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FORMING IRON NITROSYL HEMOGLOBIN

The invention was made at least in part with United States Government support
under National Institutes of Health Grant Nos. HL52529, HL59130 and HL.66179-02
and National Science Foundation Grant No. MCB00981228. The United States

Government has certain rights in the invention.

Cross-Reference to Related Applications

This application claims the benefit of U.S. Provisional Patent Application No.
60/432,616, filed December 12, 2002.

Technical Field

The invention herein is directed in one case to mitigating transfusion risk and in

another case to providing a red blood cell or hemoglobin based therapeutic.

Background of the Invention

It is known that patients undergoing transfusions of blood substitutes,
hemoglobins and red blood cells have increased morbidity and/or mortality rate. It has
been posited that this increased morbidity and/or mortality is the result of excess
scavenging of nitric oxide causing constricting of blood vessels. While S-nitrosylated
hemoglobin (SNO-Hb) is known to be a vasodilator, it is not usefully used in blood
substitutes or transfusions, in significant part, because it is unstable, that is it cannot be
readily stored without deteriorating. Thus, there is motivation to generate alternative

and stable and bioactive preparations, that is morbidity ameliorating preparations.

Summary of the Invention

It has been discovered herein that inorganic nitrite can mediate formation of
iron-nitrosyl hemoglobin which is very stable and is oxygenated in the body to form
SNO-Hb with vasodilator and anti-platelet activity, i.e., inorganic nitrite reaction to

form iron nitrosyl hemoglobin creates a molecule which upon delivery into the body is
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endowed with vasodilator and antiplatelet activity and is functional to mitigate
transfusion increased m’orbidity and mortality risks and to mitigate morbidity risk
associated with hemoglobin and red blood cells based therapeutics and that the iron
nitrosyl hemoglobin can be formed by nitrite incubation with deoxyhemoglobin at low
nitrite to hemoglobin ratios, which upon oxygenation generates SNO-Hb.

Hemoglobin is a tetramer constituted of two &-subunits and two B-subunits. In
human hemoglobin, each subunit contains one heme while the B-subunits also contain
highly reactive SH (thiol) containing groups (B-cys93). It has been thought that nitrite
is an oxidant of hemoglobin and that the consequence of nitrite reaction with
hemoglobin is the elimination of the nitrite by conversion to nitrate or by complexing
the nitric oxide (NO) derived upon oxidation to a.-subunit ferrous hemes which quench
nitric oxide bioactivity. It has been discovered herein that low (physiological)
concentrations of nitrite do not oxidize oxyhemoglobin as thought but instead combine
with deoxygenated hemoglobin to store NO on heme B-subunit of hemoglobin tetramer
to form iron nitrosyl hemoglobin and upon oxygenation the NO is transferred from the
heme of (-subunits to thiol of B-cys93 to produce SNO-Hb.

One embodiment of the invention herein, denofed the first embodiment, is
directed to a method for preparing a stable iron nitrosylated hemoglobin readily
convertible to SNO-hemoglobin, comprising the step of reacting low concentration of
inorganic nitrite with deoxyhemoglobin (1:10 to 1:1000 mole ratios of nitrite to deoxy-
hemoglobin) to form iron nitrosyl hemoglobin which is a very desirable product because
it is stable and upon oxygenation generates a hemoglobin product capable of NO '
delivery, e.g., SNO-Hb.

Another embodiment of the invention herein, denoted the second embodiment,
is directed to a method of blood product transfusion into a human patient in need of
blood product transfusion, with decreased morbidity and/or mortality risk, comprising
the steps of incubating inorganic nitrite and blood substitute or red blood cells or blood
hemoglobin or combination of two or more thereof, comprising deoxygenated
hemoglobin, the mole ratio of nitrite to deoxygenated hemoglobin ranging from 1:10 to

1:1000, to form blood substitute or red blood cells or hemoglobin or combination
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product, comprising iron nitrosyl hemoglobin, and transfusing the product comprising
iron nitrosyl hemoglobin into the human patient.

Still another embodiment of the invention herein, denoted the third embodiment,
is directed to a method of blood product transfusion into a human patient in need of a
blood product transfusion, with decreased morbidity and/or mortality risks from the
transfusion compared to a conventional transfusion, comprising the steps of a co-
infusing blood substitute or red blood cells at the rate of 1 to 250 cubic centimeters per
hour and inorganic nitrite at the rate of 0.01 to 10 micromoles per minute.

Still another embodiment of the invention herein, denoted the fourth
embodiment, is directed to stored blood, stored blood substitute, stored red blood cells,
stored hemoglobin or stored combination of two or more thereof in admixture with
nitric oxide or after inorganic nitrite pretreatment, for use at a later time, and to a
method of providing composition for transfusion for use at a later time, comprisiﬂg
storing composition comprising blood, blood substitute, red blood cells, blood
hemoglobin or combination of two or more thereof in admixture with nitric oxide or
after inorganic nitrite pretreatment, to preserve function and any red blood cells.

Still another embodiment of the invention herein, denoted the fifth embodiment,
is directed to a method of treating a patient in need of nitric oxide therapy comprising
administering red blood cells or blood hemoglobin based therapeutic obtained by
incubating red blood cells or blood hemoglobin, comprising deoxygenated hemoglobin,
with inorganic nitrite, the mole ratio of nitrite to deoxygenated hemoglobin ranging
from 1:10 to 1:1000, whereby the therapeutic contains iron nitrosyl hemoglobin.

The mortality rate from blood transfusions is considered to be increased, and
both blood transfusions and hemoglobins as well as erythropoietin (which increases
hemoglobins) commonly increase blood pressure and pulmonary pressure and may
decrease tissue perfusion. The invention of the second and third embodiments
decreases this mortality rate and the aforedescribed morbidity.

The term “deoxygenated hemoglobin™ is used herein to mean a hemoglobin
molecule carrying an average of less than three oxygens. Deoxygenation of hemoglobin

provides deoxyhemoglobin which is deoxygenated, that is carries less oxygen.
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The term “iron nitrosyl hemoglobin” is used herein to mean nitric oxideAbound
to heme iron of B-subunit of hemoglobin.

The term “oxygenation” is used herein to mean introduction of oxygen.

The term “blood product” is used herein to mean composition comprising red
blood cells, blood hemoglobin or combination thereof.

The term “blood substitute” is used herein to mean a substitute for blood
comprising hemoglobin.

The term “incubating” is used herein to mean to maintain under conditions
favorable to reaction and “co-incubating” is used herein to mean maintaining more than
one compound under such conditions.

The term “co-infusion™ is used herein to mean infuse contemporaneously, or
carrying out one infusion shortly before or shortly after another.

The term “red blood cells or blood hemoglobin based therapeutic” is used herein
to mean an amount of red blood cells or blood hemoglobin insufficient to significantly
raise average hemoglobin level (i.e., insufficient to raise average hemoglobin level at

least 10%), but raises nitric oxide level in blood significantly, i.e., by at least 10%.

Brief Description of the Drawing

FIG. 1 is a graph of time versus alveolar-arterial gradient in swine for nitric
oxide (asterisks), nitrite (circles) and control (squares) and shows results of Background

Example 2. In FIG. 1, Delta Aa means alveolar-arterial gradient in pigs.

Detailed Description

We turn now to the first embodiment of the invention which is directed to a
method for preparing a stable iron nitrosylated hemoglobin which converts to SNO-
hemoglobin when introduced into the bloodstream, comprising the step of reacting
inorganic nitrite with deoxyhemoglobin at a mole ratio of inorganic nitrite to
deoxhemoglobin (on a hemoglobin basis) ranging from 1:10 to 1:1000 to form iron
nitrosyl hemoglobin.

The deoxyhemoglobin can be provided by deoxygenating hemoglobin or by

deoxygenating red blood cells, e.g., by sparging hemoglobin or red blood cells with an
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inert gas, until less than 50% of the oxygen that normally is there, is present in the
hemoglobin or red blood cells. The inert gas can be, for example, argon or nitrogen.
The reaction is readily carried out at temperatures ranging from 4 to 37°C and is
conveniently carried out at room temperature, but may be carried out in the body (at
body temperature). The inorganic nitrite is any inorganic nitrite which is soluble in a
solvent together with the hemoglobin. The inorganic nitrite can be, for example, '
sodium or potassium nitrite. A solvent for the reaction is any solvent which does not
inactivate hemoglobin from performing its physiological function and can be, for
example, HEPES or 10 mm sodium phosphate buffer (pH 7.4). The iron nitrosyl
hemoglobin contains NO bound to heme of hemoglobin (3-subunit in very active state
and is readily converted to SNO-hemoglobin in the body by the respiratory system. The
SNO-hemoglobin has vasodilator activity and antiplatelet activity and by formation in
the body is functional for these purposes despite being unstable, that is does not survive
storage. Thus, the reaction of the first embodiment creates a molecule which on
delivery into the body or formation in the body is endowed with vasodilator activity and
as a result is useful to mitigate the increased morbidity and mortality risks normally
associated with transfusion of blood substitute or red blood cells when used for or in
conjunction with said transfusion.

We turn now to the second embodiment of the invention which is directed a
method of blood product transfusion into a human patient in need of blood product
transfusion, comprising the steps of co-incubating inorganic nitrite and blood substitute
or red blood cells, comprising deoxygenated hemoglobin, at an initial mole ratio of
nitrite to deoxygenated hemoglobin ranging from 1:10 to 1:1000, to form blood
substitute or red blood cells product, containing iron nitrosyl hemoglobin, and
transfusing the product containing iron nitrosyl hemoglobin into the patient.

The co-incubation is preferably carried out, for example, by admixing solution
of inorganic nitrite in saline or other physiological buffer containing from 1 pM to 1
mM inorganic nitrite, with blood substitute or red blood cells, comprising deoxygenated
hemoglobin, at an initial mole ratio of nitrite to deoxygenated hemoglobin ranging from
1:10 to 1:1000, e.g., 1:100 to 1:500, and mixing, for example, for 10 minutes to 1 hour,

while maintaining the temperature at 4 to 37°C, preferably at body temperature.
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Deoxygenation of the blood substitute or red blood cells to provide blood
substitute or red blood cells, comprising deoxygenated hemoglobin, can be carried out,
for example, by sparging the blood substitute or red blood cells with an inert gas, e.g.,
argon or nitrogen.

The inorganic nitrite is any that is soluble in and compatible with, that is does
not degrade, the deoxygenated hemoglobin, and can be, for example, sodium nitrite or
potassium nitrite.

The iron nitrosyl hemoglobin formed by the co-incubation is transformed in the
body by the respiratory system to form SNO-hemoglobin which causes vasodilation to
counter blood vessel constriction associated with conventional blood product
transfusions. t

The patient in need of blood product transfusion is a patient who has lost or is
losing blood or one in need of removal of waste products of the body in case of failure
of renal functioning or needs removal of toxic substance from blood in the case of
poisoning or in need of red blood cells or hemoglobin to treat any disease associated
with impairment of nitric oxide or oxygen, e.g., angina or stroke.

Transfusion is carried out at rates and over times as is conventional, e.g., 1 unit
of blood substitute or red blood cells in 4 hours or less using an 18-gauge need or larger,
e.g., transfusing said 1 unit in a time period of 30 minutes to 2 hours.

The activity of the blood substitute or red blood cells product can be potentiated
by co-incubation of the product with glutathione or other thiol.

We turn now to the third embodiment of the invention herein which is directed
to a method of blood product transfusion into a human patient in need of a blood
product transfusion, with decreased mortality or morbidity risk from the transfusion
compared to a conventional transfusion, comprising the steps of co-infusing blood
substitute or red blood cells at the rate of 1 to 1000 cubic centimeters per hour and
inorganic nitrite at the rate of 0.01 to 10 micromoles per minute, e.g., at the rate of 0.1
to 2 micromoles per minute.

The patients are the same as those for the second embodiment.
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The inorganic nitrites are the same as those for the second embodiment and are
used in the form of aqueous solutions, e.g., in saline or phosphate buffered saline, at
concentrations ranging from 1 pM to 1 mM.

The transfusion of blood substitutes or red blood cells can be carried out as
conventionally.

The transfusion of the nitrite solution is readily carried out at rates to provide the
micromoles per minute of nitrite set forth above consistent with conventional blood
substitute and red blood cell transfusion rates.

The reactions of the first embodiment are provided in the third embodiment
because the infused nitrite encounters hemoglobin in the circulation system at very low-
PO, so that deoxygenated hemoglobin is present and iron nitrosyl hemoglobin is formed
in the circulation system which in turn is converted by the respiratory system to SNO-
hemoglobin which provides the vasodilation and antiplatelet formations associated
therewith.

We turn now to the fourth embodiment of the invention herein which is directed
to stored whole blood, stored blood substitute, stored red blood cells, stored blood
hemoglobin or combination thereof in admixture with nitric oxide or after inorganic
nitrite pretreatment, for use at a later time, and to a method of providing composition
for transfusion for use at a later time, comprising storing composition comprising whole
blood, blood substitute, red blood cells, blood hemoglobin or combination of two or
more thereof in admixture with nitric oxide or after inorganic nitrite pretreatment, to
preserve function and any red blood cells. The pretreatment referred to corresponds to
the incubation of the second embodiment and comprises incubating inorganic nitrite
with whole blood, blood substitute, red blood cells, blood hemoglobin or combination
of two or more thereof, comprising deoxygenated hemoglobin, the mole ratio of nitrite
to deoxygenated hemoglobin ranging from 1:10 to 1:1000, to form composition
containing iron nitrosyl hemoglobin. The incubation conditions and inorganic nitrites
are those described for the second embodiment. The storage can be under the same
conditions and with the same preservatives as are conventional. Whole blood or red
blood cells preserved with citrate-phosphate-dextrose-adenine presently may be stored

for 35 days and red blood cells presently may be stored for 42 days if adenine-saline
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preservative solution is added. The invention herein allows increase in these storage
periods by at least 10%.

We turn now to the fifth embodiment of the invention herein which is directed
to a method of treating a patient in need of nitric oxide therapy, comprising
administering to the patient a red blood cells or blood hemoglobin based therapeutic
obtained by incubating red blood cells or blood hemoglobin, comprising deoxygenated
hemoglobin, with inorganic nitrite, the mole ratio of nitrite to deoxygenated hemoglobin
ranging from 1:10 to 1:1000, whereby the therapeutic contains iron nitrosyl hemoglobin.
The incubation conditions and inorganic nitrites are those described for the second
embodiment. The treatment repletes nitric oxide independently of red blood cell
component. Note that it is known that NO improves oxygen delivery capability of red
blood cells and membrane function. The administration of the fifth embodiment of the
invention herein, can be used, for example, to treat ischemia, e.g., myocardial ischemia.

Support for and elements of the invention are provided in a manuscript titled
“NO interaction with oxidized hemes in human hemoglobin: routes to SNO-
hemoglobin formation with preferential reactivity within the B-subunits.” which is part
of U.S. Provisional Patent Application No. 60/432,616, the whole of which is
incorporated herein by reference. The manuscript indicates that inorganic nitrite can be
employed to affix nitric oxide on hemes of hemoglobin and form iron nitrosyl
hemoglobin which upon delivery into the body is endowed with vasodilator activity by
virtue of being oxygenated by the respiratory system to form SNO-hemoglobin.

The invention herein is supported by the following background examples and is

illustrated by the following working examples.

Background Example 1

As a model for reaction between ferric hemes and nitric oxide, the reductive
nitrosylation of human methemoglobin was examined. Solutions of methemoglobin in
100 mM HEPES or 10 mM sodium phosphate buffer, pH 7.4, were prepared from
human hemoglobin A, (Apex Bioscience, NC) and HEPES or sodium phosphate buffer,
pH 7.4, as described in Gow, A.J., et al, Proc. Natl. Acad. Sci. USA 96, 9027 (1999).

Reductive nitrosylation reactions were conducted by adding sodium nitrite to the
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methemoglobin solution at [NO]y/[heme] mole ratios varying nominally from 0.05 to
0.75 (where [NO], is the initial concentration of the added NO in the methemoglobin
solution). Solutions were mixed by vortexing immediately upon aliquot addition.' The
protein concentration was kept in excess of 75 uM in all experiments to avoid
dissociation of hemoglobin into dimers, and below 250 LM to maintain solution

ideality. SNO-hemoglobin was determined to be a reaction product.

Background Example 2

Nitric oxide (NO) or sodium nitrite were incubated with packed deoxygenated
red blood cells at 1:250 (NO or NO, /hemoglobin) mole ratios in buffered saline at a
concentration of deoxygenated red blood cell hemes of approximately 5 mM, for 15
minutes at room tempefature.

Deoxygenation of the red blood cells was carried out by degassing with argon.

Direct measurements of the products resulting from incubation of NO or NO,~
with deoxygenated red blood cells show the products contain iron nitrosyl hemoglobin.
The resulting product constituted blood substitute (Het 30) and 50 cc of it was
transfused four separate times into swine for a total of 1 unit (200 cc) of blood
substitute. After each injection, the change in alveolar-arterial gradient in vivo was
followed for 30 minutes and the means for 4 injections for control, NO incubation and
NO, incubation were plotted and results are shown in FIG. 1 (n=4 at each point).
Negative values reflect improvements in pig oxygenation. As shown in FIG. 1, both
NO and nitrite treated deoxygenated red blood cells produced improvements in lung
function as compared to control red blood cells which slightly impaired lung function
(See 5 minute point). For the 10 minute point for nitric oxide and nitrite, p<0.01

compared to control.

Example I

Reactions with nitrite were conducted by mixing oxyhemoglobin solutions
(about 4 mM in hemes) with sodium nitrite at about 100:1 heme:nitrite mole ratios. The
solutions were allowed to stand at room temperature for minutes to hours, then

deoxygenated by sparging with argon. Samples were withdrawn just before and just
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after deoxygenation for product characterization. The products before and after
deoxygenation differ in that the product after deoxygenation contains iron nitrosyl
hemoglobin. Oxidation of the product after reaction was carried out in about 2 mM
solutions with an excess of potassium ferricyanide. The result was production of SNO-

hemoglobin.

Example II

Sodium nitrite was incubated at room temperature for 15 minutes with packed
deoxygenated red blood cells. The product was shown to contain iron nitrosyl
hemoglobin.

A 67-year old with severe coronary disease is in a motor vehicle accident and
therefore requires a blood transfusion. His hematocrit is 24. He is given 2 units of
blood and his blood pressure rises 10 mm Hg. The patient experiences chest pain. An
additional transfusion is recommend for continued blood loss. Nitrite pretreated red
blood cells as described in the above paragraph are given without increase in blood
pressure and chest pain resolves. The same result is obtained even though the nitrite
pretreated red blood cells are stored with preservative for 10% longer than is currently

allowed.

Example I

The same scenario is present as in Example II but sodium nitrite in solution in
phosphate buffered saline infusion at 1 micromole per minute is begun after which red

blood cell transfusion is given without adverse effect.

Example IV

A 75-year old male with angina and a hematocrit of 40, received an infusion of
100 cc of nitrite pretreated red blood cells (pretreated as described in Example IT) which
do not change the oxygen carrying capacity of his blood but nevertheless resolves the

angina.
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Variations
Variations will be obvious to those skilled in the art. Therefore, the scope of the

invention is defined by the claims.
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WHAT IS CLAIMED IS:

1. A method for preparing a stable iron nitrosylated hemoglobin which is
converted to S-nitrosylated hemoglobin in the body, comprising the step of reacting
deoxygenated hemoglobin and inorganic nitrite at mole ratios of nitrite to deoxygenated
hemoglobin ranging from 1:10 to 1:1000 to form iron nitrosyl hemoglobin.

2. A method of blood product transfusion into a human patient in need of blood
product transfusion, comprising the steps of co-incubating inorganic nitrite and blood
substitute or red blood cells, comprising deoxygenated hemoglobin, at an initial mole
ratio of nitrite to deoxygenated hemoglobin ranging from 1:10 to 1:1000 to form blood
substitute or red blood cells product, containing iron nitrosyl hemoglobin, and
transfusing the product containing iron nitrosyl hemoglobin into the patient.

3. A method of blood product transfusion into a human patient in need of a
blood product transfusion, comprising the steps of co-infusing blood substitute or-red
blood cells and inorganic nitrite into the patient, the inorganic nitrite being infused at
the rate of 0.01 to 10 micromoles per minute.

4. A method of providing composition for transfusion for use at a later time,
comprising storing composition comprising blood, blood substitute, red blood cells,
blood hemoglobin or combination of two or more thereof in admixture with nitric oxide
or after inorganic nitrite pretreatment, to preserve function and any red blood cells.

5. Stored blood, stored blood substitute, stored red blood cells, stored blood
hemoglobin or combination of two or more thereof in admixture with nitric oxide or
after inorganic nitrite pretreatment, for use at a later time.

6. A method of treating a patient in need of nitric oxide therapy, comprising
administering to the patient red blood cells or blood hemoglobin based therapeutic
obtained by incubating red blood cells or blood hemoglobin, comprising deoxygenated
hemoglobin, with inorganic nitrite, the mole ratio of nitrite to deoxygenated hemé globin

ranging from 1:10 to 1:1000 whereby the therapeutic contains iron nitrosyl hemoglobin.



PCT/US2003/037081

WO 2004/054433

1/1

9N ©©0

OPIX(Q OWIJIN *—*—*

swi]

Sogy [439 Bod

I Did

ey eled



	Abstract
	Bibliographic
	Description
	Claims
	Drawings

