding. RL indicates Ringer’s Lactate.

doi:10.1371/journal.pone.0165557.g001
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known that systemic ischemia–reperfusion that have the potential to cause damage to the liver
can be induced by RBC resuscitation from a massive hemorrhage [23]. Therefore, in this study,
it would be induced by a hepatic ischemia–reperfusion injury caused by a massive hemorrhage
and RBC or HbV resuscitation. Previous reports using a different hemorrhagic shock model
showed that RBC or HbV resuscitation from hemorrhagic shock induced hepatic injury but
returned to normal levels within a day [6,24]. These findings indicate that all resuscitative flu-
ids used in this study would temporarily induce a mild hepatic injury due to ischemia–
reperfusion.

Renal injury

The CRE and BUN levels, which reflect renal function, showed some slight changes at 6 hour
after the administration of resuscitative fluids (Fig 4A and 4B). Nevertheless, these values were
not in abnormal ranges. Therefore, all of the resuscitative fluids used in this study do not
appear to have had a meaningful functional effect on pathological changes in the kidney.

Lung injury

The lung is known to be particularly susceptible to transfusions of one or more units of blood,
and is referred to as a TRALI that develops during or within 6 hours after a transfusion [25].
Therefore, the extent of the lung injury at 6 hours after the administration of each sample was
evaluated from 3 aspects: (i) EBD leakage and the protein concentration in BALF, an indication
of lung infiltration; (ii) the wet/dry ratio, an indicator of the extent of lung edema; and (iii) HE
staining, a histopathological indicator of the condition of the lung. As a result, EBD leakage in
BALF, the protein concentration in BALF and lung wet/dryweight ratio were increased in the
PRBC-28 group compared with the corresponding values for the PRBC-0 group, whereas the
values for the HbV group were similar to those for the PRBC-0 group (Fig 5A–5C).

Fig 2. Changes in hemodynamic and blood gas parameters during and after resuscitation with PRBC-0,

PRBC-28 and HbV. (a) Mean arterial pressure (MAP), (b) heart rate (HR), (c) arterial blood oxygen tension (PaO2),

(d) arterial blood carbon dioxide tension (PaCO2), (e) lactate, (f) glucose, (g) base excess (BE) and (h) hematocrit

(Hct) during and after hemorrhagic shock and resuscitation with PRBC-0, PRBC-28 or HbV for 6 hours. (a and b)

Values are the mean ± SD; n = 10 each group. (c-g) Values are means ± SD; n = 5 each group. *p < 0.05 and

**p < 0.01 vs. baseline, ++p < 0.01 vs. PRBC-0 group, #p < 0.05 and ##p < 0.01 vs. PRBC-28 group. Rats that died

during the observation period were excluded from the number. AB indicates after bleeding.

doi:10.1371/journal.pone.0165557.g002

Fig 3. Evaluation of hepatic injury after hemorrhagic shock and resuscitation with PRBC-0, PRBC-28 and HbV.

(a) Aspartate aminotransferase (AST) and (b) alanine aminotransferase (ALT) concentrations before bleeding and at 6

hours after resuscitation with PRBC-0, PRBC-28 or HbV. Values are the mean ± SD; n = 5 each group. *p < 0.05 and

**p < 0.01 vs. before hemorrhage.

doi:10.1371/journal.pone.0165557.g003
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Furthermore, HE staining and histopathological scores indicated that resuscitation with
PRBC-0 and HbV prevented the development of lung injury, when compared to PRBC-28
resuscitation (Fig 5D and 5E). Current study reported by Stapley et al. showed that stored RBC
transfusion increasedmortality and induced acute lung injury in murine model of trauma-
hemorrhage due to increased free heme level during storage [26]. Although we did not evaluate
free heme levels in all of the resuscitative fluids used in this study, a previous study showed that
HbV has a high degree of physicochemical stability with no leakingHb fromHbV after a 1
year period of storage at room temperature, suggesting that the free heme level in HbV would
be negligible [16]. Therefore, the difference of free heme level in each resuscitative fluid might
contribute to the extent of post-transfusion lung injury. These results indicate that resuscitation
with stored HbV has less potential post-transfusion lung injury than PRBC-28 and this poten-
tial would be equivalent to that for the PRBC-0. Therefore, an HbV suspension would be not
only an effective resuscitation fluid similar to fresh PRBC, as shown in Fig 2, but its use would
also avoid the induction of lung injury after a transfusion, in contrast to stored PRBC.

Inflammatory and oxidative conditions in lung tissue

Neutrophil extravasation leads to tissue injury associated with a wide variety of factors, includ-
ing free radicals. Although the mechanism responsible for the development of post-transfused
lung injury is not fully understood, neutrophil activation and extravasation could, in part, be
responsible for this [27]. To address this issue, we carried out immunostaining for the presence
of MPO, an enzyme that is present in abundant levels in neutrophil granulocytes, to evaluate
the extent of infiltration of neutrophils in lung tissue at 6 hours after the administration of each
fluid. As shown Fig 6A, the accumulation of MPO was much higher in the case of the PRBC-28
preparation than for PRBC-0, while the accumulation of MPO by HbV in lung tissue was simi-
lar to that for PRBC-0. In addition, reactive oxygen species (ROS) derived from activated neu-
trophils are thought to be one of the main causes of tissue injury. To address this issue, we
performed immunostaining of lung tissue for 8-OH-dG, an oxidation product derived from
nucleic acids. Similar to the results for the immunostaining for MPO, as shown in Fig 6A,
higher concentrations of 8-OH-dG accumulated in lung tissue in the case of PRBC-28 com-
pared to PRBC-0, while the level of this oxidative stress marker for the HbV group was compa-
rable to that for PRBC-0 (Fig 6B). It was previously reported that biologically active mediators
(lipid mediators, soluble CD40L, cytokines), which accumulate over time during the routine
storage of blood products, in part, cause rapid intravascular neutrophil activation, resulting in

Fig 4. Evaluation of renal injury after hemorrhagic shock and resuscitation with PRBC-0, PRBC-28 and HbV.

(a) Blood urea nitrogen (BUN) and (b) creatinine (CRE) levels before bleeding and at 6 hours after resuscitation with

PRBC-0, PRBC-28 or HbV. Values are means ± SD; n = 5 each group. *p < 0.05 vs. before hemorrhage.

doi:10.1371/journal.pone.0165557.g004
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Fig 5. Evaluation of Pulmonary edema and lung injury after hemorrhagic shock and resuscitation with PRBC-

0, PRBC-28 and HbV. (a) Percentage of Evans Blue (EBD) leakage into bronchoalveolar lavage fluid (BALF), (b)
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the induction of lung injury with tissue injury and the development of pulmonary edema
[27,28]. Therefore, the PRBC-28 used in this study would be expected to induce lung injury via

protein concentration in BALF, (c) lung wet/dry weight ratio and (d) changes in lung histopathology score at 6 hours

after resuscitation with PRBC-0, PRBC-28 or HbV. Percent EBD leakage into BALF are calculated as [EBD

concentration in BALF]/[EBD concentration in plasma (6 hour after transfusion)] × 100. Values are means ± SD; n = 5

each group. *p < 0.05, **p < 0.01 vs. PRBC-0 group, #p < 0.05, ##p < 0.01 vs. PRBC-28 group. (e) Histopathology of

lung at 6 hours after resuscitation with PRBC-0, PRBC-28 or HbV. Tissue sections were stained with HE. Scale

bar = 100 μm.

doi:10.1371/journal.pone.0165557.g005

Fig 6. Immunological staining of lung sections. (a) Myeloperoxidase (MPO) staining and (b) 8-hydroxy-2’-deoxyguanosine (8-OH-dG) staining for

evaluation of neutrophils accumulation in lung at 6 hours after resuscitation with PRBC-0, PRBC-28 or HbV. Immunofluorescent images indicated MPO

(red), nuclei (blue, DAPI) and 8-OH-dG (green).

doi:10.1371/journal.pone.0165557.g006
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neutrophil activation and infiltration to lung tissue. On the other hand, HbV, prepared using
high purity Hb derived from outdated RBC, would not contain such biologically active media-
tors and their precursors [8,29]. Furthermore, HbV stored at 4°C showed a stable dispersion
state for 1 year without any observable precipitation, decomposition of vesicular components
or leakage of encapsulated Hb [16]. Therefore, long-term stored HbV could be used as a resus-
citating agent for the treatment of hemorrhagic shock without the induction of lung injury as
well as the use of short-term stored HbV [5–7].

Conclusion

RBC transfusions are an essential procedure for reviving patients with a massive hemorrhage.
However, it is anticipated by the Red Cross Society that the supply of RBC in Japan might not
be adequate in the future because the amounts of donated RBC have been decreasing gradually
due to the aging of our society [30]. In addition, RBC cannot be stored in solution for long peri-
ods of time, even though the RBC shelf life approved in clinics is from 21 days to 49 days,
which are different among countries [3]. These facts indicate that supplies might be limited in
the future, especially in overpopulated areas and remote areas, in cases of disasters such as a
great earthquake, and in an emergency situation such as a pandemic.We demonstrate herein
that long-term stored HbV functions as a resuscitative fluid in hemorrhagic shock model rats
and that it is comparable to fresh PRBC. Furthermore, in contrast to stored RBC,HbV sup-
pressed post-transfusion lung injury, resulting in neutrophil accumulation and subsequent oxi-
dative damage in the lungs, which was comparable to fresh PRBC. Therefore, HbV has the
potential for use as a resuscitative fluid that can be stored for much longer periods of time than
RBC and it is safe for use. In addition to functioning as a resuscitative fluid for a massive hem-
orrhage, the findings reported herein indicate that HbVmay also be used in a variety of other
applications such as placental hypoxia [31], organ storage fluids [32], pulmonary fibrosis [33],
and colitis [34]. Thus, the findings reported here provide useful information to show that
stored HbV has considerable promise for use as both a resuscitative fluid and in treating other
related disorders. However, we did not evaluate long term survival and safety after the transfu-
sion in this study. Moreover, the biological response after resuscitation by each fluid may be
different among animal species, especially in humans. Further studies will be needed to develop
a more complete understanding of these limitations in preclinical and clinical trials.

Acknowledgments

The authors acknowledge Prof. Motohiro Takeya and Dr. Yukio Fujiwara, Kumamoto Univer-
sity, for valuable evaluations related to histopathological scoring.

Author Contributions

Conceptualization:MTKTMO.

Formal analysis:MTKT KY.

Funding acquisition:MO.

Investigation:MT KT.

Methodology:MTKTMO.

Project administration:MT KTMO.

Resources:HSMO.

Therapeutic Efficacy of Long-Term Stored Hemoglobin-Vesicles In Vivo

PLOS ONE | DOI:10.1371/journal.pone.0165557 October 31, 2016 12 / 14



Supervision:MO.

Validation: MT KT.

Visualization:MT KT.

Writing – original draft:MT KTMO.

Writing – review& editing:MT KTMO.

References
1. Carson JL, Grossman BJ, Kleinman S, Tinmouth AT, Marques MB, Fung MK, et al. Red blood cell

transfusion: a clinical practice guideline from the AABB*. Ann Intern Med. 2012; 157: 49–58. doi: 10.

7326/0003-4819-157-1-201206190-00429 PMID: 22751760

2. Obrador R, Musulin S, Hansen B. Red blood cell storage lesion. J Vet Emerg Crit Care. 2015; 25: 187–

199. doi: 10.1111/vec.12252 PMID: 25428860

3. Flegel WA, Natanson C, Klein HG. Does prolonged storage of red blood cells cause harm? Br J Hae-

matol. 2014; 165: 3–16. doi: 10.1111/bjh.12747 PMID: 24460532

4. Sakai H, Sou K, Horinouchi H, Kobayashi K, Tsuchida E. Review of Hemoglobin-Vesicles as Artificial

Oxygen Carriers. Artif Organs. 2009; 33: 139–145. doi: 10.1111/j.1525-1594.2008.00698.x PMID:

19178458

5. Sakai H, Masada Y, Horinouchi H, Yamamoto M, Ikeda E, Takeoka S, et al. Hemoglobin-vesicles sus-

pended in recombinant human serum albumin for resuscitation from hemorrhagic shock in anesthe-

tized rats. Crit Care Med. 2004; 32: 539–545. doi: 10.1097/01.CCM.0000109774.99665.22 PMID:

14758176

6. Sakai H, Seishi Y, Obata Y, Takeoka S, Horinouichi H, Tsuchida E, et al. Fluid resuscitation with artifi-

cial oxygen carriers in hemorrhaged rats: profiles of hemoglobin-vesicle degradation and hematopoie-

sis for 14 days. Shock. 2009; 31: 192–200. doi: 10.1097/SHK.0b013e31817d4066 PMID: 18520699

7. Seishi Y, Horinouchi H, Sakai H, Kobayashi K. Effect of the Cellular-Type Artificial Oxygen Carrier

Hemoglobin Vesicle as a Resuscitative Fluid for Prehospital Treatment. Shock. 2012; 38: 153–158.

doi: 10.1097/SHK.0b013e31825ad7cf PMID: 22777109

8. Abe H, Ikebuchi K, Hirayama J, Fujihara M, Takeoka S, Sakai H, et al. Virus inactivation in hemoglobin

solution by heat treatment. Artif Cells Blood Substit Immobil Biotechnol. 2001; 29: 381–388. doi: 10.

1081/BIO-100106921 PMID: 11708661

9. Fujihara M, Takahashi D, Abe H, Sakai H, Horinouchi H, Kobayashi K, et al. Primary and secondary

immune responses to keyhole limpet hemocyanin in rats after infusion of hemoglobin vesicle, an artifi-

cial oxygen carrier. Artif Organs. 2014; 38: 234–238. doi: 10.1111/aor.12148 PMID: 24033558

10. Sakai H, Tsuchida E, Horinouchi H, Kobayashi K. One-year observation of Wistar rats after intrave-

nous infusion of hemoglobin-vesicles (artificial oxygen carriers). Artif Cells Blood Substit Immobil Bio-

technol. 2007; 35: 81–91. doi: 10.1080/10731190600974582 PMID: 17364473

11. Sakai H, Horinouchi H, Masada Y, Takeoka S, Ikeda E, Takaori M, et al. Metabolism of hemoglobin-

vesicles (artificial oxygen carriers) and their influence on organ functions in a rat model. Biomaterials.

2004; 25: 4317–4325. doi: 10.1016/j.biomaterials.2003.11.005 PMID: 15046922

12. Sakai H, Horinouchi H, Tomiyama K, Ikeda E, Takeoka S, Kobayashi K, et al. Hemoglobin-vesicles as

oxygen carriers: influence on phagocytic activity and histopathological changes in reticuloendothelial

system. Am J Pathol. 2001; 159: 1079–1088. doi: 10.1016/S0002-9440(10)61783-X PMID: 11549600

13. Taguchi K, Miyasato M, Ujihira H, Watanabe H, Kadowaki D, Sakai H, et al. Hepatically-metabolized

and -excreted artificial oxygen carrier, hemoglobin vesicles, can be safely used under conditions of

hepatic impairment. Toxicol Appl Pharmacol. 2010; 248: 234–241. doi: 10.1016/j.taap.2010.08.006

PMID: 20709091

14. Taguchi K, Urata Y, Anraku M, Maruyama T, Watanabe H, Sakai H, et al. Pharmacokinetic study of

enclosed hemoglobin and outer lipid component after the administration of hemoglobin vesicles as an

artificial oxygen carrier. Drug Metab Dispos. 2009; 37: 1456–1463. doi: 10.1124/dmd.109.027094

PMID: 19364827

15. Taguchi K, Nagao S, Yamasaki K, Sakai H, Seo H, Maruyama T, et al. Biological Responsiveness and

Metabolic Performance of Liposome-Encapsulated Hemoglobin (Hemoglobin-Vesicles) in Apolipopro-

tein E-Deficient Mice after Massive Intravenous Injection. Biol Pharm Bull. 2015; 38: 1606–1616. doi:

10.1248/bpb.b15-00420 PMID: 26424021

Therapeutic Efficacy of Long-Term Stored Hemoglobin-Vesicles In Vivo

PLOS ONE | DOI:10.1371/journal.pone.0165557 October 31, 2016 13 / 14

http://dx.doi.org/10.7326/0003-4819-157-1-201206190-00429
http://dx.doi.org/10.7326/0003-4819-157-1-201206190-00429
http://www.ncbi.nlm.nih.gov/pubmed/22751760
http://dx.doi.org/10.1111/vec.12252
http://www.ncbi.nlm.nih.gov/pubmed/25428860
http://dx.doi.org/10.1111/bjh.12747
http://www.ncbi.nlm.nih.gov/pubmed/24460532
http://dx.doi.org/10.1111/j.1525-1594.2008.00698.x
http://www.ncbi.nlm.nih.gov/pubmed/19178458
http://dx.doi.org/10.1097/01.CCM.0000109774.99665.22
http://www.ncbi.nlm.nih.gov/pubmed/14758176
http://dx.doi.org/10.1097/SHK.0b013e31817d4066
http://www.ncbi.nlm.nih.gov/pubmed/18520699
http://dx.doi.org/10.1097/SHK.0b013e31825ad7cf
http://www.ncbi.nlm.nih.gov/pubmed/22777109
http://dx.doi.org/10.1081/BIO-100106921
http://dx.doi.org/10.1081/BIO-100106921
http://www.ncbi.nlm.nih.gov/pubmed/11708661
http://dx.doi.org/10.1111/aor.12148
http://www.ncbi.nlm.nih.gov/pubmed/24033558
http://dx.doi.org/10.1080/10731190600974582
http://www.ncbi.nlm.nih.gov/pubmed/17364473
http://dx.doi.org/10.1016/j.biomaterials.2003.11.005
http://www.ncbi.nlm.nih.gov/pubmed/15046922
http://dx.doi.org/10.1016/S0002-9440(10)61783-X
http://www.ncbi.nlm.nih.gov/pubmed/11549600
http://dx.doi.org/10.1016/j.taap.2010.08.006
http://www.ncbi.nlm.nih.gov/pubmed/20709091
http://dx.doi.org/10.1124/dmd.109.027094
http://www.ncbi.nlm.nih.gov/pubmed/19364827
http://dx.doi.org/10.1248/bpb.b15-00420
http://www.ncbi.nlm.nih.gov/pubmed/26424021


16. Sakai H, Tomiyama KI, Sou K, Takeoka S, Tsuchida E. Poly(ethylene glycol)-conjugation and deox-

ygenation enable long-term preservation of hemoglobin-vesicles as oxygen carriers in a liquid state.

Bioconjug Chem. 2000; 11: 425–432. doi: 10.1021/bc990173h PMID: 10821660

17. Nicholson SE, Johnson RA, Craig T, Myers JG, Durante W, Stewart RM, et al. Transfusion-related

acute lung injury in a rat model of trauma-hemorrhage. J Trauma. 2011; 70: 466–471. doi: 10.1097/TA.

0b013e3182032584 PMID: 21307749

18. Sakai H, Takeoka S, Park SI, Kose T, Nishide H, Izumi Y, et al. Surface Modification of Hemoglobin

Vesicles with Poly(ethylene glycol) and Effects on Aggregation, Viscosity, and Blood Flow during 90

Exchange Transfusion in Anesthetized Rats. Bioconjug Chem. 1997; 8: 23–30. doi: 10.1021/

bc960069p PMID: 9026031

19. Kelher MR, Masuno T, Moore EE, Damle S, Meng X, Song Y, et al. Plasma from stored packed red

blood cells and MHC class I antibodies causes acute lung injury in a 2-event in vivo rat model. Blood.

2009; 113: 2079–2087. doi: 10.1182/blood-2008-09-177857 PMID: 19131548

20. Maeshima K, Takahashi T, Uehara K, Shimizu H, Omori E, Yokoyama M, et al. Prevention of hemor-

rhagic shock-induced lung injury by heme arginate treatment in rats. Biochem Pharmacol. 2005; 69:

1667–1680. doi: 10.1016/j.bcp.2005.03.007 PMID: 15896346

21. Murakami K, McGuire R, Cox RA, Jodoin JM, Bjertnaes LJ, Katahira J, et al. Heparin nebulization

attenuates acute lung injury in sepsis following smoke inhalation in sheep. Shock. 2002; 18: 236–241.

doi: 10.1097/00024382-200209000-00006 PMID: 12353924

22. Sparrow RL. Red blood cell storage duration and trauma. Transfus Med Rev. 2015; 29: 120–126. doi:

10.1016/j.tmrv.2014.09.007 PMID: 25573415

23. Allan PF, Bloom BB, Wanek S. Reversal of hemorrhagic shock-associated hepatic ischemia-reperfu-

sion injury with N-acetylcysteine. Mil Med. 2011; 176: 332–335. doi: 10.7205/MILMED-D-10-00272

PMID: 21456363

24. Ogaki S, Taguchi K, Watanabe H, Ishima Y, Otagiri M, Maruyama T. Carbon monoxide-bound red

blood cell resuscitation ameliorates hepatic injury induced by massive hemorrhage and red blood cell

resuscitation via hepatic cytochrome P450 protection in hemorrhagic shock rats. J Pharm Sci. 2014;

103: 2199–2206. doi: 10.1002/jps.24029 PMID: 24890462

25. Silliman CC, Fung YL, Ball JB, Khan SY. Transfusion-related acute lung injury (TRALI): current con-

cepts and misconceptions. Blood Rev. 2009; 23: 245–255. doi: 10.1016/j.blre.2009.07.005 PMID:

19699017

26. Stapley R, Rodriguez C, Oh J, Honavar J, Brandon A, Wagener BM, et al. Red blood cell washing,

nitrite therapy, and antiheme therapies prevent stored red blood cell toxicity after trauma-hemorrhage.

Free Radic Biol Med. Elsevier; 2015; 85: 207–218. doi: 10.1016/j.freeradbiomed.2015.04.025 PMID:

25933588

27. Shaz BH, Stowell SR, Hillyer CD. Transfusion-related acute lung injury: from bedside to bench and

back. Blood. 2011; 117: 1463–1471. doi: 10.1182/blood-2010-04-278135 PMID: 20944069

28. Silliman CC, Paterson AJ, Dickey WO, Stroneck DF, Popovsky MA, Caldwell SA, et al. The association

of biologically active lipids with the development of transfusion-related acute lung injury: a retrospec-

tive study. Transfusion. 1997; 37: 719–726. doi: 10.1046/j.1537-2995.1997.37797369448.x PMID:

9225936

29. Sakai H, Takeoka S, Yokohama H, Seino Y, Nishide H, Tsuchida E. Purification of concentrated hemo-

globin using organic solvent and heat treatment. Protein Expr Purif. 1993; 4: 563–569. doi: 10.1006/

prep.1993.1074 PMID: 8286954

30. Ministry of Health LaW, Japan. Proceedings of Blood Donation Promotion Committee, Pharmaceutical

Affairs and Food Sanitation Council on 2 Dec 2014. Available: http://www.mhlw.go.jp/file/05-Shingikai-

11121000-Iyakushokuhinkyoku-Soumuka/0000067177.pdf.

31. Li H, Ohta H, Tahara Y, Nakamura S, Taguchi K, Nakagawa M, et al. Artificial oxygen carriers rescue

placental hypoxia and improve fetal development in the rat pre-eclampsia model. Sci Rep. 2015; 5:

15271. doi: 10.1038/srep15271 PMID: 26471339

32. Araki J, Sakai H, Takeuchi D, Kagaya Y, Tashiro K, Naito M, et al. Normothermic preservation of the

rat hind limb with artificial oxygen-carrying hemoglobin vesicles. Transplantation. 2015; 99: 687–692.

doi: 10.1097/TP.0000000000000528 PMID: 25606798

33. Nagao S, Taguchi K, Sakai H, Tanaka R, Horinouchi H, Watanabe H, et al. Carbon monoxide-bound

hemoglobin-vesicles for the treatment of bleomycin-induced pulmonary fibrosis. Biomaterials. 2014;

35: 6553–6562. doi: 10.1016/j.biomaterials.2014.04.049 PMID: 24811261

34. Nagao S, Taguchi K, Miyazaki Y, Wakayama T, Chuang VTG, Yamasaki K, et al. Evaluation of a new

type of nano-sized carbon monoxide donor on treating mice with experimentally induced colitis. J Con-

trol Release. 2016; 234: 49–58. doi: 10.1016/j.jconrel.2016.05.016 PMID: 27173944

Therapeutic Efficacy of Long-Term Stored Hemoglobin-Vesicles In Vivo

PLOS ONE | DOI:10.1371/journal.pone.0165557 October 31, 2016 14 / 14

http://dx.doi.org/10.1021/bc990173h
http://www.ncbi.nlm.nih.gov/pubmed/10821660
http://dx.doi.org/10.1097/TA.0b013e3182032584
http://dx.doi.org/10.1097/TA.0b013e3182032584
http://www.ncbi.nlm.nih.gov/pubmed/21307749
http://dx.doi.org/10.1021/bc960069p
http://dx.doi.org/10.1021/bc960069p
http://www.ncbi.nlm.nih.gov/pubmed/9026031
http://dx.doi.org/10.1182/blood-2008-09-177857
http://www.ncbi.nlm.nih.gov/pubmed/19131548
http://dx.doi.org/10.1016/j.bcp.2005.03.007
http://www.ncbi.nlm.nih.gov/pubmed/15896346
http://dx.doi.org/10.1097/00024382-200209000-00006
http://www.ncbi.nlm.nih.gov/pubmed/12353924
http://dx.doi.org/10.1016/j.tmrv.2014.09.007
http://www.ncbi.nlm.nih.gov/pubmed/25573415
http://dx.doi.org/10.7205/MILMED-D-10-00272
http://www.ncbi.nlm.nih.gov/pubmed/21456363
http://dx.doi.org/10.1002/jps.24029
http://www.ncbi.nlm.nih.gov/pubmed/24890462
http://dx.doi.org/10.1016/j.blre.2009.07.005
http://www.ncbi.nlm.nih.gov/pubmed/19699017
http://dx.doi.org/10.1016/j.freeradbiomed.2015.04.025
http://www.ncbi.nlm.nih.gov/pubmed/25933588
http://dx.doi.org/10.1182/blood-2010-04-278135
http://www.ncbi.nlm.nih.gov/pubmed/20944069
http://dx.doi.org/10.1046/j.1537-2995.1997.37797369448.x
http://www.ncbi.nlm.nih.gov/pubmed/9225936
http://dx.doi.org/10.1006/prep.1993.1074
http://dx.doi.org/10.1006/prep.1993.1074
http://www.ncbi.nlm.nih.gov/pubmed/8286954
http://www.mhlw.go.jp/file/05-Shingikai-11121000-Iyakushokuhinkyoku-Soumuka/0000067177.pdf
http://www.mhlw.go.jp/file/05-Shingikai-11121000-Iyakushokuhinkyoku-Soumuka/0000067177.pdf
http://dx.doi.org/10.1038/srep15271
http://www.ncbi.nlm.nih.gov/pubmed/26471339
http://dx.doi.org/10.1097/TP.0000000000000528
http://www.ncbi.nlm.nih.gov/pubmed/25606798
http://dx.doi.org/10.1016/j.biomaterials.2014.04.049
http://www.ncbi.nlm.nih.gov/pubmed/24811261
http://dx.doi.org/10.1016/j.jconrel.2016.05.016
http://www.ncbi.nlm.nih.gov/pubmed/27173944

