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Abstract

The goals of resuscitation in hemorrhagic shock are to correct oxygen deficit and to maintain
perfusion pressure to the vital organs. We created liposome-encapsulated hemoglobin (LEH) as a
nanoparticulate oxygen carrier (216 £ 2 nm) containing 7.2 g/dL hemoglobin, and examined its
ability to prevent the systemic manifestations of hemorrhagic shock (45% blood loss) in a rat
model. We collected plasma after 6 h of shock and LEH resuscitation, and determined the
circulating biomarkers of systemic inflammation and functions of liver, gut, heart, and kidney. As
is typical of the shock pathology, a significant increase in the plasma levels of cardiac troponin,
liver function enzymes, soluble CD163 (macrophage activation), and creatinine, and the liver/gut
myeloperoxidase activity was observed in the hemorrhaged rats. The plasma levels of TNF-a,
IL-6, IL-1a, CINC-1, and IL-22 also increased after hemorrhagic shock. LEH administration
prevented the hemorrhagic shock-induced accumulation of the markers of injury to the critical
organs and pro-inflammatory cytokines. LEH also decreased the plasma levels of stress hormone
corticosterone in hemorrhaged rats. Although saline also reduced the circulating corticosterone
and a few other tissue injury markers, it was not as effective as LEH in restraining the plasma
levels of creatinine, alanine transaminase, CD163, TNF-a, IL-6, and IL-1a.. These results indicate
that resuscitation with nanoparticulate LEH creates a pro-survival phenotype in hemorrhaged rats,
and because of its oxygen-carrying capacity, LEH performs significantly better than saline in
hemorrhagic shock.
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1. Introduction

Liposome-encapsulated hemoglobin (LEH, alternatively known as hemoglobin vesicles) is
being investigated as a universal Op-carrier of nanometric dimensions which mimics red
blood cells (RBCs) in oxygen diffusivity (Awasthi, 2005; Sakai et al., 2009). In the last two
decades of LEH research, the particle characteristics and other issues related to the stability
of encapsulated hemoglobin and large-scale production technology have been gradually
addressed. The major breakthroughs in its development came with the application of
polyethylene glycol (PEG)-phospholipid to enhance circulation t1;, of LEH (Phillips et al.,
1999) and the use of a non-phospholipid anionic lipid to increase the hemoglobin
encapsulation and reduce the host immune response to liposomes containing anionic
phospholipids (Sou and Tsuchida, 2008). Although the current size of LEH (~250 nm) is not
exactly congruent to the conventional definition of nanoparticles (< 100 nm), LEH is one
preparation where the size factor has been reconciled with the loading capacity, surface
modification, and circulation ty;, of liposomes (Awasthi et al., 2003; Awasthi et al., 2004). In
addition to the size, the surface properties are important because they determine the
circulation persistence of liposome particles and the host immune response to their
administration. The choice of a surface modifier is critical particularly for LEH, because it is
infused in large amounts and is expected to persist in circulation for a prolonged time.
Earlier, we established that 275 nm is the largest size of PEG-modified liposomes which
retains a significant level of stealthiness; the ability of PEG as a stealth polymer drops
drastically above this optimal size (Awasthi et al., 2003). We adapted these advances to a
high-shear method of manufacturing LEH containing a non-phospholipid anionic lipid
called hexadecylcarbamoylmethylhexadecanoate (HDAS). We also employed HDAS-
conjugated PEG to surface-modify the LEH particles to further improve their tolerance
against host immune response (Agashe and Awasthi, 2009; Agashe et al., 2010; Nag et al.,
2013). By virtue of these continuous improvements, LEH has now acquired a potential to
become a feasible product as an oxygen carrying resuscitation fluid for use in hemorrhagic
shock.
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According to the current guidelines, the inadequate tissue perfusion in the victims of trauma
and hemorrhagic shock is normally corrected by resuscitation with crystalloid fluids such as
0.9% saline and lactated Ringer's solution, or oncotic colloids such as hydroxyethyl starch
and albumin; for the remediation of oxygen deficit, whole blood or packed RBCs are used
on need basis. The crystalloids or colloids can restore salt balance and increase cardiac
output, but their aggressive use may worsen shock because of the resultant cardiac overload
and hemodilution. Tissue oxygenation can only be enhanced by increasing the arterial O,
tension, for which whole blood or packed RBCs are the best choice. However, the
availability of safe and clinically-matched blood products at the place and time of need is
still a significant barrier, which continues to threaten the optimal management of trauma and
shock victims (Stollings and Oyen, 2006). According to a national survey about 72,000
transfusion-related adverse reactions and 11,000 severe adverse donor reactions were
documented in 2006 (AABB). These issues have catalyzed the research on the development
of artificially assembled O,-carriers such as LEH.

An innate physiological response to acute blood loss is the diversion of blood flow from the
splanchnic network to the brain. This compensatory mechanism is meant to preserve the
brain function, but it aggravates the volume deficit and ischemia in splanchnic organs and
induces debilitating injuries in the gut, liver, and kidney. Since any investigational product
for resuscitation should prevent the multi-organ injuries and systemic inflammatory response
syndrome (SIRS) caused by hypoxia and hypoperfusion, the goal of this study was to
determine the effect of resuscitation with test LEH on the plasma levels of pro-inflammatory
cytokines and indicators of organ injury in a rat model of hemorrhagic shock. Earlier, we
have shown that the test LEH preparation was effective in restoring the perturbed cerebral
energy metabolism in the same model (Rao et al., 2015). More recently, we reported that this
LEH preparation prevents deterioration of proteostatic mechanisms in the gut tissue (Rao et
al., 2016). In the present work, the gut, liver, hear, kidney and plasma samples were also
sourced from these two reported study.

2. Materials & Methods

Phospholipids were purchased from Lipoid (Ludwigshafen, Germany), Avanti Polar Lipids
(Alabaster, AL), or NOF Corporation (Tokyo, Japan). Cholesterol was obtained from
Calbiochem (Gibbstown, NJ). Stroma-free hemoglobin was isolated from outdated RBC
units and characterized by following the previously described methods (Agashe et al., 2010).
The outdated RBC units were sourced from Oklahoma Blood Institute (Oklahoma City,
OK). The anionic lipid HDAS and stealth lipo-polymer HDAS-PEGoy were synthesized
using methods described elsewhere (Nag et al., 2013). All the stock and working solutions
were prepared in endotoxin-free water or reagents, and the procedures were performed under
strict aseptic conditions.

2.1. LEH preparation

LEH was manufactured by a high pressure homogenization method as reported previously
(Agashe et al., 2010). Briefly, a mixture of lipid phase, consisting of a lyophilized powder of
pro-liposomes, and stroma-free hemoglobin was homogenized at 20,000 psi for 4 cycles in
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an Emulsiflex-C3 homogenizer (Avestin, Ottawa, ON, Canada). The fluid temperature was
maintained at about 20° C during homogenization by passing the homogenate through a
cooling coil. The pro-liposomes were made from dipalmitoylphosphatidylcholine (~38 mol
%), cholesterol (~38 mol%), HDAS (~20 mol%), HDAS-PEGk (0.3 mol%), and a-
tocopherol (~2.4 mol%). The method of pro-liposome preparation from raw lipids and its
lyophilization has been described in our previous articles (Agashe et al., 2010; Awasthi et
al., 2003; Nag et al., 2013). After homogenization, the unencapsulated hemoglobin was
separated from LEH particles by a process of tangential-flow filtration (TFF) through a 50
nm hollow fiber filter using PBS (pH 7.4) as the diluting solvent.

The crude LEH was surface-modified with HDAS-PEG,k using a post-insertion method
described elsewhere (Nag et al., 2013). Briefly, HDAS-PEG (10 mol% of total lipid) was
dissolved in 50 mL of water and filtered through a 0.2 pm membrane. The solution was
gradually added over a period of 2 h to a stirred diluted suspension of LEH at room
temperature. The concentration of HDAS-PEG,y was maintained below its critical micelle
concentration (4.25 uM). The stirring was continued overnight at 4° C and the preparation
was washed free of any unincorporated HDAS-PEG by TFF using 10 volumes of PBS (pH
7.4) in a 2 sq ft hollow fiber 50 nm filter (Minntech, Minneapolis, MN). The same TFF
technique was employed to concentrate the LEH preparation. To the concentrated LEH,
sufficient volume of sterile 25% w/v solution of human serum albumin was added to achieve
a final concentration of 5% w/v of albumin. The final LEH preparation was stored at 4° C in
darkness.

2.2. Laser scanning confocal microscopy (LSCM)

In order to substantiate the presence of HDAS-PEG on the surface of LEH particles, we
performed LSCM by immunostaining LEH with an Alexa Fluor® 488 Dye-conjugated anti-
PEG antibody. First, a small sample of LEH was coated on glass slides for 16 h at 4° C.
After thorough washing with PBS, the nonspecific sites were blocked with 0.25% wi/v
bovine serum albumin for 30 min. Next, the slides were incubated with a 1:2,000 dilution of
goat anti-PEG antibody (Epitomics, Burlingame, CA) for 2 h. The slides were washed again
and allowed another 2 h-incubation with a 1:1,000 diluted Alexa Fluor® 488-conjugated
donkey anti-goat 1gG antibody (Invitrogen, Carlsbad, CA). Finally, the stained slides were
imaged using a Zeiss LSM-710 Multiphoton Laser Microscope (EX495nm/EMs00-700nm)-

2.3. LEH characterization

The LEH preparation was characterized for the hemoglobin content, methemoglobin, size,
oxygen affinity (p50), and the phospholipid concentration. The phospholipid concentration
was determined by the method of Stewart (Stewart, 1980). Oxygen affinity (p50) was
measured by a Hemox-analyzer (TCS Scientific Corp., New Hope, PA). For estimation of
hemoglobin and methemoglobin in LEH, hemoglobin was quantitatively released from
liposomes by using phosphate-buffered (0.1M, pH 6.8) 25% dimethylsulfoxide
(PB-25%DMSO0). Briefly, about 50 pl of LEH was diluted with 200 pl of PB-25%DMSO.
The dilution was vortexed vigorously for 1 min, diluted to 1 ml with phosphate buffer, and
probe-sonicated (50 Sonic Dismembrator, Fisher Scientific) for 30 seconds on ice at 45%
power output. The mixture was spun at 14,000 rpm for 10 min to remove any debris, and the
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supernatant was used for the hemoglobin and methemoglobin estimation. The amount of
encapsulated hemoglobin was determined by monitoring the absorbance of LEH at 540 nm
(Tomita et al., 1968). Methemoglobin content was measured in SFH by the method of
Matsuoka (Matsuoka, 1997).

The particle size was determined by photon correlation spectroscopy using a Brookhaven
particle size analyzer equipped with Mas Option software (Brookhaven Instruments Corp.,
Holtsville, NY). To document the formation and integrity of liposome, we performed
electron microscopy (EM) at the imaging core facility of Oklahoma Medical Research
Foundation (OK, USA).

2.4. Hemorrhagic shock and resuscitation

All animal work was performed according to the NIH Animal Use and Care Guidelines and
was approved by the institutional IACUC. Male Sprague Dawley rats (250-300 g) were
purchased from Harlan (now Envigo, Indianapolis, IN), housed in regular light/dark cycles,
and allowed to acclimatize for at least 5 days prior to the experiments. The left femoral
artery was surgically implanted with an indwelling catheter by a method described
elsewhere (Awasthi et al., 2007). The rats were allowed at least 2 days to recover from the
catheter surgery. The cannulated rats were clustered in four groups: control (Ctrl),
hemorrhagic shock (HS), HS+Saline (Sal), and HS+LEH. On the day of the experiment, the
rats were anesthetized with isoflurane (2-3%) in a stream of medical air (2 L per min, 21%
oxygen and 78% nitrogen). Approximately 100 U of heparin was injected through the
catheter to maintain patency of the indwelling catheter. Hemorrhagic shock was induced by
withdrawing 0.027 ml of blood/g bodyweight at the rate of 1.0 ml/min. After allowing the
animals to remain in the constant-volume shock for 15 min, LEH resuscitation was
administered via a tail vein at 1 ml/min using a syringe pump. The volume of LEH
administered was equal to the volume of blood withdrawn for the induction of shock and the
preparation was warmed to approximately 35° C before infusion. The resuscitated rats were
allowed to wake up and roam freely in their cages. After collection of blood samples at 6 h
of shock, the rats were killed by administering an overdose of SOMNASOL (Butler Schein,
Dublin, OH). During the procedure, the hemodynamic parameters were recorded at baseline,
after shock, after resuscitation, and at 6 h before termination of the study. As a comparative
control, we used 0.9% saline. The choice of saline over the other crystalloids, such as
Ringer's solution, was based on a report that normal saline is preferred over Ringer's lactate
for the pre-hospital intervention in a combat zone (Lairet et al., 2012). Moreover, we
employed isovolemic infusion because it has been shown that compared to aggressive fluid
overloading, mildly hypotensive resuscitation increases the survival rates in a rat model of
hemorrhagic shock (Li et al., 2012). It also eliminates the possibility of hyperchloremic
metabolic acidosis, fluid overloading, and tissue edema which become a cause of concern in
clinical management of hemorrhagic shock (Besen et al., 2015).

2.5. Plasma samples

Plasma was isolated from heparinized blood collected at the baseline and 6 h after the shock.
The samples were stored at -80 °C until the time of the assays. As described below, the
plasma samples were subjected to the assays of the biomarkers indicative of the functional
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status of heart, liver, intestine, and kidney. We also measured the general markers of SIRS
and stress to determine the overall health of the organism. The scope of these examinations
was limited by the availability of sufficient plasma and the reagents specific for the
biomarkers of rat origin. In general, we followed the protocols supplied by the various
vendors of the assay Kits.

2.6. Corticosterone

Plasma corticosterone was measured using an enzyme-linked immunoassay (ELISA) kit
from Cayman Chemicals (Ann Arbor, Michigan).

2.7. Creatinine

Plasma creatinine was estimated by a BioVision kit (Milpitas, CA) containing creatininase
and creatinase enzymes. In this assay, creatinine present in the samples was first converted
into creatine by creatininase. The creatine was further converted into sarcosine by the
enzymatic activity of creatinase. The sarcosine was allowed to react with a probe to develop
a color which was read at 570 nm.

2.8. Creatine kinase

Creatine kinase was determined by a kit from BioVision (Milpitas, CA). Briefly, the sample-
bound creatine kinase was allowed to catalyze the conversion of creatine into
phosphocreatine in an assay buffer containing ATP. The resultant phosphocreatine and ADP
generated an intermediate which was allowed to react with a probe to produce a color for
quantitation at 450 nm. The creatine kinase activity (mU/ml) was calculated based on a
standard curve plotted from the readings of standard solutions of NADH (0-10 nmol/pl)
treated identically.

2.9. Troponin | (Tnl)

We determined the levels of cardiac Tnl (cTnl) and skeletal muscle Tnl (sTnl) in plasma by
using the rat-specific ELISA kits obtained from Life Diagnostics (West Chester, PA).

2.10. Interleukin (IL)-22, Tumor necrosis factor (TNF)-a, IL-6, and IL-1a

We employed a sandwich ELISA kit for IL-22 (R& D Systems, Minneapolis, MN). For
TNF-a, IL-6 and IL-1a,, a custom sandwich ELISA kit was designed to carry out three
cytokines in a single 96-well plate (Signosis, Santa Clara, CA).

2.11. Growth-regulated gene product/cytokine-induced neutrophil chemoattractant (GRO/

CINC-1)

We estimated GRO/CINC-1 in the rat plasma samples as well as in the lysates of intestinal
and liver tissues by using an ELISA kit (Enzo Life Sciences, Plymouth Meeting, PA). The
tissue lysates were made by mincing the frozen tissues in 0.5 ml of ice-cold buffer consisting
of 10% Nonidet P-40, 5 M NaCl, 1 M HEPES, 0.1 M ethylene glycol tetra-acetic acid, 0.5
M ethylenediaminetetraacetic acid, 0.1 M phenylmethylsulfonyl fluoride, 0.2 M sodium
orthovanadate, 1 M NaF, 2 pg/ml aprotinin, and 2 rg/ml leupeptin. The mixture was
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incubated on ice for 30 min, homogenized using a disposable microtube-pestle, and
centrifuged at 14,000 rpm at 4° C for 10 min to obtain the test supernatants.

2.12. Myeloperoxidase (MPO) assay

MPO activity in the ileal and liver tissue samples was estimated by a method described
elsewhere (Yadav et al., 2013). Briefly, the frozen ileal and liver tissue samples were thawed,
diced with a razor blade, and homogenized in a potassium phosphate buffer (50 mM, pH
6.0). The homogenate was centrifuged at 10,000 rpm for 15 min and the pellet was
resuspended in 0.3 ml of a phosphate buffer containing 50 mM
hexadecyltrimethylammonium bromide (HTAB). The mixture was subjected to 3-cycles of
bath sonication (20 s), snap-freezing in liquid nitrogen, and thawing to the room
temperature. The supernatants, collected by centrifugation (10,000 rpm for 10 min), were
diluted 1:2 and 1:10 with the HTAB-phosphate buffer and added with 30 times the volume
of a phosphate buffer containing 0.167 mg/ml O-dianisidine dihydrochloride and 0.0005%
H»0,. The absorbance was monitored at 450 nm. For MPO activity in the heart tissue, we
employed a colorimetric assay kit which uses tetramethylbenzidine as a chromogenic
substrate (Cayman Chemicals, Ann Arbor, Michigan).

2.13. Citrulline

The concentration of citrulline in plasma samples was determined by using a sandwich
ELISA kit purchased from MyBiosource (San Diego, CA).

2.14. Aspartate transaminase (AST), alanine transaminase (ALT), and CD163

The plasma levels of the AST and ALT were measured by using kits from Biovision
(Milpitas, CA). The plasma concentration of soluble CD163 (sSCD163) was estimated by
using an ELISA kit from MyBioSource (San Diego, CA).

2.15. Data analysis

The data are reported as the mean + standard error of mean (sem). For comparison among
the four groups (Control, HS, SAL, and LEH), ordinary one-way analysis of variance
(ANOVA) with Bonferroni correction (single-pooled variance) was employed using Prism 6
software (GraphPad, San Diego, CA, USA). A p value < 0.05 was considered as statistically
significant.

3. Results

3.1. LEH characteristics

The structural characteristics of LEH are shown in Fig. 1. The average effective diameter
(DLS) of LEH was measured to be 215.6 nm with a polydispersity of approximately 0.187
units (Table 1). The z potential of LEH was determined to be -30.92 + 0.16 mV, and the
osmolality was 331.7 + 2.9 mOsmol/kg. The hemoglobin content of the LEH preparation
was 7.2 + 0.2 g/dL, with methemoglobin concentration of less than 5%. On weight basis, the
amount of encapsulated hemoglobin was 1.5 mg for each mg of phospholipid
(distearoylphosphatidylcholine equivalents). The EM images showed that the particles
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maintained the typical spherical liposome structure with relatively dense core, perhaps
owing to the presence of encapsulated hemoglobin (Fig. 1b).

To confirm the presence of HDAS-PEG,, madification on the liposome surface, a dilute
suspension of LEH was immunolabeled with fluorescent antibody and observed by confocal
microscopy. The green fluorescence emanating from the LEH particles shows the presence
of surface PEG (Fig. 2a). The control preparation of unmodified plain liposomes did not
show any fluorescence (not shown). The oxygen equilibrium curve showed that the partial
pressure of oxygen for 50% hemoglobin saturation (p50) in LEH was approximately 30 mm
Hg (Fig. 2b). The low oxygen affinity of hemoglobin implies that LEH will readily deliver
oxygen to the perfused tissues; the p50 value of hemoglobin in normal blood is
approximately 27 mm Hg. The LEH preparation was tested to be sterile and endotoxin-free
(less than 0.25 EU/m).

3.2. Hemodynamics and systemic stress after shock and LEH resuscitation

The physicochemically-characterized LEH preparation was employed for resuscitation of
rats with hemorrhagic shock. The sequence of events during the animal experiments is
illustrated in Fig. 3a. After 45% hemorrhage, the hematocrit decreased commensurate to the
amount of blood lost; the average hematocrit at baseline was 41 as compared to 25.3
measured after 6 h of shock in the HS group (p < 0.05, Fig. 3b). There was a slight drop in
hematocrit in rats resuscitated with LEH and saline, perhaps because of the dilution effect of
the administered fluids (p > 0.05 LEH or Sal vs. HS). The heart rate immediately after
hemorrhage dropped from the baseline value of 317 bpm to 192 bpm. After 6 h, all the
groups, including the HS group, showed significant increase in the heart rate as compared to
that noted immediately after shock (Fig. 3b). The blood withdrawal also caused a
considerable drop in the mean arterial pressure (MAP) from 109 mm Hg at baseline to 49
mm Hg after blood withdrawal. Immediately after LEH infusion, the MAP significantly
improved to 83.3 mm Hg and this improvement was maintained through the duration of the
study. The improvement in MAP after saline infusion was also quantitatively similar to that
after LEH infusion. However, the MAP in both the LEH and saline groups remained
significantly lower than the baseline MAP (p < 0.05, Fig. 3b). This is characteristic of
hypotensive resuscitation afforded by an isovolemic fluid infusion (Li et al., 2012). The HS
group showed a spontaneous improvement in the MAP to approximately 61 mm Hg (p <
0.05 vs. HS). A representative trace of the blood pressure recording in the hemorrhaged and
resuscitated rats is shown in Fig. 3c.

To further characterize shock and resuscitation in our model, we measured the plasma levels
of corticosterone, which is the only glucocorticoid in rats as an indicator of systemic stress.
An increase in plasma glucocorticoids, secondary to the activation of hypothalamic-
pituitary-adrenal axis, is a stress response and is a good indicator of overall physiological
stress in shock (Rushing et al., 2006). We found that the plasma concentration of
corticosterone was approximately 7 times more in the HS rats than in the control rats (117.8
pa/ml versus 17.5 pg/ml, respectively; Fig. 4). Both saline and LEH resuscitation averted
this rise in plasma corticosterone levels, suggesting that just by replenishing the lost volume
the systemic stress of hemorrhagic shock could be reduced.
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3.3. Effect of LEH on the circulating markers reflective of systemic inflammation

To assess the effect of LEH resuscitation on the SIRS, we determined the concentrations of
TNF-a, IL-1a, IL-6, and IL-22 in plasma. TNF-a, IL-1a., IL-6 could be regarded as the
canonical proinflammatory cytokines with a well known contribution in shock pathology,
whereas the role of IL-22 in hemorrhagic shock is not clear. As shown in Table 2, the profile
displayed was similar for the TNF-a,, IL-6, and IL-1a cytokines. Hemorrhagic shock
significantly increased the levels of TNF-a, IL-1a, and IL-6 in plasma and resuscitation
with LEH or saline prevented this increase. However, LEH resuscitation was significantly
more effective than saline in this respect (p < 0.05, HS+Sal vs. HS+LEH). In fact, the saline-
transfused rats exhibited significantly higher concentrations of the plasma TNF-a, IL-1a,
and IL-6 as compared to their concentrations in the control rats (p < 0.05, HS+Sal vs. Ctrl).
We extended our inquiry into the shock-induced SIRS by determining the plasma levels of
IL-22 which has been implicated in the ischemia-reperfusion injury of liver (Chestovich et
al., 2012). In contrast to the moderate effect of shock on the canonical pro-inflammatory
cytokines, we found that hemorrhagic shock resulted in a large increase (28-fold) in the
circulating levels of 1L-22 (Table 2). Both saline and LEH resuscitation were able to avert
this rise in the plasma IL-22 levels.

We further investigated the effect of shock and resuscitation on the plasma levels of an
unconventional amino acid citrulline (Table 2). Systemic citrulline almost exclusively
originates from the intestine where enterocytes synthesize it from either arginine or
glutamine. It is a surrogate marker for estimating the production nitric oxide catalyzed by
the activity of nitric oxide synthase (NOS). We found that hemorrhagic shock significantly
increased the plasma citrulline levels. Both saline and LEH infusions prevented the
hemorrhage-induced increase in plasma citrulline concentration; however, the LEH group,
but not the saline group, remained significantly different from the control group.

3.4. Effect of LEH resuscitation on heart and kidney

As a measure of cardiac dysfunction, we estimated the concentration of cTnl and creatine
kinase in plasma. Cardiac Tnl is an inhibitor of ATP-ase activity of acto-myosin and is a
sensitive and specific marker of cardiac injury. We found that hemorrhagic shock
significantly increased the plasma levels of cTnl. Both saline and LEH resuscitation were
able to prevent the rise in cTnl levels in a statistically significant manner (p < 0.05, Fig. 5a).
However, in contrast to the cTnl, there was no change in the levels of creatine kinase among
various groups (Fig. 5b).

A failing heart is frequently associated with renal insufficiency. The plasma creatinine,
which is primarily removed from the circulation by glomerular filtration, is a clinical
indicator of renal function. We found that hemorrhagic shock increased the plasma
creatinine by approximately 10 fold (Fig. 5¢). Although saline infusion reduced the
creatinine levels (p < 0.05, HS+SAL vs. HS), it was still significantly higher as compared to
the control levels (p < 0.05, HS+SAL vs. Ctrl). On the other hand, LEH resuscitation
efficiently prevented the increase in plasma creatinine; the concentration of creatinine in HS
+LEH group (0.08 mM) was not significantly different from the control levels (0.04 mM).

Eur J Pharm Sci. Author manuscript; available in PMC 2017 October 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yadav et al.

Page 10

The creatinine circulating in blood is largely the product of skeletal muscle metabolism. We
measured an isoform of Tnl specific to the skeletal muscle (sTnl), which is generated only in
the presence of skeletal muscle injury. The sTnl is highly homologous to the cTnl, but it
lacks a 32-residue N-terminal extension which is present in the cTnl isoform (Gomes et al.,
2002). Hemorrhagic shock increased the plasma sTnl concentration 2-fold (Fig. 5d), which
indicates that the skeletal muscle injury contributes to the rise in plasma creatinine in
hemorrhagic shock.

3.5. Effect of LEH on the markers of liver injury

The plasma levels of AST and ALT are recognized as the clinical markers of injury to the
hepatic parenchyma. Likewise, the plasma levels of sCD163, which is a hemoglobin-
heptaglobin scavenger receptor, are indicative of the activation status of the Kupffer cells
(Gronbaek et al., 2012). As shown in Fig. 6a and 6b, there was a significant increase in the
activity of ALT and AST in hemorrhaged rats (2.2-and 1.7-fold increase, respectively). Both
saline and LEH resuscitation were able to prevent the activation of ALT and AST, but only
LEH infusion could significantly alter the status of these enzymes in the hemorrhaged rats.

In contrast to the moderate effect of hemorrhagic shock on the hepatocyte function, we
found that hemorrhagic shock increased the plasma sCD163 levels by more than 8-fold (Fig.
6¢). This indicated that the severe loss of blood resulted in the activation of the liver-resident
macrophages. Resuscitation with saline or LEH significantly prevented the shock-induced
increase in the plasma levels of SCD163, but the saline-infused rats still showed significantly
higher plasma sCD163 as compared to the control group (Fig. 6¢). The difference in the
plasma sCD163 between the LEH-transfused and the saline-transfused rats was statistically
significant (p < 0.05).

3.6. Effect of LEH on the tissue neutrophil infiltration and CINC-1 (IL-8)

The influx of neutrophils in liver, small gut, and heart was determined by estimating the
activity of MPO, which is an enzyme released during the degranulation of neutrophils (Fig.
7). Hemorrhagic shock caused a 3- and 2-fold increase in the MPO activity associated with
the liver and gut tissues, respectively. This increased MPO activity in the liver and gut was
restored to the basal levels in the saline or LEH resuscitated rats (Fig. 7a and 7b,
respectively). Although LEH was slightly more effective than saline, the differences were
not statistically significant (p = 0.07 and p = 0.18, Sal vs. LEH for liver and gut,
respectively). In contrast to the MPO activity in the gut and liver tissues, the MPO activity in
the heart tissue was not altered by hemorrhagic shock or saline and LEH resuscitation (Fig.
7c).

Since CINC-1, the rat equivalent of IL-8, is a powerful neutrophil chemoattractant and is
produced by the injured tissues, next we measured CINC-1 in the liver, gut, and plasma
samples. As shown in Fig.7d, hemorrhagic shock increased the concentration of CINC-1 by
almost 6-fold in the liver tissue. Resuscitation with LEH as well as saline was able to
prevent this shock-induced increase in the liver CINC-1 concentration. On the other hand,
we found no change in the gut tissue-associated CINC-1 levels after hemorrhage or
resuscitation (Fig. 7e). The production of CINC-1 in the inflamed tissues contributes to the
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increase in the plasma levels of CINC-1, from where it is capable of initiating the pro-
inflammatory signaling in a systemic manner (MacDermott, 1999; Masumoto et al., 1998).
As shown in Fig. 7f, we found that the plasma CINC-1 concentration increased from 24.8
pg/ml at the basal level to 68.5 pg/ml after 6 h of hemorrhagic shock (2.8-fold increase, p <
0.05 HS vs. Ctrl). Saline and LEH infusions were able to prevent this increase in the plasma
CINC-1 levels in the HS rats.

4. Discussion

The concept of hemoglobin encapsulation within an artificial membrane was first
investigated by Chang in 1964 (Chang, 1964). Since then several nano-capsular products
using human or bovine hemoglobin have been investigated as oxygen-carrying substitutes
for RBCs (Sakai et al., 2010). LEH also belongs to this lineage which could overcome
several of the drawbacks associated with the oxygen carriers presenting naked hemoglobin
in polymerized or PEGylated form. Compared to these acellular hemoglobin-based products,
encapsulated hemoglobin can provide longer circulation persistence without any vasoactivity
and renal toxicity (Awasthi et al., 2006; Cabrales et al., 2012). Moreover, LEH can also carry
hemoglobin stabilizers and allosteric modifiers of oxygen affinity, which can be co-
encapsulated, to enhance the functional efficacy of the product (Kettisen et al., 2015). LEH
resuscitation has been shown to maintain the hemodynamics and microvascular circulation
after acute blood loss (Sakai et al., 2004), and improve cerebral oxygenation (Kaneda et al.,
2014; Kawaguchi et al., 2014) in pre-clinical models. The LEH in these earlier studies was
largely constituted of saturated and acyl-symmetric phosphatidylcholines, an anionic
phospholipid, cholesterol, and a PEG-linked phosphatidylethanolamine. Based on the
phosphatidylcholine and cholesterol foundation, the anionic phospholipid such as
dimyristroyl phosphatidylglycerol served as a charge-imparting stabilizer against
coalescence and a significant enhancer of hemoglobin encapsulation. PEG-linked
phosphatidylethanolamine, on the other hand, afforded stealth characteristics to the LEH for
a prolonged circulation ty,.

Although our LEH formulation is also mostly based on phospholipid and cholesterol, it
contains two novel non-phospholipid constituents, namely HDAS and HDAS-PEG, as
replacements of the anionic phospholipid and PEG-linked phosphatidylethanolamine,
respectively. HDAS is an anionic lipid which enhances hemoglobin encapsulation inside the
liposomes by enabling closer interaction between hemoglobin and lipid phase (Agashe et al.,
2010), whereas HDAS-PEG delays the clearance of LEH by the monocyte phagocytic
system and increases the mean residence time in circulation. Compared to the conventional
phospholipids, HDAS and HDAS-PEG do not contain the phosphoryl moiety. The
phosphory! linkage has been shown to participate in complement activation and
anaphylotoxin production by the PEGylated liposomes (Moghimi et al., 2006). Any
untoward effect of a resuscitation fluid on the complement system has a potential to further
complicate the pathology of shock, because the complement system also contributes to the
SIRS (Szebeni et al., 2003). By virtue of their non-phospholipid nature, the HDAS-lipids
reduce the complement activation induced by the liposome particles (Nag et al., 2013; Yadav
etal., 2014).
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The SIRS in hemorrhagic shock is determined by the immune cells via a balance of several
cytokines and chemokines in circulation (Cai et al., 2010). Upon stimulation, these cells
initiate a molecular cascade culminating in the secretion of effector cytokines, such as TNF-
a and IL-6. In our model, we found only a moderate increase in the plasma TNF-a, IL-6,
and IL-1a levels after hemorrhagic shock; LEH was effective in preventing the rise in the
levels of these cytokines (Table 2). As compared to these canonical cytokines, the effect of
hemorrhagic shock and resuscitation on the plasma levels of IL-22 was more pronounced.
Incidentally, the pro-inflammatory cytokines such as IL-6, IL-1p, and TNF-a stimulate
IL-22 production by the Thl, Th17, and Th22 lymphocytes (Pan et al., 2014). IL-22 is a
member of the IFN/IL-10 cytokine family, which exerts its effect mainly on the non-immune
epithelial cells and hepatocytes expressing high-affinity 1L-22 receptor (Savan et al., 2011).
However, except for its role in the liver ischemia-reperfusion injury (Chestovich et al.,
2012), the importance of 1L-22 in hemorrhagic shock has not been investigated. Yet another
indicator of the SIRS is the plasma level of citrulline which serves as a product of arginine
consumption in reactions catalyzed by inducible nitric oxide synthase or arginase I. In
inflammatory conditions the activity of these enzymes increases (Ochoa et al., 2001). The
normal lymphocytic function is dependent on the availability of adequate amounts of
arginine (Angele et al., 1999). The catabolism of arginine into citrulline, makes plasma
citrulline a negative indicator of lymphocyte population (Marik and Flemmer, 2012). In
trauma, a decrease in plasma arginine and an increase in citrulline is commonly seen
(Chiarla et al., 2006). LEH prevented the hemorrhage-induced increase in plasma citrulline
levels (Table 2), suggesting that it improves the lymphocytic health by enabling an adequate
supply of arginine.

The manifestation of SIRS is in the multi-organ failure (Keel and Trentz, 2005). We recently
reported that resuscitation with LEH was able to restore the brain metabolism in the rats
with hemorrhagic shock (Rao et al., 2015). Others have also reported similar recovery of
cerebral function by LEH infusion (Kakehata et al., 2010; Kaneda et al., 2014; Tiwari et al.,
2010). However, the brain is protected, to a certain extent, against hypoxia and
hypoperfusion by virtue of a physiologic diversion of blood flow from peripheral vascular
network into the cerebral supply. Like the brain, the heart microcirculation is also fairly well
preserved during mild and moderate shock. Although others have shown a mild increase in
creatine Kinase, an indicator of muscle cell injury, after hemorrhagic shock (Ronn et al.,
2011), we could not find any change in creatine kinase. Instead, we found a significant
increase in the plasma levels of cTnl (Fig. 5), which is regarded as a more reliable and
sensitive indicator of heart injury (Pervaiz et al., 1997). LEH resuscitation was able to
prevent the rise in plasma cTnl in hemorrhagic shock. However, these results, and the
unaltered myocardial MPO activity (Fig. 7c), suggest that the acute myocardial injury, if any,
was mild in our model.

The acute damage from hemorrhagic shock actually occurs in splanchnic organs. Thus, the
resuscitation efficacy of LEH should correlate with the prevention of injury in these organs.
According to the current paradigm of multi-organ dysfunction in shock pathology, the
primary target after trauma and shock is the gut. We recently reported the LEH infusion
prevented the hemorrhagic shock-induced perturbations in gut proteostasis (Rao et al.,
2016). The ischemic conditions cause a rapid deterioration of the gut barrier, which results
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in a leakage of inflammatory mediators into the portal circulation. The systemic effects of
this barrier dysfunction include hepatic impairment, pulmonary injury and a generalized
inflammatory response (Moore, 1999). We found that hemorrhagic shock increased the
neutrophil infiltration in the intestinal tissue (Fig. 7b). Since this was not associated with a
corresponding increase in the tissue levels of CINC-1 (Fig. 7e), we speculate that some other
chemoattractant may be responsible for the neutrophil accumulation in the gut tissue after
hemorrhagic shock. In the liver, on the other hand, the increase in tissue-associated
CINC-1and the MPO activity paralleled each other (Fig. 7a and 7d); LEH resuscitation was
able to reduce neutrophil infiltration as well as liver CINC-1 (Fig. 7a and 7d). LEH
resuscitation also effectively protected the liver function and suppressed the activation of
resident macrophages (Fig. 6). In comparison, saline was relatively less effective in reducing
the markers of gut and liver injuries.

The multi-organ dysfunction syndrome in hemorrhagic shock also involves the renal system
where a decline in perfusion results in an acute renal insufficiency. Based on the levels of
plasma creatinine, it could be assessed that LEH resuscitation, but not saline resuscitation,
was able to prevent the kidney dysfunction in hemorrhagic shock (Fig. 5¢). The major
contributor to the plasma creatinine is the skeletal muscle, and the deranged skeletal muscle
metabolism is indicated by the plasma levels of sTnl. Both LEH and saline resuscitation
were able to prevent the shock-induced increase in the plasma sTnl, and the relative efficacy
of these fluids was similar (Fig. 5d). These results suggest that LEH resuscitation has
salutary effects on the skeletal muscle injury and kidney function, but saline infusion cannot
prevent the kidney damage despite reducing the skeletal muscle injury.

5. Conclusions

Overall, the results suggest that LEH, by providing volume replacement as well as
oxygenation, was able to prevent the systemic inflammation and multi-organ injuries caused
by hemorrhagic shock. As indicated by the reduction in corticosterone levels (Fig. 4), LEH
resuscitation reduced the physiological stress, creating a pro-survival phenotype. Although
we did not intently looked for survival statistics in this study, the findings described in this
work also corroborate our recent reports that the correction of volume and oxygen deficits
by LEH recovers the cerebral glucose metabolism, oxygen metabolism, and tissue energetics
in hemorrhagic shock (Awasthi et al., 2010; Awasthi et al., 2007; Rao et al., 2015).
Notwithstanding the salutary effects of LEH described in this work and despite the report
that the use of non-phospholipid anionic lipid reduces the host immune response to
liposomes containing anionic phospholipids (Sou and Tsuchida, 2008), the reported
constitution of LEH should to be evaluated for its immune response in a repeat injection trial
of longer duration. However, it is noteworthy that Taguchi et al found that the circulation
kinetics of a large dose of PEGylated hemoglobin vesicles was not altered in mice with an
IgM response to previous exposure to the same preparation (Taguchi et al., 2009).
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Figure 1.
The particle characteristics of LEH. (a) A DLS pictogram showing particle size distribution.

(b) EM of LEH particles.
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Figure 2.
LEH properties. (a) A confocal micrograph of HDAS-PEG,k-LEH labeled with anti-PEG

antibody, showing the presence of PEG on the liposome surface. (b) The oxygen equilibrium
curve of LEH preparation showing oxygen affinity of encapsulated hemoglobin.
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Experimental design. (a) Hemorrhagic shock was induced by withdrawing 45% of blood
through an indwelling femoral artery catheter. The catheter surgery was performed at least 2
days before the shock study. The hemorrhaged rats were resuscitated with saline or LEH in
volumes equal to the shed blood. The untreated hemorrhaged rats (HS group) received no
treatment. The control group consisted of normal rats subjected to catheter implantation, but
no hemorrhage or resuscitation was provided. At 6 h, the rats were euthanized and plasma
samples were collected for evaluations described in this article. (b) Hemodynamic
parameters (hematocrit, heart rate, and mean arterial pressure) recorded at baseling,
immediately after blood withdrawal (iHS), after 6 h of shock (HS), and saline or LEH
resuscitation (c) A representative trace of raw blood pressure readings. p < 0.05 vs. Ctrl*,
iHSY, and HS®
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Figure 4.
Plasma corticosterone levels (n = 4 per group). p < 0.05 vs. Ctrl* and HS®
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Figure 5.

Cardiac, renal, and skeletal muscle injuries after shock and LEH resuscitation. Plasma levels
of (a) cardiac troponin (n = 6 per group), (b) creatine kinase (n = 6 per group), (c) creatinine
(n = 6 per group), and (d) skeletal muscle troponin (n= 6 per group). p < 0.05 vs. Ctrl* and
HS®.
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Effect of LEH resuscitation on liver function and Kupffer cell activation. (a) ALT (n =6 per
group), (b) AST (n = 6 per group), and (c) Plasma levels of sSCD163 (n = 5 per group), an
indicator of macrophage activation. p < 0.05 vs. Ctrl*, HS® and Sal?.
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Figure 7.
Tissue neutrophil infiltration and IL-8 (CINC-1) expression after shock and LEH

resuscitation. Relative MPO activity in (a) liver (n = 6 per group), (b) small intestine (ileum,
n = 6 per group), and (c) heart (n = 5 per group). The tissue levels of GRO/CINC-1 (also
known as I1L-8) levels in (a) liver tissue (n= 4 per group), (b) gut tissue (n = 4 per group),
and (c) plasma (n = 6 per group). p < 0.05 vs. Ctrl*, HS® and Sal®.
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Table 1

LEH characteristics

Parameter

Value (£ sem)

Particle diameter (DLS)

2156 +2.16 nm

Polydispersity

0.187

Zeta potential

-30.62 £ 0.16 mV

[Hemoglobin]

7.2+02g/dL

Methemoglobin content

<5%

Oxygen affinity (p50) 31.9+ 2.0 mm Hg

pH 7.2

Osmolality 331.7 £ 2.9 mOsmol/kg
Phospholipid 47.7 £0.4 mg/ml
Cholesterol 10.8 mg/ml

Endotoxin (gel clot assay) < 0.25 EU/mI

Sterility (bacterial broth)

Pass (no growth in 7 d culture)
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