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Abstract

Background: Nitrosation of a conserved cysteine residue at position 93 in the hemoglobin β-

chain (β93C) to form S-nitroso hemoglobin (SNO-Hb) is claimed to be essential for export of NO 

bioactivity by the red blood cell (RBC) to mediate hypoxic vasodilation and cardioprotection.

Methods: To test this hypothesis we used RBCs from mice where the β93 cysteine had been 

replaced with alanine (β93A) in a number of ex vivo and in vivo models suitable for studying 

export of NO bioactivity.

Results: In an ex vivo model of cardiac ischemia reperfusion (IR) injury, perfusion of a mouse 

heart with control RBCs (β93C) pre-treated with an arginase inhibitor to facilitate export of RBC 

NO bioactivity, improved cardiac recovery after IR injury and the response was similar with β93A 

RBCs. Next, when human platelets were co-incubated with RBCs and then deoxygenated in the 
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presence of nitrite, export of NO bioactivity was detected as inhibition of ADP-induced platelet 

activation. This effect was the same in β93C and β93A RBCs. Moreover, vascular reactivity was 

tested in rodent aortas in the presence of RBCs pre-treated with S-nitrosocysteine, or with 

hemolysates or purified Hb treated with authentic NO to form nitrosyl(FeII)-Hb, the proposed 

precursor of SNO-Hb. SNO-RBCs or NO-treated Hb induced vasorelaxation, with no differences 

between β93C and β93A RBCs. Finally, hypoxic microvascular vasodilation was studied in vivo 

using a murine dorsal skin fold window model. Exposure to acute systemic hypoxia caused 

vasodilatation and the response was similar in β93C and β93A mice.

Conclusions: RBCs clearly have the fascinating ability to export NO bioactivity but this occurs 

independently of SNO formation at β93 cysteine of Hb.
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Introduction

The idea that red blood cells (RBCs) release nitric oxide (NO) bioactivity to control vascular 

function and blood flow is intriguing and has gained much interest among vascular 

biologists since originally proposed in 1996.1 According to this concept, NO present in the 

RBC first binds to the heme-iron in deoxygenated hemoglobin (Hb) thereby forming 

nitrosyl-Hb. Then, when Hb is oxygenated as it transits through the lungs, an NO+ moiety is 

transferred to a highly conserved cysteine residue on Hb (β93C) to form SNO-Hb. In turn, 

upon subsequent deoxygenation, SNO-Hb exports NO bioactivity from the RBC ultimately 

causing vasorelaxation.2–4 The elegance of this hypothesis is the tight coupling between 

RBC-induced vasorelaxation and blood deoxygenation thereby enabling exact matching of 

blood flow and tissue oxygen demand. With these findings the general concept of RBC 

physiology was expanded beyond oxygen and carbon dioxide transport to also include NO 

gas and therefore termed “a three gas system”.5

One general critique of the RBC/NO-bioactivity theory has been the assumed inability of 

NO to escape RBCs given the huge concentrations of Hb in these cells thereby effectively 

scavenging any NO produced. Oxygenated Hb reacts with NO extremely rapidly (with a 

bimolecular rate constant of 107 to 108 M−1s−1) to form methemoglobin and nitrate.6, 7 

However, this shortcoming in the theory can be overcome by the fact that NO does not travel 

as free NO, but rather through transfer between small (and more stable) S-nitrosothiols.8 

Indeed, this has been proposed and demonstrated by several groups. Moreover, recent 

studies do give strong support to the general ability of RBCs to export NO bioactivity, 

including the finding of an active endothelial NO synthase (eNOS) in the RBC9 capable of 

inducing NO-like effects when incubated in an isolated heart or vessel preparation10–12, and 

RBC-dependent inhibition of platelet activation by nitrite.13, 14

Essential to the theory described above is the presence of a highly conserved cysteine at 

position 93 of the beta chain of Hb (β93C), as discussed. The recent development of a 

humanized mouse model expressing wild-type human Hb (β93C) or human Hb in which the 

cysteine residue has been replaced with alanine (β93A) has provided additional insight, but 
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results using this mouse model have been conflicting.15–17 Isbell and colleagues developed 

the mouse and in their study it surprisingly lacked a phenotype suggestive of a deficient 

hypoxic vasodilation or gross cardiovascular abnormalities.15 This study was criticized 

where it was noted that, among other things, vascular responses were mainly done in 

pulmonary vessels which respond differently to hypoxia.18 Later the same group published 

results suggestive of a severe cardiovascular phenotype in the β93A mice in response to 

hypoxia, but in that study actual NO export was not studied.16 Recently, several methods for 

robust detection of RBC NO-bioactivity export have been developed. These include 

stimulation of RBC NO generation and export by the use of arginase inhibitors19 or addition 

of nitrite to deoxygenated RBCs.13, 14 Here we decided to use RBCs and Hb from β93C and 

β93A mice in an attempt to further elucidate the role of this conserved residue in RBC-

dependent stimulation of NO-signaling utilizing these novel approaches. Moreover, hypoxic 

vasodilation was directly studied in an extrapulmonary microvascular bed in an in vivo 

model using the same mice.

Material and methods

The data that support the findings of this study are available from the corresponding authors 

upon reasonable request.

Animals

All animal studies were approved by the regional ethics committees. Male Sprague–Dawley 

rats (200–250 g) were purchased from Harlan (Indianapolis, IN). Transgenic mice with 

RBCs containing human Hb carrying an amino acid substitution (Cysteine to Alanine) at 

position 93 on the β-subunit and the corresponding wild type mice were developed as 

previously described15 and used at times when all gamma Hb has been replaced by beta Hb. 

All mice were allowed at least 10 days acclimation prior to any experiment. Wild type mice 

(C57Bl/6) for Langendorff heart and vessel preparations were housed at the animal facility 

at Karolinska Institutet. Animals were kept in ordinary cages, housed in a temperature and 

humidity-controlled room with 12/12 h light/dark cycle and feed with standard rodent chow 

and water ad libitum. The experimental settings for the different in vitro/ex vivo/in vivo 
approaches described below are displayed in Fig 1.

Isolated heart perfusion experiments

Mouse hearts (C57Bl/6 WT) were isolated and perfused in a Langendorff system as 

described previously.20, 21 Briefly, the ascending aorta was cannulated, and retrogradely 

perfused with gassed (5% CO2 and 95% O2) Krebs-Henseleit (KH) buffer at a constant 

pressure (75 mmHg) at 37°C. A balloon connected to a pressure transducer was inserted into 

the left ventricle through the left atrium for recording of isovolumetric left ventricular 

developed pressure (LVDP). Global ischemia was induced by clamping the inflow tubing for 

40 min followed by reperfusion which was maintained for 60 min. Vehicle and nor-NOHA 

were diluted in RBCs suspension from β93C or β93A mice described below and incubated 

at 37 °C for 25 min before the RBCs suspension was injected into the coronary circulation 

of the isolated and perfused hearts at the start of ischemia. The investigator was blinded to 

the genotype of the mouse used for preparation of the RBCs suspension.
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RBCs were isolated as previously described in detail.11 Briefly, blood was collected from 

the thoracic cavity after removal of the heart of anaesthetized mice. RBCs were isolated by 

removing the plasma and buffy coat from whole blood after centrifugation. The RBCs were 

washed 3 times in KH buffer and centrifuged and the RBCs were then diluted 1:1 with KH 

buffer.

Platelet activation experiments

Blood was collected from healthy volunteers after obtaining informed consent under an 

internal review group approved protocol at Wake Forest University. Platelet rich plasma 

(PRP) was prepared from citrated blood. Whole blood was centrifuged at 120 x g for 10 

minutes and PRP was removed.

Whole blood, from β93C or β93A mice was collected and shipped overnight, on ice to Wake 

Forest University. RBCs were removed from mouse blood by centrifugation at 300 x g for 

five minutes. Plasma was discarded and erythrocytes were washed five times with PBS pH 

7.4 (10 ml per wash) by centrifugation at 300 x g for five minutes. Erythrocytes were diluted 

with PBS to obtain 20% hematocrit and then deoxygenated under nitrogen at room 

temperature for one hour with gentle rocking.

PRP was diluted with PBS and RBCs giving a final hematocrit of 10% and PRP that was 

four-fold diluted compared to whole blood. To this cell suspension, 10 μM nitrite (final 

concentration) in deoxygenated PBS was added. The reaction mixture was incubated for five 

minutes at 37 °C. After five minutes of incubation, ADP was added in each reaction mixture 

(10 μM final ADP concentration) and was further incubated for six minutes at 37 °C. After 

six minutes of platelet activation monoclonal antibodies against CD 61 and PAC-1 were 

added. The assay mixture with antibodies was further incubated for fifteen minutes in the 

dark at room temperature. After fifteen minutes cells were fixed with 1% buffered formalin 

and kept in the refrigerator for analysis using flow cytometry

Platelet activation was analyzed in a BD FACS Calibur flow cytometer. Data collection and 

analysis were performed by Cell Quest Pro software.

Vascular reactivity in isolated vessels

Mouse vessels: The vasoreactivity studies were performed as described.22 Briefly, aortas 

were isolated and mounted as ring preparations in a myograph (Danish MyoTech, Aarhus, 

Denmark). Vessels were allowed to stabilize and then contracted with KCl solution (120 

mM) to confirm viability. After preconstriction of aortic rings, using PE (3 μM) and in some 

cases L-NAME (1 mM), cumulative doses of NO-treated hemolysate preparations from 

control and mutant mice, Hb or Hb(NO)4 (described below) were added to the aortas.

Hb(NO)4 preparation: Different Hb(NO)4 preparations were prepared either from β93C-

RBC hemolysate, β93A-RBC hemolysate or dithionite-reduced human Hb (Sigma-Aldrich, 

H7379). The Hb solutions (10ml; 1mM in heme; pH7.4) were deoxygenated in a 

vacuum/N2-gas system for 1 hr, then treated under agitation with pure NO-gas (1 atm; 5 

min) and further evacuated (5 min) to remove dissolved but unbound NO. The electron 

paramagnetic resonance (EPR) spectra of the Hb(NO)4 solutions were recorded at 77K using 
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an X-band spectrometer MS5000 (Magnettech, Berlin). The EPR analysis of Hb(NO)4 

preparations showed that under these conditions >95% of the Hb heme groups were 

nitrosylated. The Hb(NO)4 solutions were frozen/kept in liquid nitrogen until used.

Rat vessels: Thoracic aortas were isolated from male Sprague-Dawley rats (200–250g) 

and used as described previously.23 After two rounds of KCl-induced contractions followed 

by washing and 30 min 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 (200 nM at 21% oxygen tension and 400 nM at 1% oxygen tension) before 

the addition of S-nitrosated RBCs (SNO-RBC).

SNO-RBC preparation: RBCs from β93C and β93A mice were collected by cardiac 

puncture in sodium citrate coated tubes, pelleted and washed 3 times with PBS containing 

DTPA (100 μM) at 4°C. All subsequent procedures were performed in low-light 

environment to prevent photolysis of SNO’s. S-nitrosocysteine (SNOC) was prepared fresh 

by mixing a solution of L-cysteine (in water) with sodium nitrite (150mM each final 

concentrations). After vortex mixing (30 sec), the reaction mixture was filtered using a 

sephadex G-25 pre-equilabrated with PBS + DTPA (100 μM). The concentration of eluted 

SNOC was measured using ε337nm = 900 M−1 cm−1 and then used immediately for S-

nitrosating RBCs. Hemoglobin concentration was determined in packed RBCs and then 

RBCs diluted to 2% Hct or 400 μM heme in PBS + DTPA (100 μM) and SNOC added at a 

1:1 ratio with heme. The reaction mixture was placed on a rocker for gentle mixing for 5 

min, room temperature and then RBC pelleted (1000 × g, 3 min, 4°C) and washed twice 

with ice-cold PBS + DTPA (100 μM). RBC were then used to assess vasodilation of rat 

aortic rings as described above. In parallel aliquots, RBCs were lysed and high and low 

MWt fractions prepared by gel-filtration chromatography using Sephadex G-25 as 

previously described.15 The concentration of S-nitrosothiols was measured using the Saville 

assay and normalized to heme concentration as previously described.23, 24

Dorsal skin fold window model for assessment of hypoxic vasodilation in vivo

Window chamber preparation: The complete surgical technique for this preparation has 

been previously described in detail and allows for the non-invasive study of the 

microcirculation in an intact subcutaneous tissue and a retractor muscle.25, 26 The window 

chamber implantation was performed seven to ten days prior to the study. Animals were 

reanesthetized two to four days prior to the experiment and their right carotid artery 

cannulated (PE-10 tubing). The catheter was tunneled under the skin and then exteriorized at 

the base of the window chamber.

Systemic Parameters.—Mean arterial pressure (MAP) and heart rate (HR) were 

monitored via the carotid catheter connected to a pressure transducer system (MP 150, 

Biopac System; Santa Barbara, CA). Systemic hematocrit and Hb were measured using a 

microhematocrit centrifuge and a handheld photometer (Hemocue, Sweden). Arterial blood 

was collected from the carotid artery catheter in heparinized glass capillaries (0.05 ml) and 

immediately analyzed for arterial PO2 (Blood Chemistry Analyzer 248, Siemens, Germany).
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Microvessel Diameter: Video image-shearing was used to measure vessel diameter 

(Image Shearing Monitor, Vista Electronics, San Diego, CA)27. Changes in arteriolar 

diameter from baseline were used as indicators of changes in vascular tone. Arterioles (3 – 

10 each animal) were chosen for study by their size (diameter between 40 and 60 μm) and 

the visual sharpness of their edges. Vessels chosen for study at baseline were followed 

throughout the experiment; thus allowing for pairwise comparisons.

Experimental Design: Awake mice were restrained in a plexiglas tube during the 

experiment. Prewarmed gas was gently blown (flow rate 2.6 l/minute) into the face of the 

animal through a diffuser connected at the front of the tube. The tube containing the 

conscious animal was then affixed onto a microscopic stage of an intravital microscope 

(BX51WI, Olympus, New York, 40X objective, n.a. 0.7 SW). The tissue image was 

projected onto a CCD camera (4815–2000, COHU, San Diego) and viewed on a monitor.

Experimental Protocol: Animals were placed into a restraining tube which was then 

positioned on the microscope stage and allowed at least a 20 min adjustment period to 

become accustomed to the tube prior to measuring baseline and systemic parameters. The 

protocol steps were as follows: 1) Baseline (BL). Time = 0 min. Systemic (MAP, HR and 

blood gases) and arteriolar vessel diameter measurements were performed with the animal 

exposed to room air (FiO2 = 0.21). 2) Hypoxia (H). Time = 0 min. Animal was exposed to 

FiO2 = 0.10, balanced with N2. After 5 min for stabilization of the mean arterial pressure, 

the systemic and microvascular parameters were assessed. Arterial blood gases and 

chemistry were assessed to confirm the animal was hypoxic. Animals were considered 

hypoxic when arterial PO2 < 40 mmHg.

Statistical Analysis

Data is presented as mean ± SEM. Recovery from IR heart injury (i.e. Langendorff 

preparation) and isolated vascular responses (i.e. myograph) was analyzed by two-way 

repeated ANOVA, followed by appropriate post hoc analysis. Data on platelet activation was 

analysed by a two tailed paired t-test. For in vivo microvascular measurements, the diameter 

from 3–10 vessels were measured individually and then averaged to compute a single per 

mouse replicate. Differences within groups were first tested with one-way ANOVA for 

repeated measures and if significance was obtained then multiple comparisons between 

groups were performed using Tukey’s multiple comparison. Paired t-test was used to 

determine if hypoxic vasodilation was induced as a result of the reduction of FiO2. n denotes 

the number of animals studied. Changes were considered statistically significant if p<0.05. 

Statistics were performed using Prism version 6.0 for Windows (GraphPad, San Diego, CA).

Results

RBC-mediated cardioprotection ex vivo occurs independently of β93C

We have previously showed that inhibition of arginase in RBCs increases eNOS-dependent 

transfer of NO bioactivity to the ischemic heart, resulting in NO-dependent cardioprotection.
10 Here we used this approach to test if β93C was of importance for such NO bioactivity 

export. Hearts from WT mice were used throughout in the Langendorff preparation. The 
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recovery of post-ischemic LVDP hearts given β93A RBCs was slightly lower compared to 

that of hearts given β93C RBCs (Fig. 2). Pre-incubation of RBCs from both β93C and β93A 

mice with the arginase inhibitor nor-NOHA resulted in marked improvement in the recovery 

of post-ischemic LVDP (Fig. 2).

RBC-induced inhibition of platelet activation occurs independently of β93C

Several reports have shown that nitrite inhibits platelet activation in the presence, but not 

absence, of deoxygenated RBCs and that this action can be inhibited by an NO scavenger.
28, 29 In order to assess the role of Hb β93C in nitrite-mediated inhibition of platelet 

activation by RBCs, we compared the ability of murine RBCs containing human β93C to 

those containing β93A. In the presence of nitrite, RBCs from both β93C and β93A mice 

significantly inhibited platelet activation, with the degree of inhibition being similar with 

each RBC. (Fig. 3). These data show that RBC-mediated bioactivation of nitrite does not 

require β93C.

NO-treated hemoglobin or SNOC-treated RBCs dilate vessels independently of β93C

In an attempt to look closer into the processes within the Hb molecule that govern the 

transfer and release of NO bioactivity we used RBC hemolysates from control (β93C) and 

mutant (β93A) mice as well as purified human Hb. These preparations were treated with 

pure NO gas in the absence of oxygen in order to generate nitrosyl-heme, which was 

subsequently applied to PE-preconstricted mouse aortic segments to study vasodilator 

responses. NO-treated lysed RBCs dose-dependently dilated these vessels and there was 

clearly no difference between controls and mutant hemolysates (Fig. 4A). NO-treated 

purified Hb (i.e. Hb(NO)4) dilated vessels (Fig. 4B) while native free Hb constricted the 

vessels (Fig. 4C).

To evaluate RBC SNO-dependent dependent vasodilation, we treated RBC with S-nitroso 

cysteine (SNOC) to increase SNO concentrations. Fig 5A shows that SNOC treatment 

increased total S-nitrosothiol levels to similar extents in both RBCs. However, the 

distribution of SNO was different with high MWt SNO’s being decreased and low MWt 

SNO’s increased (both by approx. 2-fold) in β93A RBCs compared to β93C RBCs. SNO 

RBCs expressing β93C or β93A induced vasodilation in a dose-dependent manner at both 

high (Fig 5B) and low (Fig 5C) oxygen tensions, without any differences between the 

control and mutant RBCs.

Hypoxic vasodilation in skeletal muscle in vivo occurs independently of β93C

In a final series of experiments, the responses in skeletal muscle blood flow to global 

hypoxia were tested in the dorsal skin fold window model. This model allows interrogation 

of hypoxic vasodilation in awake mice without the influence of anesthesia. Hypoxia 

significantly increased arteriolar diameter in β93C or β93A mice, respectively (p<0.001, 

Fig. 6A); the magnitude of the hypoxic vasodilatory response was between 30–40% and not 

significantly different between β93C or β93A mice. Moreover, hypoxia significantly 

decreased MAP in both mice (p<0.001, Fig. 6B), with no differences between β93C and 

β93A mice noted. Finally, no significant effect of hypoxia on heart rate was observed in 

either β93C or β93A mice (Fig. 6C).
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Discussion

Using multiple approaches we here confirm the fascinating ability of RBCs to export NO 

bioactivity. However, our results clearly suggest that the release of this NO bioactivity 

occurs independently of the presence of β93C in Hb. Thus, NO bioactivity measured as ex 
vivo cardioprotection, inhibition of platelet activation, or vessel relaxation, was entirely 

intact when using RBCs or hemolysates from mice lacking the β93C in Hb. Moreover, acute 

hypoxia-induced vasodilation observed in vivo was similar in β93A and β93C mice. In all 

three ex vivo models used here, the dependency of NO for the responses has been previously 

verified. As an example, the cardioprotective effects of RBCs in the ex vivo Langendorff 

preparation is lost when using RBCs from eNOS-deficient mice.10 A strength of the present 

study is that several different vascular beds were studied (coronary circulation, isolated 

aortae, skeletal muscle microcirculation) and in each case we found evidence for RBC-

mediated release of NO bioactivity under deoxygenated conditions.

In the presence of nitrite, murine RBCs containing human β93A inhibited platelet activation 

to an extent similar to that observed when using RBCs containing human β93C. We and 

others have previously shown that nitrite-mediated inhibition of platelet activation requires 

the presence of RBCs (in the absence of RBCs nitrite has no effect), and this action is 

abrogated by an NO scavenger.28–30 These data strongly support the notion that RBCs can 

export NO bioactivity and that β93C is not required in this process. Our data contrast to 

those of another report that suggested that nitrite may induce export of RBC NO bioactivity 

by acting as a substrate for S-nitrosation of Hb at β93C.31 It should, however, be noted that 

our platelet activation studies do not subject the RBCs to oxygen tension cycling that was 

proposed in the original theory of SNO-Hb-mediated NO export by RBCs.1 Our samples 

were partially deoxygenated and the addition of nitrite forms nitrosyl-Hb, but the samples 

remained largely deoxygenated throughout the experiment. Therefore, looking at the results 

from this experiment alone, one cannot exclude the additional presence of RBC-mediated 

NO bioactivity involving also S-nitrosation of Hb at β93C. We can only conclude that RBC-

mediated bioactivation of nitrite, as measured by inhibition of platelet activation, can 

proceed without the formation of SNO-Hb and without cycling of oxygen tension.

For the experiments using exogenous nitrite, non-physiological amounts of NO gas or 

treatment with SNOC, one could argue that thiols other than β93C on the Hb molecule are 

overwhelmingly S-nitrosated to further transduce NO bioactivity. However, these limitations 

cannot apply to the isolated heart experiments involving arginase inhibition as with this 

approach endogenously formed NO from RBC eNOS is simply allowed to proceed freely. 

The RBCs were present in the coronary circulation during the ischemia which should create 

optimal deoxygenated conditions for the release of NO bioactivity from the β93C according 

to the original hypothesis.1 Even in this setting however, export of NO bioactivity from the 

RBC was intact in the absence of β93C.

We also tested the ex vivo vascular responses of mouse aortae following exposure to purified 

human Hb pretreated with NO to form nitrosyl-Hb. NO-treated Hb dose-dependently dilated 

vessels whereas addition of untreated Hb caused strong vasoconstriction. Again, one could 

argue that in our experimental models cysteines other than β93 on Hb are first nitrosated and 
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then transduce NO bioactivity via transnitrosation reactions to low molecular weight thiols. 

However, this seems unlikely given the fact that horse myoglobin, which contains no 

cysteine residues, also caused dilatations if pretreated with NO (unpublished data). Notably, 

this in vitro approach does not represent physiologically relevant conditions in terms of NO 

amounts, hematocrit etc. It should rather be viewed as a mechanistic experiment 

demonstrating that NO-treated hemoglobin indeed dilates vessels even in the absence of 

β93C.

What is then causing the release of NO bioactivity in the experiments above? It could occur 

through the release of the entire NO-heme complex as recently suggested32 or in the 

experiments using RBCs, through direct S-nitrosation of small molecular thiols without 

intermediate SNO-Hb formation. In support of the former are early observations by Ignarro 

showing activation of sGC involving NO-heme exchange.33 To further explore and 

specifically test SNO-dependent vasodilation, RBCs were treated with SNOC to increase S-

nitrosothiol levels before being tested for vasodilating properties. Despite high MWt SNO’s 

being lower in β93A RBCs, no differences between SNO-RBC dependent vasodilation were 

observed under normoxic or hypoxic conditions.

Cortese-Krott and colleagues recently reported the identification of an intact sGC signaling 

pathway in human RBCs.34 Thus, another possibility regarding the nature of the NO 

bioactivity exported from RBCs is that cGMP or other downstream mediators of NO 

signaling are directly released from these cells rather than an NO related species. Further 

studies are needed to explore this possibility but theoretically, the phenomena studied here 

could be caused by an NO dependent activation of sGC within the RBC.

The development of the mouse lacking β93C has been a helpful tool when trying to 

elucidate the role of this amino acid residue in RBC physiology. However, the results 

published have been conflicting. Isbell and colleagues developed the mouse model and first 

reported that it lacked a phenotype suggestive of impaired vascular homeostasis.15 Here we 

expand these data using the intact murine dorsal skin fold window model. As expected, 

acute hypoxia induced vasodilation which was the same in mice expressing or lacking the 

β93C suggesting that SNO-Hb is not required for hypoxic dilation of arterioles in the 

skeletal muscle microvasculature.

Zhang et al recently demonstrated severe cardiac dysfunction and premature death in the 

same mutant mice and attributed these pathologies to the lack of NO bioactivity exported 

from the RBC16. The same group also looked at skeletal muscle blood flow in response to 

systemic hypoxia and found that blood flow was better maintained during hypoxia in the 

β93C expressing mice compared to the β93A mutant mice17 implying a defect hypoxic 

vasodilation in the latter. The authors used change in blood flow as indicator of vessel 

tension, but actual dilatation (i.e. change in vessel diameter) was not measured. This is 

problematic since blood flow is determined primarily by vessel diameter (resistance) and 

blood pressure difference (here blood flow = ΔP/Resistance). Therefore, changes in blood 

flow cannot be solely attributed to changes in resistance. With this in mind and when 

looking further at the data presented by Zhang and colleagues, it is apparent that blood 

pressure and cardiac output were increased in their control mice at the same inspired oxygen 
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concentrations (FiO2) as in our study (i.e. 0.10) while muscle blood flow was unchanged. In 

the β93A mice, blood pressure and cardiac output decreased during the graded hypoxia as 

did skeletal muscle blood flow. This suggests contraction in control vessels (increased 

resistance) rather than vasodilatation in response to the global hypoxia. In aggregate, the 

poor blood flow in skeletal muscle reported by Zhang and colleagues in β93A mice during 

global hypoxia is likely primarily driven by an impaired cardiac contractility rather than an 

altered hypoxic vasodilation in peripheral tissues. Indeed, phenotypically this is exactly what 

the authors have seen in their published studies using these mice.16, 17 In contrast to Zhang 

et al. we fail to see acute signs of cardiodepression when the β93A animals breathe 10% 

oxygen. We are unsure why the results differ but one possibility is the fact that we used 

awake animals whereas Zhang used anesthetized ones. Thus, if the mice already have 

borderline cardiac failure, the additional stress imparted by anesthesia (Avertin used by 

Zhang et al. is a known cardio-depressant) may tip them over so that they cannot uphold a 

normal cardiac output, explaining the reduced blood flow observed.

Further studies are clearly needed to pinpoint the reason for the proposed cardiac failure in 

mice lacking the β93-cysteine of Hb. At this stage one can only speculate on such alternative 

mechanisms not involving SNO-Hb formation. We have noted that RBCs lacking β93C are 

more susceptible to oxidative damage indexed by higher concentration of ferryl-Hb and 

protein radicals after exposure to H2O2 ex vivo, and increased protein radicals and carbonyls 

in RBCs at baseline and after LPS challenge in vivo.35 Other studies have also identified the 

β93Cys as a redox ‘hot-spot’ important in dissipating oxidizing equivalents formed in the 

RBC.36 In fact, studies from the 1970s, ie 20 years before the SNO-Hb theory was released 

already suggested that the hemoglobin β−93 cysteine plays a protective role for the heme 

iron against oxidation.37, 38 It is possible that loss of an endogenous antioxidant residue has 

effects on cardiac function independently of SNO formation. Consistent with this 

hypothesis, β93A mice had a greater extent of acute lung injury and oxidative damage in the 

lungs after LPS exposure, compared to β93C mice.35 Moreover, the concept of reduced 

capacity to neutralize reactive oxygen species by RBCs leading to endothelial and cardiac 

dysfunction was recently supported by studies where RBCs from diabetic patients induced 

vascular dysfunction when co-incubated with human vessels in vitro12 and aggravated 

cardiac dysfunction when administered to an ischemic rat heart ex vivo.11

In conclusion, this study reinforces the fascinating ability of RBCs to release NO-bioactivity 

but clearly suggest that such export occurs independently of the presence of β93C in Hb.
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Clinical Perspective

1. What is new?

• The red blood cell can export NO bioactivity under deoxygenated 

conditions and such export can be stimulated either by arginase 

inhibitors or by inorganic nitrite.

• This export however occurs independently of the conserved 

cysteine-93 of the hemoglobin β-chain

• In vivo hypoxic vasodilation in skeletal muscle microcirculation is 

also independent of the β93 cysteine.

2. What are the clinical implications?

• The fascinating ability of RBCs to export NO bioactivity might be 

harnessed therapeutically e.g in protection against myocardial 

ischemia-reperfusion injury.
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Figure 1. Scheme of approaches used to study export of NO bioactivity by red blood cells.
Washed red blood cells (RBCs) from control mice (β93C) or mutant mice (β93A) lacking 

the cysteine-93 on the β-chain of hemoglobin were used in 3 model systems known to 

respond to export of RBC NO bioactivity: i) isolated aortic dilation or contraction in 

response to NO- or S-nitrosothiol treated RBCs, ii) isolated mouse hearts perfused with 

RBCs prior to ischemia reperfusion injury and measuring cardiac recovery, iii) RBC and 

nitrite-dependent inhibition of platelets activation, iv) in vivo assessment of hypoxic 

vasodilation.
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Figure 2. Effects of β93C and β93A RBCs on the recovery of cardiac function following 
ischemia-reperfusion
Hearts from wild type mice were given red blood cells (RBCs) from β93C mice incubated 

with vehicle (n=6) or nor-NOHA (n=5) or RBCs from β93A mice incubated with vehicle 

(n=5) or nor-NOHA (n=8). Nor-NOHA is an arginase inhibitor that induces export of NO 

bioactivity from RBCs. Data are shown as mean ± SEM. Significant differences between 

groups were analyzed using two-way ANOVA; **P < 0.01, ***P < 0.001. LVDP= Left 

Ventricular Developed Pressure.
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Figure 3. β93C is not required for RBC-mediated inhibition of platelet activation by nitrite
Murine red blood cells (RBCs) containing human hemoglobin β93C and mutant of β93C to 

β93A were used in the platelet activation assay at 10% hematocrit under partially 

deoxygenated conditions. Data show mean ± SEM, n=4. P values (*) were calculated using a 

paired t test: p< 0.03 between β93C with and without nitrite and p< 0.03 between β93A with 

and without nitrite.
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Figure 4. Responses of mouse aortae to hemolysates from of β93C and β93A RBCs or purified 
hemoglobin treated with NO gas
Hemolysates from red blood cells (RBCs) of β93C or β93A mice (A) or purified human 

ferrohemoglobin (B) were treated with NO gas in the absence of oxygen and then tested on 

phenylephrine (PE) and L-NAME (1 mM, used only in A) preconstricted mouse aortae. 

Non-treated human ferrohemoglobin (C) was used as control. Data show mean ± SEM. n=3–

6.
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Figure 5: Effects of β93C and β93A on SNO-RBC dependent vasodilation
Panel A: S-nitrosothiol (SNO) concentrations normalized to heme in β93C and β93A red 

blood cells (RBCs) after reaction with S-nitroso cysteine. Data show total levels and levels 

after fractionating RBCs into high and low molecular weight (MWt) components. Data are 

mean ± SEM (n=3). P-values shown were calculated by unpaired t-test. Panel B and C: Rat 

aortic rings were incubated at 21% or 1% O2 respectively, and vasodilation assessed in 

response to increasing concentrations of SNO-β93C RBCs and SNO-β93A RBCs. Data are 

mean ± SEM (n=3).
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Figure 6: In vivo effects of hypoxia on microvascular and hemodynamic parameters in β93C and 
β93A mice
β93C or β93A mice were exposed to global hypoxia and changes in arteriolar diameter 

(Panel A), mean arterial pressure (MAP, Panel B) and heart rate (HR, Panel C) were 

measured. Data show fold changes relative to normoxia and mean ± SEM (n=13–14). P 

value was not significant (NS) by unpaired t-test. Changes in MAP and Arterial diameter in 

response to hypoxia were significant in both groups of mice (p<0.001, students t test).
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