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This paper is concerned with the relation be-
tween metabolic behavior and cell age in erythro-
cytes of normal subjects and in erythrocytes of
fava bean-sensitive subjects in the nonhemolytic,
the hemolytic, and the posthemolytic periods.

That as red cells age there is a progressive de-
crease in the activity of several enzymes has been
well established in vivo. The relationship be-
tween the age of erythrocytes and their enzy-
matic activities is of special interest in subjects
with drug-induced or fava bean-induced hemo-
lytic anemias. Recent studies have demonstrated
that the mean age of erythrocytes of Negro sub-
jects with glucose-6-phosphate dehydrogenase
(G-6-PD) deficiency is diminished on the aver-
age 25% (1, 2). During acute hemolytic epi-
sodes in such subjects, it is the older erythro-
cytes which preferentially lyse (3-5).

It has been suggested that a relative resistance
to hemolysis of young red blood cells is related
to their more active metabolism and in particular
to their higher levels of glucose-6-phosphate de-
hydrogenase. Studies primarily in Negroes have
demonstrated that the level of glucose-6-phos-
phate dehydrogenase in young compared to old
red cells of subjects with hereditary glucose-6-
phosphate dehydrogenase deficiency is signifi-
cantly higher than the whole cell population al-
though not comparable to normal values (4-8).
Among Sardinian subjects with hereditary de-

ficiency of glucose-6-phosphate dehydrogenase,
we have studied this activity and a variety of
other enzymes and metabolic parameters of eryth-
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rocytes before, during, and after acute hemolytic
episodes caused by exposure to fava beans.

In striking contrast to the findings reported
for glucose-6-phosphate dehydrogenase activity
in erythrocytes during the drug-induced post-
hemolytic episodes in Negro subjects, the activity
of the glucose-6-phosphate dehydrogenase did
not increase among the Caucasian population that
we studied. In addition, the activities of methe-
moglobin reductase, transketolase (TK), and
transaldolase (TA) were higher in erythrocytes
of subjects who had a history of favism but
who were now in a nonhemolytic period. The re-
duced glutathione (GSH) content and the re-
duced glutathione stability in the presence of
acetylphenylhydrazine did not vary with erythro-
cyte age in normal subjects, but in fava bean-
sensitive subjects they had higher levels in young
erythrocytes than in old cells in the nonhemolytic
period. The reduced glutathione content and
stability during the posthemolytic period were
within normal levels.

Methods

Subjects. The normal subjects included 18 males
ranging in age between 3 and 45 years without history
or other evidence of hemolytic episodes. The experiments
during the nonhemolytic periods were performed on 16
male subjects, born in Sardinia or coming from a Sar-
dinian family, varying in age between 4 and 49 years
and with a history of at least one hemolytic crisis caused
by fava beans. The subjects studied for the hemolytic
and the posthemolytic periods were 8 male Sardinians,
7 of them from ages 2 to 8, and one 70 years old.

Separation of young and old erythrocytes. The re-
suspended washed erythrocytes (to be referred to as
the "whole erythrocyte population," WEP) were sepa-
rated into fractions of relatively young and old cells
by two different methods. 1) The method of Marks
and Johnson for serial osmotic hemolysis is based on
the principle that young red cells are more resistant to
hypotonic hemolysis than are older cells (9). 2) In the
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centrifugation procedure of Marks and Gross (6), the
younger erythrocytes, being less dense, sediment less
rapidly and will be at the top of the column of packed
cells.
Enzyme determination. Glucose-6-phosphate dehydro-

genase (G-6-PD) and 6-phosphogluconate dehydrogen-
ase (6-P-GD) determinations were performed accord-
ing to Kornberg and Horecker (10) and Horecker and
Smyrniotis (11), following Glock and McLean's sug-
gestions to remove the glucose-6-phosphate dehydro-
genase interference on 6-phosphogluconate derived from
glucose-6-phosphate (12).

Glutathione reductase and methemoglobin reductase
activities, transketolase, and transaldolase were assayed
spectrophotometrically by methods previously described
(13, 14). With a spectrophotometric determination of
the charge of the optical density at 340 mA, reduced tri-
phosphopyridine nucleQtide (NADPH) and reduced di-
phosphopyridine nucleotide (NADH) were oxidized in
the presence of oxidized glutathione. Methemoglobin
reductase activity was assayed at 340 mAt, with NADPH
and NADH as hydrogen donors and methemoglobin as
hydrogen acceptor. Transketolase and transaldolase
were assayed with a spectrophotometric determination
of oxidized NADH as an index of the triosephosphate
produced from pentose-5-phosphate and from fructose-
6-phosphate. Reduced glutathione stability was deter-
mined according to Beutler (15) in the presence of
glucose 5 X 10' M.
Enzyme determinations were not corrected for ac-

tivity caused by leukocyte enzymes. Contamination of
the erythrocyte preparation by leukocytes is estimated
to be lower than 0.03% in hemolysates of the whole
cell population (6, 16, 17). Accordingly, we estimated
that the degree of contamination by leukocytes had no
detectable effect on the red cell enzyme assays.
Chemical determinations. Reduced glutathione con-

tents were assayed by the method of Grunert and
Philips (18). Hemoglobin concentrations were meas-
ured by pipetting a suitable quantity of hemolysate
into 3 ml of 0.4% NH4OH and reading the optical
density of the resulting solution in a spectrophotometer
at 540 mdu.

Calculations. In experiments in which erythrocytes
were separated on the basis of different osmotic re-
sistance, "most resistant cells" are those unlysed after
hemolysis with 0.30%0 NaCI for 15 minutes at 00 C;
"least resistant cells" are those hemolyzed with 0.46%o
NaCl under the same conditions.
The number of cells was determined by hemolysis

achieved by a given concentration of NaCl, taking the
extent of hemolysis in the water tube as equal to 100%c.
In red blood cell separation by centrifugation, both the
upper and lower fractions were 3%o of the whole
erythrocyte population (WEP).

In tables we expressed GSH as milligrams per 100 mil-
liliters of packed erythrocytes; the activities of glucose-6-
phosphate dehydrogenase, 6-phosphogluconate dehydro-
genase, glutathione reductase, and methemoglobin re-

ductase were expressed as the change in optical density
per minute per gram of hemoglobin (OD per minute
per gram Hgb) ; transketolase and transaldolase activities
were expressed as micromoles of oxidated NADH per
hour and per gram of hemoglobin. Mean values and
standard deviations (SD) are indicated on tables.
Reagents. Phosphopentose isomerase and phospho-

ketopentose epimerase were prepared according to Ash-
well and Hickman (19). Hemoglobin was prepared
from human blood according to Drabkin (20) and
methemoglobin using NaNO, to oxidate hemoglobin
(21). Other substrates were acquired commercially.'

Results

1) Enzyme activities in normal erythrocytes.
The data concerning enzyme activities in the
whole erythrocyte population and in young and
old cells of 18 normal subjects are reported in
Table I (for cells separated by osmotic fragility)
and in Table II (for cells separated by centrifu-
gation).
Enzyme activities showed a marked difference

between relatively old and young erythrocytes;
the difference was more striking between frac-
tions separated by osmotic lysis than between
those separated by centrifugation. In agreement
with data reported by Marks, Johnson, and Hirch-
berg (1) and by Marks and Gross (6), we
found a big difference in glucose-6-phosphate
dehydrogenase and 6-phosphogluconate dehydro-
genase *activities between young and old red
blood cells. The mean values for the enzyme
activity in the young cells exceeded values of
the old cells for G-6-PD by factors of 8.5 and
1.7, respectively, for osmotic separation and
centrifugation separation and of 5.3 and 1.5 for
6-P-GD. Corresponding factors were 4.5 and
1.4 for NADPH-dependent methemoglobin re-
ductase and 4.2 and 1.8 for NADH-dependent
methemoglobin reductase; such an augmentation
in methemoglobin reductase activity for younger
erythrocytes had already been suggested (22).
There have been no previous observations in any
population group of the alterations in trans-
ketolase and transaldolase activities as red cells
age in vivo. Our findings indicate that the
activities of these two enzymes are significantly
higher in young compared to old cells by a factor

1 Sigma Chemical Co., St. Louis, Mo. Enzymes for
spectrophotometric determination purchased from C. F.
Boehringer, Mannheim, Germany.
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TABLE III

Enzyme activities in erythrocyte fractions of different age separated on the basis of varying
osmotic fragility from fava bean-sensitive subjects*

Reduced glu-
tathione Glutathione Mlethemoglobin

reductase reductase
Before After Transke- Transal-

Cells APH APH G-6-PD 6-P-GD NADPH NADH NADPH NADH tolase dolase

WEP 41.343.0 8.1 +0.9 0.740.2 13.4+0.6 7.1 40.6 1.5±0.2 0.6 +0.07 0.3±0.04 24.3±2.1 15.4±1.2
Least 2-8% 29.6±4-5.8 0.2 40.05 4.3 ±0.6 6.5 ±0.8 1.3 ±0.3 0.3 ±0.07 0.2 ±0.03 8.6± 1.8 5.2 + 1.5
Most 2-7% 56.5±9.4 1.140.3 24.8±2.5 8.0±1.3 1.7±0.4 1.6±0.5 1.0±0.3 38.4+4.5 27.2±3.7

* Values reported represent means ± SD of 16 fava bean-sensitive male subjects.

of 5.1 for both TK and TA when cells are sepa-

rated by osmotic hemolysis and of 1.6 for TK
and 1.3 for TA when cells are separated by the
centrifugation techniques.
No significant difference was found, as already

described by Prankerd (23), in GSH contents
between cells of different ages. GSH stability
showed a similar behavior when incubated with
acetylphenylhydrazine. No significant variations
have been found in cell fractions with respect to
glutathione reductase.

2) Enzyme activities in subjects with a past
history of favism. Similar to erythrocytes of
subjects with normal levels of glucose-6-phos-
phate dehydrogenase, aging in vivo is associated
with significant decrease in activities of all the
enzymes studied with the exception of methemo-
globin reductase. In striking contrast to the
findings with the red cells of normal subjects,
aging in vivo of erythrocytes with glucose-6-
phosphate dehydrogenase deficiency is associated
with a decrease in reduced glutathione content
and stability (Tables I to IV).
The mean values for GSH content in the

younger cells exceeded values in the older ones

by factors of 1.9 for osmotic separation and 1.4
for separation by centrifugation. Much more

remarkable is the increase of GSH stability in
young erythrocytes, where the value of the cen-

trifugation fraction was 2.3 times higher than
old ones. Determinations of GSH could not
be performed on cells separated by osmotic hemol-
ysis. In fractions of both young and old cells,
glucose-6-phosphate dehydrogenase activity was

extremely low, although there was a definite dif-
ference between young and old cells (Tables I
to IV). The findings with respect to the glucose-
6-phosphate dehydrogenase activity were similar
in both normal and favic subjects (Tables I to
IV).
NADPH- and NADH-dependent methemo-

globin reductase showed a marked increase in
younger cells (Tables I to IV). In previous
studies (13), we found that methemoglobin re-

ductase activity is constantly low in the WEP of
fava bean-sensitive subjects. The present study
demonstrates that this decrease is detectable both
in young and old erythrocytes. The WEP and
the young and old cells of favic and normal sub-
jects decrease at a similar percentage (Tables I
to IV).
TK and TA activities decrease markedly as

red cells age in vivo in both normal and favic sub-
jects (Tables I to IV). In comparison with

TABLE IV

Enzyme activities in erythrocyte fractions of different age separated on the basis of
varying density from fave bean-sensitive subjects*

Reduced glutathione Glutathione Methemoglobin
reductase reductase

Reticulocyte Before After Transke- Transal-
count APH APH G-6-PD 6-P-GD NADPH NADH NADPH NADH tolase dolase

WEP 0.4-1.1 42.5±3.3 8.5±0.9 0.8±0.2 13.9±0.7 7.2±0.6 1.5±0.3 0.07+0.7 0.4±0.04 25.1±2.4 15.2±1.3
Bottom 0.1-0.7 37.4±3.2 7.6±1.2 0.6±0.2 11.8±0.8 7.2±0.7 1.6±0.4 0.5+0.07 0.3±0.04 20.6±2.1 13.8±1.2
Top 0.3-4.1 51.2±4.1 17.8±2.7 0.9±0.3 16.4±1.2 7.4+0.6 1.4±0.3 1.0±0.2 0.5+0.06 29.243.0 18.1±-1.9

* Values reported represent the means ± SD of 10 fava bean-sensitive male subjects.

837



BONSIGNORE, FORNAINI, FANTONI, LEONCINI, AND SEGNI

normal subjects, the red cells of favic patients
have higher activities of both TK and TA demon-
strable in studying the WEP or separated young

and old erythrocyte fractions. We have pre-

viously suggested (24) that the increased activi-
ties of TK and TA in sensitive red blood cells
could be a compensatory mechanism enablirg
these cells to synthesize pentose phosphate, al-
though they lack the oxidative steps of the pen-

tose phosphate pathway. Indeed the synthesis of
pyridinenucleotides, one of the most efficient
methods of evaluating pentose phosphate syn-

thesis (25), is completely normal in fava bean-
sensitive erythrocytes (24).

3) Enzyme activities of fava bean-sensitive
erythrocytes during the hemolytic and postherno-
lytic periods. Observations on the alterations in
red cell enzymes after hemolytic crisis in subjects
with G-6-PD deficiency have been limited to de-
termination of G-6-PD and GSH levels, and
these only in affected Negro subjects (5, 7, 26,
27).

It is increasingly difficult to observe patients
during an acute hemolytic crisis caused by fava
bean, owing to the improved public health service
measures. Our studies included observations on

8 subjects and yielded quite constant results. All
patients studied had severe hemolytic episodes,
as indicated by erythrocyte counts performed 2
to 12 hours after onset of acute clinical symp-

toms that were ascertained from the anamnesis.
The content and stability of GSH during the

acute episode, even if slightly increased in com-

parison with the WEP of subjects with a past
history of favism, were constantly very low
(Table V). G-6-PD activity was markedly de-
ficient in all subjects; 6-P-GD, TK, TA, and
methemoglobin reductase activities were all in-
creased. During the hemolytic crisis, glutathione
reductase did not vary. These findings are con-

sistent with the alterations in activity of enzymes

with aging of the cells in patients without crisis.
Further evidence for a younger than normal
mean cell age of the red cells is that the per-

centage of unlysed cells in 0.30% NaCl was in-
creased (compare Tables III and VI). Con-
sistent with these findings is the fact that the
ratios between the enzyme activities in the
younger and the older cells are lower during the
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TABLE VI

Enzyme activities in the whole erythrocyte population of fava
bean-sensitive subjects in the posthemolytic period*

Days after crisis

0 3 6 9 12 15

Reticulocyte count 2.34±0.2 24.642.7 10.2±-1.1 8.84±1.0 5.6±-0.4 4.2 ±0.3
Reduced Before APH 48.3±2.5 59.3±3.7 75.4±5.4 76.6±45.8 75.2±5.5 68.6±5.6

glutathioneJAfter APH 14.7+1.0 30.8±2.6 57.2±5.1 58.4±4.9 50.2±5.0 29.7±3.8
G-6-PD 1.1±0.2 1.1±0.2 0.9±0.2 1.2±0.3 0.7i0.1 0.9±0.2
Methemoglobin NADPH 1.1±0.1 2.0±0.3 1.9±0.3 1.6±0.3 1.6±0.2 1.4±0.2

reductase JNADH 0.6±0.1 1.2±0.2 1.3±0.3 0.9±0.2 0.9±0.2 0.7±0.1
Transketolase 28.6±1.5 37.4±2.3 35.24±2.5 32.5 ±2.2 30.6i1.9 29.1±2.1
Transaldolase 17.3±-0.9 25.2±-1.5 21.441.1 19.5 ± 1.4 17.8±-1.3 16.9±-1.3

* Values reported are the means ± SD of 4 subjects (Cases 4, 5, 6, and 7 of Table V).

hemolytic episode than in the nonhemolytic range at this time. On admission to the hos-
period. pital of 5 cases (no. 2, 4, 5, 6, 7), we were

Four cases (no. 4-7) were given no blood able to obtain an amount of blood sufficient to
transfusion but had severe anemia. Between the separate young and old cells by the osmotic
third and the fifteenth days after onset of the fragility method. The results obtained are simi-
crisis, the content and stability of GSH and the lar to those obtained in subjects with a past
activities of G-6-PD, methemoglobin reductase, history of favism but not in hemolytic crisis
TK, and TA were determined (Table VI). (compare Tables III and VI). Glutathione re-
During the posthemolytic period, no increase in ductase did not vary with the age of cells, but
red cell G-6-PD activity was detectable, although other enzyme activities changed as cells aged
a consequent increase in the activities of methe- in wvvo.
moglobin reductase, TK, and TA occurred. The Discussion
increment in activities of these latter enzymes
most likely reflects the young mean age of the Ith present y ofarinianouts
cell population during this period. As in our with G-6-PD deficiency and favism, without any
previous work (28), after acute hemolytic crisis, detectable increase in G-6-PD activity a strikingprev~~~~~~~~~ouinresinr(28) conteracutGSHlyh staili oGSH contents and GSH stability show an in- increase in GSH content and GSH stability oc-
crease and reach normal values by the sixth day curred during posthemolytic periods. Several
after the crisis. During the twelfth day the aspects of this finding are of particular interest
GSH stability begins to decrease, and at the in considering the problem of G-6-PD deficiency.
fifteenth day, it returns to abnormally low values. 1) The absence of a rise in G-6-PD activity
GSH content, however, is still within the normal among these Sardinian subjects contrasts with

TABLE VII

Enzyme activities in erythrocyte fractions of different age separated on the basis of varying osmotic
fragility from fava bean-sensitive subjects during the hemolytic episode*

Glutathione Methemoglobin
reductase reductase

Reduced Transke- Transal-
Cells glutathione G-6-PD 6-P-GD NADPH NADH NADPH NADH tolase dolase

WEP 45.9±- 3.6 0.94±0.2 13.2 ±0.7 6.7 40.5 1.5 40.2 1.0±+0.07 0.64±0.05 28.4±-1.2 17.5 +0.7
Leastt 2- 5% t 0.6±0.2 5.8±0.7 6.3±0.9 1.6±0.3 0.6±0.1 0.4±0.07 12.8±1.9 9.2±1.8
Mostt 8-23% 64.2±10.9 1.3+0.4 24.1±2.6 7.1±1.2 1.6±0.4 2.0±0.4 1.440.3 41.8±5.2 30.4±4.4

* Values reported are the means + SD of 5 subjects (Cases 2, 4, 5. 6, and 7 of Table V).
t Least resistant cells are those hemolyzed in 0.40% NaCl; on the other hand, in corresponding experiments on normal subjects and on subjects

with past history of favism, least resistant cells are those hemolyzed in 0.46% NaCl.
$ No sample obtained for analysis.
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the observations among the Negro population
after primaquine-induced hemolytic crisis. This
difference is consistent with previous observations
and with the present data, indicating a signifi-
cantly smaller change in affected Negroes than in
affected Caucasians of G-6-PD activity in young
compared to old erythrocytes. These data, there-
fore, provide further evidence for a heterogene-
ity in the biochemical expression of G-6-PD
among different population groups. This evi-
dence of heterogeneity is particularly interesting
because of its possible relevance to the markedly
more severe clinical features of favism among
Sardinian than the drug-induced hemolytic crisis
among Negro subjects.

2) That GSH content and stability return
towards control levels in the posthemolytic period
in the absence of an increase in G-6-PD activity
suggests that the rate of the G-6-PD-catalyzed
NADPH production is not the primary factor
determining the GSH levels in these cells. It
is difficult to advance a hypothesis to explain
the mechanism by which GSH contents go back
to normal values because the control of equilib-
rium reaction of oxidized and reduced forms of
glutathione is complicated and not yet fully un-
derstood. In these favic subjects the increase
in GSH clearly cannot be accounted for by an
augmentation in G-6-PD activity. Further, the
question is raised of whether the increased re-
sistance of young cells to hemolysis in the post-
hemolytic period is always related to the activity
of G-6-PD.

Several authors (8, 29, 30) and we also (31,
32) have described 'some cases of subjects whose
red cells showed a normal G-6-PD and a patho-
logical GSH and vice versa; according to one
hypothesis, the alterations of GSH could be re-
lated not only to G-6-PD but also to other meta-
bolic defects. The dissociation between G-6-PD
deficiency and GSH defect in younger erythro-
cytes of fava bean-sensitive subjects, as pointed
out in the present paper, is consistent with such
a hypothesis.
The implication of our results based on the

studies with favic subjects may not be generalized
to all subjects with G-6-PD deficiency. Fava
bean-induced anemias and drug-induced anemias,
although considered together on the basis of
the G-6-PD deficiency common to both, could be

quite different in biochemical, genetic, and clini-
cal aspects. Some differences concerned with
G-6-PD deficiency have already been detected.
In Negroes the defect has been found only in
erythrocytes and lens tissues, but in Sardinian
and Jewish subjects it is present in other tissues
(33-39). The enzyme purified from erythro-
cytes of Negroes shows no abnormal character-
istics, whereas in Caucasians and in an Italian
family differences in the properties of the cata-
lytic site are well known (40).

Summary

1. The relationship between age and metabolic
activities in human erythrocytes was studied in
18 normal subjects and in 24 Sardinian subjects,
of whom 16 had a past history of favism and 8
had an acute hemolytic episode after a fava bean
ingestion. Relatively older and younger cells
were separated on the bases of their varying
osmotic fragility and their varying density. In
these fractions and in the whole erythrocyte pop-
ulation the content and stability of reduced glu-
tathione and the activities of glucose-6-phosphate
dehydrogenase, 6-phosphogluconate dehydrogen-
ase, glutathione reductase, methemoglobin reduc-
tase, transketolase, and transaldolase were deter-
mined.

2. In younger erythrocytes of normal subjects,
all enzymes studied showed higher activities ex-
cept glutathione reductase. The content and the
stability of reduced glutathione did not vary
with age.

3. In subjects with a past history of favism
all enzyme activities except glutathione reduc-
tase and the content and stability of reduced glu-
tathione vary with age. In all fractions the glu-
cose-6-phosphate dehydrogenase and methemo-
globin reductase activities are extremely low in
comparison with normal red blood cells.

4. The glucose-6-phosphate dehydrogenase ac-
tivity is always extremely low and does not vary.
In the posthemolytic period the content and
stability of reduced glutathione reach control
levels during the first days after crisis and after-
wards go back to abnormal levels. The activities
of methemoglobin reductase, transketolase, and
transaldolase increase during the first days after
crisis and decrease afterwards back to values we
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found in subjects with a past history of favism.
(that is, in the nonhemolytic period).

5. These data are discussed in terms of the
heterogeneity of the glucose-6-phosphate dehy-
drogenase deficiency in different population
groups and the role of glucose-6-phosphate de-
hydrogenase in the maintenance of the level of
erythrocyte reduced glutathione.
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