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IntroductionIntroduction

Hemorrhagic shock results from loss of large 
volumes of blood and consequent drop of 
blood pressure, oxygen and nutrient delivery 
to the tissues to meet metabolic demands.[1-3] 
Compensatory mechanisms are activated to 
preserve perfusion to vital organs at the expense 
of peripheral tissues with progressive development 
of cell and tissue damage due to poor perfusion.[4] 
In the microcirculation, hypovolemia induces 
capillary collapse due to a decrease capillary 
hydrostatic pressure and is accompanied by a 
signifi cant decrease in functional capillary density 
(FCD) and tissue oxygen pressure (pO2).

[5-7] During 
the shock period, the vascular endothelial shear 
stress (ESS) is reduced due to drop in arteriolar 
and capillary volumetric fl ow rates. ESS levels 
determine endothelium dependent nitric oxide 
(NO) synthase (eNOS) function.[8] In addition, 
shock limits tissue oxygenation and oxygen is a 
cofactor for eNOS production, which catalyzes 
the production of NO from L-arginine.[8] NO 

plays several major roles in cardiovascular 
physiology.[9,10] Studies of hemorrhagic shock and 
resuscitation indicate that NO supplementation 
during the early phase post resuscitation improves 
microvascular function, tissue viability, and 
overall outcome.[11]

The purpose of this study was to examine the 
therapeutic potential of RRx-001, a modulator of 
hemoglobin (Hb) nitrite (NO2

−) to NO reductase. 
RRx-001 was developed as an anti-cancer drug and 
has successfully completed Phase 1 clinical trials 
in patients with advanced, refractory cancer.[12,13] 
RRx-001 consists of two functional ends, a highly 
electrophilic center that rapidly and irreversibly 
binds to Hb beta subunits cysteine 93 (β-Cys 93) 
residues.[14] β-Cys 93 residue substitutions with 
alanine, glycine or leucine increase Hb nitrite to NO 
reductase.[15] RRx-001 produces similar allosteric 
changes to the Hb as the residue substitutions 
[Figure 1]. Previous studies have demonstrated 
that RRx-001 can rapidly traverse the red blood 
cell (RBCs) membrane, where it binds to and 
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Abstract:

Background: Transfusion of blood remains the gold standard for fluid resuscitation from hemorrhagic shock. Hemoglobin 
(Hb) within the red blood cell transports oxygen and modulates nitric oxide (NO) through NO scavenging and nitrite 
reductase. Aims: This study was designed to examine the effects of incorporating a novel NO modulator, RRx-001, on 
systemic and microvascular hemodynamic response after blood transfusion for resuscitation from hemorrhagic shock 
in a hamster window chamber model. In addition, to RRx-001 the role of low dose of nitrite (1 × 10−9 moles per 
animal) supplementation after resuscitation was studied. Materials and Methods: Severe hemorrhage was induced by 
arterial controlled bleeding of 50% of the blood volume (BV) and the hypovolemic state was maintained for 1 h. The 
animals received volume resuscitation by an infusion of 25% of BV using fresh blood alone or with added nitrite, or 
fresh blood treated with RRx-001 (140 mg/kg) or RRx-001 (140 mg/kg) with added nitrite. Systemic and microvascular 
hemodynamics were followed at baseline and at different time points during the entire study. Tissue apoptosis and 
necrosis were measured 8 h after resuscitation to correlate hemodynamic changes with tissue viability. Results: 
Compared to resuscitation with blood alone, blood treated with RRx-001 decreased vascular resistance, increased 
blood flow and functional capillary density immediately after resuscitation and preserved tissue viability. Furthermore, 
in RRx-001 treated animals, both mean arterial pressure (MAP) and met Hb were maintained within normal levels after 
resuscitation (MAP >90 mmHg and metHb <2%). The addition of nitrite to RRx-001 did not significantly improve the 
effects of RRx-001, as it increased methemoglobinemia and lower MAP. Conclusion: RRx-001 alone enhanced perfusion 
and reduced tissue damage as compared to blood; it may serve as an adjunct therapy to the current gold standard 
treatment for resuscitation from hemorrhagic shock.
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modifi es Hb.[16] Hb nitrite reductase reaction produces NO and 
met Hb.[17] RRx-001-modifi ed Hb is able to generate high levels 
of NO from nitrite. The generation of NO from nitrite under 
hypoxic conditions from RRx-001 modifi ed Hb can enhance blood 
transfusion outcomes during resuscitation from hemorrhagic 
shock. The addition of RRx-001 to banked blood prior to be used 
during resuscitation from traumatic bleeding could eliminate the 
vasoconstriction and tissue hypoperfusion established during the 
hypovolemic shock, thereby reducing tissue injury.

Materials and MethodsMaterials and Methods

Animal preparationAnimal preparation
Experiments were performed in 55-65 g male Golden Syrian 

Hamsters (Charles River Laboratories, Boston, MA, USA) fi tted 
with a dorsal skinfold window chamber. Animal handling and 
care followed the NIH Guide for the Care and Use of Laboratory 
Animals and the experiments were approved by the Local Animal 
Care and Use Committee. The hamster window chamber model 
is widely used for microvascular studies in the unanesthetized 
state. In addition to the window chamber, arterial (carotid) and 
venous (jugular) catheters were implanted. The complete surgical 
technique is described in detail elsewhere.[18] Three to four days 
after the initial surgery, the chamber microvasculature was 
examined at ×40, and systemic parameters monitored. Only animals 
meeting established inclusion criteria, as previously described,[19] 
were entered into the study.

Acute hemorrhage and resuscitation protocolAcute hemorrhage and resuscitation protocol
Acute hemorrhage was induced by withdrawing 50% of estimated 

total blood volume (BV) through the carotid artery catheter within 
5 min. Total BV was estimated as 70 mL/kg of body weight. One 
hour after hemorrhage induction, animals received 25% of BV of 
resuscitation fl uids (infusion rate: 200 μl/min) through a jugular 
vein catheter.

Experimental protocolExperimental protocol
Conscious hamsters were placed in a restraining tube with 

the window chamber protruding and fixed to the stage of a 
transillumination intravital microscope (BX51WI, Olympus, New 
Hyde Park, NY, USA). Animals were given 20 min to adjust to 
the tube environment before any measurements were made. The 
tissue image was projected onto a charge-coupled device camera 

(4815, COHU, San Diego, CA, USA) and viewed on a monitor. 
Measurements were carried out using a ×40 (LUMPFL-WIR, 0.8 
NA, Olympus) water immersion objective. Systemic (mean arterial 
pressure [MAP], heart rate [HR], hematocrit [Hct], Hb, PaO2, 
PaCO2, pH, lactate, plasma nitrite, and metHb) and microvascular 
(arteriolar and venular diameters, blood fl ow, and FCD) parameters 
were analyzed as previously described,[20,21] before hemorrhage 
(baseline), after hemorrhage (shock), and up to 90 min after volume 
replacement (resuscitation). Tissue viability (number of necrotic 
and apoptotic cells) was measured at 8 h following hemorrhage, 
as described previously.[22,23]

Experimental groupsExperimental groups
Animals were randomly divided into four experimental groups 

before hemorrhage using a random ordering scheme for the 
resuscitation fl uid used, namely: Blood (fresh blood only); nitrite 
(fresh blood followed by nitrite infusion 10−9 moles/animal); 
RRx-001 (fresh blood treated with RRx-001 2 mg/mL) and RRx-
001 + N (fresh blood treated with RRx-001 2 mg/mL followed 
by nitrite 10−9 moles/animal) as summarized in Table 1. Fresh 
blood was collected from a donor, adult Golden Syrian Hamster 
(60-80 g), by centrifugation (2700 rpm, 7 min), buffy coat was 
discarded, and packed RBCs stored at 4°C until needed. To limits 
the effects of RRx-001 to the RBC and to establish the role of 
increased Hb nitrite to NO reductase during resuscitation, RBCs 
were incubated (1 mL of packed cells with 2 mg of RRx-001 for 
30 min at 4°C), then cells were rinsed ×2 by centrifugation at 
3000 rpm using phosphate buffered saline with 0.5% albumin 
(prefi ltered 0.22 μm, pH 7.4) to remove any un-reacted RRx-
001. After the fi nal wash, RRx-001 treated RBCs were adjusted 
to a 30% Hct with fresh plasma. Nitrite was infused as 1 × 10−9 
moles of sodium nitrite (NaNO2 10 μM in 100 μL of saline) 
through the carotid artery catheter 10 min after resuscitation. 
An equal volume of saline was given to the other groups. To 
address effects of instrumentation and observation, an additional 
Sham group was included.

Data analysisData analysis
Table and fi gure results are presented as mean ± standard 

deviation. Data within each group was analyzed using analysis 
of variance (ANOVA) for repeated measurements (two-way 
ANOVA). When appropriate, post-hoc analyses were performed 
with Bonferroni posttest. The same vessels and capillary fi elds 
were followed throughout the experiment so that direct 
comparisons to their baseline levels could be performed, allowing 
for more robust statistics. All statistics were calculated using 
Graph Pad Prism 4.03 (GraphPad Software, Inc., San Diego, 
CA, USA). Changes were considered statistically signifi cant if 
P < 0.05. Signifi cance is reported for each group compared with 
the blood group only.

Figure 1: RRx-001 increases nitric oxide (NO) generation in two ways: (i) As an 
NO donor: Through metabolism of the dinitro groups released from the compound, 
and (ii) as an NO promoter: RRx-001 modifies beta subunits cysteine 93 increasing 

nitrite reduction to NO by deoxyhemoglobin

Table 1: Defi nition of the experimental groups and the 
treatment associated to each one of them
Group Treatment
Sham No treatment and no intervention
Blood Fresh packed RBCs
Nitrite Fresh packed RBCs+10−9 moles of nitrite per animal
RRx-001 Fresh packed RBCs+2 mg RRx-01 per mL
RRx-001+N Fresh packed RBCs+2 mg RRx-01 per mL+10−9 

moles of nitrite per animal
RBC: Red blood cell
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ResultsResults

Systemic response to hemorrhage and resuscitationSystemic response to hemorrhage and resuscitation
Systemic hemodynamic and blood parameters are presented 

in Table 2. During shock, Hct, and Hb dropped to about 50% 
of baseline. After resuscitation, MAP was signifi cantly lower in 
the RRx-001 + N group at 30 and 60 min compared with blood 
[Figure 2]. HR in the Nitrite, RRx-001, and RRx-001 + N groups was 
signifi cantly increased for all the time points compared to blood. 
Furthermore, HR was signifi cantly higher in the RRx-001 + N 
group when compared to RRx-001 and nitrite.

Shock decreased arterial pH and pCO2 significantly from 
baseline in all groups. Resuscitation partially recovered blood gas 

parameters. Compared to the blood group, pH was signifi cantly 
increased post resuscitation in the nitrite and RRx-001 groups at 
60 min and in the RRx-001 + N group at 60 and 90 min. Arterial 
pO2 were signifi cantly increased the nitrite group compared to 
blood at 60 min post resuscitation; in the RRx-001 group at 90 min 
post resuscitation and in the RRx-001 + N group, 60 and 90 min 
post resuscitation. In the RRx-001 + N group, lactate levels were 
signifi cantly decreased at 60 min compared to blood, RRx-001 and 
nitrite and 90 min pos tresuscitation compared to blood.

Microvascular observationsMicrovascular observations
Changes in arteriolar blood flow, FCD and local vascular 

resistance (LVR) are presented in Figure 3. Arterial blood fl ow was 
signifi cantly increased in all treatment groups compared to blood 
[Figure 3a]. Arteriolar diameter in the RRx-001 + N group was 
signifi cantly increased at 60 min compared to blood. Resuscitation 
partially restored FCD [Figure 3b]. FCD was not different between 
the blood and the nitrite groups. However, both RRx-001 and 
RRx-001 + N treatment resulted in signifi cant increases in FCD 
at 60 and 90 min compared to blood. LVR increased during shock 
and decreased after resuscitation. The RRx-001 and RRx-001 + N 
groups showed a signifi cant reduction in the LVR compared to 
blood during resuscitation; whereas for the nitrite group the LVR 
was only reduced compared to blood until 60 min.

Methemoglobin and tissue viabilityMethemoglobin and tissue viability
Methemoglobin for the nitrite, RRx-001, and RRx-001 + N groups 

are presented in Figure 4a. Met Hb limits oxygen transport when 

Table 2: Systemic parameters during the hemorrhagic shock and resuscitation protocol, which include Hct, Hb, 
nitrite, MAP, HR, pH, pO2, pCO2, and lactate

Hct % Hb g/dl Nitrite nM MAP mmHg HR bpm pH pO2 mmHg pCO2 
mmHg

Lactate 
mmol/l

Baseline
Sham 101 ± 5.6 406 ±26

Blood 50.0±0.8 15.2±0.2 440±32 105.3±6.4 416±31 7.33±0.02 58.9±1.5 53.3±1.1 1.42±0.19
Nitrite 49.8±0.8 15.2±0.3 457±23 104.3±9.0 428±13 7.34±0.02 60.5±1.0 52.9±1.2 1.30±0.13
RRx-001 49.7±1.0 15.1±0.3 458±21 106.3±8.7 409±21 7.32±0.01 59.9±2.5 54.2±1.8 1.39±0.20
RRx-001+Nitrite 49.1±0.9 15.0±0.3 439±13 107±7.4 429±22 7.33±0.02 61.1±1.6 53.7±1.6 1.37±0.19

Shock (50 min)
Sham 101.9±5.8 412±35
Blood 28.8±0.6 8.8±0.2 45.5±4.8 425±43 7.29±0.01 91.6±3.8 37.9±0.7 4.37±0.30
Nitrite 29.2±0.5 8.9±0.1 46.1±3.6 455±21 7.30±0.01 93.1±2.8 38.9±1.3 4.52±0.58
RRx-001 29.0±0.8 8.9±0.3 46.3±4.0 422±25 7.28±0.02 94.9±5.1 39.3±1.2 4.16±0.39
RRx-001+Nitrite 28.8±0.4 8.8±0.1 47.8±4.4 453±31 7.28±0.02 98.0±3.9 38.4±1.2 4.19±0.57

Resuscitation (30 min)
Sham 102.5±5.3 426±42
Blood 102.4±7.9 359±36
Nitrite 91.3±6.9† 438±21† 
RRx-001 92.5±6.7 436±12† 
RRx-001+Nitrite 88.7±7.4† 524±44†�‡ 

Resuscitation (60 min)
Sham 101.5±5.2 425±44

Blood 31.4±0.4 9.5±0.2 79.8±6.3 373±37 7.34±0.01 69.8±1.7 50.6±1.5 2.08±0.22
Nitrite 31.0±0.7 9.5±0.2 96.3±7.5 447±21† 7.38±0.02† 76.0±2.9†‡ 48.3±2.2 1.95±0.11
RRx-001 31.1±0.6 9.5±0.2 98.5 ±7.6 444±10† 7.39±0.01† 70.9±3.4 48.0±3.1 1.93±0.23
RRx-001+Nitrite 31.1±0.7 9.4±0.2 91.2±9.1† 517±39†ψ‡ 7.39±0.02† 79.5±4.3†‡ 44.7±2.1†ψ‡ 1.41±0.12†ψ‡

Resuscitation (90 min)
Sham 101.6±5.4 426±43
Blood 31.0±0.4 9.5±0.1 678±39 106.5±5.7 384±47 7.35±0.02 63.1±1.6 51.0±1.8 1.86±0.18
Nitrite 31.5±0.4 9.6±0.1 791±100 94.7±6.5†‡ 459±14† 7.36±0.02 65.2±3.0 45.0±2.4†‡ 1.71±0.20
RRx-001 31.2±0.6 9.5±0.1 636±54 106.3±9.0 453±17† 7.36±0.01 68.7±2.9† 49.0±2.2 1.63±0.23
RRx-001+Nitrite 30.6±0.4 9.3±0.1 799±56 99.1±1.04 530±43†ψ‡ 7.38±0.02†ψ 70.4±3.9†ψ 50.7±2.7ψ 1.41±0.14†

†P < 0.05 compared to blood; ‡P<0.05 compared to RRx-001; ψP<0.05 compared to nitrite. Hct: Hematocrit; Hb: Hemoglobin; MAP: Mean arterial pressure; 
HR: Heart rate

Figure 2: Mean arterial pressure (MAP) relative to baseline for the shock and 
resuscitation protocol. All the treatments partially restore MAP values to more than 
80% of baseline. Baseline MAP was 105 μ 6.5 mmHg. †P < 0.05 compared to blood
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activity.[25] Our results demonstrate that improving systemic 
and microvascular conditions after resuscitation ensures 
tissue viability. Thus, enhanced nitrite reductase to NO by Hb 
modifi cation with RRx-001 in blood used to resuscitate from 
severe hemorrhagic shock can minimizing short- and long-term 
organ damage.

Hemorrhagic hypotension disrupts vascular homeostasis, 
and monitoring the microcirculation is crucial in determining 
the effect fl uid therapies. Application of various techniques, 
including intravital microscopy, has shown the presence of 
major microcirculatory alterations during hemorrhage,[26] and 
the persistence of these microcirculatory alterations have been 
associated with multiorgan failure and death.[27] Our results suggest 
an improvement of the microcirculatory function mediated by a 
decrease in LVR. Local microvascular resistance and blood fl ow 
are both components of systemic vascular resistance and cardiac 
output regulation; although, they are the fi rst to compromised 
during the emergency to preserve vital organs down and last to 
be recovered after resuscitation.

Figure 3: (a) Arteriolar blood flow relative to baseline, baseline arteriolar flow 
rate is 10.3 μ 3.5 nL/s (b) functional capillary density (FCD) relative to baseline, 

baseline FCD is 121 μ 15/cm and (c) local vascular resistance during the shock and 
resuscitation protocol, baseline local resistance is 7.5  1011 mmHg min/L. †P < 0.05, 

statistically significant compared to blood group

a

b

c

it exceeds 1.5 g/dL (8-12% of Hb).[24] Therefore, all groups studied 
had not clinically relevant increase in met Hb.

Tissue viability (number of apoptotic and necrotic cells in 40 
microscopic fi elds) at 8 h following resuscitation is presented 
in Figure 4b. The number of apoptotic cells in the RRx-001 and 
RRx-001 + N groups were signifi cantly lower compared blood. The 
number of necrotic cells was also signifi cantly lower in the RRx-001 
and RRx-001 + N compared to the blood. Nitrite supplementation 
reduced the number of necrotic cells.

DiscussionDiscussion

The principal fi nding of the study was that RRx-001 treated 
blood with or without nitrite supplementation provide superior 
systemic and microvascular hemodynamic responses compared to 
transfusion of blood alone during resuscitation from hemorrhagic 
shock. Modifying Hb of blood used for transfusion-based 
resuscitation with RRx-001 increasing NO generation. RRx-001 
generates NO in two-ways: 

1. As an NO donor: Through metabolism of the dinitro groups 
released from the compound, and

2. As an NO promoter: RRx-001 modifi es β-Cys 93 increasing 
nitrite reduction to NO by deoxyhemoglobin [Figure 1].[14] 

Mechanistic studies have shown the key role of β-Cys 93 
residues in regulating deoxyhemoglobin nitrite reductase 

Figure 4: (a) % methemoglobin (MetHb) for the nitrite, RRx-001, and RRx-001 
+ nitrite (RRx-001 + N) groups at 60 and 90 min postfluid resuscitation. % MetHb 
in normal, healthy animals is about 2%. (b) The number of apoptotic and necrotic 

cells at 8 h following resuscitation for all groups. Data are presented as the average 
of fluorescent cells counted in 40 selected visual fields (210  160 μm). †P < 0.05 

compared to blood

a

b
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Blood transfusion is currently the gold standard for treatment 
of severe hemorrhagic shock. When blood is used during 
resuscitation, intravascular BV and oxygen carrying capacity are 
restored, cardiovascular function improves, energy requirements 
are met, and survival is more likely. Transfusion post hemorrhage 
recovers the microcirculation, but not necessarily to normal levels. 
The injury resulting from the shock phase prior to fl uid therapy 
limits perfusion during the resuscitation and thus prevents full 
recovery of the microcirculation. Moreover, when blood is used, 
baseline MAP levels can be restored; however, restoring MAP 
is not necessarily accompanied by a better organ perfusion and 
oxygenation, due to microvascular fl ow dysfunctions (the so-called 
“no refl ow” phenomenon).[4,28] The results of our study suggest that 
during the time when NOS is still malfunctioning, modifying the 
Hb in the blood used for transfusions for resuscitation with RRx-
001 will increase perfusion by opening arterioles and reducing 
microvascular resistance, leading to improved outcome compared 
to blood transfusion alone.

The use of NO donors under hemorrhagic shock conditions 
have been shown to result in enhanced myocardial contractile 
activity and recovery of MAP, despite reduced peripheral vascular 
resistance. Remizova et al.[29] studied the effects of an NO donor, 
DNIC-GS (dinitrosyl iron complexes with glutathione) in a 
hemorrhagic shock model. They found that injection of DNIC-GS 
in a rat model prior to hemorrhage resulted in increased stroke 
volume, left ventricular work, and cardiac output. Our results 
suggest that RRx-001 may also improve cardiac function in the 
face of decreased vascular resistance, increasing HR and MAP.

Nitrite is a biologic metabolite of NO and a precursor for NO 
under acidic conditions. Plasma nitrite levels correlate with 
eNOS activity and are tightly controlled.[30,31] We have previously 
studied the effects of nitrite supplementation (10 ηmol of nitrite 
and 50 ηmol of nitrite) on systemic and microvascular parameters 
after resuscitation from hemorrhagic shock. Similar effects over 
systemic and microvascular parameters were observed with 
the administration of 10 ηmol of nitrate per animal compared 
with the nitrite group in this study. In previous studies, we also 
administrated 50 ηmol of nitrate that had a more profound effect 
on arteriolar diameter and blood fl ow; however, it decreased blood 
pressure and increased met Hb levels.[19] For 50 ηmol of nitrate 
the percentage of metHb at 60 and 90 min was 5.8 ± 1.8% and 
3.1 ± 1.3%, respectively. In the current study, RRx-001 treatment 
maintained blood pressure following resuscitation and resulted in 
met Hb levels of only 1.4 ± 0.1% at 60 min and 1.2 ± 0.1% at 90 
min, which corresponds to met Hb levels for healthy individuals. 
Blood with RRx-001 modifi ed Hb reduces these limitation, while 
improves microvascular arteriolar diameter and blood fl ow.

Blood transfusions are a ubiquitous part of healthcare delivery. 
In the United States, someone needs blood about every 2 s and 
according to the 2009 National Blood Collection and Utilization 
Survey Report, a total of 15 million units of blood were 
transfused that year.[32] The fi ndings of this study may have a 
direct application in not only treating cases of hemorrhagic 
shock but for other indications that require blood transfusion 
such as anemia.[33-36] In anemia, transfusion of blood + RRx-001 
may be a superior therapeutic approach to transfusion of blood 
alone because it appears to improve the effectiveness of RBCs 
providing optimal oxygen delivery to tissues. Since NO bioactivity 
of stored blood decreases rapidly after blood is removed from the 

organism, RRx-001 can ameliorate negative effect observed after 
transfusion of stored blood, through preventing vasoconstriction, 
capillary poor perfusion and tissue hypoxia.[37-39] Restoration of 
NO bioavailability prior or concurrently with the transfusion 
strategy may reduce the morbidity and mortality associated 
with blood transfusion. Furthermore, enhancing the ability of 
blood to generate NO by incubation with RRx-001 may decrease 
the number of units of blood needed for treatment and reduce 
healthcare costs. Detailed preclinical toxicity studies of RRx-001 
in mice, rats, and dogs were reported before.[14] Briefl y, the study 
found that the maximum tolerated dose was 20 mg/kg for a single-
dose intravenous and cumulative toxicity was not observed. The 
anti-cancer mechanism of action of RRx-001 is not been fully 
elucidated; although, it includes NO and ROS generation, and 
modulation of intracellular redox.

ConclusionConclusion

Resuscitation by transfusion of blood treated with RRx-001, 
an anti-cancer agent, which has successfully completed 
Phase 1 clinical trials, with or without nitrite supplementation 
was superior to transfusion of blood alone or blood + nitrite, in 
terms of arterial diameter, blood fl ow, FCD, vascular resistance, 
and tissue viability. Treatment with RRx-001 modifi ed blood 
alone was preferred over the combination with nitrite due to 
the absence of adverse systemic side-effects such as decreased 
blood pressure and methemoglobinemia. Because RRx-001 
enhances perfusion and reduces tissue damage, it may serve as 
an alternative or an adjunct to the conventional treatment of 
hypotensive resuscitation and in other medical conditions where 
anemia requires treatment.
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