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Studies of Paroxysmal Nocturnal Hemoglobinuria Erythro-
cytes: Increased Lysis and Lipid Peroxide Formation

by Hydrogen Peroxide *
CHARLESE. MENGELtHERBERTE. KANN, JR.,§ ANDWILHELMD. MERIWETHER

(From the Department of Medicine, The Ohio State University, College of Medicine,
Columbus, Ohio)

Abstract. When paroxysmal nocturnal hemoglobinuria (PNH) erythro-
cytes were exposed to H202 they lysed excessively and formed greater than
normal quantities of lipid peroxides when compared to red cells of normal
subjects and patients with most types of hematologic disease. It was also
shown that lytic sensitivity to acidified serum was related to the enhanced lytic
sensitivity to H202. If the lipid of PNH cells was first extracted then ex-
posed to ultraviolet radiation more lipid peroxides were formed than in ex-
tracts of normal red blood cells. The possible explanations for these findings
and their relationship to the PNHhemolytic mechanism are discussed.

Introduction
Paroxysmal nocturnal hemoglobinuria (PNH)

is a unique hemolytic anemia characterized by ac-
celerated intravascular hemolysis during sleep
(1). Although the disease is usually considered
to be acquired, an abnormality intrinsic to the red
cell is responsible for hemolysis (2-6). Exten-
sive studies have helped to define the role of com-
plement components in lysis of PNH red cells
(7-11), but the nature of the intracorpuscular de-
fect has not been clarified.
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Wehave previously described greatly enhanced
in vivo PNH hemolytic activity after parenteral
iron administration in several patients with PNH
(12). This was presumed to reflect a unique
effect of iron on PNHerythrocytes. Iron serves
as a catalyst in the peroxidation of lipid (13, 14),
and increased levels of lipid peroxides have been
found in tissues of animals injected with iron com-
plexes (15). Recent studies in our laboratory
have shown that peroxidation of red cell lipid can
occur in vivo causing damage and lysis of red
cells (16). These observations led us to speculate
that PNHred cells might be unusually sensitive to
lipid prooxidants, and that lipid peroxidation might
be involved in PNHhemolysis.

In the course of studies undertaken to investi-
gate this possibility, it was found that (a) PNH
red cells are abnormally susceptible to lysis by
HO,, an agent capable of peroxidizing lipid, and
(b) under the experimental conditions cited
peroxidation was induced more rapidly in lipid
of PNH red cells than in lipid of normal red
cells.

Methods
Patients

Blood samples from 14 patients with PNH, several of
whom have been described in detail previously (12, 17),
were studied and compared to blood from a control
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group consisting of 300 normal subjects and 100 patients
with many different hematologic diseases.

Red cells from all PNH patients consistently lysed in
acidified serum; lysis was completely prevented by heat-
ing serum at 560C for i hr. Red cell acetylcholinesterase
activity was definitely lower than normal in ten, "low
normal" in two, and within the normal range in two
others. All but 2 patients (No. 4 and No. 7) had
moderately severe hemolytic activity during the period
of follow-up and study. Patients included in the con-
trol group had most types of hematologic diseases in-
cluding various types of erythrocyte glucose-6-phosphate
dehydrogenase (G-6-PD) deficiency, megaloblastic ane-
mias, hemoglobinopathies, immune hemolytic anemia,
aplastic and refractory anemias, and various myelo- and
lymphoproliferative disorders.

Studies of erythrocytes
(a) Hemoglobin was determined as cyanmethemoglobin,

hematocrits by a micro-method, and reticulocyte counts
and Heinz body preparations by standard methods (8).

(b) Fresh serum, kept under oil at pH 6.2 + 0.1, was
used for testing acid-serum lysis (18).

(c) Erythrocyte acetylcholinesterase activity was de-
termined using the method described by Ellman et al.
(19), except that a change of absorbance of 0.001 was
taken as one enzyme unit, and values were expressed as
enzyme units per microliter cells per minute.

(d) Hydrogen peroxide hemolysis test. Details of
the method used for determining in vitro lytic sensitivity
of erythrocytes to hydrogen peroxide have been described
previously (16, 20, 21). All glassware used was washed
with concentrated nitric acid and hydrogen peroxide
(1000 ml of acid plus 5 ml of 30% H202 and thoroughly
rinsed with thrice deionized water. Hydrogen peroxide

solutions (Becco Chemical Div., FMC Corp., Buffalo,
N. Y.), 2-6%, prepared in buffer (0.2 M KH2PO4-0.2
M NaOH) at pH 7.4, were stored away from light at
4°C. Each H202 solution was titrated iodometrically for
actual peroxide content and readjusted to the desired
concentration when necessary. Erythrocytes from de-
fibrinated blood were made up to 2.5% suspensions (cor-
rected for the hematocrit of packed cells) in a solution
of equal volumes of buffer (250 ml of 0.2 M KH2PO4and
197 ml of 0.2 M NaOHdiluted to 1000 ml at pH 7.4), and
physiologic saline and were incubated for 1 hr at 37°C.
Cells were then washed once and made up in 5% suspen-
sions in physiologic saline. These suspensions checked
by hemoglobin and red blood cell (RBC) counts were
reproducible in triplicate samples of each subject and
were identical for the control subject and PNHpatients
in each simultaneous study, as were the final 100% he-
molysate values at the termination of the H202 lysis test.
Introduction of a 20% measuring error at this point
(making of 5%o suspension) failed to alter significantly
the eventual H202 lysis. Therefore, it was unlikely that
any differences observed between control and PNH stud-
ies resulted from differences in amount of blood, num-
bers of cells, etc., exposed to H202. Quadruplicate sam-
ples of cell suspension (0.25 ml) were then mixed with

equal volumes of H202 solutions in buffer at pH 7.4, in-
cubated at 37°C for 15 min and then at room tempera-
ture for 2 hr and 45 min. Buffer blanks were carried
throughout. When incubation was complete 9 volumes of
saline were added to three tubes of each H202 concentra-
tion and 9 volumes of water to the fourth. After centri-
fugation the supernatant was read at 540 m/u after con-
version of hemoglobin to cyanmethemoglobin.

(e) Lipid peroxide determinations. Lipid peroxide
formation in erythrocytes was determined by measuring
the pink chromagen (absorbance maximum 535 mt)
formed by the reaction of 2-thiobarbituric acid (TBA)
with a breakdown product of lipid peroxides, malonyl-
aldehyde (22, 23). Erythrocytes were washed twice in
physiologic saline. Then 0.05 ml of red cells in 1 ml of
physiologic saline was mixed with 1 ml of the 6% H202
solution and incubated for 1 hr at 37°C. 1 ml of this
incubation mixture was then added to 1 ml of 10% tri-
choloroacetic acid and after thorough mixing was filtered
through Whatman No. 1 paper. 1 ml of the filtrate was
mixed well with 1.2 ml of thiobarbituric acid (Eastman
Organic Chemicals, Rochester, N. Y.) (0.67% in water)
and the mixture was heated in a boiling water bath for
15 min. After cooling to room temperature, absorption
spectra were taken and the absorbance at 535 mu was
recorded.

A standard absorption curve for malonylaldehyde was
prepared using 1, 1, 3, 3-tetraethoxypropane (TEP)
(Kay-Fries Chemicals, Inc., New York, N. Y.), a com-
pound that hydrolyzes to 1 mole of malonylaldehyde and
4 moles of ethanol (24). An absorbance of 0.1 in the
TBA reaction was calculated to be equivalent to 8
m,umoles of malonylaldehyde. The results of all lipid
peroxide determinations were then expressed as mjumoles
of malonylaldehyde per milliliter of RBCs. Wehave pre-
viously discussed the advantages and limitations of the
TBA test for lipid peroxides (16).

(f) Whole blood methemoglobin levels were deter-
mined spectrophotometrically (25). G-6-PD activity was
determined as described by Zinkham et al. (26), except
that a change of absorbance of 0.001 was taken as one
enzyme unit and activities were expressed as enzyme units
per microliter of cells per minute. Erythrocyte catalase
activity was determined as described by Feinstein (27).

Red cell glutathione peroxidase activity was determined
by a method described previously (16) and blood re-
duced glutathione was measured as described by Beutler
et al. (28).

Studies of red cell lipid
Lipid extractions were performed simultaneously on

PNH and normal erythrocytes in each study. Lipids
were extracted from 4 ml of thrice washed, packed eryth-
rocytes using a modification of the method of Bligh and
Dyer (29, 30) as described by DeGier et al. (30). After
the final chloroform layer was evaporated to dryness un-
der vacuum at 20°C, the residue was taken up in 16 ml
of physiologic saline and used immediately. The lipid
extract thus obtained was white and opalescent with no
evidence of pigment tinge. Lipid phosphorus determina-
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tions were performed on each lipid extract (31). Quan-
tities of lipid present in these extracts during simultaneous
studies did not vary between control and PNH sam-
ples (e.g., 40.1 vs. 39.8,ug/ml; 42.0 vs. 42.8 ,g/ml). Be-
fore any sampling, the lipid extract was thoroughly agi-
tated using a Vortex mixer. Uniformity of lipid con-
centration in the samples of "suspension" was established
by nearly identical lipid phosphorus values obtained on
multiple samples of extract after each mixing (e.g.,
38.0, 37,8, and 37.0 ug of P/ml of extract).

To induce peroxidation of lipid (14), we exposed equal
volumes of extracts of PNHand normal cells containing
equal quantities of lipid simultaneously to ultraviolet
radiation as follows. The lipid extracts were placed in
200-ml quartz Erhlenmeyer flasks and shaken at 100 cy-
cles/min, 40 cm below an ultraviolet source (two West-
inghouse Sterilamps G15-T8). Lipid peroxides (TBA)
were measured before and after 2 hr exposure to UV
light.

Serum tocopherol assay

Serum tocopherol levels were measured colorimetrically
using 2,4,6-tripyridyl-s-triazine (TPTZ) (Baker Chemi-

cal Co., Phillipsburg, N. J.) in an assay based on the oxi-
dimetric reduction of ferric ions by tocopherol (32).
2 ml of serum was added to an equal volume of absolute
ethanol and mixed with 2 ml of xylene for 1 min. A
standard was prepared by adding 2 ml of alpha tocopherol
in absolute ethanol (1.0 mg/100 ml) to 2 ml of distilled
water followed by 2 ml of xylene with mixing. A blank
was prepared by substituting 2 ml of distilled water for
the serum or plasma and mixing with 2 ml of xylene.
After centrifugation at 2500 rpm for 5 min 1 ml of the
xylene (top layer) was transferred to a cuvette and 1
ml of 0.12% TPTZ in n-propanol added. The sample
was then read against a xylene blank in a Beckman DB
Spectrophotometer at 460 miu. Then, 0.2 ml of 12%
FeCl8 6 H20 was pipeted into each cuvette, shaken, and
the absorbance determined immediately at 600 mIA. The
concentration of tocopherol in mg/100 ml was calculated
as:

Sample abs. 600 mIu
- (Carotene factor X sample abs. 460 mju)

Std. abs. 600 mu

The carotene correction factor of 0.2 was derived by
comparing the absorbance of a 0.4 mg/100 ml solution of
carotene at 460 and 600 mu used in place of the xylene
layer in the routine procedure. The carotene factor was
consistently low so that even moderate variations in caro-
tene, absorbance of plasma at 460 mn, did not significantly
affect the final results.

Results

An example of the hydrogen peroxide hemolysis
study in PNH is shown in Fig. 1 (patient 5).
This patient's red cells showed significantly greater
than normal lysis at all concentrations tested. Re-
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FIG. 1. IN VITRO HEMOLYSIS OF HUMANRBCs BY
HYDROGENPEROXIDE IN PATIENT 5. The normal range il-
lustrated included duplicate determinations of 100 differ-
ent control subjects. The values presented for patient 5
include the ranges obtained on 10 determinations, each
performed in triplicate.

sults of the hydrogen peroxide hemolysis test in
all PNHpatients and controls are shown in Table
I. In 10 patients, values were consistently and
significantly elevated when compared to those of

controls. In patient 2 the mean value was sig-
nificantly different from the controls (P < 0.01),
although one determination had been in the "nor-
mal range." The mean values of patients 7 and
10 were not significantly different from those of
the controls, and in patient 8 the single value ob-
tained was in the normal range. There was no
significant difference in mean values between
PNHpatients that were iron deficient or iron re-
pleted, or between those who had or had not re-
ceived transfusions within 4 months prior to study.
There was no consistent correlation between lytic
sensitivity to H202 and the patient's clinical
course, the degree of lysis in acid-serum, or the red
cell acetylcholinesterase activity. In patient 9 the
H202 lysis test was strongly positive at a time
when the acid-serum lysis test, as performed rou-

tinely, was negative. This patient's acid-serum ly-
sis test became positive after his iron deficiency
was corrected.

As shown in Table II, PNH red cells formed
significantly greater quantities of lipid peroxides
than control cells during incubation with H202.
No lipid peroxides could be demonstrated in PNH
or control cells before incubation with H202. As
with the H202 lysis test there was no consistent

0
wFE
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TABLE I

Lysis of erythrocytes by hydrogen peroxide*

Per cent lysis in 6%H202

Subject No. of observations Mean (4SD) Range Time span of studies

All controls 300 7 (i1.6) 0-10 4 years
Patients with reticulocytosis 20 6.2 (4t2.5) 3-9

(10-60%) (from control group)

PNH 1 60 70 50-95 3 years
2 10 13 (42.4) 9-16 3 years
3 20 30 15-58 3 years
4 15 35 12-67 3 years
5 14 41 30-77 2 years
6 2 58 40-76 1 month
7 2 12 (A4.3) 9-15 1 month
8 1 6t
9 6 80 74-90 8 months

10 6 10 (42.3) 7-13 6 months
11 4 17 16-18 4 months
12 5 50 43-60 4 months
13 5 17 14-24 3 months
14 5 19 15-26 2 months

* Each determination was carried out in triplicate.
t A single determination.

or definite correlation between quantities of lipid
peroxides formed and iron status, transfusion
status, activity of the disease, acid-serum lysis, or

red cell acetylcholinesterase activity. However, in

contrast to the data obtained with the hydrogen
peroxide lysis test, all patients consistently had
significantly elevated values.

TABLE II

Formation of lipid peroxides in erythrocytes during
incubation with hydrogen peroxide*

Each determination was carried out in duplicate.

Lipid peroxides

No. of
Mean Range determinations

Freshly extracted lipid from PNH red cells
formed greater than normal quantities of lipid
peroxides during exposure to ultraviolet radiation
(Table III).

Red cells of PNH patient 4 had normal GSH
content and G-6-PD activity and all other patients
had slight elevation of each, consistent with a

younger than average red cell population. Glu-
tathione peroxidase activity was within the normal
range in all patients. With the exception of pa-

tient 1, all patients had normal red cell catalase
activity. The catalase activity of patient 1 was

consistently in the range of 50% of normal.
Serum tocopherol assays were performed in six

All controls
Patients with reticu-

locytosis (from
control group)

PNH 1
2
3
4
5
6
7
8
9

10
11
12
13
14

mumoles malonylaldehyde/ml cells
30 0-60 300
25 0-50 20

400
240
260
220
300
191
128
110*
104
142

77
335
100
160

300-500
180-300
210-310
180-260
250-350
126-256
104-152

92-116
132-152
64-90

320-350
76-140

100-210

60
10
20
15

14
2
2
1
6
6
4
5

5

5

* One observation.

TABLE III

Peroxidation of erythrocyte lipid by ultraviolet radiation*

Lipid phosphorus

After 2 hr UV
Before
UV Mean Range

mpmoles malonylaldehyde/10'9 2g
Controls (10)t 0 62 54-67
PNHpatients§

No. 9 0 130 128-132
No. 12 0 124 124, 124
No. 13 0 72 70, 74

* Values were obtained from duplicate samples in each
determination.

t Included here are 7 normal subjects and 3 patients
with elevated reticulocyte counts (8-15%).

§ Each patient was studied once in duplicate, along
with a known normal control.
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patients. All had levels that were within the nor-
mal range for this laboratory (Table IV). It was
of note that the two patients with the greatest lytic
sensitivity of H202 had the highest range of to-
copherol levels.

Additional studies were carried out to explore
any possible relationship between the sensitivity
of PNHerythrocytes to acid-serum and to H202.
PNHcells were incubated first with fresh or heat-
inactivated, acidified serum in the usual fashion
and then washed three times and subjected to
H202 lysis exactly as described previously. As
shown in Table V, cells remaining after standard
acid-serum lysis (and, therefore, presumably re-
sistant to it also) had a relative resistance to lysis
by H202. Cells exposed first to heat-inactivated,
acidified serum (during which no lysis of cells oc-

curred) had no decrease of lytic sensitivity to
H202. Cells remaining after acid-serum lysis
were no different with respect to GSH or to-
copherol content, G-6-PD, acetylcholinesterase, or

catalase activity than cells exposed to unacidified
serum were.

Normal and PNHred cells were then incubated
first with H202, and subsequently subjected to the
usual acid-serum lysis procedure. In these stud-
ies 10% suspensions of thrice washed red cells in
physiologic saline were incubated with equal vol-
umes of 6% H202 for 1 hr at 37°C. After wash-
ing three times in physiologic saline, acid-serum
lysis was determined in the usual fashion. As
shown in Table VI, PNH red cells had an in-
crease of lytic sensitivity to acid-serum after in-
cubation with H202. Cells exposed to buffer
rather than H202 as controls had no change with
respect to acid-serum lysis. Heat inactivation of
serum (56°C for 30 min) failed to prevent acid-
serum lysis. Normal red cells also developed in-
creased lytic sensitivity to acid-serum, which on

TABLE IV
Serum tocopherol levels in control and PNHpatients*

H20s lysis Serum tocopherol levels

% mg/100 ml
Control 0-10 0.50-1.2 (40)
PNH 9 74-90 1.1-1.15 (3)

10 7-13 0.92-1.24 (5)
11 16-18 0.54-0.67 (5)
12 43-60 1.0-1.09 (3)
13 14-24 0.50 (1)
14 15-26 1.0-1.06 (3)

* Range of values obtained is given and the numbers in
parentheses indicate the number of determinations.
Data of H202 lysis studies are included for purposes of
comparison with tocopherol levels.

one occasion was completely reversed by heat in-
activation of serum.

Discussion

Extensive studies have been made of the serum
factors necessary for lysis of PNHred cells but the
basic intracorpuscular abnormality has not been
defined. Although the disease is generally as-
sumed to be an acquired one, cross-transfusion
studies have clearly shown that the primary de-
fect resides within the erythrocyte (2). Erythro-
cyte membrane abnormalities have been described
in electron microscopic studies (4-6) and varying
reports of abnormalities of lipid in PNHerythro-
cytes (33-40) have appeared. However, it has
been suggested that the changes observed by elec-
tron microscopy do not necessarily reflect the pri-
mary corpuscular abnormality, and there has been
considerable disagreement with regard to the re-
ported lipid abnormalities (1), the latter often due
to variance of methodology.

Weobserved marked acceleration of hemolysis
in four PNHpatients on six occasions after thera-
peutic administration of intramuscular iron (12).

TABLE V
Lysis of PNHred cells by hydrogen peroxide after exposure to acidified serum (pH 6.0)*

Per cent lysis in 6% H202 after
incubation with acid-serum

Per cent lysis in
6%HsO before Per cent lysis in Using fresh Using heat-

Patient acid-serum lysis fresh acid-serum serum inactivated serum

1 87 50 47 85
2 12 35 1 11
3 22 30 15 24
4 24 15 14 25

* Values given represent the means of duplicate determinations in single experiments.
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TABLE VI
Lysis of normal and PNHred cells in acidified serum

before and after incubation with hydrogen
peroxide*

Per cent lysis in acid-serum

After H202

Using
Using heat-

Before fresh inactivated
H202 serum serum

PNHpatient
No. 2 31 58 47

PNHpatient
No. 4 15 50 40

13 56 27
12 47 26
13 45 11

Normal red cells 0 30 0
0 58 60
0 35 40
0 15 8

* Values given represent means of duplicate determina-
tions in single experiments.

To our knowledge, hemolysis after iron adminis-
tration has been observed only in patients with
PNH. Our speculation that the accelerated he-
molysis might have been related to peroxidation of
red cell lipid was based on the following facts:
(a) one of the known actions of iron is its role
as a catalyst in this reaction (14); (b) increased
levels of lipid peroxides have been found in tissues
of animals given iron in excess (15); (c) iron
toxicity in animals has been prevented by adminis-
tration of a specific lipid antioxidant (41) (to-
copherol); and (d) peroxidation of unsaturated
fatty acids in red cells has been known to occur
in vitro, and recent studies in this laboratory have
established the fact that this reaction can also oc-
cur in vivo and result in red cell damage and lysis
(16). The present studies have shown that PNH
erythrocytes also have increased lytic sensitivity
to an agent capable of peroxidizing lipid. Since
serum was not present in the system using washed
red cells and the pH was maintained at 7.4, it is
unlikely that the enhanced lysis reflected any im-
mediate interaction with complement. These stud-
ies have also shown that lipid, both in intact red
cells and in extracts of PNH erythrocytes, is ca-
pable of forming peroxides more quickly than lipid
of normal red cells.

The mechanism for increased lytic sensitivity
and lipid peroxide formation in PNHred cells ex-
posed to a peroxidizing agent has not been es-
tablished.

A similar increase in lytic sensitivity of red cells
to H202 has been observed in newborns (42), in
patients with malabsorption (43), in acanthocy-
tosis (44), and in experimentally induced to-
copherol deficiency in man (45). In each of these
settings the enhanced peroxide lysis has presum-
ably reflected the effect of tocopherol deficiency.
None of the PNH patients in our present series
had concomitant illnesses known to be associated
with tocopherol deficiency (e.g. malabsorption),
and in the six patients tested, serum tocopherol
levels were normal. Therefore, enhanced peroxide
lysis in our patients was probably not a result
of absolute tocopherol deficiency per se. Unusual
RBC binding or content of tocopherol might
cause increased peroxide sensitivity and studies of
this possibility are currently in progress.

Lack of adequate catalase activity may also ren-
der red cells susceptible to the lytic effect of
exogenously added hydrogen peroxide (46). Red
cells from only one of our patients were relatively
low in catalase activity and this could not be an
explanation for increased H202 lysis in the others.
No abnormalities suggesting defects of other
oxido-reduction transformations were apparent in
any of the patients.

There are no data available to suggest that in-
creased lysis and lipid peroxidation reflected the
effect of some excessive prooxidant. Although
the iron status of PNHpatients probably does in-
fluence their disease activity, excessive iron could
not explain these results unless related to increased
levels of plasma hemoglobin or other breakdown
products. No correlation existed, however, be-
tween H202 lysis and clinical hemolytic activity or
between H202 lysis and status of iron stores.
Similar alterations could also influence the rate
of peroxidation of lipid in red cells. There were
no obvious color differences in lipid extracts of
normal and PNHRBCs and two of the three lipid
extract studies of PNH RBCs reported herein
were from iron-depleted PNHpatients. It is still
possible that as yet unidentified products capable
of catalyzing peroxidation of lipid were present in
the lipid. An alternative possiblity, for which no
data are as yet available, is that the lpid contained
less antioxidant.

Although these latter considerations are possible
and merit thorough investigation, it is equally
possible that enhanced lysis and lipid peroxide
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formation by hydrogen in PNH red cells reflect
an alteration of the lipids themselves. This could
be an abnormality of lipid composition with an in-
crease in unsaturated fatty acids, an altered ex-
change or binding of lipid to RBCs, an alteration
of lipoprotein interactions, or an altered binding
capacity with respect to prooxidants (such as iron,
heme pigments, etc.) or antioxidants( such as to-
copherol or -SH compounds). The lipid con-
tent of PNH cells has been the subject of con-
siderable discussion, study, and speculation. Some
studies have reported that PNHred cells contained
greater than normal amounts of unsaturated fatty
acids (37, 39); other studies have not corrobo-
rated these findings (38, 40). Regardless of
whether or not PNH red cells contain increased
amounts of unsaturated fatty acids, the results of
our studies have clearly established that, under
the conditions cited herein, lipid of PNHred cells
is behaviorally different from that of normal red
cells with regard to lipid peroxidation. Recent,
preliminary studies in our laboratory have sug-
gested that -SH-induced oxidations involving
red cell lipids and/or protein may be involved in
producing the PNHhemolytic defect (47).

The exact relationship of lipid peroxidation to
red cell damage in vitro has not been defined.
Two major possibilities exist. Hemolysis might
occur as a direct consequence of peroxidation of
unsaturated fatty acids in erythrocyte membranes.
Peroxidation followed by rupture of double bonds
in carbon chains could lead to anatomic defects in
the cell membrane with subsequent alteration of
permeability characteristics and eventual cell lysis.
This mechanism has been postulated in lysis of
mitochondria (48), and microsomes (49) under
specific conditions. Alternatively, lysis could re-
flect a secondary effect of lipid peroxide formation,
since the damaging effect of lipid peroxides on
proteins, enzymes, and metabolic pathways has
been well documented (50-52). With regard to

this possibility, we have observed decreased ac-

tivity of erythrocyte acetylcholinesterase (pre-
sumed to be a sulfhydryl-bearing enzyme) in dogs
exposed to oxygen under high pressure (53), and
have established the fact that this change was an

effect of lipid peroxides (54).
Wehave speculated that inhibition by lipid per-

oxides might also be the mechanism responsible for

the low acetylcholinesterase activity of PNH red
cells (55). This speculation was strengthened by
our previous studies of a patient who did not have
PNHbut whose red cells were lysed excessively
by H202 (21). This man, who suffered a transi-
ent hemolytic anemia after brief exposure to oxy-
gen under high pressure (presumably on the basis
of lipid peroxidation), also had transient lowering
of his RBC acetylcholinesterase activity, and he
developed a positive acid-serum lysis test during
the hemolytic episode. Otherwise, this patient
was hematologically normal, and after recovery
from hemolysis only the abnormal peroxide lysis
persisted.

Additional support for a link between acid-
serum lysis and peroxidation of red cell lipid was
obtained in the present studies. That cells re-
maining after acid-serum lysis (and, therefore,
presumably resistant to it) were less sensitive to
the lytic effect of hydrogen peroxide suggested
that a similar population of cells was being de-
stroyed by both. The observation that lysis in
acidified serum was increased after incubation
with hydrogen peroxide also linked peroxidation
of red cell lipid and in vitro PNH lysis. The
failure of heat inactivation of serum to reverse
completely the lytic effect of acid-serum on H,02-
incubated RBCs suggested that the degree of red
cell damage which had occurred during H202 in-
cubation was greater than that which occurs in
PNH, or that another type of defect (not comple-
ment sensitive) had been produced in the red cell.
It was of interest that normal cells incubated with
H202 showed increased lytic sensitivity to acid-
serum although on only one occasion was this com-
pletely prevented by prior heat inactivation of
serum.

The data reported in these studies are consistent
with the hypothesis that abnormal behavior of red
cell lipid, characterized by a tendency toward
peroxidation of unsaturated fatty acids in mem-
brane and stroma, is an underlying alteration of
the PNHred cell which renders it susceptible to
damage and lysis.
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