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Abstract
Release of hemoglobin from the erythrocyte during intravascular hemolysis contributes to the
pathology of a variety of diseased states. This effect is partially due to the enhanced ability of cell-
free plasma hemoglobin, which is primarily found in the ferrous, oxygenated state, to scavenge nitric
oxide. Oxidation of the cell-free hemoglobin to methemoglobin, which does not effectively scavenge
nitric oxide, using inhaled nitric oxide has been shown to be effective in limiting pulmonary and
systemic vasoconstriction. However, the ferric heme species may be reduced back to ferrous
hemoglobin in plasma and has the potential to drive injurious redox chemistry. We propose that
compounds that selectively convert cell-free hemoglobin to ferric, and ideally iron-nitrosylated heme
species that do not actively scavenge nitric oxide would effectively treat intravascular hemolysis.
We show here that nitroxyl, generated by Angeli’s salt (Sodium α-oxyhyponitrite, Na2N2O3),
preferentially reacts with cell-free hemoglobin compared to that encapsulated in the red blood cell
under physiologically relevant conditions. Nitroxyl oxidizes oxygenated ferrous hemoglobin to
methemoglobin and can convert the methemoglobin to a more stable, less toxic species, iron-nitrosyl
hemoglobin. These results support the notion that Angeli’s salt or a similar compound could be used
to effectively treat conditions associated with intravascular hemolysis.
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Introduction
Endothelial nitric oxide synthase produces nitric oxide (NO) which can then diffuse from the
endothelial cells to the smooth muscle where it causes vasodilation via activation of soluble
guanylate cyclase [1–5]. NO also modulates vascular permeability [6–8], angiogenesis [9,
10], platelet adhesion and aggregation [11–13], and leukocyte adhesion [14–16]. Thus, NO
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bioavailabilty is important in maintaining several aspects of homeostasis and its dysfunction
contributes to a large variety of diseased states [17–24].

NO primarily reacts with ferrous hemoglobin (Hb) in both the oxygenated (oxyHb) state,
producing methemoglobin (metHb, where the heme is oxidized to FeIII) and nitrate as described
in Equation 1. NO also reacts with ferrous Hb in the deoxygenated (deoxyHb) state, resulting
in formation of nitrosylHb (HbNO) as described in Equation 2.

(1)

(2)

The kinetics of these reactions are limited by the rate of diffusion of the ligand to the heme
pocket [25], with second order rate constants of 5–8 × 107 M−1s−1 [25–28] for the reaction
described by Equation 1, and 3 × 107 M−1s−1 for the NO binding reaction to deoxyHb [29,
30].

The production of nitrate from the reaction involving oxyHb is a dead end with respect to NO
bioactivity. In addition, any NO that is slowly released from iron nitrosyl Hb (on the order of
10−3 to 10−5 s−1 [29,31,32]) is likely to be scavenged by oxyHb, thereby eliminating its activity.
The fact that NO activity is effectively diminished in the presence of Hb was an important
property that aided in its identification as the endothelial derived relaxing factor [33]. That NO
is made in a compartment adjacent to the blood where there is about 10 mM Hb (heme
concentration*), led to questioning how it can function without being scavenged by the Hb
[34]. In normal physiology, the reason that endothelial-derived NO is not scavenged to the
extent predicted, based purely on kinetic calculations, is that red blood cell (RBC) encapsulated
Hb in the blood reacts with NO much more slowly than does cell-free Hb [35–45]. Three
mechanisms contribute to reduced NO scavenging by RBCs [46].: (1) the rate of the reaction
is largely limited by external diffusion of NO through the plasma to the surface of the RBC
[44], especially due to the presence of a red cell free zone adjacent to the vessel walls where
NO is made [37–39]; (2) NO diffusion is partially blocked by a physical barrier across the RBC
membrane [40,43,47]; and (3) RBC-encapsulated Hb is efficiently compartmentalized in the
lumen; it does not extravasate into the endothelium and interstitium [44,48–52].

All three mechanisms are disrupted during intravascular hemolysis [46]. The increased ability
of cell-free Hb to scavenge NO has been widely attributed to the hypertension, increased
systemic and pulmonary vascular resistance, and morbidity and mortality associated with
administration of hemoglobin-based oxygen carriers (HBOCs or “blood substitutes”) [53–
67]. More recently, the importance of intravascular hemolysis on NO bioavailability in diseased
states including hemolytic anemias like sickle cell disease and paroxysmal nocturnal
hemoglobinuria (PNH), thalassemia intermedia, malaria, thrombotic thrombocytopenic
purpura, hemolytic uremic syndrome and cardiopulmonary bypass has been elucidated [17–
19,68–73]. It had been thought that cell-free Hb in the blood was mainly present as metHb, but
it is in fact mostly oxyHb [19,74]. Reiter and coworkers found that responsiveness to NO
administration was blunted by 80% in patients with sickle cell anemia who had plasma Hb
concentrations greater than or equal to 6 μM [19]. The hemolysis in sickle cell disease is
generally lower than other conditions with an average of 4.2 ± 1.1 μM during steady state (but
increasing several fold during sickle cell crisis [75,76]) compared to 0.2 ± 0.1 μM for control
normal volunteers [19]. We have conducted calculations demonstrating that only 1 μM cell-
free Hb significantly reduces NO bioavailability, even in the background of the 10 mM or so

*Throughout this manuscript the concentration of Hb is given on a heme basis. So 2.5 mM Hb tetramers would herein be written as 10
mM Hb as there are 4 hemes per tetramer. 10 mM heme is equal to 16 g/dL, within the normal range of hemoglobin for an adult.
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Hb found in whole blood [77]. Thus, low NO bioavailability is likely to contribute as much or
more to pathology in other conditions involving hemolysis. It has been shown that hemolysis
in cardiopulmonary bypass surgery leads to renal tube injury and other complications [78].
Minneci and coworkers demonstrated that intravascular hemolysis leads to vasoconstriction
and impairs renal function in a canine model [18]. Thus, a host of animal and human data
support the notion that NO scavenging by cell-free Hb due to intravascular hemolysis
contributes to disease.

MetHb binds NO with a rate constant of only 4 × 104 M−1s−1 and releases it with a rate constant
of 1 s−1 [79]. Thus, metHb is not expected to be a very efficient scavenger of NO and
preferential oxidation of cell-free oxyHb to metHb by inhaled NO should reduce NO
scavenging. In 2002, Reiter and coworkers. showed that NO-inhalation therapy results in
conversion of plasma oxyHb to metHb in patients with sickle cell disease, thereby reducing
the enhanced NO scavenging by the plasma Hb [19]. Similarly, in the canine model, Minneci
and coworkers showed that NO inhalation following hemolysis resulted in restoration of NO
responsiveness to NO donors and attenuation of the hemolysis associated vasoconstriction
[18]. These results support the approach of oxidizing the cell-free Hb to diminish NO
scavenging. Indeed, NO inhalation therapy in sickle cell disease and other hemolytic conditions
has been gaining increased attention [17,68,72,80]. Although use of NO inhalation therapy
holds promise for treatment of hemolytic conditions, its use is not practical in a variety of
settings, particularly where chronic treatment is desired. NO inhalation therapy is expensive
and compliance in its use with portable gas cylinders is not likely to be great. In addition,
formation of metHb as an end-product may not be ideal due to potential oxidative damage
[81–83]. Methemoglobin reacts with hydrogen peroxide or superoxide to form ferryl
hemoglobin leading to the formation of other radicals causing protein damage and heme
degradation which in turn can lead to cellular and tissue damage [81].

Angeli’s salt (Sodium α-oxyhyponitrite, Na2N2O3) decomposes into nitrite and nitroxyl
(HNO), which readily reacts with oxyHb to form metHb (see reactions 1–3 in Figure 1) [84],

(3)

(4)

The rate constants for the reaction of HNO with oxyHb (about 107 M−1s−1) [85] is comparable
to NO, and thus it may preferentially react with cell-free Hb compared to RBC encapsulated
Hb in a similar way as NO. In addition, HNO reacts with ferric hemes to form an iron nitrosyl
with a rate constant of about 106 M−1s−1 [85,86], so we reasoned that HNO would also form
iron nitrosyl Hb when reacted with oxyHb. A reaction scheme for Angeli’s salt (AS) and
various Hb forms is presented in Figure 1.

In this paper we show that AS can be used to preferentially convert cell-free oxyHb to metHb
in the presence of excess, physiologically relevant concentrations of RBC encapsulated Hb. In
addition, we show that AS also forms potentially less redox active end-products including iron
nitrosyl Hb and nitrite bound metHb. Thus, we propose that Angeli’s salt or a similar compound
could be used to effectively treat hemolysis.

Materials and Methods
Reagents

Angelis salt was purchased from Cayman Chemical. All other chemicals were obtained from
Sigma Chemical Company. Blood was obtained from volunteers or bought from the Interstate
Blood Bank (Memphis, TN). RBCs were obtained by washing the blood three to five times in
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pH 7.4 phosphate buffered saline (PBS). Hb was purified as described previously [87,88]. The
washed red blood cells were lysed by incubation with distilled water and the membranes spun
out by centrifugation. After extensive dialysis against distilled water followed by dialysis
against PBS, the Hb was pelleted in liquid nitrogen and stored at −80° C for storage. Note that
this procedure does not eliminate catalase originally present in the red blood cell.

MetHb was prepared by incubation with excess ferricyanide and the excess ferricyanide was
removed by column filtration (G-25) and dialysis. DeoxyHb was prepared by diluting Hb into
deaerated PBS buffer obtained by flushing the buffer with nitrogen or argon in a septum capped
flask with an exit needle also present. The Hb was further deoxygenated by purging the solution
with argon or nitrogen in a septum capped flask (without inserting the purge needle into the
solution). OxyHb was prepared by diluting the Hb into air-equilibrated buffer. The integrity
of all Hb species was confirmed spectrophotmetrically. Ferryl hemoglobin was prepared by
adding a two-fold molar excess hydrogen peroxide to metHb obtained from Sigma Chemical
Company after sedimentation and filtration through G-25 columns.

Stock solutions of Angeli’s Salt were prepared in 0.01 M NaOH. The concentration was
confirmed by UV absorbance at 237 nm with an extinction coefficient (ε) of 6.1 mM−1cm−1

(or, equivalently, ε = 8 mM−1cm−1 at 250 nm [89]). The release of HNO was initiated upon
addition to reactions in 0.1 M phosphate buffer at pH 7.4. For anaerobic experiments the AS
stock solutions were made with NaOH that had been purged with argon for at least thirty
minutes.

Spectroscopy
Absorption spectroscopy on Hb was performed using a Cary 50 Bio Spectrometer in the visible
wavelength range (Varian Inc.). Absorption spectroscopy of blood or RBCs was measured in
the visible or near infra red range using a Perkin Elmer Life Sciences Lambda 9 spectrometer
equipped with an integrating sphere to detect scattered light. Septum capped cells were used
for experiments performed in other than ambient atmospheric conditions.

Electron paramagnetic resonance (EPR) spectroscopy was performed using a Bruker EMX
10/12 spectrometer cooled using liquid helium and operating at 9.4 GHz. Iron nitrosyl Hb was
detected at 110 K using 5-G modulation, 10.1-milliwatt power, 655.36-ms time constant, and
167.77-s scan or 327.68-ms time constant and 83.89-s scans over 600 G. MetHb was measured
by EPR (at low field using 15-G modulation, 10.1-milliwatt power, 81.92-ms time constant,
and 41.94-s scan over 700 G) at 4 K using liquid helium. The concentration of each species
was determined by performing a double integral of the EPR spectrum and comparing to
standard samples.

Time resolved absorption spectroscopy was performed by mixing reactive species (Hb and
AS) and taking absorption spectra at defined time intervals. Concentrations of known species
were obtained by performing a least squares fit to known basis spectra of each species (Figure
2). In most cases spectral data were fit to all the species shown in Figure 2b except NO bound
to metHb (FeIIINO-Hb) since this species is not expected to accumulate to a measurable
amount. To ensure FeIIINO-Hb was not present, it was occasionally included in the fit
parameters and always found not to be present at significant quantities or to improve the
residuals significantly. The addition of ferrylHb to the fitting procedure was also found not to
improve the fits (less than a factor of two improvement in residuals compared to when the fits
were performed in the absence of ferrylHb) and was thus not included in the fits shown. Data
presented on the percentage of each species includes those species that were present at greater
than 1% according to the fits. Control experiments were performed where only nitrite was
added at a concentration equivalent to that released by AS. No significant spectral changes
where observed over the time course studied for these control experiments.
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Competition Experiments
Preferential reactivity of AS with cell-free Hb compared to that encapsulated in red blood cells
was performed based on the original conception of the Liao group [40] and modified as
described in detail previously [45]. Briefly, AS (50 μM to 150 μM) was added to a mixture of
Hb (final concentration of 30 μM to 100 μM) and RBCs at a hematocrit (Hct) comparable to
that found in normal physiology (45%) or comparable to that of patients during sickle cell crisis
(18% [75]). The RBCs were spun down and three samples were loaded into EPR tubes and
frozen for analysis: (1) one containing a sample from the supernatant used to determine the
amount of reacted cell-free Hb, (2) another from the pellet used to determine the amount of
reacted RBC encapsulated Hb, and (3) one from the sample before centrifugation to determine
the total amount of reacted Hb that should be equal to that in the other two EPR tubes. The
preferential reactivity, , of AS is defined by the ratio of the bimolecular rate constant for
the reaction of AS with cell-free Hb (kf) to that of the reaction of AS with RBC encapsulated
Hb (kr). The preferential reactivity is calculated from the relation

(5)

where the subscripts r and f refer to the RBC encapsulated and cell-free Hb respectively. This
equation states that the amount of metHb made in the red cell or cell-free fraction depends on
the intrinsic, bimolecular (normalized by the concentration of Hb) rate constant and the amount
of reacting material in each fraction. The concentrations (indicated by brackets) represent the
moles of the species in the total volume. Thus,

(6)

where [metHb]s represents the concentration of metHb in the supernatant. A similar equation
is used to determine [HbO2]f from the concentration of oxyHb in the supernatant ([HbO2]f =
(1-Hct)* [HbO2]s where the subscript “s” refers to the supernatant). For partially deoxygenated
samples, where the products included both HbNO and metHb, the sum of these products in
each fraction was used to determine kf/kr. Since the concentration of cell-free Hb is not constant
during the reaction, when necessary, a term accounting for this was included when calculating
kf/kr as described previously [40]. In such a case [metHb]f/[oxyHb]f is replaced by ln(1 +
[metHb]f/[oxyHb]f), where ln is the natural log. Note that ln(1 + x) ≅ x when x is small.

For each experiment, a control sample was prepared without AS and treated identically in other
respects as the sample to which AS was added. Under aerobic or partially aerobic conditions,
some MetHb could form due to autoxidation. Thus, we subtracted the amount of MetHb
measured in the control sample from that in the samples to which AS was added. As described
previously [45], a self-consistency check was imposed on the data whereby if the sum of the
reacted Hb in the supernatant plus that in the red cells was significantly different from that in
the whole mixture (leading to calculated values of kf/kr that differ by over 30%), the data were
discarded.

Results
According to Equation 4, HNO converts oxyHb to metHb in a 1:2:2 stoichiometric ratio (Figure
1, reactions 2 and 3). In an earlier study, the rate of metHb formation was plotted against the
concentration of AS and the slope of this line was compared to that for spontaneous AS
decomposition (8.3 × 10−4 s−1) [84]. This comparison suggested the 2:1 metHb:AS
stoichiometry [84]. We confirmed this stoichiometry using an alternative methodology
(spectral deconvilution) when we mixed 50 μM of AS with 100 μM of oxyHb (Figure 3). Figure
3A shows representative time-resolved absorption spectra from a single experiment and Figure
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3B shows the results from deconvoluting these spectra into their components. The apparent
half life of AS (based on the time for the oxyHb to fall to half its initial value) is 16 minutes,
consistent with previously measured values of the half-life under similar conditions [84]. The
reaction (which is rate-limited by the decomposition of AS to HNO and nitrite) is essentially
over after seventy minutes. At the final time point measured for the data shown in Figure 3B,
92% of the Hb is metHb and importantly, we observe that about 16% of this has nitrite bound.
The average concentration of species at 72 minutes from three separate experiments was 93%
MetHb with 10 ± 4 % having nitrite bound and 83 ± 5% being ligand free. Very little HbNO
is made under these conditions (2 ± 1 % average over three experiments). It is possible that
some of the oxyHb was converted to metHb via a direct reaction with nitrite. However, given
the slow kinetics of the nitrite/oxyHb reaction [90], this reaction is not expected to be important.
The rate constant for the slow (pre-autocatalytic phase) of the nitrite/oxyHb reaction is about
0.5 M−1s−1 at pH 7.4†. Under our conditions, without excess nitrite to Hb, one would not expect
autocatalysis. We confirmed this by mixing 100 μM of nitrite with 100 μM of oxyHb for 72
minutes and we found that only 2.4 μM of metHb was formed (data not shown).

Figure 4 shows the results from mixing equimolar amounts of AS and oxyHb. Figure 4A shows
representative spectra when 100 μM AS is reacted with 100 μM oxyHb. and Figure 4B shows
the results from deconvolution into basis spectra. Here, the oxyHb is essentially gone within
10 minutes forming mostly metHb with some bound to nitrite and also forming some HbNO
(at 12 minutes the concentrations are 0, 83, 13, and 3 μM for oxyHb, metHb, nitrite bound
metHb, and HbNO). After 72 minutes 24% of the Hb is converted to HbNO form and 74% is
metHb, 30% of which has nitrite bound. Similar results are obtained when 50 μM AS are reacted
with 50 μM oxyHb (Figure 4c, d). Some differences in the final concentrations of MetHb and
HbNO in the experiments with 50 μM vs 100 μM Hb may be due to the ratio of molecular
oxygen to heme ratio in the two experiments.

The HbNO detected when mixing AS with oxyHb is likely to be due to the reaction of metHb
initially produced with HNO (i.e. reactions 2 and 3 followed by reaction 5 shown in Figure 1).
To confirm this we reacted equimolar amounts of AS and metHb (Figure 5A and 5B) under
aerobic conditions. HbNO is formed as expected. One AS will convert two oxyHb to two
metHb (Figure 1, reactions 1–3). An additional AS can convert one metHb to one HbNO
(Figure 1, reaction 5). If these were the only relevant reactions, with equimolar AS and oxyHb
(as in Figure 4) one would expect that more of the Hb would be converted to HbNO after 72
minutes than is observed. Likewise, one would expect more HbNO to form from the mixture
of equimolar amounts of metHb and HNO than is observed (Figure 5a,b). One reason for the
lower yield is that some of the HbNO could be converted back to metHb via reactions involving
oxygen [91]. These reactions are slow but could contribute to HbNO depletion. To test this we
allowed 270 μM Hb that was 43% HbNO (formed by reaction of AS with metHb) to sit in room
air for 82 minutes and found that 29% of the HbNO was converted to metHb (data not shown).
To further explore the role of oxygen in affecting HbNO yield, we repeated the experiment
shown in Figure 5A, mixing 100 μM AS with 100 μM metHb, only this time used anaerobic
conditions. As shown in Figure 5C and 5D, significantly more HbNO is made (about 60% of
total Hb).

Although more HbNO is made when AS is added to metHb under anaerobic (Figure 5C and
5D) conditions than aerobic conditions (Figure 5A and 5B), the HbNO yield under anaerobic
conditions is still less than what is expected (1 HbNO from 1 metHb, Figure 1 (reaction 5)).
Thus, it is also unlikely that the lower than expected HbNO yield when equimolar AS is reacted
with oxyHb (Figure 4) can be explained simply by invoking the HbNO + O2 reaction. Another
possible explanation for lower HbNO yields could be due to the involvement of peroxide from

†Neil Hogg, personal communication.
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the oxyHb + AS reaction (Equation 4 and Figure 1 reaction 2). Hydrogen peroxide could,
among other things, react with metHb to form ferryl Hb and lead to heme degradation.
However, a role for H2O2 in our reactions is unlikely due to the fact that our Hb preparations
do not separate catalase from the Hb and thus contain substantial amounts of catalase so that
the ratio of Hb to catalase would be about the same as that found in the red blood cell (about
1000:1 [92–94]). Even though the amount of catalase present is much less than the amount of
Hb, since catalase reacts with H2O2 about 106 fold faster than oxyHb [95,96], one would expect
catalase to convert essentially all the peroxide into water and oxygen. This is demonstrated to
be the case in Figure 6A where we added 33 mM H2O2 with 100 μM oxyHb and recorded
absorption spectra every 3 minutes for 90 minutes. No change in the absorption spectra was
detected even with such high peroxide concentrations (all the spectra overlap). In addition, as
noted in the methods section, we did not detect any significant ferryl Hb in our reaction systems
when the spectrum was included in our regression analyses.

We investigated whether the presence of catalase in our systems would affect the reaction of
AS and oxyHb. Figure 6B shows that when a lot (25 to 100 μM) of catalase is added to the
oxyHb preparation (which already contains a little catalase), the metHb yield decreases. This
phenomenon is likely due to the fact that HNO derived from AS reacts with catalase to form
a ferrous iron nitrosyl form of catalase (reaction 7, Figure 1) [97]. NO readily dissociates from
this catalase complex and reacts with oxyHb to make metHb (Figure 1, reactions 7 and 9)
[97]. Note that in this pathway, one AS derived HNO molecule results in a single conversion
of one oxyHb to metHb rather than when HNO derived from AS results in the conversion of
two oxyHb to two metHb (via reactions 2 and 3 in Figure 1), thereby decreasing the metHb
yield. Although the effect of catalase on metHb yield is observed at high (equimolar to Hb)
catalase concentration, the effect is already diminished when the ratio of catalase to oxyHb is
1 to 4. Given that the ratio is about 1 to 1000 in red cells [92–94] (and our hemolysate), catalase
is not likely to affect our experiments other than scavenging any H2O2 that is formed.

The most likely explanation for reduced HbNO yield in Figures 4 and 5 is due to the reaction
of HNO and thiols (reaction 10 in Figure 1). The ability of thiols to compete with heme reactions
with HNO has been noted previously [84]. When 200 μM reduced glutathione (GSH) was
added to the reaction of 82 μM AS and 100 μM metHb under anaerobic conditions, the HbNO
yield was greatly diminished (Figure 6C). Blocking the reactivity of the Hb β-93 cysteine
increased the HbNO yield, but the effect is not as great as adding GSH, indicating that the
reaction of HNO with protein bound thiols may be slower than with those of small molecules
like GSH (Figure 6C). When 100 μM AS was added to 100 μM metHb that had been treated
with NEM, HbNO yield was almost 100% (Figure 6C). The inclusion of 200 μM GSH with
the reaction of 50 μM AS and 100 μM oxyHb reduced metHb yield (Figure 6D), but the effect
of the GSH on the oxyHb reaction was not as great as it was on the metHb reaction. This result
is consistent with published reaction rate constants for these reactions ([85] and see Figure 1).
The fact that addition of 50 μM AS to 100 μM oxyHb forms almost 100 μM metHb (Figure 3)
suggests that Hb β-93 cysteine does not effectively compete with the heme reaction of oxyHb
and AS derived HNO. Reactions of protein thiols are predicted to be more competitive with
the reaction of HNO and metHb and therefore may have contributed to lowered HbNO yields
in Figure 5.

In vivo, the oxygen pressure and Hb oxygen saturation is less than that present when Hb is
prepared in solution under aerobic conditions. We therefore examined the reaction of AS
derived HNO with partially oxygenated Hb (Figure 7A). The initial sample is composed of
52% oxyHb and 48% deoxyHb. As shown in Figure 7B, the percentage of metHb in the sample
rises, presumably due to the reaction with oxyHb, and then falls, most likely due the reaction
of metHb with HNO to form HbNO. The disappearance of oxyHb is slower while the formation
of HbNO is larger in Figure 7 compared to what is observed in Figure 4a,b where the Hb was
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completely oxygenated. This is most likely partially due to NO that is formed from the reaction
of oxyHb and HNO reacting with deoxygenated Hb instead of another oxyHb. After 72
minutes, about 45% of the sample is converted to HbNO (Figure 7C).

Figure 8 shows that AS preferentially reacts with cell-free Hb compared to RBC encapsulated
Hb. As described in the methods section, competition experiments were performed where AS
was added to a mixture of red cells and cell-free Hb and the relative rate of the reaction was
monitored examining the products in each fraction after separation by sedimentation. Figure
8A shows EPR spectra taken from a mixture of 50 μM AS with 107 μM cell-free Hb and red
cells at a hematocrit of 41% (corresponding to about 10 mM in Hb) after 30 minutes of
incubation under aerobic conditions. Under these conditions, metHb is the only Hb product
resulting from the addition of AS to oxyHb that is detectable by EPR (no HbNO). The presence
of high spin metHb is evidenced by the low field EPR resonance at g = 6. Spectra are shown
for the cell-free Hb (supernatant), red-cell encapsulated Hb (pellet), and the whole mixture
(before sedimentation). The sum of the metHb in each fraction is equal to that in the whole
mixture. This condition was used as a self-consistency check for inclusion of data sets for
calculating the preferential reactivity, kf/kr. Since there was about 100 times more red-blood
cell encapsulated Hb than cell-free Hb, if AS had no preferential reactivity (kf/kr = 1), one
would expect only 1% of the metHb formed by reaction with AS to be in the cell-free Hb
fraction. Instead, 45% of the reacted Hb is in the cell free fraction, giving a value of kf/kr =
75‡. Importantly when this experiment was repeated using whole blood, wherein 50 μM AS
was reacted with whole blood with red cells at 41% Hct and 100 μM cell-free Hb, 26 μM metHb
was formed in the supernatant (after correction to the total volume, data not shown). This is
about 84% of the amount of metHb found when plasma was absent indicating that plasma thiols
are likely to compete with oxyHb oxidation in plasma, but the oxidation of Hb will still be
quite effective.

When the ratio of AS to cell-free Hb increases and the system is partially deoxygenated, iron-
nitrosyl Hb is detected both in the cell free fraction and red cell encapsulated fraction (Figure
8B). The formation of HbNO is evidenced by the appearance of an EPR resonance at g = 2.009.
Figure 8C shows a summary of the percentage of reacted Hb in each fraction after 50–150
μM AS was added to red cells at 16 ± 1% hematocrit and 30 ± 2 μM cell-free Hb after 6 minutes
of the reaction. AS converted 45 ± 12 % of cell-free Hb to non-NO scavenging forms (metHb
and iron-nitrosyl Hb) and only converted 0.4 ± 0.3 % of RBC encapsulated Hb (n=3). Figure
8D shows a summary of the preferential reactivity (kf/kr) of AS from multiple trials under
different conditions. The preferential reactivity is greater for lower hematocrits (such as in
hemolytic anemias) as has been observed previously for NO [45].

Discussion
Consistent with previous studies we have shown (1) AS is efficient at converting oxyHb to
metHb and (2) AS will further convert metHb to HbNO. Here we show that these reaction also
produce nitrite bound metHb and, importantly, that AS preferentially reacts with cell-free Hb
compared to RBC encapsulated Hb. These results suggest that AS may hold therapeutic
promise in the context of reducing NO scavenging by cell-free Hb in pathological conditions
associated with hemolysis.

‡From Equation 5 we have kf/kr = ([oxyHb]r/[metHb]r)([metHb]f/[oxyHb]f), where the subscript refers to RBC and f refers to free as
in cell-free Hb. For the data shown in Figure 8a: [oxy]r = 8,124 μM (40.6% Hct), [metHb]r = 36.3 μM, [metHb]f = 30.7 μM and the
value [oxyHb]f at the time of the measurement (31 minutes after adding AS) was 78.3 μM. Using this value of [oxyHb]f is problematic
as the amount of [oxyHb]f changes in time, so that Equation 5 is modified so that kf/kr = ([oxyHb]r/[metHb]r)(ln(1+ [metHb]f/
[oxyHb]f)). Plugging in our values we have kf/kr = (224)(ln(1 + 0.392) = (224.)(0.331) = 74. Note that without the correction using
natural log, one would have obtained a value of 88 which is an overestimation but not horribly different from the corrected value.
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Previous work has demonstrated the rapid reaction of HNO released from AS with oxyHb to
form metHb [84–86]. The pathway likely involves co-oxidation of the iron atom and nitroxyl
by the bound dioxygen to yield metHb, NO and an equivalent of hydrogen peroxide (reaction
2, Figure 1) [84],

(7)

The NO formed can then react with another oxyHb to form metHb and nitrate (reaction 3,
Figure 1), giving the relation of Equation 4 where one AS derived HNO converts two oxyHb
to two metHb [84]. Our results shown in Figure 3 are consistent with this stoichiometry. In
addition, we find that that about 10% of the metHb has nitrite bound to it. Although the
formation of metHb-NO2

− has not (to our knowledge) been reported before, the result is to be
expected given that AS forms nitrite and metHb binds nitrite [98]. MetHb-NO2

− is less likely
to cause oxidative damage than metHb alone. Peroxide or other reactants are less likely to be
able to access the heme with nitrite bound.

Figures 4, 5 and 7 show the formation of HbNO. The kinetics of the reaction of HNO with
oxyHb to form metHb is about ten times faster than the reaction of HNO with metHb to form
HbNO [85,86]. Thus, one expects to convert most of the oxyHb to metHb before metHb is
converted to HbNO. This is what is observed in Figures 4 and 7. We have shown that more
HbNO is made when oxygen tension is lowered (Figures 5 and 7), most likely due to the reaction
of oxygen with HbNO to form metHb. Formation of HbNO, which will be enhanced under
conditions with lower oxygen tension, may benefit patients in that it is a relatively stable, non-
toxic form of Hb. HbNO itself may not be infinitely stable in the plasma but its formation is
likely to provide some protection against oxidative damage.

Other reactions besides those discussed so far may be considered to play a role when AS is
added to oxyHb. Firstly, one may suggest that AS derived nitrite may react with the oxyHb,
but that reaction is too slow to be a significant factor which we confirmed by adding nitrite to
oxyHb and observing very little reaction. The reaction of nitrite with deoxyHb to form metHb
and NO could play some role. This reaction is fastest (6 M−1s−1) when a sample is partially
oxygenated so that some of the material is in the R quaternary state, but still much slower than
the reaction of HNO with oxyHb [99,100]. Thus, the reaction of nitrite with deoxyHb could
make some, but not a great, contribution to the yields we observe. Another reaction to consider
would be the result of NO (formed from reaction of HNO with oxyHb) binding to metHb. Since
the dissociation rate constant for NO from metHb is fast (about 1 s−1 [79]) and the association
rate constant is slow (4 × 103 M−1s−1 [79] ) compared to the reaction of NO with oxyHb and
NO binding to ferrous heme, very little if any NO bound metHb is likely to form. However,
there is some possibility that a small amount that does form would undergo reductive
nitrosyaltion forming nitrite and deoxyHb (which could subsequently be nitrosylated by
another NO molecule) [101]. A third reaction that one might invoke is that of oxygen with
HNO, but that reaction is several orders of magnitude slower than reactions of HNO with heme,
so it is not expected to play a significant role [85]. Finally, one may consider the reactions of
HNO with itself or with nitric oxide, but the steady-state levels of these predict that these
reactions would not be significant.

We have shown (Figure 8) that AS reacts preferentially with cell-free Hb compared to that
encapsulated in the red cell. Comparison of Figure 8A with Figure 3B indicates that the primary
reaction of HNO in the RBC is with oxyHb. That this reaction successfully competes with
reactions with thiols and other RBC constituents makes sense given that the oxyHb/HNO
reaction is the fastest and oxyHb is the most abundant reacting molecule in the RBC. When
AS was added to Hb alone (100 μM), a total of 69 μM metHb is made after 30 minutes, 13
μM of which had nitrite bound (Figure 3B). When AS was added to essentially the same
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concentration of Hb and almost 10 mM red cell encapsulated Hb (41% Hct), 67–69 μM metHb
was made (Figure 8A). Since nitrite bound metHb is EPR silent [102], there is actually probably
slightly more metHb made in the case with RBCs present. The reaction of nitrite with oxyHb
in the RBC may also contribute slightly to metHb formation. This reaction is slow, but with
20 mM oxyHb in the red cell, it is expected to make some contribution. The reaction of nitrite
with RBC Hb is not significantly impeded by RBC uptake [103]. When we reacted 50 μM
nitrite (which is much more than the basal amount found in RBCs (< 1 μM) [103,104]) with
RBCs for 30 minutes, 16 μM metHb formed (data not shown). Note that this is significantly
more than would form from nitrite derived from 50 μM AS after 30 minutes since the AS does
not decompose immediately.

That the preferential reactivity (kf/kr) is higher for lower hematocrit, demonstrates that a large
factor in establishing the preferential reactivity is that the reaction with red cell encapsulated
Hb is rate-limited by the time it take for the HNO to diffuse to the red cell (unstirred layer)
rather than due to a physical red cell membrane diffusion barrier to HNO, as described for NO
[45]. Rate limitation by a physical membrane barrier would not have a hematocrit dependence
[45]. The values of kf/kr found here for AS are about 1/3 smaller than those measured for NO
[45]. One reason for this is likely that the bimolecular rate for the reaction of NO with oxyHb
is faster than that of HNO with oxyHb [28,85]. It has been shown both computationally
[105] and experimentally [106] that when the intrinsic rate of reaction of Hb with a ligand is
slower, kf/kr is smaller. On the other hand, the reaction of HNO with oxyHb is quite fast (about
107 M−1s−1 [85]) and so a kinetic barrier (where the reaction of HNO with red cell Hb will be
rate limited by the time for the HNO to diffuse to the red cell) is expected. Our observations
of a high preferential reactivity affirm this notion. Since AS releases nitrite, and nitrite reacts
relatively slowly with Hb, its reactions may contribute to a smaller value of kf/kr for AS
compared that of NO. The reaction with oxyHb is very slow and probably doesn’t contribute,
but that with deoxyHb may be significant. In any case, the values of kf/kr that we measured
were quite large (about 50 at 42% hematocrit and 130 at 16% hematocrit).

Under partially oxygenated conditions we measured HbNO in both the cell-free and red cell
fractions when performing competition experiments. The HbNO formed under these conditions
could be from the reaction of (1) metHb with HNO or (2) from the HNO with oxyHb to form
metHb and NO with subsequent binding of NO to deoxyHb. The amount of HbNO made in
the cell-free fraction was limited probably due to the fact the reaction of HNO with cell-free
metHb does not have great preferential reactivity compared to the reaction with red cell oxyHb
(or other Hb red cell reactions which are rate-limited by diffusion to the red cell). One may
expect the cell-free HbNO yield to be greater in vivo due to the cell-free zone. Due to the fact
that red cells travel fastest in the middle of blood vessels, a pressure gradient is formed pushing
the red cells inward creating a red-cell free zone near the endothelium [37]. In this zone, AS
will only react with cell-free Hb which is not pushed to the center of the vessel.

Much further work is required to establish the feasibility of using AS to treat hemolysis. AS
has been infused in dogs at a rate of 10 μg/kg/min for ten minutes without adverse effects being
reported [85], but the nature and extent of adverse effects for infusions at this and other doses
remain to be determined. We have shown that AS reacts preferentially with cell-free Hb to
form metHb and iron nitrosyl Hb. The preferential reactivity is greatest at low hematocrit as
occurs in hemolytic anemias. As the products of the reaction do not effectively scavenge NO,
AS may be useful to treat hemolysis to restore NO bioavailability in a similar way as NO
inhalation therapy or use of NO donor molecules would. The decreased reaction rate of HNO
with Hb encapsulated in the red cell compared to cell-free Hb may aid in allowing HNO to
reach other therapeutic targets as less HNO will react with Hb than predicted based on rates
determined using cell-free Hb.
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Hb  
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deoxyHb  
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Figure 1.
Schematic of reactions involving Angeli’s salt relevant to this study. Larger arrows indicate
faster reactions as shown in the legend. Each reaction is numbered under the arrow. In reaction
1, AS decomposes to HNO and nitrite with a rate constant of about 6 × 10−4 s−1 in our studies,
similar to that reported previously [84]. HNO reacts with oxyHb (reaction 2) with a rate
constant of about 1 × 107 M−1s−1 (based on that reported for oxymyoglobin [85]), forming
metHb, NO and peroxide. NO reacts with oxyHb to form metHb and nitrate with a rate constant
of 5–8 × 107 M−1s−1 [25–28]. MetHb binds nitrite reversibly with a dissociation constant of 1
mM [98] or lower under certain conditions [102]. In our systems, peroxide formed by reaction
2 appears to be scavenged by catalase (reaction 4 where the initial step in this reaction occurs
with a rate constant greater than 107 M−1s−1 [95]). HNO also reacts with metHb (reaction 5)
to form HbNO, with a rate constant that is fast (8 × 105 M−1s−1(based on that reported for
metmyoglobin [85])), but significantly slower than reaction 2 with oxyHb. HbNO reacts slowly
with oxygen to form metHb (reaction 6) with a rate that may be governed by the dissociation
rate constant of NO (about 10−3 s−1 for some dissociations [107]). HNO also reacts with
catalase (reaction 7 occurring with a rate constant of 3 × 105 M−1s−1 [85]) to form a ferrous
NO complex. The NO-catalase can release NO relatively rapidly [97] which can then make
metHb from oxyHb via the reaction described in Equation 1 (reaction 9) or react with oxygen
(reaction 8 occurring at about 5 × 10−4 M−1s−1 [97]). Finally, HNO can react with low
molecular weight thiols (reaction 10) with a rate constant of 2 × 106 M−1s−1 [85]. HNO can
also react with protein bound thiols but this reaction is likely to be slower.
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Figure 2.
Spectral deconvolution of Hb species absortption. (A) Typical fit of an absorption spectrum
showing both the raw data and the fit. HbNO found was 29%, the percentage of oxyHb was
5%, deoxyHb was 21%, the percentage of metHb was 41%, and metHb-NO2

− was 4%. The
data were taken from a partially oxygenated Hb sample (100 μM, 36% oxygen saturated) after
incubating with 100 μM AS for 33 minutes. (B) The basis spectra used for fitting.
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Figure 3.
The reaction of Angeli’s salt with a molar excess of oxyHb. OxyHb (100 μM) was mixed with
50 μM Angeli’s salt in 0.1 M phosphate buffer under aerobic conditions. (A) UV-Vis spectra
were recorded at 3.0 min intervals after the initial scan. (B) Each spectrum was fit to basis
spectra to determine the percentage of each species at each time point. Data from a
representative experiment are shown. The average amount of each species formed at 72 minutes
from three different experiments was 3 ± 2 % oxyHb, 83 ± 5 % metHb, 2 ± 1 % HbNO, and
10 ± 4 % nitrite bound metHb. The remainder (about 2%) was fit as deoxyHb.
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Figure 4.
The reaction of Angeli’s salt with equi-molar oxyHb. (A) OxyHb (100 μM) was mixed with
100 μM Angeli’s salt in 0.1 M phosphate buffer under aerobic conditions. UV-Vis spectra were
recorded at 3.0 min intervals after the initial scan. (B) Each spectrum from panel A was fit to
basis spectra to determine the percentage of each species at each time point. (C) OxyHb (50
μM) was mixed with 50 μM Angeli’s salt in 0.1 M phosphate buffer under aerobic conditions.
UV-Vis spectra were recorded at 3.0 min intervals after the initial scan. Note that the pathlength
of the cell used here was smaller than that used to collect the data shown in panel A (0.2 cm
compared to 0.5 cm). (D) Each spectrum from panel C was fit to basis spectra to determine the
percentage of each species at each time point.
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Figure 5.
The reaction between metHb with Angeli’s salt. (A) MetHb (100 μM) was mixed with 100
μM Angeli’s salt in 0.1 M phosphate buffer equilibrated in aerobic conditions. Spectra are
shown at 3 minute intervals over 72 minutes. (B) Each spectrum was fit to basis spectra to
determine the percentage of each species at each time point. After 72 minutes, we found there
to be 20% ± 2% HbNO, 64% ± 3% metHb, 15% ± 5% metHb-NO2

− (n=3) (C) metHb (100
μM) was mixed with 100 μM Angeli’s salt in 0.1 M phosphate buffer equilibrated in anaerobic
conditions. Spectra are shown at 3 minute intervals over 72 minutes. (D) Each spectrum was
fit to basis spectra to determine the percentage of each species at each time point. After 72
minutes, we found there to be, 16% ± 9% metHb, 22% ± 3% metHb-NO2

−, 54% ± 5% HbNO
(n=3).
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Figure 6.
Effects of GSH, H2O2, and catalase. (A) OxyHb (100 μM) was reacted with 33 mM hydrogen
peroxide. Absorption spectra were collected every 3 minutes for 90 minutes. Every spectrum
was identical so that only the last one collected is visible. (B) Catalase (25 μM or 100 μM) was
included in the reaction of 50 μM AS and 100 μM oxyHb. The metHb yield, calculated by
fitting to basis spectra, as a function of time are compared to that when catalase was not present.
(C) The HbNO yield, calculated by fitting to basis spectra, as a function of time is plotted for
the reactions of 100 μM metHb with 82 μM AS (lower AS) with or without 200 μM GSH. The
HbNO yield is also plotted when the metHb is treated with NEM for 82 μM AS (lower AS)
and 100 μM AS (higher AS). (D) MetHb yield is plotted as a function of time for the reaction
of 50 μM AS with 100 μM oxyHb with or without 200 μM GSH present.
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Figure 7.
The reaction between partially oxygenated hemoglobin with Angeli’s salt. Partially oxygenated
hemoglobin (100 μM ) was mixed with 100 μM Angeli’s salt in deoxygenated phosphate buffer.
(A) Raw absorption spectra. (B) Each spectrum was fit to basis spectra to determine the
percentage of each species at each time point. (C) The average amount of each species formed
at 72 minutes from three different experiments. Standard deviations are also shown.
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Figure 8.
Preferential reactivity of AS. (A) Fifty micromolar AS was added to a mixture 107 μM cell-
free Hb and RBCs at 41% hematocrit in aerobic conditions. After 31 minutes, the samples was
analyzed for metHb formation by EPR. Spectra are shown for the cell-free Hb and red cell
fractions as well as the mixture of the two. Double integration of the EPR peaks yielded 31
μM in the cell-free fraction, 36 μM in the red cell fraction, and 69 μM in the mixture. The
magnetic field value corresponding to g = 6 is shown as a vertical line at 1120 G. For a control
sample in which AS was not added, only 1.2 μM metHb formed due to autoxidation during 31
minutes. (B) The formation of iron-nitrosyl Hb in the cell-free fraction is demonstrated using
EPR spectroscopy. One spectrum was taken from a sample where 50 μM AS was added to a
mixture of RBCs at 17% hematocrit and 31 μM cell-free Hb for 31 minutes resulting in 0.5
μM HbNO in the cell-free fraction. The other spectrum was taken from a sample where 150
μM was added to a mixture of red cells at 16% hematocrit and 29 μM cell-free Hb resulting in
the formation of 2 μM HbNO. The magnetic field value corresponding to g = 2.009 is shown
as a vertical line at 3337 G. (C) A summary of percentage of cell-free and RBC Hb reacted
after 50–150 μM AS was added to partially oxygenated (68 ± 12%) red cells at 16 ± 1%
hematocrit and 30 ± 2 μM cell-free Hb after 6 minutes of the reaction. Each bar represent the
percentage of reacted Hb (metHb and iron-nitrosyl Hb) compared to the total amount in that
fraction. AS converted 45 ± 12 % of cell-free Hb (about 13.5 μM) to non-NO scavenging forms
and only converted 0.4 ± 0.3 % of RBC encapsulated Hb (n=3). The data are shown as the
average ± one standard deviation. (D) A summary of the preferential reactivity of AS is given
for different conditions (data shown as average of three different preparations with error bars
showing the standard deviation). The bar on the left is from data where 50 μM AS was added
to red cells at 42 ± 1% hematocrit and 99 ± 7 μM cell-free Hb under completely aerobic
conditions. The middle bar is from data where 50 μM AS was added to red cells at 15 ± 1%
and 102 ± 2 μM cell-free Hb under completely aerobic conditions. The bar on the right is from
when 50–150 μM AS was added to red cells at 16 ± 1% hematocrit and 30 ± 2 μM cell-free
Hb under partially anaerobic conditions so that Hb oxygen saturation was 68 ± 12%.
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