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To provide further understanding of how exidative damage affects red cell membrane function, the effects of low
levels of two different types of oxidants on selected red cell properties have been studied. Hydrogen peroxide
(H,,Oz) an example of a water soluble oxidant, and r-butylhydroperoxide (tBHF), a bydrophobic hydroperoxide,
were compared with respect to their effects on membrane permeability, membrane mechanical properties and
binding of autologous serum antibodies to the cell surface. Whereas H,0, trestment resulied in a dose-dependent

increase in membrane permeability to potassium that was evident after one howr of oxidant expesure, cells treated
with tBHP at doses up to 5 pmel / mi cells showed no immediate change in cation permeability. H,0, also caused a
marked decrease in membrane deformability, whereas tBHP-treated cells showed minimal loss of deformability.
However, {BHP treatment did result in a dose-dependent increase in the susceptibility of the membrame to
fragmeniation under high shear stress. With exciusion of treated sampies that bound excess rabbit anti-spectrin
antibody, indicating exposure of intracellular components, neither agent promoted the binding of autologous serum
antibody in amounts comparable to that found in viro on high density or some pathelogic red cells. Taken together,
the results suggest that 1BHP and H, 0, cause damsage to human red cells by distinct oxklative mechanisms which

do not lead directly to substantive generation of binding sites for autologous sevum antibodies.

Introduction

Currently, a great deal of interest in the arca of red
cell senescence is focused on the role of cumulative
oxidative damage in generating immunologically recog-
nizable alterations in the cell surface [1-3] that may
promote binding of autologous antibodies and clear-
ance of senescent cells from the circulation [2,4-6). In
addition, for a variety of disorders involving hemoglobin
abnormalities, it has been proposed that enhanced
oxidative damage plays a role in accelerating red cell
destruction [7] To further explore the potential for
oxidative processes to produce changes that may ac-
company red cell senescence or that are characteristic
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of hemoglobinopathic red celis, we have studied the
effects of two different types of oxidants on selected
red cell properties and on the capacity of the cefl to
bind autologous serum antibodies.

As model oxidants, we used hydrogen peroxide
(H,0,), a representative water-soluble peroxide, and
t-butylhydroperoxide (tBHP), a hydrophobic hydro-
peroxide. To obtain insights into how damage by these
two types of oxidant might relate to the process of red
cell destruction, we determined the effects of the two
agents on red cell properties that have been shown to
have major effects on red cell survival: membrane
cation permeability and cell water content, membrane
deformability and mechanical stability, and the binding
of autologous serum antibodies.

Extensive oxidative damage to red cells can lead to
hemolysis. Because hemolysis itself produces changes
in membrane permeability, cell deformability and bind-
ing of autologous serum antibedy, it is not possible to
study the effect of oxidant damage on these properties
when hemolysis occurs. Therefore, we have focused
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our studies an cells treated at low oxidant levels that
do not induce hemolysis and have confined our atien-
tion to prehemolytic changes that result from oxidative
stress.

Methods

Blood was drawn from normal adult volunteers us-
ing an informed consent protocol approved by the
Committees on Human Research at the University of
California, San Francisco and at San Francisco State
University. Red cells were obtained from samples
drawn into acid-citrate-dextrose anticoagulant and
serum from samples without anticoagulant, The serum
was heated to 56°C for 40 min to inactivate comple-
ment. Before freatment with oxidants, red cells were
washed three times in phosphate-buffered saline (PBS:
1.9 mM NaH,PQO,, 8.1 mM Na,HPO,, 137 mM NaCl
(pH 7.4)), and the buffy coat aspirated each time.

Treatment with oxidants. Washed red cells were in-
cubated at 20% hematocrit (het) in PBS containing
H,O, (0.5 to 3.0 mM) or 1BHP (0.5 to 1.5 mM). This
range was chosen to give the maximum treatment pos-
sible without inducing hemolysis. Ta obtain uniform
exposure of the celis to oxidants, the untreated suspen-
sions were first centrifuped, and the supernatant re-
moved. The oxidant was added to the supernatant,
which was then recombined with the packed cells.
Sodium azide (3 mM) was added to the H,O,-treated
samples (o prevent rapid destruction of the peroxide by
catalase. As in studies by most other investigators,
IBHP treatments were performed in the absence of
azide. Determination of cation fluxes after tBHT treat-
ment with and without azide showed that azide had no
modifying influence on this measure of membrane
damage over the range of tBHP daoses used in these
experiments. lts presence at much higher levels of
tBHP treatment has been reported to suppress precipi-
tation of non-intact Hb and to enhance oxidation-in-
duced increase in Cl~ permeability [8], However, those
studies involved a much greater extent of Hb and lipid
oxidation than ours and arc thus not directly compara-
ble. Samples were incubated at 37°C for one hour, and
were then centrifuged and resuspended without oxi-
dant at 10% hct in buffered saling containing glucose
(BSKG: 1.9 mM NaH,PO,, 81 mM Na,HPO,, 134
mM NaCl, 5 mM KCl, and 10 mM glucose (pH 7.4)).
For experiments involving prolonged incubation, 150
u/ml of penicillin and 0.15 mg,/ml of streptomycin
were added to inhibit bacterial growth. In some experi-
ments, before treatment with the oxidants, paired sam-
ples were prepared and one of each pair was pre-
saturated with carbon monoxide (CQ) to biock pro-
cesses mediated by hemoglobin oxidation.

To verify that the small amounts of added tBHP
were taken up by the cells, samples of suspension

supernatants were taken at 5 and 60 min after initja-
tion of 37°C incubation with {BHP. These were assayed
for residual tBHP as described by Trotta et al. [9].
Samples of tBHP diluted into buffer samples without
cells were assayed in parallel. 1t was found that the
cells took up the vast majority of the added tBHP
wiihin the first 5 min of incubation.

To determine whether exposure to {BHP had re-
sulted in measurable alkylation of membrane protein
sulfhydryl groups, we determined binding of N-
ethyl["*Clmaleimide (“CINEM) to membrane pro-
1eins. Cells were first treated with 1 mM tBHP for 1 h
at 37°C, and were then washed once and incubated
overnight at 37°C in BSKG with penicillin /strepto-
mycin. Resealed ghosts were prepared as for ektacyto-
metric assay, and these were treated with 1.0 and 0.5
mM [“CINEM (specific activity 2.5 uCi/mmol) at
37°C for 30 min. Parallel samples treated with non-ra-
dioactive NEM were subjected to ektacytometric assay
to determine whether membrane fragility had been
altered. Radiolabeled samples were separated by
sodium dodecylsulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) [10] and stained with Coo-
massie blue. The regions corresponding to spectrin,
ankyrin, band 3 and band 5 were then cut out assayed
for bound [ C]NEM. Coomassie blue stain was eluted
from duplicate samples and quantitated spectrophoto-
metrically [10]. The ratio of radioactivity to eluted stain
was use¢d to determine whether tBHP treatment had
resulted in any change in the binding of [M'CINEM for
any of these membrane components,

Measurement of lipid and hemoglobin oxidation. Oxi-
dation of Hb to methemoglobin was detected by mea-
suring the absorbance of well-oxygenated lysates at
540, 560, 570, 376 and 630 nm. We then used reported
extinction coefficients for oxy, deoxy, carbomonoxy and
methemoglobin at these wavelengths [11] to solve si-
multaneous linear equations for these species, employ-
ing the Eureka program (Boarland, Inc, Scotts Valley,
CA) and an Apple Macintosh II computer. Because
there were data for more wavelengths than absorbing
species, we performed calculations using all possible
combinations of three (for oxygenated samples) or four
{CO samples) wavelengths, with the stipulation that the
data from 630 nm, which has the strongest contribution
from methemoglobin, was always included. The values
for methemoglobin concentrations obtained for each
set of calculations were then averaged to provide the
best cstimate. As a measure of lipid peroxidation, the
production of malonyldialdehyde (MDA) was mea-
sured via its reaction with thiobarbituric acid (TBA)
[12]. As emphasized by Gilbert et al., this assay can be
compromised by generation of interfering chromagenic
substances. [13]. We therefore scanned the spectrum
from 300 to 600 nm to detect such species. It was found
that in the H,0, samples, species were generated that



showed an absorbtion maximum around 465 nm, with a
broad shoulder exiending ous 1o 532 nm, where the
MDA.TBA complex absorbs maximally. Because the
spectrum was somewhat different from that reported
by Gilbert et al., it was not possible to apply the simple
correction which they suggesied. The substances pro-
ducing this interference were not removed by washing
the red cells before extraction and treatment with
TBA, whereas the characteristic MDA /TBA spectrum
in extracts from tBHP-treated cells was lost or markedly
reduced by prior washing {data not shown). From this
we concluded that very little of the absorbance at 532
nm in extracts from unwashed H,Q.-treated cells was
due to MDA generated by lipid peroxidation. Only the
amount of MDA produced in tBHP-treated cells was
calculated, and it was expressed in nanomoles of MDA
per g of hemoglobin.

Cation flux measuremenis. To determine oxidant ef-
fects on cation permeability, Na* and K* fluxes were
measured, using 109 cell suspensions in K*-free PBS
containing 0.1 mM ouabain to inhibit active cation
transport [14)]. Intraceflular NMa* and extracellular K*
concentrations were measured at 30-min intervals over
a 2 h period, using flame photometry. Intracelluar
cations were determined on cell samples washed three
times in isotonic Tris-buffered magnesium chloride so-
lution (10 mM Tris-HCI, pH 7.4 at 0°C). Intraceliular
Na* concentrations were used to determine rates of
Na* uptake, and extracellular K* concentrations for
K* loss.

The presence of possible net changes in cation and
cell water content was evaluated by centrifuging cell
samples on 7-layer (1.087-1.114 g/mD discontinuous
gradients of arabinogalactan density gradient medivm
[15] (Larex-Lo, Consulting Associates, Inc, Tacoma,
WA} and looking for differences in cell density distri-
bution.

Measurentent of cell and membrane deformability and
membrane siability. To further evaluate possible
changes in cellular hydration and in mechanical prop-
erties, we used an ektacytometer to measure whole cell
deformability as a function of suspending medium os-
molality [16], membrane deformability as a function of
applied shear stress [17], and the rate of membrane
fragmentation at high, constant shear stress [18]. The
latter two assays were performed using resealed ‘ghost’
preparations, as originally described.

Binding of autologous serum antibodics. ARer treat-
ment with oxidant, the cell smnples were washed once
and incubated overnight at 37°C in BSKG containing
penicillin and streptomycin. They were then exposed to
heat-inactivated autologous serum (10* cells in 0.5 mt)
for 1 h at 37°C. After three washes in PBS, they were
assayed for binding of autologous serum antibodies,
using '>I-Protein A as described clsewhere [191 In
order to exclude samples in which severe membrane

195

damage had exposed intraceliular binding sites for
autologous antibody, parallel samples were incubated
with affinity purified, rabbit anti-human spectrin (gift
aof Mary E. Rossi, University of California, San Fran-
cisco). Any samples that showed binding of Protein A
after exposure to anti-spectrin that was higher than
that observed in untreated cells exposed to autologous
serum were considered to have a breach in membrane
integrity, and the results from these samples were
excluded. In a few experiments, the hinding of Protein
A to cells evposed to attologous serum was much
higher than that to ceiis exposed to anti-spectrin. Be-
cause the untreated cells for the paired assays should
bind equal guantities of Protein A, reflecting non-
specific binding and in situ IgG, it appeared that in
these experiments, there may have been aggregated
IgG in the serum that bound ta the red celfs, There-
tore these experiments were aiso excluded. Specific
activity of Protein A varied from experiment to experi-
ment., Therefore, in analyzing the data, the counts per
<ell for treaied cells were divided by the counts per cell
for control, untreated cells, to determine whether
treatment increased the amount of bound antibody.
Counts ranged from 800 to 9500 cpm per sample of 108
cells.

Anti-hemoglobin immuncblors. For analysis of
hemoglobin association with the membrane and mem-
brane proteins, cells were hemolyzed and washed in
hypotonic buffer (7 mM KCl. 5§ mM Tris-HCl, 0.5 mM
EGTA (pH 7.4)) until the supernatant was colarless.
Membrane proteins were separated on polyacrylamide
gels [20], and then transferred to nitrocellulose paper
for immunobliaiting (21} with sabbit anti-human globin
(Sigma Chemicals, St. Louis, MD). Beforc use, the
anti-globin was partially purified using human red cell
hemolyzate on an Affigef column (Bio-Rad, Richmond,
CA).

Analysis of results. Results of assays comparing
treated cells with untreated control samples were ana-
lyzed, using a r-test for paired or unpaired samples, as
appropriate. This was done using the Statview program
on a Macintosh II computer.

Results

Cation permeability and cell density distribution

H,0, and tBHP had disparate effects on red cell
cation permeability under the conditions of these ex-
periments. As shown in cation flux assays performed
immediately after expasure to the oxidants (Table 1),
H,0, caused a marked, dose-dependent increase in
K* efflux, whereas tBHP had only minimal effect. The
results of Na* influx measurements were less clear cut,
because of the inherently lower reliebility of measure-
ments of relatively small changes in the intracellular
Na* concentration. However, they were qualitatively
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TABLE |
Effects of 1BHP and H.0, on K~ effiux

First-order rate constants th™'} are given for cells treated with indicaled oxidant concentrutions. The values shown are mesns from four
experiments for cach vxidanl, and the numbers in parenthescs represent the S.E. Flux measurements were performed after & 1 h incubation of
cells with the oxidant. and aller the cells had heen resuspended in fresh, K*-free medium,

Oxidunt First-order rate constant of K+ efflux

tBHP Concen.: [} 0.5 mM 0.75 mM 1.00mM
0.016 (0.001) 0017 40.002) 0.018 (2.001) 0.074 (0,001

H.0, Concn.: 0 0.5 mM i mM 1.5 mM
0.018 (0.003} 0.020 (0.003) 0.030 (0.004) (041 {01004

similar, showing increased permeability in cells treated
with 1.0 and 1.5 mM H,0O,, but no change in cells
treated with tBHP up to 1 mM concentration {data not
shown). Analysis of red cell density distribution by
centrifugation on arabinogalactan gradients showed
only minor increases in the number of high-density
cells in H,O,-treated samples by 2 h after the end of
the 1 h treatment period. There was a suggestion of a
minor reduction in the proportion of high-density cells
in tBHP-treaied samples {data not shown). However,
as discussed below, results of the ektacytometric os-
motic gradient analysis performed after overnight incu-
bation indicated that at that time there was no major
shift in the hydration status of the whole cell popula-
tion.

Hemoglobin and lipid oxidation. In these experi-
ments, Hb oxidation was more extensive during treat-
ment with H,O, than with tBHP and increased with
increasing oxidant concentration (Table JI). As ex-
pected, formation of methemoglobin in the presence of
H,0; was strongly inhibited by pretreatment of the
cells with carbon monoxide; the methemoglobin forma-
tion in the presence of the higher concentration of

TABLE 1l

Generation of methemoglobin during treaiment with tBHP and H,0,
and inhibition by carbon monoxide

Results from a single experiment are given as the spectrophotometsi-
cally determined percentage of total heimoglobin in the methemo-
globin form in samples treated with oxidant, with and withowt
pre-exposure to CQ. The values are averages from calculations using
redundant data at several wavelenpths, and numbers in parentheses
give the S.E.

Oxidant Percentage af tolal Hb i metHb form

tBHP Conen.: 0 1.0 mM 1.5 mM
-CO 314 18.0(1.4) 44.1 (1.0)
+C0 12.0(0.1) 18.740.3) 24.7(0.6)

H,O, Conen.: 0 L5 mM 30 mM
-CO 13{1.4) 54.8(1.D) 69.3(1.1)
+C0O 1200.1) 16.7(0.1) 20.2 (0.04)

tBHP was slightly reduced by pretreatment with carbon
monoxide.

The increased Hb oxidation in H,0,-treated cells
was accompanied by greatly increased adherence of Hb
to the membrane. This was indicated by immunoblois
prepared from well-washed ghosts, in which anti-globin
was used to detect the globin that was still associated
with the membrane. As shown in Fig. 1, H,O,-treated
ghosts retained much more globin than {BHP-treated
ghosts. Strong bands were seen at positions corre-
sponding to apparent molecular masses of approx. 30—
35 and 49-53 kDua. They arc cssentially the same as
those bands observed in membrane-free hemolyzate
cross-linked with dimethyl suberimidate (data not
shown). Therefore, these bands may represent cross-
linked globin, rather than globin attached to mem-
brane components. In addition to these bands and free
globin at the dye front, a substantial portion of the
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Fig. 1. Anti-globin immunablots of membranes prepared from tBHP-
and H;Oxtreated red cells, The three tanes on the left are from an
experiment using H,0;: A, 20 mM: B, 1.0 mM; C, untreated
control. The three lanes on the right are from an experiment using
tBHP: D, untreated control; E, 0.5 mM; F, 1.0 mM. Positions of
molecular weight markers are indicaled on each side. The bands on
the control samples above the low molecular weight region represent
residual contaminating antibodies in the rabbit anti-globin serum
that react with red cell membrane components.
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TABLE I
Effect of tBHP vn production of MDA

MDA was measured immediately after u | h exposure to uxidunt, by
analysis of unwashed cell suspensions. Values shown are the mean

values abive control for i experiments; (he S.E. is gven in parenthe-
LI

[tBHP] [ MDA {(nmol /2 k)
0.5 mM ] 225 %

1.0 mM 8 42008~

1.5 mM 3 45,1 (15,2 +**

* (LS < P < 0,005, eompared 1o control, untreated cells.
s (L5 < P = (LON5 compared 1o (L5 mM treatment.
¥EE 01 < P < 0.025 compored 10 LD mM treatment.

membrane associated globin migrated in the region in
which spectrin is found, consistent with previous re-
ports of spectrin-globin cross-linking in H,O.-treated
cells [22]. Although the extent of anti-globin staining
an blots from cells treated with tBHP was less than for
H,O;-treated cells, for the sample treated at 1 mM
tBHP, some staining was detectible in the spectrin
region, as well as in a broad band ranging from about
40 to 90 kDa.

In eight experiments, the extent of lipid peroxida-
tion during oxidative treatment with tBHP was moni-
tored by determining the production of TBA-reactive
substance, assumed to be MDA, during the I-h treat-
ment period. {(As noted in Mecthods, interfcrence by
other absorbing species prevented accurate determina-
tion of MDA production in H,0,treated cells.) As
shown in Table 111, there was a dose-dependent in-
crease in production of MDA, However, the exient of
MDA production relative to control, untreated cells
was not very great except at 1.5 mM tBHP, a concen-
tration higher than was uscd for other studies because
it tended to result in hemolysis. Although interference
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by other chromogens prevented accurate determina-
tion of MDA production in H,0--treated cells, the
minimal change in ahsorbance at 532 nm associated
with prior washiog of the samples suggested that the
amount of MDA production in these cells, even those
treated with 3 mM H ,0,, was less than in cells treated
with tBHP at 1 mM concentration.

Cell deformability and mechanical stability. The iwo
oxidants also produced distinctly different effects on
cellular mechanical properties. As observed by others
{22). H.O, treatment caused a profound, dose-related
decrease in whole celt deformability, as assayed by
osmotic gradient ektacytometry. Cell deformability fur-
ther decreased after overnight incubation at 37°C, but
there was no obvious shift in the position of the curve
along the osmolality axis, indicating the absence of
major changes in average red cell hydration (Fig. 2a).
The deformability loss was primarily due to a reduction
in membrane deformability, as shown by measurements
using resealed ghost preparations. Increasing concen-
trations of H,O, caused progressive decrease in the
maximum deformation of the ghosts {Fig. 2b). The
deformability loss was completely inhibited by pretreat-
ment of the cells with carbon monoxide (CO) tc block
Hb oxidation (data not shown). It is likely that the
marked association of denatured hemoglobin with the
membrane of H,05-treated cells may have contributed
to their reduced membrane deformability.

In contrast to H,0,, treatment with tBHP, followed
by overnight incubation, had minimal effect on the
deformability of whole red cel's or red cell membranes
(Fig. 3). The absence of a shift in the osmotic gradient
profile also showed that there was no substantive effect
on celiular hydration. Although it had minimal or no
effect on cell or membrane deformability, in five exper-
iments tBHP caused an increase in the rate of shear
induced fragmentation of resealed ghosts prepared

osp
0.6
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o
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0.0 " . 4
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Fig. 2. Effect of H,O» on whole cell and membrane deformability. Cells treated with the indicated concentrations of oxidant and control cells

processed in paratle] without oxidanl were washed once. incubated overnight in BSKG and then assayed using the ektacytometer. (a) Whole cell

deformation measured as a continuous function of suspending medium osmolality. The maximum DI decreases markedly with increasing

concentration of H,O,. but there is o shift of the curve along the osmolality axis, indicating a lack of major alteration in cell water content. {b)

Maximum deformation of resealed ghosts as a functinn of increasing H,0, conceniration. O. ghosts prepared and assayed immediately after

treatment; W, ghosts prepaved and assayed from cells incubated overnight after treatment. Mean values are plotted for cach series of
experiments, with error bars representing the S.E. for five experiments withcut and four with overnight incubation.



193

o8r
06
_ aaf
a
az2r
00 A L A i - L L J
¢ 100 200 300 400 500

Osmolality - mosmolkg

o8p P

08 ———

0.4

D

0.2

0.0 M " 2 i :
V.0 0.2 0.4 0.6 0.8 1.0

t-Butylhydroperoxide Concentration - mM

Fig. 3. Effect of tBHP on whole ceil and membrane deformabhility. (a) Whole cell deformability as a function of suspending medium asmaolality,

performed afler overnight incubation. The curves show a slight reduction in maximum deformation in sample treated with 1 mM (BHP, but no

shifl along the osmotic axis, (b) Maximum deformation of resealed ghosts as a function of increasing tBHP concentration. O. ghosts prepared

and assayed immediately afler treatrment; M, ghosts prepared and assayed from cells incubated overnight afier treatment. Mean values are

plotted for each series of experiments, with error bars representing the S.E. for seven experiments without and 3-5 (at the various
concentrations) with overnight incubation,

from treated cells. {In one experiment, the fragmenta-
tion rate was increased at 0.75 mM tBHP and de-
creased at 1 mM, but the latter sample had undergone
hemolysis during overnight incubation.) In the experi-
ment iflustrated in Fig. 4, the time required for the DI
signal to fall to half its initial value, a measure of
fragmentation rate, was decreased to 2/3 the normal
value for membranes from cells treated with 1 mM
tBHP, indicating a substantial reduction in the me-
chanical strength of the membrane. The fragmentation
rate for cells treated with H,O, at 1 mM concentra-
tion was also more rapid than that for control cells,
suggesting that H,O,, like tBHP, causes a reduction in
membrane vield strength (Fig. 4). However, as the dose
of H,0, increased, the apparent rate of fragmentation
decreased. This was probably due to reduced mem-
brane deformability at higher H,O, concentrations,
since fragmentation rates inherently decrease with de-
creasing membrane deformation. The obscuring effect
of reduced deformability thus prevents quantitative

estimates of the change in membrane stability induced
by H,O,.

oar 2
0.6
_ 0a
[a]
Contrgl
02 1.0 M
2.0 mM
0.0
1} 50 109 150

Time - s&c

Previous work by others had shown that NEM medi-
ated alkylation of sulfhydryl groups on red ¢ell mem-
brane proteins caused an increase in the rate of mem-
brane fragmentation in the ektacytometer [23]. There-
fore, we performed experiments to test whether tBHP
treatment had reduced the number of free sulfhydryl
groups. In three separate experiments, we determined
ihe extent of labeling of spectrin, ankyrin, band 3 and
actin by ['"*CINEM in tBHP-treated and control cells.
When the incorporated radioactivity in each protein
band was normalized to the Coomassie blue staining
intensity, no significant differences were found in the
extent of labeling (data not shown), Moreover, NEM
treatment further increased the fragility of tBHP-
treated cells (data not shown), further suggesting that
the two agents were acting at different sites, We also
examined SDS-PAGE gels stained with Coomassie blue
for evidence of high molecular weight cross-linked pro-
teins. There was very faint staining of gels from tBHP-
treated cells near the top of the gel, indicating very
minor cross-linking (data not shown). In general,
crass-linking tends to decrease membrane fragility (23],

S, Control
— ™ 0,75 MM
Q.2 P 1.0mM
0.0 'l 1 ]
a 50 100 150

Time - sec

Fig. 4. Effecl of H,0; and tBHP on membrane mechanical stability in resealed ghost preparaions, Resealed ghosts were prepared after oxidant

Lreatment and overnight incubation and were

yed for their tend

y to fragment at high shear siress. (a} Ghosts prepared from H,O,-treated

cells. (b} Ghosls prepared from tBHP-treated cells. The concentralions of oxidanis arc indicatcd on the figure.



TABLE 1V
Effect of Hy(ry and tBHP on hinding of auslogous iG to red celis

After treaiment, washing and subsequent overnight incubalion,
paired samples of cells were exposed to either rabhit anti-specirin or
to heal-insctivaled autclogous serum. Bound IgG was then assayed
using 'Y1-Protein A. Results are expressed us the mean ratio of
Protein A counts for treated cells divided by untreated controls.
Mumbers in parentheses indicste S.E.

Treatment " Anli-spectrin Autologous 1gG
Controi 5 1.0 L0
L0 mM 5 1406 (0.08) L wIn
2.0 mM [ 130 (0.24) 1520220 *
2.0 mM 4 119 {0.15) 1534 (112~
tBHP
Contral 5 1.0 1.0
0.75 mM 3 LI7(0.12) L12{15)
1.0 mM 4 L1911} 147 €0.35)

* D025 < P <005,
** 0.005 < P < 0025,

so this is unlikely to be a factor in the increased
fragmentation rates of {BHP treated cells.

Effects on binding of autologous serum antibodies.
Initial pilot experiments showed that when incubated
with autologous serum immediately after oxidant expo-
sure, cells treated with either H,0, or tBHP failed to
bind significantly increascd quantitics of IeG. Because
others had reported {24] that some effects of tBHP
treatment developed over time after pulse exposure,
we subsequently used a procedure in which the cells
were washed once after a 1 h exposure to the oxidants
and were then incubated overnight at 37°C before
exposure to autologous serum. As shown in Table IV,
there was still minimal, if any, effect of oxidant treat-
ment on the binding of autologous serum anti ody at
oxidant concentrations that did not result in hemolysis
or increased binding of anti-spectrin. Only cells treated
with H,0, at concentrations above 1 mM showed an

increase in bound antibody, and this effect was ex-
tremelv modest.

Discussion

These studies, comparing the effects of H,0, and
tBHP under prelytic conditions, reveal distinct differ-
ences in the effects of these two agents on important
cetlular praperties. H,0, treatment resulted in in-
creased cation permeability and reduced membrane
deformability, whereas tBHP treatment had minimal
effect on either property. These differences have not
been appreciated in previous work employing more
severe .reatment conditions, under which some degree
of hemolysis occurs. It might be argued that the differ-
ent effects of the two oxidants reflect only a quantita-
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tive difference in the intensity of oxidative damage,
rather than a qualitative difference in the targets of
damage. Thus. it is importani to be certain that {BHP
did have access to the cell interior and membrane
constituents at the low concentrations at which it was
used. Evidence that this was so can be seen from the
oxidation of Hb to methemoglobin, the production of
MDA and the increase in membrane fragmentation
rate that were associated with tBHP treatment. In
addition, the increased tendency of the tBHP-treated
samples to hemolyze, as compared to H,O,-treated
samples, indicates significant and a qualitatively differ-
¢nl type of membrane damage resulting from exposure
to tBHP.

A likely explanation for the large effect of H,0, in
reducing cell deformability is the extensive association
with and cross-linking of hemoglebin to the membrane,
as already proposed by others [22]. Whether this gen-
eral process contributes to the membrane permeability
defect is not known.

A mechanism to explain the effect of tBHP in
enhancing membrane fragility is less easy to formulate.
We tested the possibility that it might be due to alkyla-
tion of membrane sulfhydryl groups, since others had
shown that alkylation of sulthydryl groups by NEM has
no ¢ffect on membrane deformability but enhances
fragmentation rates [23]. However, in accord with re-
cent findings by imvestigators osing a different assay
[25], we found ne evidence for reduced availability of
membrane sulfhydryl groups in tBHP-treated cells.
Trainor et al. [26} have reported that H,0,-induced
cross-linking of globin to spectrin impairs the normal
tetrameric association of spectrin, which might be ex-
pected to result in reduced membrane stability. Anti-
globin immuncblotting suggested that treatment with |
mM tBHP induced a small amount of globin binding to
spectrin. It may be that a small amount of globin-spec-
trin association could have resulted in decreased mem-
brane stability in tBHP-treated celis, whereas the larger
amount in H,Oytreated cells caused impaired mem-
brane deformability as well. Another possible mecha-
nism could involve interaction of the membrane with
hemin, which can be released when hemoglobin under-
goes oxidative denaturation 31 It has been shown that
micromolar concentrations of hemin can induce in-
creases in membrane fragility similar to those found in
the current study [3,27].

Our findings that tBHP had no effect on membrane
permeability or membrane deformability are at vari-
ance with two pravious reports from other laboratories
{24,281, However, Ney et al. also found minimal effect
of tBHP on X efflux ratcs when cclls were freated at
concentrations below 1 mM [25]. The important vari-
able in these different studies is the ratio of tBHP to
red cells. Since tBHP is a lipophilic agent, the amount
of oxidant relative to the quantity of membrane pre-
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scnt is especially important in determining the level of
exposure of membrane components to the oxidant. The
experiments in which permeability and deformability
changes werc ohserved used Tower het and /or higher
concentrations of tBHP and thus represented substan-
tially higher treatment levels. This is further indicated
hy the presence of substantially more membrane pro-
tein cross-linking in the study by Corry et al. [28], as
compared to the current results and those of Ney et al.
[25). It is of interest that despite this lack. f effect on
cation permeability, {BHP trcatment was associated
with an increased tendency to hemolyze, as compared
to H,0O, treatment. The mechanism of hemalysis in
tBHP-treated cells is not known, but it appears not to
be simply due to an increase in membrane permcabil-
ity.

In contrast to their effects on other membrane prop-
erties, neither of the two types of oxidative treatment
produced a substantial increase in the ability of the
cells to bind autologous serum ancibodies. A small
increment in antibody binding appeared at higher lev-
eis of H,O, treatment, but this represented only a
50% increase at an oxidant concentration that could be
tolerated without hemolysis or exposure of intracellular
antigens. This result contrasts with those reported by
Beppu ¢t al. who found that oxidation in the presence
of iron catalysts resulted in extensive binding of autolo-
gous serum anti-Band 3 [29]. It may be that the specific
oxidative pathways involved are critical in determining
whether oxidative damage causes increased binding of
autologous serum IgG. Several features supgest that
the oxidative damage inflicted by the iron catalysts
proceeds by yet a different pathway than those initi-
ated by eBHP or H,0,.

These observations illustrate the need for detailed
understanding of cetlular effects of oxidative treatment
in trying 10 assess the role of oxidative damage in
physiological processes, including the generation of
sites for binding of autologous serum antibodies. Fur-
ther definition of the oxidative mechanisms involved
and their relationship to the types of cell damage that
result should provide a basis for better understanding
thie role of different types of oxidant damage in normal
and pathologic red cell changes.
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