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EFFECTS OF STORAGE ON THE RED BLOOD CELL AND ITS 

IMPLICATIONS FOR TRANSFUSION 

 

RYAN D. STAPLEY 

 

MOLECULAR AND CELLULAR PATHOLOGY 

ABSTRACT  

Transfusion with red blood cells (RBC) remains a frontline therapy in critically ill 

patients.  Recent studies have documented an association between storage duration and 

an increased incidence of transfusion-related toxicities.  This transfusion-related toxicity 

is characterized by both a pro-inflammatory state and a microcirculatory dysfunction and 

is associated with changes that occur to the RBC and its media during storage referred to 

as the storage lesion. These changes that occur to the RBC include an increase in cell-free 

hemoglobin, heme, free iron, microparticles, as well as changes to the RBC itself.  This 

thesis explores how these elements could contribute to transfusion-related toxicity. 

Erythrocytic hemoglobin can rapidly scavenge nitric oxide (NO), thereby inhibiting NO 

signaling leading to inflammation and microcirculatory dysfunction. We show that 

storage-related changes in RBC lead to increased NO-scavenging kinetics with RBC 

stored for 42 days compared to those freshly isolated; an affect that translated to a greater 

inhibition of NO-dependent vasodilation.  We also have developed a mouse model of 

storage lesion that involves a first hit of trauma/hemorrhage followed by a second hit 

caused by transfusion with stored blood.   Using this model we show that acute lung 

injury can be attenuated and survival increased by i) washing RBC to remove storage 

media, ii) nitrite administration, and iii) inhibition of the TLR4 receptor by TAK-242.  
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CHAPTER 1 

RED BLOOD STORAGE AND TRANSFUSION 

Introduction 

The majority of my research at UAB has been to determine mechanisms by which 

blood storage negatively affects transfusion outcomes.  While transfusion is important in 

a number of disease states, recent data show that there is an association between the 

storage age of red blood cells (RBC) and increased morbidity and mortality in transfusion 

recipients.  In particular, my focus has been on what is known as the blood storage lesion.  

The term storage lesion has been used indiscriminately to denote both changes that occur 

to RBC during storage and reflect tissue injury post transfusion with older RBC. In this 

thesis I define storage lesion as the biochemical and morphological changes that occur to 

the RBC and storage media during cold storage.  The storage lesion has been associated 

with increased complications that occur after transfusion by means of increased 

inflammation and microcirculatory dysfunction.  In this first chapter I will give a short 

introduction on the current state of blood banking and the biochemical and morphological 

changes of the RBC during storage. I will then explain how these changes in the RBC 

could contribute to the increased inflammation and microcirculatory dysfunction that are 

associated with transfusion of these stored RBC.  In addition, I will provide background 

into current animal models used to investigate storage lesion, specifically how these 

pertain to my studies. 
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Evolution of Blood collection and storage practice 

The concept of blood transfusions started as early as the 17
th

 century when 

physicians experimented by transfusing human or animal blood into human volunteers. 

The results were usually poor and in some cases resulted in death, but proved transfusion 

was possible.  Dr. James Blundell is credited for the first successfully usage of human 

blood transfusion to treat postpartum hemorrhage in 1818 [1, 2]. Subsequent transfusions 

for hemorrhage met with mixed results until the discovery of blood groups by Karl 

Landsteiner, who would eventually be awarded the Nobel Prize in Physiology and 

Medicine in 1930 [2]. The knowledge of blood groups significantly reduced mortality in 

transfusion patients and led to blood transfusions becoming a lifesaving treatment.  In the 

early 1900s, with the aid of refrigeration and anticoagulants, blood was able to be stored 

and given in transfusions at later dates. This increased the utility and frequency of the 

procedure. The advent of World War I and the subsequent need of blood transfusions to 

the injured brought about a rapid development in blood storage and transfusion and 

initiated the need for blood banks. The amount of blood being stored and its need during 

war time necessitated regulations for governing the storage time of blood.  A condition 

was set that at 24 hours post transfusion, 70% of the RBC transfused must be viable in 

the circulation; this criterion was arbitrarily selected as a means to avoid hemoglobinuria.  

This condition was modified to a 75% survival in the 1980s [3] and it should be noted 

that 75% survival of RBC is an average and not a minimum.  Though there are a variety 

of storage solutions available, all use a   solution consisting of dextrose, adenine, citrate, 

mannitol and sodium chloride with some slight variations in ratios.     Dextrose and 

adenine allow RBC to maintain glycolysis and ATP production during storage.  Sodium 



3 

 

 

chloride is used to maintain osmolarity and mannitol has been shown to help maintain the 

stability of the RBC membrane and decrease hemolysis.  The RBC are then stored at a 

temperature of 4 degrees Celsius, for  up to 42 days. As blood banking technology 

continued to develop, blood was eventually divided into components: plasma, platelets 

and RBC, for storage and usage.  In separating these blood products, white blood cells 

(WBC) were removed to varying degrees.  Studies showed that products in which WBC 

were removed, (leukoreduced), had decreased risk of human leukocyte antigen (HLA) 

alloimmunization and platelet refractoriness observed in multi-transfused patients, and 

transmission of leukotropic viruses after transfusion [4-9].  Several institutions have 

instituted a leukoreduction protocol to improve removal of the WBC component.  While 

several methods of leukoreduction have been established, the most effective method of 

leukoreduction currently implemented utilizes WBC filters.  Filters which are used in the 

U.S and Europe result in a 99.99% removal rate, however it should be noted that in some 

areas, especially those with limited resources, less efficient methods are used or not done 

at all [10].  Leukoreduction has been shown to decrease mortality in patients and is 

generally seen as an accepted practice to decrease complications in transfusions [11, 12].   

 

Transfusion Toxicity 

Blood typing and leukocyte-reduction of stored blood has decreased 

complications associated with transfusion. However, an increase risk of lung injury, renal 

injury, and mortality is associated with transfusion of older RBC as compared to those 

who received no transfusion [13-16]. The idea that transfusion of RBC can cause damage 

has prompted a reassessment of when to use transfusion.  Current FDA guidelines advise 
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that a hemoglobin (Hb) concentration of 10 g/dL is sufficient to maintain oxygen 

delivery.  However it was noted during the 2012 National Summit of Overuse, where 

overuse is defined as “the use of health services where, in circumstances where the 

likelihood of benefit is negligible and therefore the patient faces only the risk of harm” 

that RBC transfusion is the 5
th

 most overused procedure in the US [17].  Studies have 

shown that maintaining a Hb concentration of 7-9 g/dL has no different outcome as 

compared 10 g/dL [18-20] leading to ongoing discussion about what the transfusion 

trigger should be i.e. at what hemoglobin level should a transfusion be indicated.   

Despite the overuse of transfusion, demand is on the rise especially as the population 

ages.  This coupled with a decrease in blood provided by donors, experts predict a blood 

shortage in the near future [21-24].  To meet the demands of RBC transfusion in the 

future we need to better understand blood storage and improve the process by which 

blood is stored and transfused.   

As mentioned previously, transfusion of RBC is associated with an increased risk 

of adverse outcomes post transfusion.  This association has prompted research to 

determine whether the duration of RBC storage is a factor contributing to increased 

toxicity.  Retrospective and prospective studies have shown a positive correlation 

between storage time and increased risk of adverse outcome in the context of ICU 

patients, [25-27] trauma patients, [28-30] and cardiac patients [31-34].  These adverse 

outcomes include increased mortality, prolonged hospital stay, multi-organ failure, acute 

lung injury, and nosocomial infections.  However it should be noted that other studies 

investigating RBC storage duration as a factor to toxicity have been inconclusive or seen 

no effects of storage age on transfusion toxicity [35-38].  The Age of Red Blood Cells in 
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Premature Infants (ARIPI) study that compared transfusions of young RBC (<7 days) to 

old RBC (>7 days) in premature neonates recorded no difference between to transfusions 

with young RBC.  Studies from both sides of the issue of storage age have limitations 

such as a bias toward more severely ill patients receiving older RBC, patients receiving 

multiple transfusions of both young and old RBC and insufficient contrast between young 

and old RBC [39, 40].  Three prospective clinical trials are currently underway that will 

expand our knowledge of the transfusion toxicity of longer stored RBC prior to 

transfusion.  The Red Cell Storage Duration Study (RECESS) is a multicenter 

prospective study that compares the effects of complex cardiac surgery patients receiving 

fresh units of less than 10 days of storage to those receiving older units of 21 days or 

greater.  The change in the composite multiple organ dysfunction score (MODS) from the 

pre-operative baseline will be measured as the primary outcome [41].  The Age of Blood 

Evaluation (ABLE) is another multicenter study that will enroll 2500 severely ill ICU 

patients that will either receive exclusively fresh blood (less than 7 days of storage) 

compared to those who have will receive blood of uncontrolled length of storage.  These 

transfusions will be of the oldest blood available as is the common practice of hospitals.  

Primary outcome is determined by 90 day all-cause mortality with secondary outcomes of 

organ failure, and serious nosocomial infections [42].  The third study is being done in 

Australia, New Zealand and possibly Europe and is referred to as the Standard Issue 

Transfusion Versus Fresher Red Blood Cell Use in Intensive Care – A Randomized 

Controlled Trial (TRANSFUSE).  In this study ICU patients will receive a transfusion of 

either the freshest blood available or receive blood using the current hospital standard 

which is the oldest blood available.  This study plans to enroll 5000 patients and will 
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measure mortality at 90 days post transfusion as well as persistent organ dysfunction.  

The results of these studies will be made available in the next few years and will greatly 

influence current blood banking practices.   

That said, several recent experimental studies, including those shown in Chapter 3 

demonstrate that transfusion with stored RBC does promote tissue injury. It is also well 

established that several changes occur to RBC and storage media during storage.  If it is 

shown that transfusion with older RBC does increase risk of injury, it becomes important 

to better understand how changes to the RBC during storage could contribute to toxicity 

as well as possible strategies to improve transfusion outcomes.  If there no association is 

found, there still remains a need to improve blood storage techniques to meet future 

demand.  In the following section I review several of the well-known changes that occur 

during storage as well their effects upon transfusion.  

 

Biochemical changes of the RBC during storage 

During the storage of RBC a dysfunction in the allosteric mechanisms that 

regulate oxygen affinity of hemoglobin are observed leading to a mismatch between 

oxygen delivery and tissue requirements. These include decreased concentrations 2,3-

bisphosphoglycerate (2,3-BPG) and ATP which decrease oxygen affinity. The loss of 

2,3-BPG in RBC during storage is rapid decreasing from 5mM to undetectable levels 

within 1 week of storage [43].  Upon transfusion, de novo synthesis of 2,3-BPG will 

restore levels to normal within 48 hours, however it is important to note that over the 

initial 48 hours after delivery, and depending on amount of blood transfused, the overall 

oxygen affinity will remain elevated and can cause tissue hypoxia [44]. Similar changes 
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occur in ATP, which in addition to affecting oxygen affinity will also compromise other 

RBC functions related to regulating active transport, antioxidant reactions and oxidative 

stress defense mechanisms, membrane stability and phospholipid distribution and other 

energy requiring reactions. This increases the vulnerability of RBC to cell stresses 

encountered in the circulation system resulting in increased lysis [45].  To help 

compensate for the loss of ATP, erythrocytes are stored in a media that contain dextrose 

which repletes ATP levels by glycolysis. Solutions also include adenine to enable the 

synthesis of ATP.  These two components will ameliorate the loss of ATP levels but will 

not completely restore them.  Presently there are no storage solutions that directly limit 

the loss of 2,3-BPG. 

Currently employed storage solutions have been developed with the primary goal 

of preventing hemoglobin oxidation and slowing the loss of allosteric effectors. Despite 

these efforts, emerging evidence indicate that other changes in the RBC still occur that 

could lead to dysregulated oxygen delivery. For example, expression of the RBC 

membrane protein anion exchange 1 (AE1, or band 3), which is important in ion 

homeostasis in the blood and mediating the exchange of chloride and bicarbonate ions 

across the RBC membrane, decreases by 50% over a 6 week storage time [46]. Loss of 

AE-1 appears to be a result of proteosomal activity and the precise functional 

consequences of such a dramatic loss of AE-1 on RBC function after resuscitation is not 

clear, but underscores the concept that multiple biochemical changes during storage will 

compromise regulated oxygen delivery.  

Many studies have documented increased oxidative stress in various RBC 

components during storage time and with different storage solutions [47-50]. This is 
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typically characterized by an increase in markers of oxidative stress (e.g. increase in 

protein carbonyls, thiol and lipid oxidation products) and by a loss of reductants, 

antioxidants and antioxidant enzyme activities (e.g. glutathione, glutathione peroxidase, 

peroxiredoxin). Redox cycling reactions between hemoglobin and lipid hydroperoxides 

and/or hydrogen peroxide are central in mediating oxidative damage to RBC components 

[51, 52] with the consequences being manifest depending on the target, extent and nature 

of the oxidative event. One example pertinent to oxygen carrying capacity is loss of 

NAD(P)H reducing equivalents which compromises the methemoglobin reductase system 

and thereby leads to an accumulation of methemoglobin. Similarly, a RBC with 

compromised antioxidant defenses is also more susceptible to damage by exogenous 

reactive species that may be encountered in the circulation, especially in patients who 

have vascular inflammation which likely encompasses many groups who would require 

transfusions. Moreover, a common property of stored RBC is increased fragility which 

can arise from lipid peroxidation (and subsequent compromised membrane integrity) 

and/or oxidative modification of cytoskeletal proteins.  

In addition to changes to the RBC during storage there are changes to the media it 

is stored in.  Storage media has an increase in cell free hemoglobin and non-transferrin-

bound iron [53-55]. These are products from RBC that hemolyzed that buildup during 

storage.  Unless the blood is washed prior to transfusion, which is only done in limited 

circumstances, the patient receives these products in addition to the stored RBC.  Each of 

these products has been shown to cause injury upon transfusion.  Cell-free hemoglobin 

has a well-known toxicity and is associated with acute hypertension, vascular injury, and 
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kidney dysfunction [56-60].  Non-transferrin bound iron has been shown to inhibit 

cellular immune function of both monocytes and neutrophils [55, 61-63].   

Another component that increases during storage is heme, and it oxidized form 

hemin. It is not currently known what levels of cell free heme are seen in stored RBC. 

Heme has recently been shown to activate the TLR4 receptor resulting in an increase of 

nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) [59, 60, 64]. 

Activation of the TLR4 receptor has been shown in animal models of sickle cell anemia 

and infection to promote inflammation of tissue and also leads to acute chest syndrome 

and sepsis respectively.   

 

Red Blood Cell changes in Shape and Structure during storage 

The biconcave disc shape of RBC is essential for function as it increases the 

surface area-to-volume ratio facilitating the transport of oxygen across the membrane.  

This discoid shape also allows deformability and thus transit through smaller capillaries. 

As RBC age during storage, its discoid shape changes to a crenellated form referred to as 

an echinocyte.  “Echino” is a prefix denoting spines and indicate the small protrusions 

that appear on older RBC.  Echinocytes also exhibit a decrease in volume but a relative 

increase in surface area (Figure 1-1).  This increase in surface area could increase the 

diffusion of nitric oxide (NO) into the RBC. Echinocytes have also been shown to be less 

deformable and thus more fragile [65-68].  
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Figure 1-1 Representative light microscope images of RBC stored for 0-42d.   

Unwashed blood from segments was obtained from UAB blood bank.  Blood from days 

0, 1, 7, 28, 42 were prepared on microscope slides and fixed with methanol.  Fresh red 

blood cells as seen in Day 0 are of relative uniform shape consisting of discoid structure.  

As RBC age they transition to a smaller denser cell.  Additionally some cells begin to 

develop spine like extrusions as seen above in day 28 and day 42. 

 

These changes to the shape of the RBC are important for the expression of 

epitopes that target the RBC for removal by the immune system but also results in a 

higher probability for lysis both during storage and after transfusion. In fact hemolysis 

during storage varies between 1-5.5% depending on the storage medium and length. This 

is important because cell-free hemoglobin resulting from RBC lysis is a potent oxidizing 

agent and scavenger of NO in the vascular compartment which is discussed later.  

Day 0 Day 1 Day 7

Day 28 Day 42
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It has been shown that as RBC age there is a loss of sialic acid.  Sialic acid 

contributes a negative charge to the membrane which causes a repulsion of other 

erythrocytes.  It has been hypothesized that the loss of charge would have a negative 

impact on the RBC’s membrane deformability as well as increase interactions between 

RBC enhancing erythrocyte aggregation.  Aggregation of RBC affects blood fluidity and 

has been found to be increased in patients exhibiting hypertension [69].   

It has been discovered recently that RBC will bleb small vesicles during storage 

[70].  These vesicles, commonly referred to as microparticles, primarily contain 

hemoglobin and are defined as vesicles expressing glycophorin A protein, a glycoprotein 

found in all RBC.  Vesicles can be differentiated from RBC by size with microparticles 

being of 50-100nm whereas RBC are of 6-8µm in size.  Recent studies have shown that 

microparticles increase inflammation.   This is caused by decreased chemokine binding 

by Duffy antigen which normally would remove chemokines from circulation [71]. 

Additional investigation into microparticles has noted a high rate of NO consumption 

similar to that of cell free hemoglobin [72, 73].  

 

Two Hit Hypothesis of transfusion toxicity 

It should be noted that if a healthy individual is given a transfusion of aged RBC, 

minimal damage occurs [74].  It is only when patients with an underlying disease are 

given a transfusion of aged RBC that an increase in transfusion toxicity is observed. 

Though there are several adverse complications that are associated with the storage 

lesion, two factors seen in common among the storage lesion toxicity is microcirculatory 

dysfunction and increased inflammation [75]. Current theory suggests that  the 
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complications seen in the storage lesion is a two hit process where the first hit is provided 

by the underlying disease state that generally necessitates the use of transfusion. The 

second hit is given with transfusion of older RBC. 

The second hit from the blood storage lesion could occur via multiple 

mechanisms. One mechanism that has received recent attention recently is the 

vasoconstrictive, pro-oxidative and pro-inflammatory effects of cell free hemoglobin that 

arises from the lysis of older fragile RBC. As mentioned previously, the concentration of 

cell-free hemoglobin within the storage solution of the RBC increases as it is stored; 

additionally the RBC being transfused are fragile and less deformable which could result 

in lysis upon or shortly after transfusion. Hemoglobin reacts with nitric oxide (NO) in 

both an oxygenated and deoxygenated state at a high rate (4–8 X10
7
 L · mol

-1
 · s

-1
 and 3–

6X10
7
 L · mol

-1
 · s

-1
 respectively) [76, 77]. Normally, hemoglobin is encapsulated in the 

RBC which is estimated to decrease the rate of NO scavenging approximately 1000-fold 

(Figure 1-2). This is accomplished by a combination of factors including a diffusion 

barrier generated by the RBC membrane as well as an unstirred layer that surrounds the 

RBC which also decreases diffusion.  It has been shown that RBC will amass at the 

center of the vessel during flow. The space where the RBC is not normally found is 

referred to as the cell free zone and is adjacent to the endothelial cells thus increasing 

diffusion distances for NO [78-81].  However, cell free hemoglobin is not affected by 

these factors and will cause an increase in NO scavenging until it is captured by 

haptoglobin and removed by the mononuclear phagocyte system. Another product of 

RBC storage is microparticles that have NO scavenging rate similar to cell-free 
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hemoglobin and not the RBC [73].  In this next section I review the production regulation 

and signaling effects of NO. 

 

 

 

Figure 1-2 Methods of RBC NO scavenging 

RBC have an approximate 1000 fold decrease in NO scavenging compared to cell-free 

hemoglobin due to a cell free zone adjacent to endothelial cells, an unstirred layer that 

surrounds the RBC and membrane proteins that decrease NO diffusion into the cell. A 

transfusion of aged RBC will include aged RBC, microparticles, cell-free hemoglobin, 

heme and free iron.   

 

Nitric Oxide 

To better understand storage lesion toxicity it becomes important to understand 

what effects nitric oxide (NO) has physiologically and what would occur if NO 

concentrations were decreased during transfusions. It has been noted that NO is produced 

both enzymatically by nitric oxide synthases (NOS) as well as non-enzymatically by the 

reduction of nitrate and nitrate to NO.  For this section I will focus on the enzymatic 

production and will address nitrate and nitrite as substrates of NO in the following 
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section.  There are three isoforms of NOS known as endothelial NOS (eNOS), neuronal 

NOS (nNOS) and inducible NOS (iNOS).  All three isoforms will catalyze the 

hydroxylation of L-arginine from oxygen and NADPH to produce L-citrulline and NO  

[82].  iNOS is associated with cells of the immune system and is transcriptionally 

regulated in response to inflammation and cytokines.  Once activated iNOS will produce 

large quantities of NO that are used by the inflammatory system as a means of defense by 

destroying evasive pathogens. Conversely, eNOS and nNOS are constitutively expressed 

and will produce small quantities of NO.  In small doses NO acts as a signal in decreasing 

aggregation of platelets, decreased leukocyte adhesion, antioxidant effects as well as 

interacting with soluble guanylyl cyclase in the smooth muscle layer to produce cyclic 

guanosine monophosphate (cGMP) which in turn activates the cGMP-dependent protein 

kinase or Protein Kinase G (PKG). PKG eventually leads to a decrease in cellular 

calcium levels resulting in relaxation of vascular smooth muscle.  In studies it has been 

shown that an inhibition of NO production by endothelial NOS will result in decreases in 

vessel flow ranging from 20-40% [13, 14, 83, 84]. 

NO diffuses randomly from the endothelial layer, so not only will NO diffuse to 

the smooth muscle to interact with soluble guanylyl cyclase but it will also diffuse to the 

luminal side of the vessel [80].  This luminal side contains a high concentration of 

hemoglobin that scavenges NO very quickly, however this hemoglobin is predominantly 

encapsulated in the RBC and thus its scavenging rate is decreased by the factors 

mentioned previously.  
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Nitrite reduction to nitric oxide 

 The inorganic anions nitrate and nitrite were once considered inert end products 

of nitric oxide (NO) metabolism and dietary constituents. However it has been shown that 

both anions can act as storage pool for NO in a non-enzymatic production of NO.  Nitrate 

anion will reduce to nitrite by symbiotic bacteria in the oral cavity [85].  During hypoxia 

nitrite can function as a substrate for NO through a one electron reduction.  Many 

proteins have been shown to reduce nitrite to NO including myoglobin, neuroglobin 

cytochrome C oxidase, cytoglobin, hemoglobin, and xanthine oxidase.[64, 86, 87]  

Hypoxia and low pH facilitate nitrite reduction. In my studies with the RBC we focus on 

the reaction of nitrite and hemoglobin. 

The RBC or more specifically the hemoglobin within the RBC, will scavenge NO, 

but in hypoxic conditions hemoglobin will reduce nitrite to NO. Ferrous heme mediates 

NO scavenging, specifically, oxyhemoglobin reacts with NO to form nitrate and 

methemoglobin (metHb) whereas deoxyhemoglobin reacts with NO forming 

nitrosylhemoglobin (HbNO):   

HbO2
(2+)

 + 
•
NO   Hb

3+
 + NO3

- 

Hb
2+

 + 
•
NO   HbNO   

Both of these reactions will remove NO and thereby inhibit vasodilation and other 

effects of NO.   

The RBC will also reduce the anion nitrite by deoxyhemoglobin to produce NO 

according to the following mechanism: 

NO2
-
 + H

+
 + Fe

II
Hb  

•
NO + Fe

III
Hb + OH

- 
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Nitrite can also be oxidized by oxyhemoglobin to produce nitrate in the following 

mechanism: 

  2[HbO2]
2+

 + 2NO2
-
 + 2H

+
  2Hb

3+
 + 2NO3

- 
+ H2O2 

On one hand we have the RBC reducing nitrite to NO and stimulating NO 

signaling, on the other hand the RBC will scavenge NO and oxidize nitrite to nitrate 

leading to inhibition of NO signaling (see Figure 1-3).  This balance is maintained in 

homeostasis, however during disease states this balance could be upset leading to an 

increase in inhibition of NO signaling by the RBC.  

  

     

Figure 1-3  Current models for how RBC can inhibit and stimulate NO-signaling.  

Shown is how hemoglobin oxygen sensing may be coupled to NO-scavenging (by 

intact or cell-free hemoglobin), or formation (from deoxyhemoglobin mediated nitrite-

reduction or ATP release and subsequent eNOS activation) to control NO-bioactivity in 

the vasculature. Also shown is the concept that nitrite reduction to elicit NO-signaling 

during hypoxia may occur by tissues independent of RBC, but RBC can affect this 

process by controlling nitrite concentration via oxidation to nitrate.  
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Nitrite as a substrate for nitric oxide 

An increase in NO signaling could right this balance and restore homeostasis.  

The idea to increase NO signaling through therapeutic means is not new and has been 

explored via different avenues. One of the first methods to restore NO is through inhaled 

NO. Currently, inhaled NO is approved by the US Food and Drug Administration as a 

treatment for newborns with hypoxic respiratory failure.  It is also being tested as a 

treatment in a variety of conditions including perioperative pulmonary hypertension, 

cardiac transplantation, acute respiratory distress syndrome, and ischemia-reperfusion 

injury [10]. In addition to inhaled NO, nitrite has also been suggested as therapeutic 

means to increase NO signaling.  As mentioned before, nitrite can be reduced to NO and 

has been shown to be a reservoir for NO in ischemia [72, 88, 89]. Studies have shown 

nitrite levels to be depleted after ischemia injury [15] and the addition of therapeutic 

nitrite protects against ischemic injury. Several other studies have demonstrated that 

nitrite therapy can protect against a variety of conditions including hypertension, 

hemorrhagic stroke, and inflammatory injury in ischemic tissues [85, 90, 91].  Our lab 

has used nitrite as a therapeutic agent in decreasing acute lung injury (ALI) of chlorine 

exposed rats [16] and attenuating hypertension in a trauma/hemorrhage model 

resuscitated with HBOC-201, a blood substitute consisting of purified cell-free, 

gluteraldehyde cross-linked and polymerized bovine hemoglobin [92].  

 

Transfusion Toxicity Therapies 

There is a loss of NO signaling that occurs with transfusion of stored RBC.  In 

this thesis, I will test to approaches to i) avoid loss of NO by washing stored RBC 
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immediately prior to transfusion to remove low molecular weight components that 

scavenge NO and ii) administer  nitrite to replete endogenous NO-signaling. With respect 

to washing, this process will remove RBC degradation products including cell-free 

hemoglobin and microparticles, leaving only intact RBC for transfusion.  Washing of the 

RBC is used in limited circumstances but has shown to be effective in decreasing 

inflammation in cardiac surgery patients [93] and in animal models of transfusion [53, 

55].  Another therapy is to increase NO bioavailability by administration of nitrite as 

outlined above. 

 

Animal Models of the Storage Lesion 

 Key tools in understanding the storage lesion toxicity are animal models that 

recapitulate toxicities observed after transfusion with stored RBC.  Several animal 

models for stored RBC toxicity have been developed recently using rat, mouse, and dog 

[30, 81-84], and supporting the two hit model of transfusion injury. The ‘first hit’ may 

vary and include hemorrhage, lipopolysaccharide and pneumonia infection. In our studies 

we use a murine model of trauma/hemorrhage as a first hit because trauma patients reeive 

significant amounts of stored RBC and, retrospective analysis have shown storage lesion 

toxicity in this patient population[75, 94, 95].  Trauma is described as serious and body 

altering physical injury. Due to its nature, trauma is often associated with loss of blood 

and these patients therefore are primary recipients of transfusions, accounting for 10-15 

% of RBC transfusions in the US [18]. To assess transfusion injury, out focus will be 

acute lung injury (ALI) which is one of the co-morbidities that increase with stored RBC 

transfusion compared younger RBC [96-99].It needs to be specified here that the 
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phenomenon we are concerned with is transfusion related injury and not transfusion 

related acute lung injury (TRALI). The factors that are associated with TRALI are 

debated but TRALI is characterized by increased pulmonary edema, neutrophil 

accumulation, and alveolar injury which combines to cause respiratory stress and 

hypoxemia that occurs within 6 hours of transfusion. It is indistinguishable from ALI 

except for the incidence of transfusion [100] Originally TRALI was thought to be caused 

by immune responses of MHCI and MHCII complexes and is independent of the age of 

the RBC that are transfused. Recently the storage lesion has been linked to TRALI in a 

pathway independent of MHCI and MHCII. Whether these two pathway are linked is a 

subject of current research [101]. Our model focuses on the storage lesion and not the 

immune responses of MHCI and MHCII and should not be confused with TRALI. 

 

Introduction Summary 

There have been many studies investigating the storage lesion and how the 

storage lesion could lead to injury upon transfusion.  It is known that the RBC changes 

morphologically and biochemically, however little attention has been given to how these 

changes could affect NO scavenging.  Additionally, it has recently been discovered that 

heme increases inflammation by activation of the TLR4 receptor.  In this thesis we 

investigate how these two components could contribute to transfusion toxicity.  We also 

show new strategies to improve transfusion by washing RBC and nitrite therapy. 
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CHAPTER 2 

ERYTHROCYTE STORAGE INCREASES RATES OF NO AND NITRITE 

SCAVENGING: IMPLICATIONS FOR TRANSFUSION-RELATED TOXICITY  

Introduction 

Previous studies have demonstrated the association of in vivo toxicity with 

transfusion of older packed red blood cells (pRBC) despite leucoreduction [102] , 

suggesting that mechanisms intrinsic to the RBC may also play a role in storage-lesion-

dependent pathology. In this context, an emerging and unifying hypothesis to explain 

compromised tissue perfusion and exacerbation in inflammatory responses is that aged 

pRBC cause a loss in NO signaling. NO plays important roles in vascular homoeostasis 

with a decrease in its bioavailability leading to hypertension, coagulation and 

inflammation. Specific proposed mechanisms for decreased NO signaling with 

transfusion of older pRBC include a storage-dependent loss of RBC-dependent 

stimulation of NO signaling [via loss of S-nitrosoHb (hemoglobin) or ATP release] [43, 

103, 104] and/or increased rates of NO scavenging by Hb in RBC-derived microparticles 

or after hemolysis. This is underscored by the similarity between the RBC storage-lesion 

toxicities with the pathogenic effects of acellular Hb-based oxygen carriers. 

The NO scavenging reactions of Hb discussed above refer to oxy-ferrous heme-

dependent oxidation of NO to nitrate and deoxyferrous heme binding of NO to form 

nitrosylHb (Hb-Fe2+-NO).  With cell-free Hb, both reactions occur with rate constants 

between 3 and 8×10
7
 M

−1
·s

−1
 [105-107] With erythrocytic, and hence encapsulated, Hb, 
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the rate constant for NO scavenging is decreased by ~500–1000-fold, a property 

proposed to be key in allowing endothelial-derived NO to regulate signaling processes in 

the vasculature [78, 79, 108-110].  The exact mechanism for the decreased NO 

scavenging rate of RBC Hb compared with cell-free Hb remains debated and involves 

diffusion barriers created by an unstirred layer immediately adjacent to the RBC and/or 

membrane-based structures, which slow down NO reactions. Interestingly, these 

diffusion barriers are regulated by RBC size, shape and surface area [108] biophysical 

properties that are known to change during RBC storage. However, the effects of these 

changes on reactions with NO have not been considered previously and are tested in the 

present study. 

In addition, we also tested if reactions between RBC and nitrite were altered 

during storage. Nitrite reactions with Hb are regulated by the Hb fractional saturation 

such that under oxygenated conditions, nitrite is oxidized to nitrate, but when 

deoxygenated, nitrite reduction to NO can occur to mediate hypoxic NO signaling [88, 

89, 111, 112].  The balance between nitrite oxidation compared with nitrite reduction is 

important in regulating NO signaling [113, 114] and could play a role in affecting 

inflammatory tissue injury, since lower nitrite levels predispose to, whereas nitrite 

supplementation protects against, ischaemic and inflammation-dependent tissue injury 

[115].  Since stored RBC have decreased p50 (oxygen partial pressure producing 50% 

saturation.) values and altered membrane properties which could affect nitrite transport, 

we reasoned that altered nitrite metabolism and NO formation by stored RBC could also 

play a role in transfusion-related toxicities. 
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Experimental Procedures 

Materials 

All materials were purchased from Sigma–Aldrich (St Louis, MO) except 

MahmaNONOate and L-NMMA, which were obtained from Axxora Platform (San 

Diego, CA). Male Sprague–Dawley rats (200–250 g) were purchased from Harlan 

(Indianapolis, IN). All animal studies were performed following Institutional Animal 

Care and Use approved procedures. 

 

Light microscopy of RBC 

RBC (5µl of packed cells) were smeared onto a glass slide and fixed using 

methanol and then stained with Wrights stain. Slides were imaged at 40X magnification 

using a Leica DM600 microscope (Leica Microsystems, Bannockburn, IL).  Images were 

adjusted to control for contrast.  

 

Ex Vivo Aorta Vasodilation 

Thoracic aortas were isolated from male Sprague-Dawley rats (200-250g) and 

divided into approximately eight 5-mm wide sections. Rings were suspended between 

two hooks connected to a force transducer and placed within a vessel bath chamber 

containing Krebs-Henseleit (KH) buffer as described previously in [113].  After two 

rounds of KCl-induced contractions followed by washing and 30min equilibration, 

vessels were equilibrated with 21% or 1% oxygen in KH buffer at 37°C in the presence 

of 5% CO2. Vessels were pretreated with indomethacin (5 μM) and N-monomethyl-L-

arginine (L-NMMA; 100μM) and precontracted with phenylephrine (200nM at 21% 
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oxygen tension and 400nM at 1% oxygen tension) before the addition of RBC (0.3% 

hematocrit final concentration). Once vessels had reached a stable tone, vasorelaxation 

was elicited by the addition of either sodium nitrite (3 and 10 μM) or the NO donor 

Mahma-NONOate (10nM and 30nM). A dose-dependent protocol was used to limit the 

time of experiment to <10min post RBC addition; preliminary studies determined that 

longer durations resulted in significant RBC hemolysis which would preclude assessment 

of RBC-dependent effects on NO- or nitrite dependent vasodilation. Vasorelaxation was 

determined in the absence and presence of RBC, and the percent inhibition of nitrite- or 

NO-dependent vasodilation by the RBC calculated using stable tensions at the end of 

vasodilation. Also, at the end of each experiment, the concentration of cell free and RBC 

heme in the vessel bioassay chamber was measured. 

 

Heme concentration measurement  

Hemglobin was measured by deconvolution of visible spectra for oxyhemoglobin, 

deoxyhemoglobin and methemoglobin as previously described [113] or by Drabkins 

assay when sample size was limited or below the limit of detection of deconvolution.  

 

Fractional saturation calculation  

RBC were lysed in deionized water at a ratio of 1:5 and then diluted to 20M 

heme in PBS. This resultant suspension maintained the ratio of hemoglobin to allosteric 

effectors whilst allowing measurement of visible spectra (450-700nm) without scattering 

associated with intact RBC. 3ml of hemolysate was deoxygenated in tonometer and 

equilibrated at 34C. Wavelength scans were taken after the sequential addition of 1ml of 
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air until complete oxygenation of the hemoglobin was achieved. OxyHb and deoxyHb 

concentrations were measured by spectral deconvolution as described [113] and 

deoxyhemoglobin vs. pO2 plotted to calculate P50. P50 values for hemolysates collected 

from freshly isolated (day 0) RBC were 28.9  1 mmHg (mean  SEM, n=4), a value 

which falls within the range of P50 reported for intact freshly isolated RBC at pH7.4, 

37C (27-30mmHg). Validation of the approach used is further provided by the 

magnitude of storage age dependent decrease in P50 being similar to recent studies in 

which oxygen binding affinity of stored RBC was determined by a Hemox analyzer[116].  

 

Kinetic analysis of NO scavenging by RBC  

The rate of NO-dioxygenation induced by RBC was determined using 

competition kinetics as previously described by Vaughn and coworkers [117] with slight 

modifications. Three experimental conditions were used, PBS + 0.5%BSA containing 

either, oxyHb, oxyHb with spermine NONOate (SpNO, an NO donor), or a suspension of 

RBC plus oxyHb and SpNO. Final concentrations were 7μM for oxyHb, 7%Hct for RBC 

(RBC were added after washing (3 times at 1500 x g, 10min) to remove any hemolysis 

derived products that may have accumulated during storage). Experiments were started 

by addition of SpNO (10µM, preliminary studies established these conditions to result in 

linear rates of oxyHb oxidation over 60min, data not shown). Samples were placed in six-

well tissue culture plates at room temperature and rocked gently on a rocking platform.  

Prior to the addition of SpNO samples were taken to assess free hemoglobin 

concentrations.  After addition of SpNO, 0.5mL samples were taken every 10min for 

60min, immediately centrifuged (20 s at 2,000 ×g) to separate the RBC, and the 
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supernatant collected and concentration of oxyHb and metHb determined by visible 

spectroscopy. The relative rate of cell-free oxyHb oxidation to metHb by SpNO, in the 

presence or absence of RBC allows determination of kinetics of RBC-dependent NO-

dioxygenation reactions. In separate experiments evaluating the effects of butylated 

hydroxytoluene (BHT, 100μM), superoxide dismutase (SOD) or SOD + catalase (both 

100 U/ml),reagents were added and incubated for 5 minutes prior to addition of SpNO. 

Relative rate constants for RBC (kRBC) vs. cell-free oxyHb (kHb) were calculated 

as described [117] using the following equation 3: 

[metHb]c – (1-Hct)[MetHb]ex / [oxyHb]RBC  = (KRBC/KHb) ln([totalHb]ex / 

[oxyHb]ex) Equation 3 

where [metHb]c is the concentration of cell-free metHb in the preparation containing cell-

free oxyHb and SpNO (no RBC), Hct is the RBC hematocrit, [oxyHb]RBC is the 

concentration of total Hb in RBC, kRBC and kHb are the rate constants for RBC and Hb-

dependent NO-dioxygenation reactions respectively, [totalHb]ex and [oxyHb]ex are the 

total cell free and oxyHb concentrations respectively in preparations containing RBC. At 

each time point sampled, [metHb]c – (1-Hct)[MetHb]ex / [oxyHb]RBC  the  term (y-axis) 

was plotted against ln([totalHb]ex / [oxyHb]ex) term (x-axis) and kRBC/kHb determined by 

the gradient. Initial studies indicated that significant hemolysis occurred during the 

experiment when assessing RBC stored for more than 14d. The protocol was modified 

therefore to collect samples every 3 min for 12 min, a time period over which the above 

described plot remained linear and cell-free hemoglobin concentration changed by <6%.  

An increase in cell-free hemoglobin concentration beyond 6% would also not allow a 

linear plot of the previously mentioned values 
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Microparticle measurement 

Stored RBC were left unwashed (60%Hct) or washed (3 times) and brought to 

60% Hct in PBS + 0.1% BSA.  RBC were then incubated with anti-glycophorin A-FITC 

conjugated antibody (0.17µg/ml) for 30min in the dark at room temperature [70]. 

Samples were then analyzed by flow cytometry using a Becton Dickinson FACSCalibur 

(BD Biosciences, Franklin Lakes, NJ) and events acquired using CellQuest software. 

Approximately 100,000 events were collected per measurement. All analyses were done 

with FlowJo software (Tree Star, Inc., Ashland, OR). 

 

Nitrite Consumption by RBC 

 Nitrite consumption by RBC (washed to remove microparticles and cell-free 

heme) was determined as described [118]  at different oxygen tensions in a controlled-

atmosphere chamber (Plas Labs, Lansing, MI) using atmospheric gas combined with 

nitrogen gas to produce 21% or 2% oxygen tensions. RBC suspensions at 5% Hct in Tris-

buffer containing 0.1%BSA, pH 7.4 were equilibrated for 30min in six-well tissue culture 

plates with gentle rocking. To initiate experiments, nitrite (100µM) was added (nitrite 

stock solutions were prepared in deoxygenated PBS) and aliquots removed at 0, 5 and 15 

minutes. Aliquots were taken out of the chamber and immediately centrifuged at 2,000 g 

for 30 s. The extracellular fraction (supernatant) was collected and vortex mixed with 

equal volumes of methanol then frozen in liquid nitrogen. In all experiments, parallel 

incubations of nitrite alone in Tris-BSA buffer were included. Nitrite consumption was 

determined as the difference between its concentration in the samples with and without 

RBC. 
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Trauma Patient studies  

Patients admitted in to the trauma intensive care unit at UAB with orders to 

receive 1 packed red blood cell (pRBC) unit transfusion were enrolled into the study. 

Study protocol, patient enrollment, exclusion criteria, and demographics were recently 

described.[119]  Approval for this study was granted by the University of Alabama at 

Birmingham Institutional Review Board. Blood samples (400µl) were collected 

immediately before RBC transfusion and 1h after the completion of transfusion and 

immediately processed for whole blood nitrite measurements by methanol extraction as 

previously described[120] . Methanolic extracts were stored (-80C) prior to nitrite 

measurement.  

 

Nitrite and Nitrate measurements  

Methanolic extracts were thawed on ice in the dark and then centrifuged (15,000 x 

g, 5 min, 4 °C). The supernatant volume was measured and nitrite and nitrate 

concentrations determined using triodide based chemiluminesence as previously 

described [120] on a Sievers NOanalyzer and comparison to respective standard curve.  

 

Statistical Analysis 

Storage time-dependent changes were analyzed by 1-way repeated measures 

ANOVA with Tukey’s post-test or by 2-way ANOVA when also assessing effects of 

pO2. Changes in circulating nitrite levels in trauma patients before and after RBC 

transfusion were analyzed by unpaired Student’s t-test. P-values less than 0.05 were 
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considered significant. All analyses used GraphPad Prism Software (San Diego, CA, 

USA). 

 

Results  

Validation of storage-dependent changes in RBC  

RBC segments of pRBC of different storage ages were collected from the UAB 

blood bank or RBC isolated from healthy volunteers and leukodepleted to standard blood 

banking conditions at our institution were used.  Figure 2-1 shows blood bags stored at 

UAB blood bank.  The RBC segments are tubing that are seen at the top of each blood 

bag.   These segments contain the same solution of RBC as found in the blood bag but are 

sealed off from the blood bag to allow easy removal for testing of RBC by blood bank 

technicians. 
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2-1 Blood bags and associated segments 

Shown is an example of blood bags stored at UAB blood bank.  Attached to the 

top of each blood bag are tubing referred to as segments.  Segments contain small amount 

of stored RBC that are sealed away from the blood bag. 

 

After leukodepletion by filter blood was centrifuged in either 15 mL or 50mL BD 

falcon conical tubes to isolate RBC.  RBC were then suspended in Adsol 1 storage media 

at 60% Hct and stored in 50mL BD falcon conical tubes.  Hemoglobin concentrations in 

the supernatant were measured over time from either preparation. (Figure 2-2A).  A 

significant increase in cell free hemoglobin was seen in RBC centrifuged in 50mL tubes 

as compared to RBC centrifuged in 15mL tubes.   The hemoglobin concentrations during 

storage seen in RBC centrifuged in 15mL tubes is consistent with previous studies [121] 

and this method was used to prepare RBC for all data shown afterwards.  The increase in 
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hemolysis seen between different preparation protocols was surprising and is addressed 

in the discussion section.  RBC P50 was also shown to decrease (Figure 2-2B) consistent 

with previous studies [122].  

 

Figure 2-2 RBC storage increases oxygen affinity. 

Panel A:  Blood was collect from volunteers and leukodepleted by filtration.  After 

filtration blood was centrifuged for 10 minutes at 1500g in either 15 mL(red)  or 50mL 

(blue) BD falcon conical tubes.  After centrifugation, plasma is removed and packed 

RBC are brought to a 60% Hemaocrit using Adsol-1 storage media. RBC are then stored 

at 4° Celsius in 50mL BD falcon conical tubes.  At 1, 7, 14, 28 and 42 days aliquots of 

stored blood are assessed for hemolysis by measuring hemoglobin concentration in 

supernatant.  Data show mean  SEM (n=3) *P < 0.05 vs 50mL conical tubes.  Panel B: 

RBC were collected from healthy volunteers, leukodepleted, stored for the indicated 

times and P50 values assessed.  Data show mean  SEM (n=3-4) *P < 0.05 vs day 0; 
#
P < 

0.05 vs days 0, 1, 7 by 1-way ANOVA with Tukey’s post test.  

 

RBC storage increases NO scavenging and inhibits NO-dependent vasodilation.  

The rate constant for NO-reactions with oxyhemoglobin in RBC can be 

determined using a competition assay, in which the NO-donor SpNO is added to a 

mixture of cell-free oxyhemoglobin and RBC, and then following the time dependent 

formation of cell-free methemoglobin. At non-limiting SpNO concentrations, an increase 

in the rate of RBC-hemoglobin reactions with NO is reflected as a decrease in the rate of 

cell-free methemoglobin formation. Figure 2-3A shows representative kinetic traces and 
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demonstrates that RBC-dependent inhibition of cell-free methemoglobin formation 

increases with the length of RBC storage. The transition from linear to curved kinetic 

traces for metHb formation in the presence of RBC is similar to previous studies and 

reflects the competition between RBC and cell-free hemoglobin for reaction with NO. 

Figure 2-3 B plots the calculated ratio of rate constants for NO-dioxygenation reaction 

between erythrocytic and cell-free hemoglobin (kRBC / kHb) and demonstrates that RBC-

dependent NO-scavenging increases 40-fold over 42 days of storage. Significance by 1-

way ANOVA was observed with 42d old RBC relative to all other ages. A trend towards 

increasing NO-scavenging rates is also noted by 14-28d  which was not significant due to 

variance within any given RBC age especially from day 14 and onwards (likely reflecting 

donor to donor differences). Exclusion of outlier data (n=1 each from 14d and 28d data 

set) detected by Grubbs’ test resulted in an observation of a significant increase in NO-

scavenging kinetics between both day 14 and 28 RBC relative to day 0 (P < 0.05 by t-

test, not shown). Addition of SOD, SOD + catalase or BHT, had no effect on NO-

dioxygenation rates by 42d old RBC (not shown) suggesting that increased superoxide or 

lipid alkoxyl / peroxyl radicals are not responsible for accelerated NO-consumption.  

NO-dependent dilation of isolated rat thoracic aorta was used to test if storage 

dependent increased NO scavenging by RBC translates to a greater degree of inhibition 

of NO-signaling. Aortas were pre-constricted with PE and L-NMMA, the latter to inhibit 

endogenous NO-formation from endothelial nitric oxide synthase. RBC of different ages 

were then added, and followed by addition of MNO (10nM and 30nM).  
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Figure 2-3 Effects of RBC storage time on NO-scavenging kinetics 

Panel A shows representative traces for SperNO dependent formation of cell-free metHb 

from oxyHb (7µM) in the presence and absence of RBC (7% Hct) of different storage 

ages (, cell free oxyhemoglobin alone; , day 0 RBC,  , day 7 RBC). Inset shows 

data with older RBC (, day 14; , day 28; , day 42) where kinetics were determined 

over shorter times due to hemolysis (as described in methods). Panel B shows calculated 

ratio of rate constants for NO-dioxygenation by RBC relative to cell-free Hb. RBC of 

different ages were collected from UAB blood bank. For day 0 samples, RBC were 

collected from healthy volunteers, leukodepleted and processed as described in methods.  

Experiments were performed in PBS, pH 7.4 at 20C. Data represent mean  SEM, n = 3-

7. *P < 0.05 relative to day 0,7,14, 28 by 1-way ANOVA (P < 0.01) and Tukey’s post 

test. 

 

Figure 2-4 A shows representative vessel tension traces showing that MNO 

(30nM) stimulated 40% dilation from when vessels reached stable tension, which was 

inhibited in the presence of day 0 and day 42 RBC; the latter having a greater inhibitory 

effect. Figure 2-4B shows the percent inhibition of MNO-dependent vasodilation by RBC 

as a function of storage time. 42d RBC inhibited MNO-dependent vasodilation at both 

21% and 1% O2 consistent with increased NO-scavenging kinetics.  No significant effect 

of oxygen tension (P = 0.1, by 2-way ANOVA) was observed.    
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As shown in Figure 2-2B, RBC P50 decreases with storage time. Since the rate of 

NO-scavenging by oxyhemoglobin is slightly (1.5-2-fold) faster compared to 

deoxyhemoglobin [100, 105, 106, 108] the increased inhibition of NO-dependent 

vasodilation observed with older RBC (2-3 fold for 0d vs. 42d RBC), could reflect the 

presence of more oxy- vs. deoxyhemoglobin. This is unlikely however since the rate of 

NO-consumption by RBC is zero order with respect to hemoglobin[108]. Another 

possibility is that when deoxygenated, the RBC membrane permeability to NO is 

increased contributing in part, to differential NO-scavenging kinetics by RBC compared 

to cell-free hemoglobin.[105] Inhibition of MNO-dependent vasodilation was replotted as 

a function of oxygen fractional saturation of RBC in vessel bioassay chambers (Figure 2-

4C).  At 1% O2, fractional saturation was higher for 42d vs. 0d RBC (P<0.05 by 1-way 

ANOVA with Tukey’s post test) and inhibition of MNO-dependent vasodilation 

paralleled storage time (Figure 2-4B) suggesting that higher concentrations of 

oxyhemoglobin in older RBC mediate increased inhibition of MNO-dependent 

vasodilation. At 21% O2 however, no difference in fractional saturation was observed (P 

= 0.21 by 1-way ANOVA) between RBC of different age. This suggests that increased 

inhibition of NO-scavenging, and increased rate of NO reactions are due to storage 

dependent changes in RBC morphology or biochemistry that are independent of oxygen 

affinity. 
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Figure 2-4 Effects of RBC storage time on NO-dependent vasodilation. 

RBC (0.3%Hct) of different ages were added to vessel bioassay chambers followed by 

addition of MNO to rat aortic segments. Experiments were performed at 21%O2 and 1% 

O2. Panel A shows representative vessel tension vs. time traces (21%O2). RBC were 

added at time 0 and MNO (30nM) addition indicated by arrow. Panel B shows percent 

inhibition of MNO-dependent vasodilation by RBC of different storage ages at 1% O2 

() and 21% O2 (). Data are normalized to the RBC heme concentration in the vessel 

bioassay chamber measured at the end of each experiment and are mean  SEM (n=5-6). 

*P < 0.05 relative to day 0, 1, 14 and 
#
P < 0.05 relative to day 0 by 1-way ANOVA with 

Tukey’s post test. Panel C plots percent inhibition of MNO-dependent vasodilation by 

RBC as a function of calculated oxygen fractional saturation of RBC. , data collected at 

21%O2, , data collected at 1%O2. 
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Stored RBC are more sensitive to hemolysis and produce more hemoglobin 

containing microparticles, both of which exhibit increased NO-scavenging kinetics.[70] 

Microparticle formation and hemolysis was measured before and after washing. 

Microparticles increased with storage age, but washing removed them to  0.5% 

microparticles which are determined as glycophorin A positive events (Figure 2-5 A-C). 

Moreover, washing also decreased cell-free hemoglobin to <0.5µM (not shown). Since 

hemolysis may occur during the time over which vessel relaxation is assessed, cell-free 

hemoglobin was measured in vessel bioassay chambers at the end of each experiment. No 

significant correlation between the concentration of cell-free heme and the extent of 

inhibition of MNO-dependent vasodilation was observed (Figure 2-5D). Collectively, 

these data suggest that using the described protocols, neither microparticles nor cell-free 

hemoglobin contributed to the enhanced NO-scavenging observed by stored RBC. 
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Figure 2-5: Testing a role for microparticles or cell-free hemoglobin in enhanced 

stored RBC dependent inhibition of NO-signaling. 

Panel A and B show representative histograms for microparticle analysis in 42d RBC by 

FACS before and after washing respectively. Events in upper left quadrant represent 

microparticles and upper right quadrant intact RBC. Panel C shows changes in 

microparticle levels during storage before () and after () washing. Data are mean  

SEM (n=3). *P<0.02 relative to before washing by t-test. Panel D shows cell-free 

hemoglobin concentrations measured in vessel bioassay chambers plotted against the % 

inhibition of MNO-dependent vasodilation (, data from 21% O2 experiments, , data 

from 1%O2 experiments). No significant correlation was observed by linear regression 

analysis (P = 0.49) shown by line.  

 

 



37 

 

 

Effects of RBC storage on nitrite metabolism   

Nitrite was added to RBC of different storage ages pre-equilibrated at either 21% 

O2 or 2% O2. Figure 2-6 shows how RBC storage affects nitrite consumption and nitrate 

formation profiles.  Key results from these experiments were i) consistent with our 

previous data [118], nitrite consumption was faster under deoxygenated conditions 

compared to oxygenated conditions with freshly isolated (day 0) RBC (Figure 2-6A), ii) 

Figure 2-6A-E show that as a function of storage time, the difference between low and 

high oxygen-dependent nitrite consumption kinetics increases up to 14d, and then 

decreases thereafter, with no oxygen-dependent difference evident with 42d old RBC. iii) 

comparison of how storage age affected nitrite consumption at each pO2 showed that at 

low O2, rates of nitrite consumption were higher with RBC stored for 14d or longer 

compared to 0d RBC.  
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Figure 2-6 RBC storage age effects on nitrite metabolism. 

Nitrite (100µM) was added to RBC (5%Hct) of different storage ages in PBS + 0.1% 

BSA pre-equilibrated at either 21% O2 () or 2% O2 (). At 5 and 15 min after nitrite 

addition, RBC were pelleted and nitrite and nitrate levels measured in the extra-

erythrocytic fractions. Data show nitrite consumption (Panels A-E) and nitrate formation 

(Panels F-J) normalized to heme. P-values indicated on each panel demonstrate effects of 

pO2 on nitrite consumption or nitrate formation rates determined by 2-way ANOVA. 

Calculated oxygen fractional saturations for 2% O2 condition for storage times 0, 7, 14, 

28, 42 were respectively 0.27, 0.46, 0.56, 0.66, 0.69.  

 

Similarly, significant increases in rates of nitrite consumption under oxygenated 

conditions were observed by stored RBC compared to d0 RBC (Figure 2-7), iv) Both low 

and high oxygen conditions resulted in similar rates of nitrate formation from nitrite with 

d0 RBC (Figure 2-6F). As a function of storage time however, an oxygen dependent 

effect became apparent with nitrate formation being greater at the lower relative to the 

higher oxygen tensions with RBC stored for 14d or longer (Figure 2-6F-J).  
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Figure 2-7 Storage age effects on nitrite consumption kinetics by RBC at 2% and 

21% O2 

Panel A.  At 2% O2, nitrite (100µM) was added to RBC (5%Hct) of different 

storage ages in PBS + 0.1% BSA pre-equilibrated at 2% O2. At 5 and 15 min after nitrite 

addition, RBC were pelleted and nitrite levels measured in the extra-erythrocytic 

fractions. Each panel shows effect of indicated RBC storage age () relative to day 0 

RBC (). P-values indicated on each panel demonstrate effects of storage age on nitrite 

consumption determined by 2-way ANOVA. Calculated oxygen fractional saturations for 

2% O2 condition for storage times 0, 7, 14, 28, 42 were respectively 0.27, 0.46, 0.56, 

0.66, 0.69.  Panel B.  At 21% O2 nitrate was measure consumption was measured in the 

same manner as 2% O2. Each panel shows effect of indicated RBC storage age () 

relative to day 0 RBC (). P-values indicated on each panel demonstrate effects of 

storage age on nitrite consumption determined by 2-way ANOVA. 

 

Importantly nitrate formation increased as a function of storage time at both high 

and low oxygen conditions; Figure 2-7 B shows rates at 21% O2. 
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Figure 2-8 RBC storage increases nitrite consumption and nitrate formation under 

oxygenated conditions.  
Nitrite was added to RBC at 21% O2 as described in Figure 2-6 legend and nitrite 

consumption (panel A) and nitrate formation (panel B) measured at 5 min. Data show 

mean  SEM (n=4-5). * P < 0.03 by t-test.  

 

Effects of RBC storage on nitrite-dependent vasodilation 

Nitrite dependent vasodilation was assessed in the presence and absence of RBC 

and at 21% and 1% O2 Figure 2-8A-B show representative tension vs. time traces. 

Consistent with previous studies, nitrite alone is a more potent vasodilator at low oxygen 

tensions [114, 123, 124]. RBC inhibited nitrite dependent vasodilation when oxygenated, 

but promoted vasodilation when deoxygenated. Figure 2-8C shows how storage duration 

affected RBC-dependent inhibition or potentiation of nitrite-dependent vessel relaxation. 

Low oxygen tensions resulted in a relative potentiation of nitrite dependent vasodilation 

compared to high oxygen tensions consistent with a deoxygenation-dependent nitrite-

reductase activity of RBC. This relative effect was not affected by RBC storage age.  
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Figure 2-9 Effects of RBC storage on nitrite-dependent vasodilation of rat thoracic 

aorta. 

Nitrite (3 and 10µM) was added to aortic baths containing Krebs buffer with or without 

RBC (0.3%Hct) of different storage ages and at 1% O2 or 21% O2. Panel A-B show 

representative vessel tension traces. Arrows indicate nitrite addition. Panel C shows 

percent change in vasodilation elicited by RBC relative to nitrite alone at 1% O2 () and 

21% O2 () and storage age. Data are normalized to the concentration of RBC heme in 

each vessel bioassay chamber. A positive value denotes inhibition, and negative value 

indicates potentiation of nitrite-dependent vasodilation. Data are mean  SEM (n = 3-6). 
#
P < 0.005 by 2-way ANOVA for effects of oxygen.  
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Effects of RBC storage and transfusion on nitrite levels in trauma patients  

Figure 2-10A shows that whole blood nitrite levels decreased significantly after 

transfusion of stable trauma patients with 1pRBC unit. Each unit transfused occurred 

over 60-90min and resulted in 60% decrease in blood nitrite levels. Moreover, the 

decrease in nitrite levels was greater when transfusion occurred with RBC stored for 

>25d compared to <25d (Figure 2-9B). Since the same volume (1unit, 500ml) of RBC 

were transfused, these data also suggest that decreased nitrite levels are not due to 

resultant dilution of blood (10%).  

 

 

Figure 2-10 RBC transfusion decreases circulating nitrite levels in stable Trauma 

patients 

Panel A: Whole blood nitrite was measured pre- and post-transfusion with 1 unit 

of RBC in stable trauma patients. Data show mean  SEM (n =31), *P<0.01 by paired t-

test. Panel B: Data were separated by the storage age of transfused RBC (0-25d, n = 14 or 

26-42 d, n = 17) and changes in whole blood nitrite consumption (pre – post transfusion) 

plotted for these groups. *P<0.02 by unpaired t-test. 
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Discussion 

When preparing blood for storage it was noted that hemolysis rate was affected by 

centrifugation container where the larger container caused an increase.  What is occurring 

during centrifugation in 50mL volumes that causes an increase in hemolysis is unknown 

but could be from differences in centrifugal pressure resultant from different volumes 

during centrifugation.  A recent study investigated the effects of centrifuge time on 

hemolysis rate [125].  In processing RBC prior to storage, blood is centrifuged to separate 

RBC and plasma.  This centrifuge time can vary.  This study showed that RBC 

centrifuged for a longer period of time had a small but significant increase in cell free 

hemoglobin levels at 5 weeks of storage.  We speculate that centrifugal pressure could 

stress the RBC and result in more fragile RBC. These more fragile RBC would initially 

remain intact, but as storage time increased, these cells would lyse resulting in an 

increase in hemolysis.   Though we have not fully investigated this issue, it did put us in 

the mindset that small alterations during collection could result in drastic changes to the 

RBC during storage. 

Decreased NO-signaling has emerged as a central mechanism underlying the RBC 

storage lesion [75, 126-128]. This hypothesis is further supported by data presented 

herein, that show RBC-dependent scavenging of NO and nitrite is enhanced during 

storage. We propose that this contributes to an overall deficit in NO-bioavailability and 

predisposition to circulatory dysfunction and tissue inflammatory injury, two features 

emblematic of transfusion related toxicity [129-131].  

Decreased RBC dependent stimulation of NO-signaling and increased NO-

scavenging (secondary to hemolysis and increased microparticle formation) with stored 
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cells, have been reported to contribute to a deficit in NO-bioactivity [43, 70, 104, 132, 

133]. How the storage time dependent changes in these processes translate to the clinical 

manifestation of storage lesion related toxicity is difficult to ascertain directly. 

Retrospective studies indicate adverse effects are observed with transfusion of RBC 

stored for >14d [31]. Consistent with this, ATP release and subsequent activation of 

eNOS is diminished with deficits observed with 7-14d old RBC and increased hemolysis 

and microparticle formation occurs in a similar storage time dependent manner with 

significant increases and effects on NO-scavenging evident after 14-21d (Figures 2-2A 

and 2-5). Reported deficits in SNOHb bioactivity occur much faster and within a day of 

storage [43, 104] leading to suggestions that the RBC lesion occurs even earlier than 

expected or that there is no direct cause and effect relationship in this case [134].  How 

intact stored RBC-interactions with NO are affected by storage has received little 

attention. Data presented herein indicate that significant increases in NO-scavenging 

occur with RBC stored for 42d but with trends being observed by 14-28d.  How intact 

RBC affect NO-homeostasis is an important consideration since i) biophysical and 

biochemical properties of the RBC are key in controlling NO-diffusion [73, 109, 117] 

and slowing NO-scavenging by encapsulated heme, and ii) RBC storage leads to smaller, 

less flexible cells with greater surface area to volume ratio.  The latter is predicted to 

decrease NO-diffusion barriers and thus increase NO-scavenging rates (see below). To 

test this hypothesis, we utilized in vitro competition kinetic assays to determine the rate 

of NO-dioxygenation by RBC stored for different times. The kRBC/ kHb increased 40-

fold over 42 days which was reflected by an enhanced inhibition of NO-dependent 

vasodilation. Importantly, although experimental conditions that allowed exclusion of 
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contributions from storage dependent hemolysis and microparticles were used, we note 

that while washing decreased microparticles to control levels, complete removal was not 

achieved, precluding a definitive exclusion of these species in contributing to the 

increased NO-dioxygenation kinetics or inhibited MNO-dependent vasodilation 

observed. Although the rate constant of RBC-dependent scavenging of NO increased 

during storage, this remained significantly less than cell-free hemoglobin (by 20 fold, 

Figure 2-3B). However, in a unit of stored RBC with a 60% Hct, the concentration of 

erythrocytic hemoglobin is 150-fold greater compared to cell-free hemoglobin (12mM 

RBC heme vs. 80µM for cell-free hemoglobin, see Figure 2-2A. Since the rate of NO-

scavenging is the product of the rate constant and concentration, this suggests that intact 

stored RBC may effectively contribute to NO-scavenging. According to current blood 

banking guidelines, at least 75% of transfused RBC are expected to be present in the 

circulation 24h post-transfusion. This suggests that RBC with enhanced NO-scavenging 

properties may be persistent for many hours post transfusion. The potential role for intact 

RBC dependent effects on NO-function is further underscored by the fact that we used 

leukodepleted RBC, which may decrease (although not completely prevent) hemolysis 

and microparticle formation. We also note that at least in trauma patients, evidence for 

storage lesion dependent toxicity still remains despite the use of leukodepleted pRBC 

[102]. It is difficult to ascertain the relative contributions of erythrocytic vs. microparticle 

vs. cell-free hemoglobin towards inhibited NO-signaling since steady states of the above 

species are unlikely in a transfusion setting. Many factors will affect the concentrations of 

intact RBC, microparticles and cell-free hemoglobin, including RBC turnover, variable 

hematocrit, number of pRBC units transfused, and the balance between formation of 
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microparticles and hemolysis vs. clearance of these species (e.g. cell-free hemoglobin is 

cleared by haptoglobin and CD163-dependent pathways) [56, 135, 136]. The calculation 

presented above also does not account for differences in NO-scavenging that occurs due 

to the RBC-free zone. Irrespective of the relative contributions, we posit that intact RBC 

are important partners with microparticles and cell-free hemoglobin that collectively 

inhibit endogenous NO-dependent signaling. In addition, our data suggest that therapeutic 

strategies aimed at limited NO-scavenging should also target intact RBC-dependent NO-

reactions. 

How storage increases RBC dependent scavenging of NO is unclear. The effects 

of storage include changes RBC size, shape, membrane permeability and extracellular 

diffusion; all of which can regulate the kinetics of NO-scavenging [73, 78, 105, 108, 109, 

117, 137]. Moreover, the rate limit may be controlled by distinct factors as exemplified 

by recent experimental and modeling studies that indicate the unstirred layer is the 

primary component regulating NO-scavenging by RBC, whereas membrane permeability 

is the key controlling factor for NO-reactions with microparticles [73]. Although it has 

been proposed that an additional factor is an intracellular diffusion barrier due to the very 

high hemoglobin concentration [110, 137], this has been challenged on experimental and 

theoretical grounds. In addition, the fact that NO consumption by RBC is zero order with 

intracellular hemoglobin concentration (which was actually the initial observation that 

prompted the concept of an extracellular diffusion barrier) is also inconsistent with this 

conclusion.  The size of RBC decrease in certain storage conditions. The half-life of NO 

(t1/2) in the presence of RBC has been modeled previously [108] according to equation 4: 

  t1/2=(ln 2)/[4Nπ(DNO r)]   (Equation 4) 



47 

 

 

where N = number of cells/ml,  DNO = aqueous diffusion constant for NO, and r = cell 

radius.  According to this equation, as the cell radius increases there will be proportional 

decrease in the NO half-life or an increase in RBC scavenging kinetics. This is consistent 

with the concept of an unstirred layer, where at non-limiting hemoglobin concentrations, 

the rate of NO-dioxygenation is proportional to the RBC surface area. During storage 

RBC change from a biconcave disc to echinocytes with spiculated membranes.  Although 

the cells become smaller, these morphologic changes are likely to increase the total 

surface area (comparing like volumes of old RBC to young RBC), which would result in 

increased NO-consumption rates. Another consideration is that the internal cell volume of 

RBC decrease during storage. However, hemoglobin concentration does not change (not 

shown) indicating that during storage, hemoglobin packaging is altered. How this may 

affect the rate of NO-dioxygenation can be derived from equations 5-6. 

Vi/VT =N x 4/3 x πr
3
         (equation 5) 

or       N = (Vi/VT) / (4/3) πr
3
   (equation 6) 

where the ratio of internal volume of the cell (Vi) to total volume occupied by all cells 

(Vt) is equal to the number of cells / ml (N) multiplied by the volume of a sphere (where r 

is expressed in cm).   

Substituting equation 4, the half-life of NO in the presence of RBC with different 

volumes is shown in equation 7: 

t1/2 = (ln 2)r
2
 / [3(Vi/VT) DNO] (equation 7) 

Thus, if we compare a suspension of RBC of equal total hemoglobin 

concentration but different sizes similar to our experimental protocol to assess reaction 

kinetics, the rate of NO consumption by the smaller cells will be greater in proportion to 
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the square of the ratio of the radii. Thus, RBC with smaller volumes provide another 

possible explanation for why stored RBC reacted faster with NO. A limitation of this 

modeling is that it assumes spherical RBC while storage induces a spectrum of cells with 

different shapes and sizes. Thus, it is likely that individual RBC possess heterogenous 

NO-scavenging potential in stored pRBC units. 

We also investigated the effects of storage time on reactions between RBC and 

nitrite under oxygenated and deoxygenated conditions to test whether deoxyhemoglobin 

dependent nitrite-reduction and NO-formation is altered. Storage age had no effect on 

how RBC modulated nitrite-dependent relaxation. At high oxygen tension, RBC of all 

storage ages inhibited, whereas at low oxygen, no change or a potentiation of relaxation 

was observed reflecting the balance between NO-scavenging by oxyheme and nitrite-

reduction to NO by deoxyheme. However, as shown in Figure 2-4, 42d old RBC 

inhibited NO-dependent vasodilation more than 0d RBC. Since nitrite-dependent 

vasodilation occurs via NO-formation we speculate that to observe no storage age effect 

on nitrite-dilation at low oxygen, increased rates of nitrite-reduction must be occurring to 

counter increased NO-scavenging. Indeed, increased rates of nitrite consumption were 

observed at low oxygen by RBC stored for greater than 14d.  Another consideration in 

these experiments is that the initial rates of nitrite reduction follow a bell-shaped 

dependence with respect to hemoglobin oxygen fractional saturation, with maximal rates 

achieved close to the P50. Due to decreasing RBC P50, calculated oxygen fractional 

saturations for RBC in nitrite consumption studies (at 2% O2) indicated that maximal 

rates were observed with 14d RBC which were also closest to the P50 (see Figure 2-6). 

These data underscore the fact that the precise RBC oxygen fractional saturation, a 
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product of local pO2 and RBC oxygen affinity will be key determinants of how quickly 

nitrite may be reduced to NO.  

RBC storage also increased rates of nitrate formation under oxygenated 

conditions (Figure 2-6F-J), which was paralleled by increased rates of nitrite 

consumption (Figure 2-7). A higher concentration of oxyhemoglobin (due to lower P50) 

may also underlie increased nitrate formation kinetics observed with stored RBC at 2% 

oxygen. Oxyhemoglobin mediated nitrite oxidation to nitrate is an autocatalytic reaction 

that proceeds via intermediate formation of hydrogen peroxide and nitrogen dioxide 

radical. Therefore antioxidant enzymes or reductants that can scavenge these reactive 

species slow down nitrite oxidation. Oxidative damage concomitant with loss of 

antioxidants has been reported in RBC during storage. Thus the increase in nitrite 

oxidation to nitrate observed with stored RBC is likely the result of lower endogenous 

reductant systems. The lower blood nitrite levels in stable trauma patients transfused with 

an older vs. younger pRBC unit may reflect increased rates of nitrite consumption by 

deoxygenated and/or oxygenated RBC. However, since P50 decreases with RBC storage 

(implying greater oxyhemoglobin concentrations) we speculate that RBC-dependent 

oxidation of nitrite predominates over reduction pathways.  

In summary, we show that in addition to increased NO-scavenging by hemolyzed 

cell-free hemoglobin and microparticles, changes to the RBC itself that occur during 

storage can lead to decreased NO-bioavailability. We posit that the combination of stored 

RBC dependent increased NO-scavenging and nitrite oxidation dispose tissues to 

inflammatory stress during and following transfusion and underscores the potential 
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therapeutic benefit for NO-repletion strategies with recent studies showing promise in 

this concept.  
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CHAPTER 3 

TAK-242 (A TLR4 INHIBITOR), NITRITE THERAPY AND WASHING OF OLDER 

RED BLOOD CELLS ATTENUATE LUNG INJURY AND INCREASE SURVIVAL 

IN A MURINE MODEL OF TRANSFUSION INJURY 

 

Introduction  

 Transfusion with packed red blood cells (pRBC) is the front line therapy for 

critically ill patients. However, recent studies have documented positive associations 

between the number of RBC units transfused, the age of the RBC unit being transfused, 

and increased transfusion related morbidities and mortality [138]. For example, our 

studies have shown increased incidents of acute lung injury, acute kidney injury, 

pneumonia infection and mortality in trauma-hemorrhage patients, a population that 

receives a significant portion of the stored blood in primary care-centers [29, 94, 139]. 

Importantly, storage lesion toxicity is observed with diverse patient populations 

suggesting common mechanisms related to gain of toxic functions for stored RBC. This 

understanding has fuelled numerous research efforts aimed at elucidating the mechanisms 

by which stored RBC may elicit injurious responses after transfusion [140]. Current 

thinking suggests these are related to microcirculatory dysfunction, exacerbation of 

underlying inflammation, increased oxidative stress and increased disposition to 

nosocomial infections [54, 131, 139, 141-144]. During storage several structural, 

biochemical and metabolic alterations occur to the RBC. Referred to as the RBC storage 

lesion, these changes include loss of metabolites (e.g. ATP), loss of RBC volume with 



52 

 

 

accompanying formation of echinocytic RBC and hemoglobin-containing microparticles, 

RBC degradation and release cell-free hemoglobin (hemolysis), iron and cellular debris 

[65]. While potential toxic effects of each of these aspects of RBC storage have been 

studied (see below), little attention has been given to the potential of heme released 

during storage as a mediator of transfusion injury. Notably, recent studies suggest that 

heme is a potent inducer of inflammatory tissue injury in sickle cell disease and sepsis 

[60, 145-147].  

 Loss of nitric oxide (NO) homeostasis has emerged as a key mechanism 

underlying many of features of transfusion toxicity associated with stored RBC including 

microcirculatory dysfunction and inflammation. Stored intact RBC which have altered 

morphologies and contain hemoglobin containing microparticles and hemolysis derived 

cell-free hemoglobin all result in significant increases in ferrous heme dependent NO-

scavenging kinetics compared to freshly isolated RBC [121, 148, 149]. This biochemical 

property also translates to a greater inhibition of NO-dependent signaling ex vivo and in 

vivo [121,148, 150]. In addition to scavenging NO, older RBC may also be less effective 

at stimulating endogenous NO-formation. Stored RBC display faster rates of nitrite 

oxidation in vitro, and transfusion of trauma patients with older RBC, but not younger 

RBC, results in lower circulating nitrite levels [148]. Since nitrite is a putative substrate 

for NO-formation in hypoxic tissues, this reactivity would lower an endogenous substrate 

for NO-formation, thereby lead to inhibition of NO-signaling. Moreover, RBC–derived 

ATP-dependent activation of endothelial nitric oxide synthase is lost with stored RBC 

[103], and RBC-S-nitrosothiols have also been discussed as potential mechanisms for 

loss of NO-homeostasis [43, 104].  Collectively, these data provide mechanistic insights 
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into how transfusions with stored RBC inhibit endogenous NO-signaling in the 

vasculature and suggest that NO-repletion strategies, or approaches that remove 

components in stored RBC that inhibit NO-signaling will be beneficial. In the latter 

context, washing of RBC immediately before transfusion to remove microparticles, cell-

free hemoglobin and iron, prevented many of the injurious effects of stored RBC in a 

canine model of transfusion and infectious lung injury [55] and cytokine levels in a 

mouse model of trauma-hemorrhage [53] . In the current study we show similar 

protective effects of RBC washing towards acute lung injury and lethality in a murine 

model of trauma-hemorrhage. In addition, we show NO-repletion therapy using nitrite 

protects against stored RBC toxicity. Finally we provide evidence that heme released 

during storage is a key effector of injury in this model suggesting that heme toxicity is an 

additional and important consideration on storage lesion toxicity mechanisms. 

  

Experimental Procedures 

Animal Model 

 Male C57BL/6 mice weighing 22g to 30g were purchased from Harlan 

Laboratories (Indianapolis, Indiana) aged 8-10 weeks.   All experiments were approved 

by the Institutional Animal Care and Use Committee at the University of Alabama at 

Birmingham. 

 

Trauma/Hemorrhage 

C57Bl/6 male mice were anaesthetized by inhalation of 5% isofluorane in air. The 

concentration of isofluorane was then reduced to the minimal concentration for 
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maintenance (<1%). The abdomen and groin were shaved and washed with 10% 

povidone-iodine. A 2 cm midline laparotomy was performed to induce soft-tissue trauma. 

The incision was closed in two layers (fascia/muscle and skin) and bathed in 1% 

lidocaine for analgesia. Both femoral arteries were cannulated with catheters (Braintree 

Scientific). Systemic arterial pressure was continuously monitored through one arterial 

line while hemorrhage and resuscitation was performed via the other. Mice were bled 

over 30 min to a mean arterial pressure (MAP) of 25±5 mmHg. This blood pressure was 

maintained for a further 60 min by additional bleeding as required.  At the end of the 

hemorrhagic shock period, if animals were receiving nitrite treatment, 100μl of nitrite 

dissolved in saline was administered intravenously in a bolus form (nitrite stock solutions 

were 0.1 mM, or 1 mM) prior to transfusion.  All animals were resuscitated over 30min 

with either 100µL or 300µL of RBC and saline at 4x volume shed during hemorrhage.  

All experiments were carried out 4 hours post-resuscitation whereupon the mouse was 

sacrificed. 

 

Human or mouse RBC collection  

Human RBC stored for up to 42d were collected from segments attached to blood 

bags from the UAB blood bank, and processed according to UAB Institutional Review 

Board approved protocols.  All human RBC used in this study were leukoreduced and 

stored in Adsol-1. At the time of collection, RBC were collected by centrifugation (1500 

x g, 10min, 4C). Indices of storage related changes (described below) were determined 

on the resultant supernatant fraction. For mouse RBC, blood (800µL) was collected 

from healthy male C57BL/6 mice via cardiac puncture in 50l citrate buffer (trisodium 
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citrate (22.0g/L), citric acid (8.0g/L), dextrose (24.5g/L)).  Blood was filtered through 

neonatal Sepacell filters or through Sephadex G25 microcellulose columns to remove 

leukocytes by gel filtration. Columns were washed with 10 times the volume of PBS or 

Adsol-1 with no differences in hemolysis during processing observed (not shown).  The 

eluent was centrifuged at 1500 x g for 5 min, 4°C. The erythrocyte pellet was washed 3 

times with cold Adsol-1 and concentrated to a hematocrit of 60% with Adsol-1 and stored 

in 0.7mL Eppendorf tubes with a head space of approximately 300µL. All solutions and 

procedures were performed under sterile conditions. RBC were stored at 4° C in the dark, 

for up to 10 days. LPS measurement in stored RBC using the Limulus Amebocyte lysate 

assay (Cambrex) indicated levels were below detection limit (not shown). 

 

Washing RBC  

RBC were washed when specified in the following manner.  RBC were 

centrifuged at 1500g for 10 minutes.  The supernatant was then removed and the RBC 

pellet resuspended in Adsol-1 at a volume of approximately 7 times the volume of packed 

RBC. The sample is centrifuged again at 1500g for 10 minutes, then the supernatant is 

removed and Adsol-1 is added as previously mentioned.  This process is repeated 3 times.  

If washed RBC were used in transfusion, washing occurred 1 hour prior to transfusion 

and were kept on ice until transfusion occurred.    

 

Loss of RBC during washing 

The volume of RBC lost during washing was calculated using the Hb 

concentration in the RBC and in the supernatant.  By measuring the Hb concentration and 
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volume of the supernatant prior to washing and during each wash, we can calculate the 

total moles of Hb removed in the washing process.  Assuming that all Hb removed comes 

directly from the hemolysis of the RBC, we can use the Hb concentration of the RBC to 

calculate the volume of cells lost during hemolysis and the washing process.  Washing at 

5 and 10 days resulted in a 1% and 3% loss of RBC respectively. 

  

Acute Lung injury assessment 

Mice were euthanized with intraperitoneal ketamine and xylazine (100 and 10 

mg/kg body weight respectively), a final blood sample was taken by cardiac puncture and 

an incision was made at the neck to expose the trachea and a 3mm endotracheal cannula 

inserted in the tracheas. Lungs were lavaged with 1 ml of PBS, flushing three times. 

Recovered aliquots of lavage fluid were kept on ice and centrifuged immediately at 300g 

for 10 minutes to pellet cells. Supernatants were removed and stored on ice for protein 

analysis using the Bio-Rad Protein Assay Reagent Kit and compared to BSA standards. 

Cells were re-suspended in 100μl of normal PBS solution and cells were counted using a 

Neubauer hemocytometer.  Cells were then placed on slides using a cellspin (Tharmac) 

and stained using Wright’s stain.  Differential counts (specifically neutrophils, and 

macrophages) were then performed on slides via light microscopy.  

 

Flow Cytometry   

RBC preparations before and after leukoreduction were labeled with FITC 

conjugated anti CD45 antibody (0.17μg/ml) and white blood cells measured by FACS.  

Microparticles were measured by adding FITC conjugated TER-119 (a protein associated 
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with glycophorin A in mice and specific to the RBC) antibody to washed or unwashed 

RBC.  Both preparations were incubated for 30min in the dark at room temperature. 

Samples were then analyzed by FACS using a Becton Dickinson FACSCalibur (BD 

Biosciences, Franklin Lakes, NJ) or a Beckman Coulter 3500 and events acquired using 

CellQuest or Beckman Coulter native software. Approximately 100,000 events were 

collected per measurement. All analyses were done with FlowJo software (Tree Star, Inc., 

Ashland, OR) or Kaluza. Microparticles were assessed as being TERR-119 positive 

events that were below 1µm in size.   

 

Free heme measurement 

We developed a spectral deconvolution approach to simultaneously measure 

oxyhemoglobin, methemoglobin and free heme in solution. This approach has been used 

extensively to determine concentrations of different oxidation and ligation states of 

hemoglobin [112, 151] and relies on individual species within a complex mixture having 

distinct absorbance spectra, and availability of spectra of a known concentration of each 

species alone. Concentrations of each individual species within a mixture are determined 

by deconvolution of experimental spectra against standards by multi-linear regression 

fitting. While hemoglobin can exist in a number of ligation and oxidation states, in the 

context of cell-free hemoglobin arising during RBC storage, only oxyhemoglobin and 

methemoglobin are detectable. Less is known on the oxidation or ligation state of any 

free heme that may arise. However, free heme is readily oxidized to the ferric oxidation 

state and bound by chloride (hemin) or hydroxide (hematin). We assumed any free heme 

present would be in the ferric oxidation state and used hemin to generate standard 
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spectra. Since spectra are pH and buffer composition sensitive, all standards were 

generated in Adsol-1 buffer, pH 7.4 to best mimic RBC storage conditions. We therefore 

used 3-component standard spectra (oxyhemoglobin, methemoglobin and hemin) for 

deconvolution. To test and validate the method, hemin (0-50µM) was mixed with 

different concentrations of oxyhemoglobin (oxyHb) and/or methemoglobin (metHb) 

(over ranges expected after storage induced hemolysis) and spectra measured (450-

700nm, Figure 3-1). Each panel in Figure 3-1 shows spectra, respective residuals for 

spectral fits by multiple-linear regression and the measured hemoglobin (oxy or met) and 

hemin relative to the amount of each added (gradients indicating recovery across 

concentrations tested are shown on each graph). In every condition, the measured hemin 

concentration was directly proportional to the amount added with recovery varying from 

94-108% indicated by gradients from linear regression fits. Moreover, addition of hemin 

had no effect on the ability of spectral deconvolution algorithm to measure oxyHb or 

metHb; all gradients for fits for oxyHb or metHb vs hemin were not significantly 

different from zero.  
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Figure 3-1 Hemin measurement by deconvolution 

Hemin (0-50µM) was mixed with oxyHb 5µM (Panel A), oxyHb 10µM (Panel 

B), oxyHb 25µM (Panel C), oxyHb 50µM (Panel D), oxyHb 100µM (Panel E) or oxyHb 

50µM + metHb 10µM (Panel F) and spectra measured between 450-700nm. 

Deconvolution analysis was performed using standard spectra. In each panel shown are 

spectra, followed by residual fits (
2
 values indicated goodness of fits for each spectra 

shown) and plots of measured hemin vs. added concentrations. Data were fitted by linear 

regression and are mean  SEM (n=3-6).  

 

 

Nitrite Oxidation by OxyHb 

Nitrite oxidation was determined using hemolysates (prepared by lysing 20µl 

pRBC with 80µl ice-old water) and then diluting hemolysate in PBS, pH7.4 + 100µM 

DTPA to 25µM hemoglobin final concentration. Nitrite (1mM) was added to 

hemolysates in PBS (37C) and methemoglobin formation measured as a function of 

time. Nitrite oxidation rates were compared by measuring lag times for methemoglobin 

formation (lower lag times indicating high rates of nitrite oxidation) as described [152]. 

 

Materials 

TAK-242, a small molecule inhibitor of TLR4, was purchased from InvivoGen 

and dissolved in intraplipid (Sigma). All other materials were purchased from Sigma–

Aldrich (St Louis, MO) except MahmaNONOate which was obtained from Axxora 

Platform (San Diego, CA). Sodium nitrite (Sigma) used in resuscitation was dissolved in 

saline. Male C57BL/6 mice weighing 22g to 30g were purchased from Harlan 

Laboratories (Indianapolis, Ind) of 8-10 weeks of age.   
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Results 

Characterization of Murine RBC storage 

Recent studies indicate that storage of murine RBC for approximately 2 weeks is 

equivalent to human RBC storage for 42 days [53]. This is based on comparing RBC 

stability and recovery post transfusion. Our goal was to determine the relative 

contribution of intact RBC or RBC degradation products in mediating transfusion toxicity 

in trauma, and test the role of inhibition of NO-bioavailability.  C57bl/6 RBC were 

leukoreduced using either microcellulose sephadex G25 columns or by neonatal sepacell 

filters (Figure 3-2 A); both significantly decreased white blood cells (WBC) as compared 

to unfiltered blood, but no difference was seen between the two filtration methods.  All 

RBC used in our studies were filtered with microcellulose sephadex G25 unless 

specified. 

RBC were stored in Adsol-1 storage media for up to 10 days and markers of 

storage induced damage which include hemolysis, P50, rates of nitric oxide 

dioxygenation, nitrite oxidation and microparticle formation were measured (Figure 3-2).  

Nitric oxide dioxygenation measurements were unobtainable at 10 days of storage time 

due to increased fragility and hemolysis of the RBC at this storage time.  All parameters 

increased with time, except P50 which decreased; consistent with our previous reports of 

human RBC storage [148].   
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Figure 3-2 Characterization of murine RBC storage.   

Panel A: C57BL/6 blood was filtered by either Purecell NEO Neonatal High Efficiency 

Leukocyte Reduction Filter (Pall corporation) (NN) or by sephadex G25: microcellulose 

column. (G25).  Leukocyte content was determined by FACs and staining for the surface 

antigen CD45.  * P< 0.05 compared to unfiltered (UF) by 1-way ANOVA with Tukey’s 

post test (n=3).  Panel B: Storage time dependent hemolysis in control (non 

leukoreduced) RBC (green), leukoreduced (LR) RBC (blue) or LR RBC after washing 

(red), change indicated by dashed arrows *P<0.01 by 2-way ANOVA with Bonferroni 

post test (n = 3-9). 
#
P<0.02 by paired t-test (n=3-6). Panel C: Storage time dependent 

changes in P50. *P<0.05 relative to day 0 (n=3) by 1-way ANOVA with Tukey’s post 

test. Panel D: Relative rate constants for NO-dioxygenation by intra-erythrocytic (KRBC) 

hemoglobin vs. acellular hemoglobin (KHb) as a function of storage age. *P<0.05 relative 

to day 0 by 1-way ANOVA with Tukey’s post test (n=3-6). Panel E: Storage time 

dependent formation of TER-199 positive microparticles in LR mRBC before and after 

washing. *P<0.01 by 1-way ANOVA with Tukey’s post test relative to day 0 unwashed 

RBC. 
#
P<0.04 by paired t-test relative to respective unwashed RBC (n=3-6). Panel F: 

Lag times for hemolysate mediated nitrite oxidation. *P<0.01 by t-test (n=5). 
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Hemin measurements of stored human and murine RBC 

We investigate heme as a contributor to storage lesion toxicity and needed to 

obtain accurate measurements of heme levels that accumulate in storage media over time.   

Heme measurement kits purchased through commercial means could not distinguish 

between hemoglobin and heme. We developed a means to measure hemin concentrations 

in Adsol-1 using deconvolution of visible wavelengths scans.  Since the majority of cell-

free hemoglobin arising from hemolysis is in the oxyferrous state, and free heme is likely 

to be in the ferric oxidation state, we reasoned that the distinct visible absorbance spectra 

of each species would allow for their measurement by spectral deconvolution.  This 

method allowed us to measure heme concentrations in the presence of oxyhemoglobin 

and methemoglobin.  Figure 3-3A shows that after 10d of murine RBC (mRBC) storage, 

significant increases in free heme are observed which are significantly lowered after 

washing. Figure 3-3B-D compares free heme, free oxyhemoglobin and free 

methemoglobin levels measured in the same samples of human RBC stored for 7d or 35d. 

Free heme increased 10-fold from 1.97  0.63M to 17.5  1.4M (mean  SEM) with 

storage. Total cell-free hemoglobin also increased with storage, with this being 

exclusively mediated by increases in oxyhemoglobin (Figure 3-3 C); no changes in 

methemoglobin were observed (Figure 3-3 D).  
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Figure 3-3 Hemin and Hemoglobin concentrations in stored blood 

Panel A: Hemin concentration was measured in both washed and unwashed RBC 

supernatant of 0, 5 and 10 days of storage. Data show mean  SEM (n=3-8). *P<0.05 vs. 

all other groups by 1-way ANOVA with Tukey’s post test. Panels C-D: Supernatant was 

measured from segments collected from the UAB blood bank at 7 and 35 days of storage. 

Shown are the concentrations of hemin, oxyHb and metHb (Panel B, C and D 

respectively). N=45 *P<0.008   #P<0.0001 and by paired t-test.   

 

Transfusion of 5 day old murine RBC increases protein concentration and neutrophil 

count in BAL 

 

Trauma was induced by a midline incision and cannulation of the femoral arteries. 

Hemorrhage was induced until a MAP of approximate 30 mmHg was reached and was 

maintained for a period of one hour.  . At the end of hemorrhage, mice are transfused 

with saline at 4x blood shed volume and either 100µl or 300µl RBC.  Control mice were 

transfused with saline alone or received sham surgery.  Mice were allowed 4 hours of 
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recovery at the end of which the mice were sacrificed and a bronchoavelolar lavage 

(BAL) was performed.  Initial experiments saw no significant difference between 

transfusions of 100µl or 300µl RBC, so a focus was made on 100µl transfusion and the 

data presented here are from mice transfused with 100µl of RBC.  Acute lung injury is 

characterized by increased pulmonary edema, neutrophil accumulation, and alveolar 

injury.  The BAL taken at the end of recovery was assessed for protein concentration, 

WBC and neutrophil count (Figure 3-4).  Mice receiving 100µl of 5 day RBC saw 

significant increases in protein concentration, WBC count, and neutrophil count when 

compared to mice receiving saline alone, fresh non-autologous leukoreduced blood (0d) 

as well as mice experiencing sham surgery (Panels A, E and I respectively).  Mice 

receiving nitrite treatment in conjunction with transfusion of 5 day old RBC saw no 

significant decrease in protein concentration but did see significant decrease in WBC 

count and neutrophil count when compared to mice receiving no treatment (Panels B, F 

and J respectively). When 5 day old RBC were washed according to the procedure stated 

in methods and used in transfusion, no significant difference was seen in protein 

concentration, WBC count, or neutrophil count compared to transfusion of unwashed 5 

day RBC (Panels C, G and K respectively). Mice treated with the TLR4 inhibitor, TAK-

242, prior to transfusion with 5 day old RBC saw a significant decrease in protein 

concentration, WBC count, and neutrophil cell count as compared to mice receiving no 

treatment, whereas mice treated with vehicle alone saw no significant difference from 

untreated mice  (Panels D,H and L respectively). 
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Figure 3-4 Bronchoalveolar Lavage of Transfused Mice 

A BAL was performed on mice 4 hours post resuscitation.  From this BAL, protein 

concentration was measured (Panels A-D), as well as a WBC cell count (Panels E-H) and 

neutrophil count (Panels I-J).  Panels A, E and I are mice that have been transfused with 

Saline, 0 day blood (0d), 5d day blood (5d) or did not experience hemorrhage/transfusion 

(sham).  #P<0.05 compared to all others by 1 way ANOVA Tukey’s post test, N=4-7.  

Panels B, F, J show mice treated with nitrite therapy 0.1mM bolus (0.1 nitrite) or 1.0mM 

bolus (1.0 nitrite) 5 day blood is include again for comparison.  *P<0.05 compared to all 

others by 1 way ANOVA Tukey’s post test, N=4-7. Panels C, G, K show mice receiving 

washed 5 day blood with 5 day blood included for comparison. N=3-7.   Panels D, H, L 

show mice treated with TAK-242 or vehicle and 5 day blood included for comparison.  

$P<0.05 compared to 5 day blood by 1 way ANOVA Tukey’s post test, N=3-7.   

 

 

 

Sham Saline 0d 5d
0

10

20

30

40

$

C
e
ll
 C

o
u

n
t 

1
0

4
/m

L

Sham Saline 0d 5d
0.0

0.2

0.4

0.6
#

B
A

L
F

 P
ro

te
in

 (
m

g
/m

L
)

5d  0.1 nitrite   1.0 nitrite 
0

10

20

30

40 ##

C
e
ll
 C

o
u

n
t 

1
0

4
/m

L

5d  0.1 nitrite  1.0 nitrite
0.0

0.2

0.4

0.6

B
A

L
F

 P
ro

te
in

 (
m

g
/m

L
)

5d 5d washed
0

10

20

30

40

C
e
ll
 C

o
u

n
t 

1
0

4
/m

L

5d 5d washed
0.0

0.2

0.4

0.6

B
A

L
F

 P
ro

te
in

 (
m

g
/m

L
)

Sham Saline 0d 5d 
0

5

10

15

20

$$

C
e
ll
 C

o
u

n
t 

1
0

4
/m

L

5d 0.1 nitrite 1.0 nitrite
0

5

10

15

20

C
e
ll
 C

o
u

n
t 

1
0

4
/m

L ###

5d 5d washed
0

5

10

15

20

C
e
ll
 C

o
u

n
t 

1
0

4
/m

L

5d vehicle TAK242
0.0

0.2

0.4

0.6

*

B
A

L
F

 P
ro

te
in

 (
m

g
/m

L
)

5d vehicle TAK242
0

10

20

30

40

**

C
e
ll
 C

o
u

n
t 

1
0

4
/m

L

5d vehicle TAK242
0

5

10

15

20
C

e
ll
 C

o
u

n
t 

1
0

4
/m

L

***

A

D

C

B

E

H

G

F

I

L

K

J



67 

 

 

Survival rate of mice transfused with 10 day old murine RBC 

In addition to 5 day stored RBC, mice were also transfused with 10 day stored 

RBC. Using the trauma/hemorrhage procedure as previously outlined, transfused mice 

received 100µL of 10 day stored RBC and were compared to mice receiving the 

following treatments i) washed 10 day old RBC, ii) mice treated with 100µL of 1.0mM or 

0.1mM bolus of nitrite prior to transfusion, and iii) mice administrated the TLR4 

inhibitor TAK-242 prior to hemorrhage (Figure 3-5). When mice were transfused with 10 

day stored blood, only a 13% survival rate was seen. However, when RBC were washed 

three times with Adsol-1 and used for transfusion, the survival rate significantly 

increased to 100%.  Additionally, mice receiving a 100µl bolus of 1mM nitrite prior to 

transfusion of 100µl of 10 day RBC saw a significant increase in survival (80%) as 

compared to untreated (13%) and mice treated with only 0.1mM nitrite (20%).  Mice 

treated with the TLR4 inhibitor TAK-242 also saw a significant increase in survival 

(80%) as compare to those untreated. 
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Figure 3-5 Mouse survival 4 hours post transfusion 

Shown is the percent of mice that survived or died during trauma-hemorrhage 

resuscitation. Lethality was only observed post resuscitation. ( = dead;  = live) 

N=3-9 *P<0.01 and #P<0.02 as compared to 1 unit 10 day unwashed RBC by N-1 Two 

Proportion test.  

 

 

Discussion 

Our goals in this study were to determine mechanisms by which transfusion with 

stored RBC mediate toxicity and test potential therapeutics. A mouse model of trauma 

hemorrhage coupled with transfusion with freshly isolated or leukoreduced stored RBC 

was used. Consistent with recent studies, storage of mouse RBC for 10d was sufficient to 
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stored for 42d. These changes include hemolysis, microparticle formation and formation 
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of RBC that displayed increased rates of NO-dioxygenation and nitrite oxidation [53, 

131, 153]. In addition, we show that significant increases in free heme also occur during 

storage of both mouse and human RBC underscoring its potential role in storage lesion 

related toxicities. We developed a spectral deconvolution method for measuring cell-free 

heme levels that also simultaneously measured cell-free hemoglobin and showed that 

during storage, both significantly increase, but the relative increase was higher for free 

heme. In other words the relative contribution of free heme to total extracellular heme 

increases with storage. This may reflect either direct heme release from RBC and/or 

heme release from degradation of cell-free hemoglobin. We speculate the latter, since our 

recent studies (not shown) suggest that cell-free hemoglobin undergoes more oxidative 

damage relative to erythrocytic hemoglobin. Moreover, we speculate that free heme 

levels may be underestimated as its hydrophobicity is likely to lead to membrane 

localization; we only measured heme that was dissolved in the extracellular fraction. A 

limitation in our measurements is that for human RBC, we quantitated storage-dependent 

free heme and hemoglobin formation from segments that are attached to RBC storage 

bags. Recent studies have shown segments have higher levels of hemolysis relative to the 

paired bag, and our data demonstrated differences in complement levels also [154, 155]. 

Further studies evaluating cell-free heme formation in bags vs. segments is required.  To 

evaluate mechanisms and potential therapies for stored RBC toxicity, we employed a 

mouse model of trauma-hemorrhage to model both the two-hit concept of transfusion 

toxicity and to allow comparison with insights of the storage lesion gained from trauma 

patients. Transfusion with stored RBC, but not fresh RBC significantly induced acute 

lung injury or mortality with the severity of injury being proportional to the age of the 
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transfused RBC; these associations are similar to our studies with trauma patients in 

which poorer microcirculatory function and tissue oxygenation, higher incidents of acute 

lung injury and mortality were noted if they received older vs. younger RBC [119, 139, 

156]. Our data also support the two hit model. Injury was exacerbated with stored, but not 

freshly isolated RBC transfusions. This is consistent with several recent experimental 

studies that show increased lung injury or infection following transfusion with stored 

RBC or stored RBC-derived microparticles [131, 144, 157, 158]. The general 

applicability of the two-hit hypothesis is also refuted by the fact that first hit comprised 

diverse stimuli (LPS injection, infection with pneumonia, high fat diet or trauma 

hemorrhage) and was observed in different animal models (mice or dogs).   

We tested three potential therapies to attenuate stored RBC toxicity. Washing of 

RBC immediately prior to transfusion has been discussed with the concept that a single 

wash will remove smaller RBC degradation products (hemolysis, microparticles) or other 

potential pro-inflammatory effectors (e.g. cytokines, lipid peroxidation products) prior to 

transfusion [53, 55, 159]. Recent data have shown that washing stored RBC protects 

against hypertension, lung injury and infection. However, washing of younger RBC 

increased injury, consistent with concerns of RBC sensitization to subsequent hemolysis 

due to washing [55]. In addition to the rationale just discussed, we also tested washing to 

evaluate potential longer-term toxicity of intact stored RBC that remain after washing. 

Our previous data showed that stored intact RBC inhibited NO-signaling more so than 

fresh RBC, and prior studies have shown that intact stored RBC are less able to bind 

chemokines and inhibit inflammation [131, 148]. Since these RBC are likely to have a 

longer circulatory half-life than cell-free hemoglobin or microparticles, and be present at 
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higher concentrations, we reasoned that they may sustain an inhibition of endogenous 

NO-signaling and mediate a persistent pro-inflammatory stimulus. Interestingly, the 

effects of washing were varied. Mortality induced by 10d RBC was clearly prevented by 

washing RBC, consistent with a toxicity mediated by lower molecular weight 

components. However, under sub-lethal conditions, washing had no effect on stored RBC 

dependent increases in BAL protein or inflammatory cells, although trends were noted. 

This suggests that washing may be more effective, the more severe the injury caused by 

stored RBC transfusion. Another factor is the potential differential effect of washing on 

younger vs. older RBC. Our data suggest that transfusion of washed d0 RBC increased 

BAL cells to levels that were equal or higher relative to washed 5d RBC, suggesting a 

detrimental effect of washing on younger RBC, a conclusion similar to a recent study 

using canine RBC [55]. Moreover, the method of washing may also differentially affect 

RBC sensitivity to hemolysis [159]. Collectively, these data underscore the need for 

detailed understanding of how washing effects RBC and subsequent stability post-

transfusion. In summary, our data suggest that while washing protects against injury, this 

is only evident when the injury is severe. Moreover, we hypothesize that while washing 

RBC does remove mediators of transfusion toxicity, older and intact RBC that remain 

may still provide a second hit to exacerbate the inflammatory component of acute lung 

injury.  

We also tested nitrite therapy as means to attenuate storage lesion toxicity. Nitrite 

is a substrate for NO-formation with many studies showing therapeutic efficacy against 

circulatory and inflammatory diseases including trauma hemorrhage, sepsis and acute 

lung injury [92, 160, 161]. Moreover, stored RBC decrease nitrite levels in vivo which 
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was associated with poorer microcirculatory function, suggesting that nitrite repletion 

may protect against storage dependent toxicities [119, 148]. Interestingly, inhaled NO 

also attenuated stored RBC induced oxidative damage and inflammation, an affect that 

may be due to an increase in circulating nitrite [158].  Nitrite therapy prevented 

neutrophil accumulation in the BAL and a trend towards protection was observed with 

BAL protein also; we have previously noted different sensitivities of BAL protein and 

cell accumulation towards nitrite therapy. Exactly how nitrite can mitigate stored RBC-

dependent toxicity is unclear. One mechanism is oxidation of cell-free oxyhemoglobin 

that would prevent NO-scavenging. However, the resultant methemoglobin could 

mediate oxidative stress. Other potential mechanisms include improving tissue blood 

flow and preventing cell death. While further studies are required to better elucidate the 

mechanisms by which nitrite protects, its potential as a therapeutic to limit stored RBC 

toxicity is indicated and also warrants further testing.  

Finally, we tested TLR4 inhibition to evaluate the potential for cell-free heme to 

mediate tissue inflammation and injury. This pathway has been demonstrated to mediate 

multiple organ dysfunction in sickle cell disease and sepsis [60, 145]. TLR4 inhibition 

completely protected against all injury end points elicited by RBC stored for both 5d and 

10d. This was a surprising result since TLR4 inhibition is not expected to affect 

inhibition of NO-signaling mediated by cell-free hemoglobin, microparticles or intact 

RBC. Moreover, there was no detectable cell-free heme in mRBC stored for 5d. The 

potent effects of TLR4 inhibition suggest ongoing generation of cell-free heme and/or 

other TLR4 ligands after transfusion which then mediates toxicity.  Studies have 

identified several endogenous ligands of TL4 that are released from damage tissues such 
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as heat shock protein, fibronectin, heparan sulfate and nonhistone chromatin-binding 

protein high-mobility group box 1 (HMGB1) [162-165].  A recent study documenting 

that in the absence of eNOS and NO-signaling, the severity of TLR4 dependent 

necrotizing enterocolitis was increased [166]. This suggests an intriguing scenario in 

stored RBC toxicity, whereby loss of NO-signaling may synergize with TLR4 activation 

to promote tissue injury. The potential interaction between NO-inhibition and TLR4 

activation by distinct components of stored RBC is currently under investigation.  
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CHAPTER 4 

GENERAL DISCUSSION AND FUTURE PERSPECTIVES 

 

Introduction 

 

The understanding of the storage lesion and its effect on transfusion related injury 

is just beginning to be understood. The results of the research presented in this thesis 

contribute to the understanding of how various components of the storage lesion could 

contribute to transfusion related injury as well as insights into treatments to attenuate 

injury. In this final chapter, a general discussion of our results is provided as well as 

potential avenues for future studies.  

 

The Red Blood Cell as a Component to the Storage Lesion 

 

Research into mechanisms that mediate increased morbidities and mortality 

associated with transfusion of older RBC have focused primarily on the storage media 

and what it contains.  Several studies have shown that hemoglobin, free iron and 

microparticles contribute to injury associated with transfusion.  However there is also 

another element that we believe could contribute to the storage lesion and that is the aged 

intact RBC.  Cell free hemoglobin and microparticles are removed fairly quickly after 

transfusion.  Hemoglobin is bound to haptoglobin and removed by monocytes within 
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minutes, provided that hemoglobin concentrations do exceed that of haptoglobin.  Ninety 

percent of microparticles are removed by Kupffer cells of the liver within 30 minutes of 

transfusion [57].  However due to the nature of transfusion, 75% of the RBC are still 

within circulation 24 hours post transfusion.  These older RBC could have a chronic 

effect on inflammation that could endure past the acute injury caused by cell free 

hemoglobin and microparticles.  

As we have shown, aged RBC show an increase in NO-scavenging as compared 

to fresh RBC.  Our data show a spectrum of NO-scavenging rates: at 42 days of storage, 

some donor RBC see little change in NO-scavenging rates as compared to day 0, whereas 

other donor NO-scavenging rates have increased to 40 times that seen at day 0..  This 

heterogeneity of NO-scavenging rates could correlate to more RBC degradation products 

and thus increase transfusion toxicity.  A longitudinal study of NO and nitrite scavenging 

rates at different storage times compared to other components of the storage lesion such 

as hemolysis and microparticle formation could show NO-scavenging rates as a 

predicator of storage lesion. Another avenue of exploration concerning aged RBC is 

determining how long these cells remain in circulation.  These old RBC “echinocytes” 

are denser as compared to discoid RBC.  It is possible to separate echinocytes from other 

RBC through high speed centrifugation.  Once separated, these older cells could be 

labelled and assessed for viability upon transfusion.  It might be that these older RBC are 

removed quickly from circulation by the macrophage system.  We also used a washing 

technique in our studies to improve transfusion; however we did not assess changes in the 

intact RBC during washing.  We speculate that these older RBC would be fragile and 

more likely to lyse during the process but it would be important to investigate if this was 
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the case.  This could be done by measuring RBC NO-scavenging rates pre-and post-

washing to see if NO scavenging decrease which would indicate that older RBC were 

removed. 

 

Endogenous Aging of the RBC 

 

This idea of older RBC having an increase in NO-scavenging and nitrite 

scavenging has lead our lab to the  idea that endogenous RBC could have differing levels 

of NO-scavenging and nitrite scavenging.  RBC have a life span of approximately 120 

within circulation.  If a blood sample is taken from a healthy individual, one would see 

that the RBC contained therein would consist of a heterogeneous population of cell ages 

which are characterized by different sizes, densities, surface areas, volumes and 

antioxidant statuses.  Using high speed centrifugation, RBC can be sorted according to 

densities.  When separated in this manner, age corresponds to density, with younger RBC 

at the top having the lowest density and RBC age increasing with density [167].  

Using this method of separation our lab has been able to compare the capabilities 

of the younger RBC to that of older RBC to assess NO scavenging and/or nitrite 

oxidation [58]. The results seen were an increase in NO-scavenging and nitrite oxidation 

associated with the older/denser RBC.  

We hypothesized that the heterogeneous population could change in disease 

states, where there could be an increase or decrease in older/denser RBC.  It has been 

shown that during a normal pregnancy there is increase in RBC production which results 

in younger in vivo RBC.  In contrast, it has been shown that in preeclampsia, a disease 
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associated with hypertension and decreased NO-bioavailability, the patient does not 

experience this increase in younger RBC [63]. To investigate this idea of changes in RBC 

population we have started to collect some preliminary data comparing the NO 

scavenging rate of women experiencing preeclampsia to that of women with a normal 

pregnancy.  Preliminary data we have collected suggests that there is a trend in pre-

eclamptic women having increased NO-scavenging rates as compared to both healthy 

women and pregnant women (Figure 4-1). Additionally, as we look at NO-scavenging as 

a function of gestational age we see that the RBC of pre-eclamptic women exhibit a 

higher NO-scavenging rate earlier in their pregnancy compared to that of non-pre-

eclamptic pregnant women.  This increased NO-scavenging rate seen in pre-eclamptic 

women could be associated with the hypertension seen in this condition.  We may see 

that pre-eclampsia does change RBC NO-scavenging rates as tests continue, but this 

phenomenon might be present in other diseases.  Several diseases have noted dysfunction 

in NO-signaling including many vascular diseases and diabetes.  It would be interesting 

to see if an increase in NO-scavenging is seen in RBC from these different disease 

backgrounds. 
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Figure 4-1 NO scavenging of pregnant, preeclamptic, and nonpregnant women 

RBC are collected upon hospital visit and assayed within an hour of blood being 

taken.  Preeclampsia patient are defined as having a blood pressure higher than 140/90 

twice at least 4 hours apart and more than 300mg of protein in urine.  Nitric oxide 

scavenging is assayed by a competition experiment as explained in chapter 2. 

 

Heme contributes to the storage lesion 

 

In chapter 3 we show that inhibition of the TLR4 receptor results in a decrease in 

lung injury and increase in survival when mice were transfused with stored blood.  This 

inhibition of the TLR4 receptor could prevent its activation by cell free heme which we 

have shown to be present in the storage media.    Further studies need to be performed to 

validate heme as the activator of the TLR4 receptor rather than endogenous ligands 

present due to tissue damage and inflammation.  To do this we can use hemopexin 

treatment prior to transfusion.  Hemopexin binds hemin, preventing its activation of the 

TLR4 receptor.  Hemopexin has been shown to avert respiratory failure in sickle cell 

mice when mice display signs of acute chest syndrome [60].   

Another area of interest is determining the contribution of cell free hemoglobin, 

hemin, microparticles and aged RBC to transfusion toxicity.  Our mice model of trauma –
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hemorrhage demonstrates a >90% lethality when transfused with 10day stored RBC.  

Using the data we collected to characterize murine blood banking, we can generate 

separate preparations of cell free hemoglobin, hemin, and microparticle concentrations as 

would be seen at 10 days of storage.  Using these preparations we can administer each of 

these separately or in combination to assess lethality and lung injury.  In this way we can 

identify what are the prime instigators of toxicity and from there develop further 

therapies for the storage lesion.  Our studies indicate that activation of TLR4 to be the 

major cause for injury since an inhibition of TLR4 attenuated lung injury at 5 days 

storage and increased survival at 10 days of storage, whereas washing RBC only 

increased survival at 10 days.  This suggests that heme may play a significant role in 

toxicity, however this may not be the case since TLR4 could be activated by endogenous 

ligands as a result from damage caused by elements other than heme. Whatever the 

results may indicate, this knowledge could inform us as to better means of therapy and 

prevention of transfusion injury.    

Using blood bag segments, we have shown that heme concentrations increase 

with storage time.  Segments do not reliably represent conditions within the blood bag 

and have been shown to overestimate hemolysis [154].  It would be important to assess 

heme levels in actual bags to see if heme levels are increasing.  In our assessment of 

heme levels we noted heterogeneity in heme concentrations. A longitudinal study that 

looks at heme levels, as well as other factors in the blood storage lesion such as 

hemolysis and microparticle formation, over donors could reveal that early levels of 

heme could result in more severe RBC damage during storage.  This knowledge could 
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alert blood banks about storage lesion toxicity potential in RBC prior to storage and could 

alter storage duration. 

 

Heterogeneity of blood donors 

 

Current FDA standards require 75% of RBC to remain in circulation 24 hours 

post transfusion.  It has been noted that RBC viability over storage time differs among 

individuals.  Recent studies have shown that although most stored blood maintain this 

standard when transfused at the maximum storage time, there are outliers on both sides of 

the expiration date with some feasibly able to be stored longer than the maximum storage 

time and others needing to be used before the posted expiration date [168].  We have seen 

this variance in the parameters we measure in the storage lesion including NO scavenging 

rates of RBC, cell free hemoglobin and heme concentrations.  There are several 

possibilities for these differences seen in storage.  One study of particular interest 

compared the hemolysis rate and mechanical fragility of stored blood by donor of similar 

background (age, non-smoking, blood type) to determine variability in donors [169].  

Interestingly, this study showed that there was a two-fold variability in mechanical 

fragility amongst donors and an outlier of the group was reported to have hereditary 

hypertriglycermidemia.  This concept that the condition of the donor prior to donation 

may have an effect on storage lesion has interested me and is something I wish to pursue.  

Some questions I hope to answer are: can conditions such as the donor’s age and diet 

affect RBC viability during storage?  Age and diet have been shown to affect the RBC.  It 

has been shown that as a person ages the spectrum of endogenous RBC densities change. 
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Older individuals have an increase in less dense RBC as compared to younger 

individuals.  These less dense RBC would indicate that they are younger RBC, however 

when assessed by an erythrophagocytosis assay, older individual’s less dense RBC  were 

more likely to be phagocytized compared to RBC from younger donors  [62].   

Diet can affect RBC morphology; it has been shown that cholesterol availability 

has an effect on RBC membrane composition and deformability [97, 98].    It would be 

interesting to do a longitudinal study assessing aspects of the storage lesion including 

RBC NO scavenging rate, hemolysis, microparticle formation, and heme levels of RBC 

donated from older compared to younger individuals, or comparing individuals with a 

low cholesterol diet to those with a high cholesterol diet.  This concept could be taken to 

our murine model of trauma/hemorrhage.  A comparison of differing ages and diets of 

mice prior to blood donation could be assessed for transfusion related toxicity.  

Understanding how age and diet affect the storage lesion could allow blood banks to 

prioritize when to use blood for transfusion.  

Another aspect that could affect the variance is the preparation of RBC prior to 

storage.  As noted in chapter 2, difference in centrifugation containers changed hemolysis 

rates. It was also noted by Gkoumassi and coworkers that an increase centrifugation time 

during blood processing resulted in increased hemolysis [125] .  This idea that changes in 

the preparation could have effects on storage is worth investigating.  A comparison of 

centrifugation containers, times and speed could be conducted and used to improve blood 

banking procedures. 
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