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On a biochemical level, sickle cell disease is
perhaps the most completely understood disease
of man. In spite of this, no satisfactory treatment
is available to patients afflicted with this disorder.
The clinical manifestations of sickle cell anemia

are varied. Some of the complaints of patients
with this disease can be ascribed directly to the
lack of oxygen-carrying capacity of the blood.
Other symptoms, however, such as the painful
crises, the leg ulcers and bone infarcts, are not
due to anemia alone. They do not occur in other
anemias of equal severity and must thus be as-
cribed to additional factors. One such factor
might be the distortion which sickle cells undergo
when the oxygen tension is lowered. Any means
by which the shape change of red cells could be
inhibited might, therefore, benefit patients with
this disorder. Reports of attempts to modify the
sickling process by changing the pH of the en-
vironment of red cells through the administra-
tion of sodium bicarbonate (1) or by poisoning red
cell carbonic anhydrase with acetazolamide (Dia-
mox) have been published (2). Clinical results
of acetazolamide treatment have been disappoint-
ing (3). We are not aware of published confir-
mation of the effect of alkali therapy on the clini-
cal course of sickle crises, although a recent study
(4) showed that it was not possible to influence
in vivo sickling by intravenous administration of
bicarbonate. The effect of older therapies on
sickle cell disease has recently been reviewed by
Dacie (5). None is considered effective. To our
knowledge, studies of the effect of any drug ther-
apy on in vivo red cell survival have not been
published.

* Supported in part by USPHS Grant no. H-5313. A
portion of this work was carried out in the Department
of Medicine and the Argonne Cancer Research Hospital,
operated by the University of Chicago for the U. S.
Atomic Energy Commission. Presented in part at the
1960 Annual Meeting of the American Society of He-
matology, November 30, 1960, Montreal, Canada (46).

A recent review (6) stimulated us to approach
this problem from a different point of view.
Itano (7) had demonstrated that complete con-
version of sickle hemoglobin to the methemoglobin
derivative prevented the sickling process. It
seemed probable that conversion of only a part
of the hemoglobin of sickle cells to methemoglobin
would result in partial inhibition of the sickling
process. The studies of Greenberg, Kass and
Castle (8) have demonstrated that the mean
corpuscular sickle hemoglobin concentration
(MCSHC) was important in determining whether
pronounced clinical symptoms of sickle cell dis-
ease were present. Those patients whose
MCSHC values were less than 15 g per cent were
not anemic and had no painful crises. Hemoglobin
converted to methemoglobin would be removed
from the oxyhemoglobin-reduced hemoglobin equi-
librium. In this way the MCSHC of sickle cells
would in effect be diminished when methemoglobin
was formed. Thus, inhibition of sickling might
take place in patients treated with methemoglobin-
forming agents.

Furthermore, it has been shown that the lowest
gelling point of mixtures of S hemoglobin with
other hemoglobins depends not only on the ab-
solute concentration of sickle hemoglobin in the
solution, but also on the type of the other hemo-
globins (9). In addition, sickling of red blood
cells of infants with sickle cell trait has been found
to correlate not with the absolute quantity of sickle
hemoglobin in the red cells, but rather with the
reciprocal of the amount of fetal hemoglobin pres-
ent (10). Therefore, it appeared at least theo-
retically possible that methemoglobin might inter-
fere with the sickling process to a greater extent
than would be expected from its effect in remov-
ing hemoglobin from the Hb z HbO2 equilibrium,
alone.

Proceeding on the premise that it may be pos-
sible to benefit patients with sickle cell anemia by
inhibiting the sickling process, even if they are at

1856



EFFECT OF METHEMOGLOBIN FORMATION IN SICKLE CELL DISEASE

TABLE I

Laboratory data on five patients with sickle cell anemia *

Alkali- Bilirubin
Appearance of resistant

Patient Hb Hct RBC Retic. RBC on smear Hb Direct Total

g % % 106/mm3 % RBC % total mg %
L.A. 7.3 27.5 2.80 11.5 Sickling,

Howell-Jolly
bodies, normo-
blasts, target
cells

B.W. 10.0 27 3.24 6.1 Sickling, 4.52 0.30 0.60
many target
cells

T.P. 7.37 23.5 2.65 14.3 Sickling 4.64

J.G. 6.2 19 1.97 Sickling 3.90 2.22 3.34

J.R. 8.0 24 2.53 10.0 Sickling 3.44 0.80 3.80

* All 5 patients had SS hemoglobin shown by paper electrophoresis, and the glutathione stability test was normal in
each.

the same time deprived of a certain quantity of
oxygen-carrying capacity, we have undertaken an
investigation of the effect of such chemical modi-
fication of sickle hemoglobin in patients with sickle
cell disease. After these studies had been under-
taken and a preliminary communication had been
published (11), we learned that in his thesis
Itano (7) had suggested that clinical investiga-
tions of the treatment of sickle cell disease with
sodium nitrite might be carried out. At his sug-
gestion, preliminary trials were carried out by
Dr. J. C. S. Paterson. In long-term experi-
ments, 300 to 500 mg sodium nitrite in divided
daily doses was well tolerated and, although sub-
jective improvement was noted, there was little
evidence of hematological improvement. In acute
experiments the side effects of sodium nitrite ad-
ministration by infusion in anemic patients were
found to be sufficiently troublesome to necessitate
interrupting his studies. These observations have
not been published (12).

MATERIALS AND METHODS

A. Patients. Five Negro women between the ages of
21 and 33 volunteered for these studies. The pertinent
admission laboratory data are given in Table I. No blood
transfusions were given to any of the patients during the
course of the studies.

B. Determination of oxygen tension sickling curves.
The following gas mixtures were obtained from a com-
mercial source and the exact gas content assayed in each

case 1 (except for the 1 per cent 02 mixture): 0, 1, 3, 5,
10 and 20 per cent 02. The CO2 content varied from 8.1
to 10.0 per cent. The balance of gas was N2. The ac-
tual O, content has been used in calculating the PO2
throughout, except in the case of 1 per cent 02. Each
gas mixture was passed through a gas-washing bottle
filled with distilled water.

It was found in preliminary experiments that con-
sistently satisfactory results relating oxygen tension to
percentage sickling could not be obtained on washed,
resuspended red cells, so that it was necessary to carry
out studies on whole blood samples. Accordingly, hepari-
nized blood was obtained from each subject and 1 ml was
introduced into a 500 ml separatory funnel (total vol-
ume, 650 ml) which was employed as a tonometer. In
studies done on Subject T.P., 2.5 ml was used. The
space in the separatory funnel was flushed with the ap-
propriate gas mixture at a rate of 6 L per minute; it was
stoppered and the stopcock closed. The funnel was then
rotated at room temperature (22 to 250 C) in such a
manner as to spread the blood in a thin film on the sur-
face of the glass. After 5 minutes, the gas inside the
funnel was again flushed out for 30 seconds at a flow
rate of approximately 6 L per minute and the rotating
process repeated. After a third flushing and period of
rotation, the funnel was flushed with gas a fourth time
for 30 seconds and a drop of blood was introduced un-
der oil from the stem of the funnel into a fixative con-
taining 5.0 per cent formalin,2 0.010 M NaHPO, and
0.138 M NaCl which had been saturated with the gas
with which the blood sample had been equilibrated. This
fixative was designed to give a final pH of from 6.6 to

1 Courtesy of Mr. John Barr, chief technician, Cardiac
Physiology Laboratory, City of Hope Medical Center.

2 Solution of formaldehyde, 37 per cent by weight,
USP, Merck.
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6.8. After 15 to 30 minutes' fixation, a droplet of blood
was introduced into a counting chamber and approxi-
mately 200 cells were enumerated; the percentage of dis-
torted cells was recorded. The blood of patients with-
out sickle hemoglobin but with a similar degree of ane-
mia was studied to determine the control level of red cell
distortion.

In most studies a red cell which deviated in any ap-
preciable manner from a regular discoid shape was con-
sidered to be distorted. In one study more rigid criteria
for sickling were employed: cells were considered to be
distorted significantly only if the longest diameter of the
cell was 2.5 times the shorter diameter, or if there were
two distinct points on the cell.

C. Methemoglobin, hemoglobin, alkali-resistant hemo-
globin and Heinz bodies. Methemoglobin and hemoglo-
bin determinations were carried out by the method of
Evelyn and Malloy (13), modified by the addition of
0.02 per cent saponin to the 0.0167 M buffer, and stand-
ardized against a commercially available cyanmethemo-
globin standard (Acuglobin, Ortho Pharmaceutical Corp.).
In measuring the hemoglobin and methemoglobin con-
tent of the fractional hemolysates produced by differential
osmotic hemolysis, the method of Evelyn and Malloy
was modified in that the determinations were carried out
at a pH of 7.4 instead of 6.6. Appropriate conversion
factors derived empirically for this pH were used.
The method of staining Heinz bodies has been de-

scribed previously (14). Alkali-resistant hemoglobin
was measured by a slight modification of the method of
Betke, Marti and Schlicht (15) : the erythrocytes were
washed only once before lysis. Results were identical
with those obtained when the original procedure was
employed. Normally, less than 0.8 per cent of the hemo-
globin is alkali-resistant when measured by this technique.
D. Drugs. Sodium nitrite was administered in the

form of 1 grain tablets (Eli Lilly & Co.). Para-amino-
propriophenone (PAPP) (Eastman Organic Chemical
Corp.) was dissolved in propylene glycol at a concentra-
tion of 10 mg per ml. PAPP solutions were prepared
at least weekly. Both drugs were administered by the
oral route. The pharmacology of methemoglobin forma-
tion by sodium nitrite and PAPP has been studied in
experimental animals and in human subjects and will be
reported elsewhere (16). A single oral dose of sodium
nitrite tablets or of PAPP dissolved in propylene glycol
induces a peak level of methemoglobinemia within ap-
proximately 1 hour, with a gradually declining level
thereafter. If either of these drugs is administered every
4 hours at the same dosage level, a gradual increase in
the blood methemoglobin concentration occurs and the
level of methemoglobin is exceedingly stable from hour
to hour.
The chorionic gonadotropin administered to T.P. was

obtained from Parke, Davis as Antuitrin S. J.R. re-
ceived chorionic gonadotropin from Organon as Pregnyl
and from Squibb as Follutein.3 J.R. also received 10 mg

3 We appreciate the generous gift of this material.

of Premarin (Ayerst) and 200 mg progesterone (Pfizer)
daily for a period of 10 days.
E. Oxygen dissociation curves. Oxygen dissociation

curves were determined on aliquots of blood equilibrated
in a separatory funnel as indicated above, collected under
oil, and introduced into the Van Slyke apparatus (17),
after hemoglobin and methemoglobin determinations had
been carried out.

F. Serial osmotic hemolysis. Nine days after the in-
travenous administration of 10 uc of Fe59-citrate, hepari-
nized blood was drawn from Subject B.W. in order to
carry out serial osmotic hemolysis studies. Ten ml of
blood was centrifuged at 375 G for 10 minutes. The
plasma was discarded and ice-cold 0.9 per cent NaCl was
added to give a total volume of 30 ml. The suspension
was centrifuged at 20 C at 170 G for 15 minutes and the
supernatant discarded. At this temperature (and in the
absence of glucose) no significant reduction of methemo-
globin takes place. Buffered saline, prepared by the
method of Dacie (18), equivalent to 0.65 per cent sodium
chloride, was added to a total volume of 30 ml and the
resuspended red cells were incubated at 00 C for 10 min-
utes. The suspension was then centrifuged at 20 C for 15
minutes at 170 G. The supernatant was removed for
hemoglobin, methemoglobin, and radioactivity determi-
nations. Buffered saline, equivalent to 0.60 per cent
sodium chloride, was then added and the procedure re-
peated. Subsequently, buffered saline, equivalent to 0.55,
0.50, 0.45, 0.40, 0.35, 0.30, 0.25 0.20, and 0.15 per cent was
added. In each case, the hemolysate representing the cells
hemolyzed by the salt strength used, but not by the previ-
ous salt strengths, was collected and assayed for hemo-
globin, methemoglobin and radioactivity. The relatively
few unhemolyzed cells remaining in the supernatant
(because of the slow centrifuge speed used to avoid dam-
age to cells) were hemolyzed by the addition of saponin.
Serial osmotic lysis was carried out on the blood of T.P.
using a higher centrifuge speed (680 G) to remove all
suspended erythrocytes. Radioactivity determinations
were carried out on 7.00-ml aliquots in a Nuclear-Chicago
model DS 3 scintillator detector, model 1810 spectrometer,
and model 161 A scaling unit.

G. Erythrocyte survival studies. Cr51 survival studies
were carried out by adding sodium chromate (Rachro-
mate, Abbott Laboratories) in 100 to 200 uc quantities
to approximately 30 ml of blood. The plasma was re-
moved after centrifugation and the cells were washed
once in isotonic saline. Radioactivity determinations
were carried out with the same equipment used for
counting the Fe'9. The blood volume was assumed to
remain constant during the red cell survival studies and,
therefore, no corrections for changes in hematocrit were
made.

RESULTS

A. In vitro studies

1. Sickling-oxygen tension curves. Figures 1
and 2 demonstrate the effect of various concentra-

1858



1859EFFECT OF METHEMOGLOBIN FORMATION IN SICKLE CELL DISEASE

tions of methemoglobin induced in vivo by the ad-
ministration of sodium nitrite (Figure 1) or PAPP
(Figure 2) on the distorting effects of low oxygen
tensions on sickle cells. It is noted that there is
well marked inhibition of red cell distortion. The
criteria used for assessing distortion of red cells
do not materially effect the relative position of
the curve.

2. Oxygen dissociation curve of red cells con-
tainig methemoglobin. The percentage satura-
tion with oxygen of red cells of Subject T.P. be-
fore and after methemoglobinemia was induced by
PAPP is depicted in Figure 3. The presence of
less than 25 per cent methemoglobin in red cells
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FIG. 1. EFFECT OF METHEMOGLOBINEMIA INDUCED N

VIVO BY SODIUM NITRITE ADMINISTRATION ON THE SICK-
LING-OXYGEN TENSION CURVE OF, ERYTHROCYTES. At low
oxygen tensions there is less distortion of cells containing
24.2 and 27.9% methemoglobin than in those containing
zero or 3.7% methemoglobin.

apparently exerts little effect on the dissociation
of oxygen from oxyhemoglobin. Darling and
Roughton (19), using normal red blood cells,
have previously demonstrated that at low levels of
methemoglobin the shift in the oxygen dissociation
curve is slight. At the relatively low levels of
methemoglobin used in our studies the shift in the
oxygen dissociation curve might well have been
too small to be detected in the limited number of
measurements which we have made, if it occurred
at all. Furthermore, in our calculations, the
amount of hemoglobin available for dissociation
has been estimated by subtracting the amount of
methemoglobin present from the total hemoglobin
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VIVO BY PAPP ON THE SICKLING-OXYGEN TENSION CURVE
OF ERYTHROCYTES. At low oxygen tensions there is suc-
cessively less distortion of cells as the amount of methe-
moglobin in the cells increases.

as determined by the cyanmethemoglobin method.
If any additional pigments (hemoglobin degrada-
tion products) contributing to optical density but
not capable of carrying oxygen, such as sulfhemo-
globin, were present, these would give a falsely
high estimation of the amount of hemoglobin pres-
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FIG. 3. OXYGEN DISSOCIATION CURVE OF SICKLE CELLS

AT HIGH AND NEAR NORMAL METHEMOGLOBIN LEVELS.
Methemoglobinemia was induced in vivo by the adminis-
tration of PAPP. No significant change in the disso-
ciation curve could be demonstrated.
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FIG. 4. EFFECT OF MIETHEMIOGLOBINEMIA INDUCED IN
VIVO BY SODIUM NITRITE ADMINISTRATION ON THE SICK-
LING-REDUCED HEMOGLOBIN CURVE OF ERYTHROCYTES, AS
DERIVED FROM FIGURES 1 AND 3. The fraction of the total
pigment in the form of reduced hemoglobin has been com-
puted and appears as the abscissa. When expressed in
this way, the percentage of cells distorted seems rela-
tively independent of the percentage of methemoglobin
in the red cells.

ent. In this way, the calculated oxygen dissocia-
tion curve would tend to be displaced to the right.
This might obscure any slight leftward shift
caused by the presence of methemoglobin. In
agreement with the data of others (20-22), the
oxygen dissociation curve of sickle cells appears
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FIG. 5. RELATIONSHIP BETWEEN CELL AGE AND METHE-

MOGLOBIN CONTENT OF THE ERYTHROCYTES AS STUDIED BY
FRACTIONAL OSMOTIC LYSIS. The cells most susceptible
to lysis (presumably the older red cells) contain the
greatest amount of methemoglobin.

to be somewhat to the right of that usually pre-
sented for normal red blood cells.

3. Reduced hemoglobin-red cell distortion curves.
Although, as shown in Figure 3, the presence of
methemoglobin exerts relatively little effect on the
dissociation of oxygen from oxyhemoglobin, the
amount of the hemoglobin in each red cell partici-
pating in the hemoglobin-oxyhemoglobin equilibra-
tion is diminished when some of it has been con-
verted to methemoglobin. To determine whether
the presence of methemoglobin itself exerts an
effect on the sickling process, or whether it exerts
its action chiefly by removing hemoglobin from the
Hb T HbO2 equilibrium, the curves correlating
red cell distortion and oxygen tension have been
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FIG. 6. RELATIONSHIP BETWEEN CELL AGE AND METHE-

MOGLOBIN CONTENT OF THE ERYTHROCYTES AS STUDIED BY
FRACTIONAL OSMOTIC LYSIS. The cells most susceptible
to lysis (presumably the older red cells) contain the
greatest amount of methemoglobin.

replotted to compare the proportion of the cells
distorted with the concentration of reduced sickle
hemoglobin in each cell. The reduced sickle hemo-
globin concentration in the cell has been esti-
mated by multiplying the percentage of reduced
hemoglobin, as read from the oxygen dissociation
curve (Figure 3), by the fraction of hemoglobin
not converted to methemoglobin and, therefore,
available for dissociation. The curves obtained
show that the percentage of cells distorted is
closely related to the reduced sickle hemoglobin
concentration and is not greatly influenced by
the presence of methemoglobin. Representative
curves obtained by replotting data from Figure 1
are presented in Figure 4.
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B. The effect of cell age on methemoglobin levels
Ten ,uc of Fe59-citrate was given intravenously

to Subject B.W. Maximal blood levels were
achieved after 7 days. Nine days after the ad-
ministration of Fe59, the patient was given 200 mg
of PAPP. One and one-half hours later, the blood
methemoglobin level was approximately 40 per

cent. Blood was drawn and the red cells were
fractionated by differential osmotic hemolysis.
The supernatant solutions were analyzed for
amount of hemoglobin and the percentage of he-
moglobin which was methemoglobin. These data
are presented in Figure 5. In agreement with the
data of Marks and Johnson (23) and of Levy,

DAYS

FIG. 7. EFFECT OF PAPP AND SODIUM NITRITE ADMINISTRATION TO L.A. ON THE METHE-
MOGLOBIN CONTENT OF THE BLOOD, RETICULOCYTE COUNT, HEMOGLOBIN CONCENTRATION OF THE
BLOOD AND CR' RED CELL SURVIVAL. The shaded areas in the methemoglobin panel of Figures
7-11 represent the range during the day when estimated from multiple daily determinations.
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Walter and Sass (24) on normal erythrocytes,
the younger members of the sickle cell population,
those labeled with Fe59, are most resistant to os-
motic lysis. The slightly elevated Fe59 levels of
the 0.65 and 0.55 per cent fractions may be due to
the unusual fragility of a portion of the young
cells, as was found in normal blood by Levy and
co-workers (24), or to incomplete sedimentation
of some reticulocytes at the relatively slow centri-
fuge speeds used. The younger red cell fractions
contain the least methemoglobin. Very little ra-
dioiron was found in the 0.60, 0.50 and 0.45 per
cent fractions and the maximal methemoglobin
levels were encountered in these fractions. To de-
termine whether the larger amounts of methemo-
globin in the most easily lysed fractions were really
a function of increased susceptibility of methemo-
globin-containing cells rather than of cell age, dif-
ferential osmotic hemolysis was repeated on the
following day, after the methemoglobin concentra-
tion had returned to zero. There was no change
in the susceptibility of the erythrocytes to osmotic
lysis, indicating that the presence of methemoglo-
bin does not increase the susceptibility of red cells
to osmotic lysis. Two weeks later, the patient was
again given 200 mg PAPP. This time the Fe59-
containing cells had aged somewhat and more ra-
dioactivity was found in the least resistant frac-
tions. The pattern of methemoglobin formation
was the same. Differential osmotic hemolysis
studies were also carried out on the red cells of
another patient, T.P., who had received PAPP
for several weeks. A higher centrifuge speed was
used to clear all remaining cells from the super-
natant (see Methods). The relationship of the
percentage of hemoglobin in the form of methemo-
globin in various fractions as determined by this
experiment is presented in Figure 6.

C. Clinical observations

1. Subject L.A. (Figure 7). The red cells of Sub-
ject L.A. were labeled with Cr5' and their survival fol-
lowed for a baseline period of 7 days. PAPP was then
administered at 4-hour intervals in gradually increasing
doses, as shown in Figure 7. The percentage of methe-
moglobin increased concurrently. When the methemo-
globin level reached approximately 20 per cent of the
total pigment there was a striking increase in the sur-
vival of the red blood cells as estimated by the Cr51
method. This lasted for only a few days. In spite of
continued drug administration and a rising level of methe-

moglobin to a maximum of approximately 33 per cent of
the total pigment, red cell destruction soon became ac-
celerated and exceeded the baseline rate. This suggested
that PAPP, an aromatic amine, was in itself hemolytic.
Concurrently with the methemoglobinemia and lengthen-
ing of red cell survival, there was a modest reticulocy-
tosis and a rise in the total hemoglobin level of the blood.
The patient's erythrocytes were rechromated approxi-

mately 1 month after the conclusion of the first study and
methemoglobinemia was induced again, this time by ad-
ministering gradually increasing doses of sodium nitrite.
No toxic side effects from sodium nitrite were encoun-
tered, but the methemoglobin level rose to between 20
and 30 per cent of the total pigment. The baseline Cr51
half-time was 7 days, closely comparable with the 8-day
T1 obtained on the patient in the previous study. Dur-
ing the period of methemoglobinemia, the Cr`1 survival
was lengthened to a Tj of 17 days. There was no distinct
change in the reticulocyte count and the total hemoglobin
level of the blood rose. While still receiving sodium ni-
trite, the patient's erythrocytes were rechromated. Un-
fortunately, at this time the nighttime doses of nitrite
were omitted for several days. It is not known to what
level the methemoglobin concentration of the blood fell
during this time. The Cr5` Tj was 7.5 days. After re-
institution of sodium nitrite therapy in full doses, the
Tj was lengthened to 15 days. Then nitrite administra-
tion was discontinued and three 65-mg doses of methylene
blue were administered orally, quickly lowering the
methemoglobin level. Red cell destruction became some-
what accelerated with a Tj of 8.5 days, closely com-
parable to the baseline levels of 8 and 7 days which were
observed in the two previous Cr5' studies.
The patient had no acute symptoms at any time dur-

ing the study and no change was noted in her general
clinical status, serial electrocardiograms, urinalysis, or in
her capacity to concentrate urine after water depriva-
tion.

Comment. The administration of PAPP ap-
peared to result in prolongation of red blood cell
survival as estimated by the Cr5" method, but sub-
sequently there was accelerated red cell destruc-
tion. The administration of sodium nitrite was
associated with a more sustained prolongation of
red cell survival. The possibility has been con-
sidered that the apparent prolongation of red cell
survival in the second study was an artifact, pro-
duced by a heterogeneous red cell population com-
prised of short-lived and long-lived cells. This
seems unlikely, since in the early portion of the
first study there was no indication that there was
a two-component population. However, a fur-
ther attempt was made to rule out this possibility
and to determine whether prolongation of red cell-
life span induced by sodium nitrite occurred in all
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20

DAYS

FIG. 8. EFFECT OF SODIUM NITRITE

TO B.W.
ADMINISTRATIOb

- when methemoglobinemia is induced by sodium
nitrite administration.

It is impossible to determine whether the rise
in the hemoglobin level which was observed was
chiefly due to "driving" of the marrow as a re-
sult of the decreased oxyhemoglobin levels or to
the decreased destruction of erythrocytes. Prob-
ably both mechanisms play a role, but the latter
is emphasized in a later study carried out on T.P.
(see below).

2. Subject B.W. (Figure 8). B.W. was given gradu-
ally increased doses of sodium nitrite. Her red cells were
chromated when her methemoglobin level was already
between 15 and 20 per cent of the total pigment (Fig-
ure 8). Before the level of methemoglobinemia was
consistently greater than 20 per cent, the Tj was 9.5 days,
as computed by the method of least squares (25). A TV
of 19.5 days was found when a curve was fitted to the
points obtained after methemoglobin levels above 20 per
cent of the total pigment were consistently achieved.
Upon withdrawal of sodium nitrite and administration
of methylene blue to hasten the conversion of methemo-
globin to hemoglobin, red cell survival was for the next
8 days shortened to a Tj of 10.5 days, closely comparable
to the original Tj of 9.5 days.
No unusual clinical symptoms were observed. How-

- ever, approximately 1 week after the methemoglobin
level had returned to zero, the patient developed a mild,
painful crisis. This seemed to provide an opportunity to
study the effect of methemoglobin production on this
complication. Small doses of sodium nitrite were ad-
ministered. There was an apparent lengthening of red

_ cell survival, although since the observations made were
scanty, their significance remains somewhat doubtful.
The painful symptoms subsided in approximately 24
hours. Relief of pain was not impressive. Several
months later, we were presented with another opportunity
to observe the patient during a painful crisis. The re-

30 sults of administration of a single dose of PAPP were
approximately the same. Rapid induction of methemo-
globinemia of 29 to 36 per cent for 1 hour did not seem
to affect the pain, which subsided after about 48 hours.
No attempt to induce prolonged methemoglobinemia was
made.

members of the red cell population or only in the
older cells (which contain a greater proportion of
methemoglobin). Interpretation of this experi-
ment is hampered by failure of the patient to re-

ceive nighttime doses of sodium nitrite. However,
the third Cr5' study clearly demonstrates that the
changes in the first two studies were not due
merely to a mixed red cell population consisting
of a long-lived and a short-lived component. It
also shows that prolongation of red cell life span

can be achieved, even in relatively young cells,

Comment. This study confirms that prolonga-
tion of survival of even relatively young erythro-
cytes can be achieved when sodium nitrite is ad-
ministered. Efforts to influence painful crises
yielded disappointing results, although such re-

sults are difficult to evaluate because of the marked
variability in the natural history of painful crises.

3. Subject T.P. (Figure 9). The red cells of T.P.
were labeled with Cr'1 and baseline survival studied for
several days. Methemoglobinemia was induced with
PAPP on two occasions-first for 6, then for 7 days.
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FIG. 9. EFFECT OF PAPP AND SODIUM NITRITE ADMINISTRATION TO T.P.

No significant alteration of Cr`1 survival was observed.
The reticulocyte count and hematocrit rose slightly, and
hemoglobin showed a questionable increase. Two weeks
following the second course of PAPP administration,
the patient developed chest pain, fever, and a pulmonary
infiltrate of the right base. She was treated with anti-
coagulants for the next 2.5 weeks, and her symptoms
and signs quickly disappeared. The patient's red cells
were again labeled with Cr5' and a more prolonged
course of treatment with PAPP lasting 19 days was

carried out. There was only questionable, transient pro-

longation of Cr5' survival lasting for a few days and
then accelerated destruction, as had been observed in the
study carried out on L.A. However, there was a well
marked rise in the hematocrit, not accompanied by a rise
in the hemoglobin. Thus, the patient's mean corpuscular
hemoglobin concentration fell. This apparently anomalous
finding was easily explained when her red cells were ex-

amined for Heinz bodies. Most of the cells contained
these particles, probably consisting of denatured protein
(26). The patient was next given a short course of in-
jections with chorionic gonadotropin in an effort to in-
fluence fetal hemoglobin synthesis. The results were

equivocal: a rapid rise of alkali-resistant hemoglobin was

followed by a return to near baseline level while hor-

mone was still being administered. The administration
of conjugated equine estrogens and progesterone resulted
in no change in alkali-resistant hemoglobin levels.
A third Cr5' survival study was carried out to de-

termine whether methemoglobinemia induced by nitrite
would prolong red cell survival in this patient as it had
in Subjects L.A. and B.W. The baseline Cr5` survival
time was longer than that found in the two earlier studies,
with a T4 of 11.5 days, as computed by the method of
least squares (25). This prolongation may be explained
by the fact that the patient had just experienced accele-
rated red cell destruction as a result of PAPP ad-
ministration. Drug-induced hemolytic anemia affects
chiefly the older members of the red cell population (27);
thus, prolonged survival may be expected following
drug-induced hemolysis. When sodium nitrite was ad-
ministered to the patient the Cr`' survival time remained
unchanged, with a computed TI of 11.5 days, until the
methemoglobin level consistently exceeded 20 per cent
of the total pigment. The slope of the survival curve

then changed to give a computed Tl of 22.5 days. After
sodium nitrite administration was discontinued the slope
of the survival curve returned to 13 days, comparable
with that of the period before sodium nitrite adminis-
tration. During the course of the study the patient's leg
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EFFECT OF METHEMOGLOBIN FORMATION IN SICKLE CELL DISEASE

ulcers healed rapidly. There was no change in her ca-

pacity to concentrate urine after water deprivation and
no change in her general clinical condition.

Comment. In this patient, the hemolytic effect
of protracted PAPP administration was con-

firmed. It was again demonstrated that sodium
nitrite could prolong red cell survival at methemo-
globin levels at which no significant prolongation
was achieved with PAPP. The healing of the leg
ulcers could probably be attributed as easily to the
extended period of hospitalization as to any bene-
ficial effects from the administration of methemo-
globin-forming agents.

4. Subject J.G. (Figure 10). The red cells of J.G.
were labeled with CrO and she was given gradually in-
creased doses of sodium nitrite every 4 hours. After 9
days, the patient was receiving 390 mg sodium nitrite
every 4 hours and complained of headache. However,
methemoglobin levels were only about 11 per cent.
Therefore, the dosage of sodium nitrite was increased
by one-third to 520 mg for one dose. When this dose
failed to produce any further symptoms and the methe-
moglobin level was still well below 20 per cent, an addi-
tional dose of 260 mg sodium nitrite was given after 2
hours. Two hours later there were no symptoms, al-
though the blood pressure was 100/0. Another 520-mg
dose of sodium nitrite was administered. About 1.5
hours later, the patient complained of substernal pain
which lasted for about 10 minutes and disappeared when
oxygen was given. The methemoglobin level at the time
of pain was only 22 per cent of the total pigment. An
electrocardiogram taken shortly after the pain subsided
showed no change from the previous tracing, except for
a more rapid rate and the appearance of supraventricular
extrasystoles. An EKG taken 3 days later was entirely
normal. The dosage of sodium nitrite was decreased
to 390 mg every 4 hours. There were no further symp-

toms and the dose was increased to 455 mg, at which time
the patient again developed an episode of chest pain,
which subsided in a few minutes after administration of
oxygen and codeine. The methemoglobin level at this
time was only 19 per cent. Further administration of
sodium nitrite to J.G. was abandoned. In the course of
the study there were no changes in serial urinalysis, se-

rum bilirubin determinations, or capacity to concentrate

urine after water deprivation.
Taken as a whole the Cr` survival curve does not de-

viate significantly from the baseline curve. The minor
fluctuations which occurred do not coincide either with
changes in nitrite dosage or with the methemoglobin
level and are not readily explained.

Comment. This subject had the most severe

degree of anemia of any of the patients studied,
and consequently her red cells have the youngest

average age. Probably because the methemo-

globin-reducing systems of young cells are more

active than those of older red cells (28). it was

impossible to achieve adequate levels of mi-ethemo-
globinemia in this patient without encountering
alarming toxic side effects from sodium nitrite.
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5. Subject J.R. (Figure 11). J.R. was given gradually
increased doses of sodium nitrite which resulted in a

gradual rise in her methemoglobin level. When the dos-
age had reached 325 mg every 4 hours, the patient ex-

perienced epigastric burning but the methemoglobin level
remained at approximately 10 per cent of the total pig-
ment. It was therefore deemed wise to discontinue so-

dium nitrite administration. A Cr' survival curve was,

unfortunately, unsatisfactory because the red cells had
been washed with a sodium chloride solution containing
0.9 per cent benzoic acid as a preservative. Subsequent
investigations demonstrated that benzoic acid at this
concentration damages red cells, increasing their osmotic

fragility and causing, upon inj ection, their almost im-
mediate removal from the circulation. A second study
was initiated in which PAPP was administered. Me-
themoglobinemia of between 20 and 30 per cent was
achieved without any untoward symptoms. There was
no prolongation of Cr`1 survival, and indeed, there was
accelerated destruction of red cells within a few days'
time after PAPP administration had been initiated.
There was no change in the patient's general clinical
status, serial electrocardiograms, urinalysis, bilirubin
level or capacity to concentrate urine on water depriva-
tion. Two days after discharge from the hospital, the
patient developed an episode of nausea, vomiting and
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EFFECT OF METHEMOGLOBIN FORMATION IN SICKLE CELL DISEASE

diarrhea which subsided spontaneously within about 24
hours, and which was considered to be unrelated to either
her sickle cell disease or the experimental therapy.
Several months after these studies were conducted, this
patient was also given a course of chorionic gonadotropin,
10,000 U daily. A slight rise in alkali-resistant hemo-
globin was observed, but a higher level had been ob-
served previously while the patient was receiving no
hormone therapy.

Comment. Some degree of accelerated red cell
destruction in a patient receiving PAPP was again
demonstrated.

DISCUSSION

It is usually assumed that the clinical manifesta-
tions of sickle cell disease are due to the abnormal
physicochemical properties of sickle hemoglobin,
which result in the distortion of the red cells when
the oxygen tension is reduced. It must be ad-
mitted, however, that although it is reasonable to
assume that sickling of red cells is responsible for
the clinical course of sickle cell disease (29), this
assumption can by no means be considered proven.
There are discrepancies between the number of
sickled cells and the severity of the clinical dis-
ease, and it has been suggested that other disturb-
ances of red cell function may be important clini-
cally (4). Nonetheless, it might be possible to in-
fluence favorably the course of this disease by
changing the composition of hemoglobin within
the red cells in such a way that the extent of sick-
ling would be diminished. An ideal solution to
the problem of sickling of erythrocytes would be
to induce synthesis of type A hemoglobin to take
the place of synthesis of type S hemoglobin. This
is technically beyond our reach today, for the pa-
tient with sickle cell disease does not have the
genetic potential for the synthesis of type A hemo-
globin and changing the genetic constitution of hu-
man tissues is not yet feasible.
A second, probably almost as satisfactory solu-

tion, might be to induce synthesis of large amounts
of type F hemoglobin in the red cells of patients
with sickle cell disease in the place of hemoglobin
S. Patients with sickle cell disease do have the
potential for synthesis of the gamma chain of the
hemoglobin molecule, and indeed normally produce
increased amounts of fetal hemoglobin (30). Fe-
tal hemoglobin interferes with the sickling process
in infants (10) and in hereditary persistence of
fetal hemoglobin (31). As yet, no method for

increasing the synthesis of F hemoglobin is
known, although sensitivity in the ratio between
hemoglobin F and hemoglobin A synthesized to
oxygen tension has been demonstrated (32, 33).
The alteration of this ratio is due, however, to
the fact that while both hemoglobin F and hemo-
globin A synthesis is inhibited by anoxia, the de-
gree of inhibition is greater in the case of hemo-
globin A. The observation (34) that cyanotic
congenital heart disease does not appear to be
associated with the appearance of hemoglobin F
suggests that anoxia is not an important reg-
ulatory factor. It has also been observed,
by using alkali denaturation and immunologic
technique (35, 36), that there is increase in fetal
hemoglobin content of the mother's blood during
the second trimester of normal pregnancy and
during molar pregnancy. This has not been con-
firmed with sensitive measurements using the
tryptophan fine-line spectrum after alkali denatu-
ration (34). Nonetheless, the possibility that the
hormonal environment might influence fetal hemo-
globin synthesis appeared to us to warrant further
investigation. A transient rise in alkali-resistant
hemoglobin was observed in two patients follow-
ing chorionic gonadotropin administration, but its
significance is as yet uncertain. Further studies
are obviously necessary. This problem is cur-
rently under investigation in our laboratory.
A third approach is to modify the hemoglobin

within the red cell chemically without attempting
to influence the type of hemoglobin which is syn-
thesized by the red cell precursor. In this paper,
the potential value of converting sickle hemoglobin
to methemoglobin is examined. An ideal chemical
modification of hemoglobin would be such that: 1)
the modified compound would continue to carry
oxygen and carbon dioxide normally, 2) its modi-
fication would be induced by the administration of
nontoxic agents, 3) infrequent drug administra-
tion by the oral route would suffice to produce the
desired change in hemoglobin in a reliable fashion
with a minimum of laboratory control, 4) sickling
would be effectively inhibited even at relatively
low oxygen tensions. It is obvious that drug-in-
duced methemoglobinemia falls seriously short in
several respects. Frequent administration of
drugs with certain toxic side effects with appropri-
ate laboratory controls is required to maintain an
adequate level of methemoglobin in the blood.
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Methemoglobin does not carry oxygen. However,
it does, as we have confirmed in this study, ef-
fectively inhibit the sickling process. Substan-
tial inhibitions of sickling can be achieved with
a compromise of only about 20 per cent of the
oxygen-carrying capacity of the blood. In agree-
ment with the conclusions drawn from studies in
experimental animals by Jalavisto and associates
(37-39), and in human red cells by Jung (40)
and Waller, Schlegel, MAuiller and L6hr (41), the
methemoglobin concentration of the older red
cells was greater than that of the younger mem-
bers of the red cell population. Thus, very
marked inhibition of sickling of some of the cells
may have been achieved. The current studies
shed some light on the mechanisms of inhibition of
sickling by methemoglobin. It would appear
that methemoglobin exerts its chief effect by re-
moving pigment from the equilibrium between re-
duced hemoglobin and oxyhemoglobin rather than
by interfering with the sickling process in a manner
analagous to the interference produced by fetal
hemoglobin (10). In effect, it renders the red
cell hypochromic with respect to hemoglobin, thus
reducing the absolute amount of reduced sickle
hemoglobin present at a given oxygen tension and
diminishing the tendency of the red cell to be
deformed.

Regardless of the mechanism of the effect of
methemoglobin in inhibiting sickling, the cau-
tious trial of methemoglobin-forming agents in the
treatment of sickle cell disease seemed to us to be
justified. Many treatments of sickle cell disease
have been advocated in the past; none is consid-
ered satisfactory (5). To our knowledge, the
studies we have reported here represent the first
experimental therapy which has been shown to
prolong red cell survival. The effect of inducing
methemoglobinemia with PAPP and sodium ni-
trite has been investigated in five patients with
sickle cell disease. When methemoglobin levels
above 20 per cent were produced with sodium
nitrite there was a consistent prolongation of red
blood cell survival. At lower methemoglobin
levels, no such prolongation of red cell survival
was observed. PAPP failed to produce any sus-
tained significant prolongation of red cell survival,
even at methemoglobin levels considerably higher
than those achieved with sodium nitrite. This is
in all likelihood due to the fact that PAPP, an

aromatic amine, is itself hemolytic. The possi-
bility has been considered that sodium nitrite
produces prolongation of red cell survival by a
mechanism independent of the methemoglobine-
mia which it induces. Sodium nitrite is known
to have marked effects on the vascular system,
and it is conceivable that these may be responsible,
in part, for its effect in prolonging red blood cell
survival. However, the patient who failed to de-
velop significant degrees of methemoglobinemia,
even with large amounts of sodium nitrite (J.G.),
failed to experience sustained prolongation of red
blood cell survival.

Methemoglobinemia was well tolerated by all
of the patients. This was true even when rela-
tively large amounts of methemoglobin were
formed in a brief period of time. This is con-
sistent with the point of view that the clinical mani-
festations of sickle cell disease are not due pri-
marily to the anemia. Neither could any clinical
benefit be ascribed to the induction of methemo-
globinemia, nor was the renal concentrating de-
fect influenced. The latter finding is not surpris-
ing in view of the fact that the renal defect of pa-
tients with sickle cell disease is only reversible in
early childhood (42).

It has been known for some time that tolerance
to the side effects of nitrites develops upon con-
tinued exposure. Thus, it has been pointed out
that munitions factory workers may suffer from
nitrite-induced headaches during the first few days
of employment. They are subsequently asympto-
matic unless they leave work for several days.
Upon return to work they often develop head-
aches again. Workers have learned to avoid these
symptoms by continuing to expose themselves to
nitrite by placing a small quantity of nitroglycerin
in their hatbands so that it will be absorbed
through, the skin (43). There is conflicting evi-
dence as to whether tolerance can be induced to
sodium nitrite (44, 45), although there is general
agreement about other nitrites. Nonetheless, we
were able to administer large doses of nitrite to
most of our patients by using gradually increased
doses without encountering side effects. This was
not true in all cases, however. One patient (J.G.)
developed alarming symptoms when the sodium
nitrite dosage was increased rapidly, and symp-
toms recurred at the same level of nitrite even
when the dosage was increased slowly. Another
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patient (J.R.) developed symptoms which were
sufficiently annoying to make it seem advisable to
discontinue therapy. Aside from these toxic side
effects of nitrite administration, it is obviously im-
practical to administer any drug to patients every
4 hours, day and night, over a long period of time.
If methemoglobinemia were to have any practical
value in the long-term therapy of sickle cell dis-
ease, it would have to be induced by a preparation
which could be administered at much less fre-
quent intervals. On the other hand, it is con-
ceivable that short-term methemoglobinemia might
be of value in the treatment of crises. We have
hesitated to give sodium nitrite in the treatment
of crises, however, since the tolerance to the vas-
cular effects is variable. Administration of enough
nitrite to result in formation of methemoglobin
levels sufficient to affect the sickling phenomenon
might result in serious side effects. PAPP, on
the other hand, might have some promise in the
therapy of crises, since high levels of methemoglo-
bin can be induced within less than an hour by the
administration of this compound. Our limited
experience with the use of this material in the
treatment of painful crises has been disappointing.
Since the course of crises is variable, a more ex-
tensive controlled trial would be necessary to de-
termine whether the administration of this com-
pound is of value in crises.

SUMMARY

1. The induction of methemoglobinemia in vivo
by the administration of para-aminopropriophe-
none (PAPP) or of sodium nitrite produced a
shift to the left in the sickling-oxygen tension
curve of the red cells of patients with sickle cell
disease.

2. Conversion of 20 per cent of the sickle cell
hemoglobin to methemoglobin produced such an
effect, but did not materially influence the oxygen
dissociation curve of the intact red blood cells.

3. Most or all of the effect of methemoglobin in
inhibiting sickling could be explained on the basis
of removal of pigment from the oxyhemoglobin-
reduced hemoglobin equilibrium, resulting in a
lower concentration of reduced sickle hemoglobin
at a given oxygen tension.

4. More methemoglobin was present in the older
members of the red cell population than in young

red cells of patients with sickle cell disease after
administration of PAPP.

5. When sodium nitrite was administered to pa-
tients with sickle cell disease and the methemoglo-
bin concentration of the blood reached levels
greater than 20 per cent of the total pigment, there
was an increase in the survival of red blood cells,
as estimated by the Cr5' method. There was also
a tendency for the hemoglobin content of the blood
to rise.

6. When methemoglobinemia was induced in
patients with sickle cell disease by the administra-
tion of PAPP, there was in at least one case transi-
ent prolongation of red blood cell survival as esti-
mated by the Cr51 method. In all cases in which
PAPP was administered for more than a few
days, there was eventually accelerated destruction
of red cells as estimated by this method. Adminis-
tration of PAPP was sometimes associated with
an increase of the hematocrit not accompanied by
increase in hemoglobin concentration of the blood.
This was attributed to denaturation of some of the
hemoglobin within the red cells to Heinz bodies.

7. In none of the patients was there any sub-
tantial change in clinical status during drug ad-
ministration, although alarming side effects were
noted in one patient at high dosages of sodium
nitrite and another patient noted troublesome side
effects from sodium nitrite administration. Pre-
liminary attempts to treat painful crises of pa-
tients with sickle cell disease by the administra-
tion of sodium nitrite yielded unimpressive results.
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