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Congenital methemoglobinemia is an unusual
condition in which a large amount of intracellular
hemoglobin exists as methemoglobin-pigment in
which the hemoglobin iron is in the ferric state
and incapable of carrying oxygen. The congeni-
tal type of methemoglobinemia is present from
birth and is characterized by the constancy of the
level of methemoglobin, by the relatively mild as-
sociated symptoms, and by polycythemia with no
evidence of excessive blood destruction. There
are 15 verified cases of congenital methemoglo-
binemia in the literature (1-10) and 10 additional
cases of idiopathic methemoglobinemia (11-15)
in which definite information as to the congenital
aspect was lacking. In all of these cases the
abnormalpigmentwas identified spectroscopically.

The subject of this study was a young man
who presented the typical clinical picture of con-
genital methemoglobinemia. We have now fol-
lowed him for five years-sufficient time to eval-
uate different forms of therapy for this condition.

CASE HISTORY

F. S., a 23-year-old public accountant, was admitted in
December 1942 because of persistent cyanosis. He was
born a "blue baby" and had been continually cyanotic
with no noticeable fluctuation of degree of cyanosis dur-
ing all his life. He could not indulge in strenuous exer-
cise because of dyspnea, easy fatigability and pounding
temporal headaches. He took no drugs and had no
gastro-intestinal symptoms and there was no family his-
tory of similar cyanosis.

Physical examination disclosed a well-developed young
man, 5 feet 11 inches tall and weighing 207 pounds.
His skin had a slate blue color which was especially
apparent in his lips, ears and finger nail beds. His con-
junctivae were congested and the veins in the optic fundi
were dark and dilated. There were no abnormalities on
examination of his heart and lungs. Blood pressure was

1 Read at the Meeting of the American Society for
Clinical Investigation, Atlantic City, N. J., May 5, 1947.

2Fellow of the Nutrition Foundation. Present ad-
dress: The Rockefeller Institute for Medical Research,
New York, N. Y.

130/90. He had no clubbing of his fingers, and his
spleen and liver were not palpable.

Laboratory data: Hinton test for syphilis was negative;
RBC was 6.5 million per mm.3; hematocrit was 58 per
cent; Hb was 19 gms. per 100 cc.; WBCwas 7,850 per
mm.' with a normal differential count; reticulocytes were
2.2 per cent. Hypotonic saline fragility was normal.
Bone marrow puncture showed only a normoblastic hy-
perplasia, consistent with his polycythemia. Urine and
stool examinations were negative. Plasma proteins were
7.8 gms. per 100 cc. with 4.4 gms. of albumin; serum bili-
rubin was 0.5 mgm. per 100 cc. Venous pressure was 100
cm. of water; circulation time was 14 sec. (decholin) ; vital
capacity was 4 liters. Bromsulfalein excretion test showed
a retention of 5 per cent of the dye in the serum in 30
min. EKG was normal; BMRwas - 15 and - 12 per
cent. X-ray of the chest showed normal lung fields with
a heart of normal size and shape. X-ray of the large
bowel showed no abnormalities. Spectroscopic examina-
tion of the blood showed the absorption bands charac-
teristic of methemoglobin. By difference between total
pigment and oxygen capacity it was estimated that 45
per cent of the total blood pigment was in the form of
methemoglobin. Subsequent determinations of methemo-
globin were done by the colorimetric method of Evelyn
and Malloy (16). This method was checked by the
carbon monoxide capacity method of Van Slyke and
Hiller (17) and found to be accurate to + 0.2 gm. in
our hands.

After a control period of one week in which the level
of methemoglobin remained constant he was given 90
mgm. of methylene blue intravenously. In 10 minutes
half of the methemoglobin disappeared and by 30 minutes
over 95 per cent had disappeared. He was then able to
exercise vigorously without headaches and breathlessness
which had previously so limited his activity. During the
course of the following five years he was treated with
ascorbic acid and with methylene blue by mouth. It was
found that 240 mgm. of methylene blue in enteric coated
tablets per day were well tolerated and were sufficient to
keep him free of cyanosis. Coincident with this treat-
ment polycythemia and reticulocytosis subsided. No toxic
effects from this long-sustained treatment have been
observed.

The identity of the abnormal pigment in this
case was established spectroscopically as methe-
moglobin. There was a well-defined absorption
band at 630 u which disappeared after addition
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of sodium cyanide or of sodium hydrosulfite
(Na2S204) in vitro, or after injection of methyl-
ene blue in vivo.

Symptoms present in our patient and in others
reported were those of anoxia due to the decreased
oxygen-carrying capacity of the blood. In addi-
tion to this, Darling and Roughton (18) have

7( D / recently described an additional adverse effect of
the presence of methemoglobin on oxygen trans-
port; this is a shift to the left of the oxygen
dissociation curve as also occurs in carbon monox-

45Q ,o! ide poisoning. This change hinders the transfer

of oxygen from the blood to tissue.
at 4c Z s The oxygen dissociation curve on the blood of

our patient when his methemoglobin level was 30
30 D X - NORMALAT pHr -7.40 per cent was determined by us and by the Har-

0 - Pn8o PT AT pH 7.40 vard Fatigue Laboratory (Figure 1). In both
20 n A* - FROMDARLING AND.

// 7ROUGHTON cases the points fell on the normal curve and
showed none of the changes described by Darling

10f and Roughton. In four other cases in which
fa-b3b46l--&oxygen dissociation curves were made, one (12)
PXZO302 40 50 60showed no shift while three showed definite shifts

of the curve (1, 14, 19).
FIG. 1. OXYGEN DISSOCIATION CURVE OF PATIENT

WITH 30 PER CENT METHEMOGLOBINSUPERIMPOSEDON STUDIES OF THE MECHANISM
NORMALOXYGENDISSOCIATION CURVE

I. Site of the defect
This is compared with the curve of Darling and Rough-

ton on blood also containing about 30 per cent methemo- To ascertain whether the factor responsible for
globin. the high methemoglobin content of the erythro-

FIG. 2. RATE OF METHEMOGLOBINFORMATIONIN PATIENT F. S. AFTER
CESSATION OF METHYLENEBLUE THERAPY
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CALCULATED RATE OFM3METNEMOGLORIN
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LEVEL
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.. ..........MENSTRUATION---------

RECIPIENT CELL VOLUME 425CC.
TRANSFUSED425CC CELLS (50% OF TOTAL)

RECIPIENT CELL VOLUME 490CC.
TRANSFUSED 225CC CELLS (315%)

FIG. 3. BEHAVIOR OF BLOOD FROMPATIENT F. S. AFTER TRANSFUSION
INTO A PATIENT WITH REFRACTORYANEMIA

cytes was in the cells or the plasma the patient's
red cells were incubated with compatible normal
serum, and normal cells were incubated with the
patient's serum. At the end of 24 hours in the
former the methemoglobin was not significantly
reduced, and in the latter methemoglobin was not
produced. This confirmed previous in vitro ob-
servations that there was no plasma factor of
importance (2, 10).

To ascertain whether there was any factor in
the body, outside the red cells, that influenced
methemoglobin formation in the cells, the follow-
ing in vivo experiment was performed. The
methemoglobin in the patient's circulation was

changed to normal hemoglobin by methylene blue
administration, and the subsequent rate of methe-
moglobin formation in the patient was observed
for 13 days (Figure 2). There was an average

daily transformation of 3 per cent of the total
hemoglobin into methemoglobin. At a time when
methylene blue therapy had changed the patient's
methemoglobin nearly all to normal hemoglobin
he was bled and 225 cc. of his erythrocytes were

infused into a patient with refractory anemia
(Figure 3). This subject was chosen as a re-

cipient because there would be no new hemoglobin
formation to complicate the experiment. The
volume of cells infused was calculated to be ex-

actly equal to the volume of the recipient's own

circulating erythrocytes, as estimated from deter-
mination of her plasma volume (T-1824 method)
and her hematocrit. After the infusion the rate
of methemoglobin formation per day was 1.5 per

cent of the total hemoglobin. It therefore ap-

peared that the infused cells were forming methe-
moglobin in the recipient at the same rate at
which they formed it in the donor. This result
makes it appear improbable that there were any

abnormal factors outside the red cells of the
methemoglobinemic patient that influenced the
formation of methemoglobin.

II. Failure of methemoglobin reduction

A solution of hemoglobin obtained by laking
human red cells when exposed to an atmosphere
of 95 per cent air and 5 per cent carbon dioxide
will be completely converted to methemoglobin in
about five days (Figure 4). This was equally
true of hemoglobin from normal human subjects
and of hemoglobin from our patient. Intact red
cells possess a mechanism which prevents this
from occurring and maintains the hemoglobin iron
in the ferrous state. When we incubated normal
cells in the rocker perfusion apparatus (20) no

methemoglobin was formed as long as glucose was

present in the media (Figure 4). When sodium
nitrite was added to normal cells under these
conditions methemoglobin was formed and then
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FIG. 4. METHEMOGLOBINLEVELS AFTER IN VITRO IN-
CUBATION OF HEMOLYZEDCELLS AND INTACT CELLS IN
THE ROCKERPERFUSION APPARATUS

The in vitro effect of sodium nitrite on normal cells
is also shown.

completely reduced within 12 hours. When cells
from our patient containing methemoglobin were

incubated in the apparatus there was no reduction
and the methemoglobin level rose to about 30 per
cent. This inability of the patient's cells to reduce
methemoglobin corroborates previous in vitro ob-
servations (2, 6, 10).

Studies of the in vivo reduction rates of methe-
moglobin were performed by injecting, intrave-
nously, 0.5 gm. of sodium nitrite into normal
individuals and into the patient. Nitrite was
chosen because it rapidly produced methemoglobin
and was itself entirely gone from the blood stream
by 60-90 minutes (21). In both the normal
subject and the patient the sodium nitrite caused
formation of about 2.5 gms. of methemoglobin
per 100 cc. of blood within 40 minutes. On the
other hand, after three hours, half of the methe-
moglobin formed had disappeared in the normal
subject while in the patient the methemoglobin
level showed no tendency to fall even after seven
hours (Figure 5). This indicates that the nor-
mal mechanism for methemoglobin reduction fails
to operate in this patient.

III. The methemoglobin reduction mechanism of
the erythrocyte

In vitro studies of methemoglobin reduction in
the red cell have shown that this is an enzymatic
process in which glucose and lactate act as hydro-
gen donors (22-24). In view of this relationship,
the carbohydrate metabolism of our patient's
erythrocytes was investigated. The resting oxy-
gen consumption measured in the Warburg mano-
metric apparatus of 2 ml. of the patient's cells

FIG. 5. EFFECT OF 0.5 GM. SODIUM NITRITE ON PATIENT F. S. ANDON A
NORMALSUBJECT
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TABLE I

Chemical survey of factors involved in carbohydrate metabolism in patient's blood

RBC

Glucose Lactate Whole blood
utilization utilization inorganic P 15 mi. hydro- Acid aeine

lysable P soluble P Total P consumption adeninecnupondinucleotide

mm.' per
mgm. per mgm. per mgm. per hour per 2 cc. gamma

cent per hour cent per hour mgm. per cent mgm. per cent cent mgm. per cent of cells per cent

Normal average 10-20(28) 0-5 2.4-3.5(29) 8.1-10.5(30) 50-60(27) 47-114(29) 10-30 35
range

Patient 21.5 0-4 2.5 12.2 56.4 112.7 20 35
1 22.2 1 3.2 13.2 58.6 121.6 1 l

was 22 mm.3 in 30 minutes as compared with 19
mm.3 in the normal control. Glycolysis as meas-
ured by glucose utilization (25) and lactate for-
mation was normal. There was no lactate utiliza-
tion. Flavine adenine dinucleotide in red cells
was measured by the method of Ball et al. (26)
using the enzyme system of d-amino acid oxidase
with d, I-alanine as substrate." The amount of
enzyme present was the same as in a normal con-
trol. Values for the 15 minute hydrolysable P
of which the chief component is adenosine tri-
phosphate were well within the normal range.
Acid soluble P values comprising largely glycerol
phosphate (27) were normal. Measurement of
the other P partitions also showed nothing which
indicated any abnormality of phosphorylation.
These findings are summarized in Table I. To
the extent of these studies we were unable to find
any defect in the carbohydrate metabolism of the
erythrocyte.

IV. Action of methylene blue

Harrop and Barron in 1928 (31) demonstrated
that the addition of methylene blue caused a ten-
fold increase in the oxygen consumption of mam-
malian red blood cells. Such an increase occurred
to the same degree in our patient's erythrocytes
as in the normal erythrocytes. This increase does
not occur when the cells are washed free of glu-
cose. When blood from the patient with con-
genital methemoglobinemia was treated with meth-
ylene blue in the presence of 100 mgm. per cent
glucose there was complete reversion of the met-
hemoglobin present to active hemoglobin. This

'The standard flavine adenine dinucleotide and the
d-amino acid oxidase was generously furnished by Dr.
E. G. Ball.

reversion was inhibited by M/300 iodoacetate.
The beneficial therapeutic effect of methylene

blue has been observed clinically for 15 years in
secondary types of methemoglobinemia (32-34)
and has been recently reported in congenital met-
hemoglobinemia (8, 14). The marked thera-
peutic effect of methylene blue in our patient
suggests that it replaces some constituent of nor-
mal cells that is necessary for the enzymatic
reduction of methemoglobin and that this is lack-
ing in the cells of our patient.

V. Other oxidizing and reducing substances
Since hydrogen peroxide is formed in certain

enzymatic reactions and then is decomposed by
intracellular catalase, it seemed possible that a
deficiency of catalase could be responsible for the
presence of methemoglobin. Accordingly the
catalase content of the patient's erythrocytes was
determined by a modification of the methods of
Morgulis and Jusatz (35, 36) using 0.1 M hy-
drogen peroxide in 0.02 Mphosphate buffer (pH
7.0) in a Warburg vessel. A normal catalase
content of the red cells was found.

There are also substances present in blood cells
and plasma that are capable of reducing methe-
moglobin. Ascorbic acid and glutathione are two
such substances. This patient had blood levels of
ascorbic acid averaging about 0.25 mgm. per cent
compared to normal values of 1.5 to 2.0 mgm.
per cent (37) despite adequate dietary ascorbic
acid. The reduced glutathione level of the pa-
tient's whole blood was 20 mgm. per cent as com-
pared to normal values of 40 mgm. per cent (38).
One might consider that these substances repre-
sent a secondary line of defense of the body
should the cell reconversion mechanism not func-
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tion. Certain circumstantial evidence indicates
that this might be true. When hemoglobin or
methemoglobin is injected intravenously in a dog
an equilibrium point is reached at a methemo-
globin concentration of 30 to 40 per cent of the
total pigment (39, 40). By coincidence the 11
cases of congenital methemoglobinemia in which
the per cent methemoglobin was reported showed
the same equilibrium concentration.

When 2 gms. of ascorbic acid were given intra-
venously the methemoglobin level dropped from
25 to 15 per cent in ten hours. On doses of 300
to 500 mgm. of ascorbic acid per day for two
weeks it was possible to lower the level of met-
hemoglobin to 8-10 per cent of the total pigment.
The sluggishness of this reaction and the fact that
d-ascorbic acid which is physiologically inert is
equally as effective as the naturally occurring
isomer suggest that the effect of ascorbic acid is
due to its direct reducing action on methemoglo-
bin (41, 42) rather than to restoration of the
normal enzymatic reduction mechanism.

DISCUSSION

Studies on this case have emphasized the nor-
mal mechanism by which the organism is able to
maintain the hemoglobin-methemoglobin equilib-
rium within the red cell at about 99.6 per cent
in favor of the ferrous form which is essential
for transport of oxygen (43). There is undoubt-
edly steady formation of methemoglobin in the
red cell, but the cells are capable of reducing the
methemoglobin as soon as it is formed. In con-
genital methemoglobinemia we have shown that
this mechanism fails to function, and it is perti-
nent to look further into the nature of this
mechanism.

In 1930 Warburg (22) showed that methemo-
globin formed in intact red cells could be reduced
by the cells when glucose was added. This reduc-
tion of methemoglobin was accompanied by the
disappearance of the glucose and the appearance
of pyruvic acid. This effect could be inhibited
by iodoacetate. Gibson (44) has recently shown
that methemoglobin reduction can occur in the
presence of fluoride, but there is accumulation of
phosphoglycerate. These findings indicate that
the reduction of methemoglobin is coupled with

glycolysis. In the glycolytic process diphospho-
pyridine nucleotide (coenzyme I) is reduced and
is available for reduction of methemoglobin. (Red
cells also contain triphosphopyridine nucleotide
[coenzyme II] which becomes reduced by the
direct oxidation of glucose through phosphoglu-
conic acid.) Gutmann (45) has shown that re-
duced pyridine. nucleotide will slowly reduce met-
hemoglobin directly and this reaction can be
accelerated by the addition of methylene blue.
In normal cells it is likely that a flavoprotein
which is present acts, as in other tissues, as a
carrier between the pyridine nucleotide and the
iron porphyrin. Little is known about the nature
and properties of the flavoprotein in the red cell.
Studies of Gibson have shown that in abnormal
cells of his patients with congenital methemoglo-
binemia there is no defect in that part of the cycle
concerned with formation of reduced pyridine
nucleotide. Since glycolysis was shown to take
place normally in the cells of our patient it is
probable that reduced pyridine nucleotide is also
formed normally in his cells. Since methylene
blue has such a pronounced effect on reducing the
methemoglobin in his cells it seems likely that the
defect lies in these substances which catalyze the
reduction of methemoglobin by reduced pyridine
nucleotide. Gibson concluded that this defect in
his patients was a deficiency of the flavoprotein,
the coenzyme factor. In heart muscle this factor
has been shown to be a flavine adenine dinucleo-
tide '(46). Weanalyzed for this substance using
the d-amino acid oxidase as a test system and
found it to be present in normal amounts in the
cells of our patient. It is still a possibility that
in his red cells this factor which is deficient is the
flavine mononucleotide in which case the deficiency
would not have been apparent by our method of
analysis. It is also possible as both Kiese (47)
and Gibson point out that the methylene blue does
not function in a system already functioning ac-
tively (the coezyme I system) but rather enters
into a secondary sluggish system (the coenzyme
II system) and converts it into a rapidly active
system. Further studies are necessary to find
out what flavoproteins are present in the red cell
and whether they have the capacity to reduce
methemoglobin directly or require other as yet
unknown factors. -
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SUMMARY

A case of congenital methemoglobinemia was

studied which demonstrated the following charac-
teristics:

1. The level of methemoglobin was approxi-
mately 40 per cent of the total pigment and re-

mained constant from day to day.
2. In the untreated patient there was a com-

pensatory polycythemia and no evidence of exces-
sive blood destruction. Alteration of the 02

dissociation curve was not present.
3. Methylene blue and ascorbic acid were ef-

fective therapeutic agents.
4. The cause of the methemoglobinemia was

shown to be the absence of a factor in the erythro-
cyte mechanism that in normal red cells rapidly
reduces methemoglobin.
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