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To pn~vide further understanding or how oxidative damage affects red cell taemheane faaetioa, ;he elfeets of law 
levels el' two different types of oxidants on selected red cell psmperties have ~ studied. I-l.vdmgen 
(HzO=), an example of a water soluble oxidant, and t-lmlylhydrol~mxide (tBIIP), a I n ~ t l ~  hanlrelpessmide , 
were compared with respect te their ell'eels on membrane permeability, ~ ~ ~ aml 
binding of autologons serum antibodies to the cell surface. Whereas HzO z t r u t m u t  remlted in =t d~ . -dependea t  
increaH in membrane permeability to potassium that  was evident after one hear  of  muMaat expmare, cells treated 
with tBIIP at  doses up to 5 g t m e l / m l  cells showed no immediate ¢hanlg in ca t io l  permealJi ty .  H , O  2 alse caused at 
marked decrease in membrane defennability, w h e r u s  tBHP-treated cells ~ mlalmal loss of defermaMlity. 
Hmvevcr, tBl iP treatnlelnt did t'eSOIt in a dose-dependent inet~nlse in the smcep t ih i l~  of the membrane tO 
fragmentation under hi l~  shear stress. W'Kb exclusion of treated samples that ~ escess ~ aati-spetqrin 
antibody, indkal ing exposure of  intracellutar eemlmnents, neither agent Unmated the ~ of amelellm~ serum 
antibody in mounts comparable to that  found in vlvo on h~gh density or some pathole~ red ctlls. Talam to~ther, 
the results snllgesl that  IBHP and HzO z cause damage to human red cells by dlstimct mddolive mechanisms which 
do not lead directly to st~bstantive generation ef  b t a d i q  sites fer autologous norton antimdies.  

l n l r o d t ~ i e n  

Currently, a great deal of interest in the area 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 antgeodies 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 ~ d  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 hemog]obinopathic red cells, we have studied the 
effects of two different types of oxidants on selected 
red celt properties and on the capacity of the cell to 
bind autologous serum antibodies. 

As model oxidants, we used hydrogen peroxide 
( H 2 0 2 ) ,  a represemative water-soluble peroxide, and 
t-tmtylhydropercetide (tBHe), a h~dr~hebic  hydro- 
peroxide, ro  obtain insights into how damage by these 
two types of oxidant misht relate to the process of red 
cell destruction, we determined the effects of the two 
agents on red cell ~ r t i e s  that have been shown to 
have major effects on red celt survival: membrane 
cation permeability and cell water content, membrane 
deformability and raechanical stability, and the binding 
of  autolegous serum antibodies. 

Extensive oxidative damage to red cells can lead to 
hemolysis. Because hemolysis itself pr~luces changes 
in membrane penaeability, cell deformability and bind- 
ing of autologons serum antil~t,.dy, it is not possible to 
study the effect of  o~idant damage on these properties 
when hemolysis occurs. Therefore, we have focused 
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our studies on celk treated at [ow oxidant levels that 
do not induce hemolysis and have confined our atten- 
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 ior 40 rain to inactivate comple- 
ment. Before treatment with oxidants, red cells were 
washed three times in phosphate-buffered saline (PBS: 
1.9 mM Nail  ~PO.,, 8.1 mM Na2HPO4, 137 mM NaCI 
(pH 7.4)), and the buffy coat aspirated each time. 

Treatment with oxidants. Washed red cells were in- 
cubated at 20% hematocrit (hct) in PBS containing 
H,_O2 (0.5 to 3.0 raM) or tBHP (.0.5 to 1.5 raM). This 
range was chosen to give the maximum treatment pos- 
sible without inducing hemolysis. To obtain uniform 
expozur¢ of the cells to c~idants, the untreated suspen- 
sions were first centrifuged, and the supernatant re- 
moved. The oxidant was added to the supernatant, 
which was then recombined with the packed cells. 
Sodium azide (3 raM) was added to the H 202-treated 
samples to prevent rapid destruction of the peroxide by 
catalase. As in studies by most other investigators, 
tBHP treatments were performed in the absence of 
azide. Determination of cation fluxes after tBHP treat- 
ment with and without azide showed that azide had no 
modifying influence on this measure of membrane 
damage over the range of IBHP doses used in these 
experiments. Its 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 CI-  permeability [8]. However, those 
studies involved a much greater extent of Fib and lipid 
oxidation than ours and al'c 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% het in buffered saline containing glucose 
(BSKG: 1.9 mM NaH2PO 4, 8.1 mM Na2HPO4, 134 
mM NaCI, 5 mM KCI, and 10 mM glucose (pH 7A)). 
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 (CO) to block 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 O0 rain after initia- 
tion of 37°C incubation with tBHP. These were assayed 
for residual tBHP as described by Trotta et a[. [9]. 
Samples of tBHP diluted into buffer samples without 
cells were assayed in parallel. It was found that the 
cells took up the vast majority of the added tBHP 
within the first 5 rain of incubation. 

To determine whether exposure to tBHP had re- 
sulted in measurable alkylation of membrane protein 
sulfhydryl groups, we determined binding of N- 
ethyl[14C]maleimide ([14C]blEM) to membrane pro- 
reins. Cells were first treated with 1 mM tBHP for l h 
at 37~C, and were then washed once and incubated 
overnight at 37°C in BSKG with penicill in/strepto- 
mycin. Resealed ghosts were prepared as for ektacyto- 
metric assay, and these were treated with 1.0 and 0.5 
mM P~C]NEM (specific activity 2.5 /zCi/mmol) at 
37~C for 30 rain. 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 dodecylsuifatc polyacrylamide gel elee- 
trophoresis (SDS-PAOE) [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 [14C]NEM. Coomassie blue stain was oluted 
from duplicate samples and quantitated spactrophoto- 
metrically [10]. The ratio of radioactivity to eluted stain 
was used to determine whether tBHP treatment had 
resulted in any change in the binding of [t4C]NEM for 
any of those membrane components. 

Measurement of lipid and hemoglobin oxidation. Oxi- 
dation of Hb to methemoglohln was detected by mea- 
suring the absorbance of welboxygenated [ysates at 
540, 560, 570, 576 and 630 nm. We then used reported 
extinction coefficients for oxs,, deoxy, ¢arbomonox'y and 
methemoglobin at these wavelengths [111 to solve si- 
multaneous linear equations for these species, employ- 
ing the Eureka program (Borland, toe, Seotts 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 rim, which has the strongest contribution 
from mcthemoglobin, was always included. The values 
for methemoglobin concentrations obtained for each 
set of calculations were then averaged to provide the 
best estimate. As a measure of lipid peroxidation, the 
production of malonyldialdehyde (MDA) was mea- 
sured via its reaction with thiobarbiturie acid (TBA) 
[12]. As emphasized by Gilbert et aI., 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 ~O~ samples, species were generated that 
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showed an absorbtion maximum around 465 nm, with a 
broad shoulder extending out to 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 suggested. The substances pro- 
ducing this interference were not removed by washing 
the red cells before extraction and treatment with 
TBA, whereas the characteristic MDA/ ' I 'BA 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,O:- t reated 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 nanomotes of MDA 
per g of hemoglobin. 

Cation flux measurements. To determine oxidant ef- 
fects on cation permeability, Na* and K + fluxes were 
measured, using 10% cell suspensions in K*-free PBS 
containing 0A mM ouabain to inhibit active cation 
transport [14]. Intraecllular Na ÷ and extracel[ular K* 
concentrations were measured at 30~min intervals over 
a 2 h period, using flame photometry, lntracellnar 
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 7-1~er (1.087-1.114 g /ml)  discontinuous 
gradients of arabinogalactan density gradient medium 
[15] (Larex-Lo, Consulting Associates, lnc, Tacoma, 
WA) and looking for differences in c¢11 density distri- 
bution. 

Measurement of cell and membrane deformability and 
membrmJe stability. 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 ~ t e  of membrane 
fragmentation at high, constant shear stress [18]. The 
latter two assays were performed using resealed 'ghost' 
preparations, as originally described. 

Binding of autologoas serum antibodies. After treat- 
ment with oxidant, the cell san]pies 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 s cells in 0.5 rot) 
for 1 h at 3"PC. After three washes in PBS, they were 
assayed for binding of autologous serum antibodies, 
using 12sl-Protein A as described elsewhere [19}. In 
order to exclude samples in which severe membrane 

damage had exposed intracellular binding sites for 
autologous antibody, parallel samples were incubated 
with affinity purified, rabbit anti-human spectrin (gift 
of Mary E. Rossi, University of California, San Fran- 
¢i~o). Any samples that showed binding of Protein A 
after exposure to anti-spectrin that was higher than 
that observed in untreated cells e ~ s e d  to autologous 
serun~ were considered to have a breach in membrane 
integrity, and the results from these samples were 
excluded, in a few experiments, the binding of Protein 
A to ceils e~poscd to a':;o[ogous serum was much 
higher than that to cells exposed to anti-spectrin. Be- 
cause the untreated cells for the paired assays should 
bind equal quantities 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 scram that bound to the red celts, There- 
fore these experiments were also excluded. Specific 
activity of Protein A waded from eapcrimcnt to exl~ri- 
ment. Therefore, in analyzing the data, the counts per 
cell for treated cells were divided by the counts per cell 
for control, untreated cells, to determine wi~ther 
treatment increased the amount of bound antibody. 
Coums ranged from 800 to 9500 cpm per sample of 10 s 
cells. 

Anti-hemoglobin immunoblots. For analysis of 
hemoglobin association with the membrane and mem- 
brane proteins, cells were hemolyzed and washed in 
hypotonic buffer (7 mM KCI, 5 mM Tris-HCI, 0.5 mM 
EGTA (pH 7.4)) until the superuatant was colorless. 
Membrane proteins were sei~rated on po~aewlamide 
gels [20], and then transferred to nitrocellulose paper 
for immunoblulting [21] with ralYoit anti-human globin 
(Sigma Chemicals, St. Louis, Me) .  Before use, the 
anti-globin w ~  partially purified using human red cell 
hemolyzate on an AffLgei column (Bio-Rad, Richmond, 
CA). 

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

Results 

Cation permeaMli~ and cell densay distribution 
H202 and tBHP had disparate effects on red cell 

cation permeability under the conditions of these ex- 
periments. As shown in cation flux assays performed 
immodiately after exposure to *,.he oxidants (Table I), 
H202 caused a marked, dose-dependent incense in 
K* effi,,x, whereas tBHP had only minimal effect. The 
results of Ha + influx measurements were less d e a r  cut, 
because of the inherently lower reliebility of measure- 
ment~ of relatively small changes in the intracellular 
Na + concentration. Howc-~er, they were qualitatively 
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TABLE I 

Effects of tBHP und H202 on K" ('ffl~v 

First-0rdcr rate constants (h ~t ) are given for c~:lls treated with indicated oxidant concentrations. The valu¢a shown are mea~.s from four 
experiments for each oxidant, and the numbers in parentheses represent the S.E. Flux measurements were lJedorrncd after a I h incubation of 
cells with the oxidant, and after the cells had been resuspended in fresh, K*-free medium. 

Oxidant First-order rate constant of K + efflux 

tBHP Cohen.: 0 0.5 mM 0.75 mM l .tl mM 

H 20, Co ncn,: 

0.016 (0.00l) 1|.017 (0.CK)2) 0.018 (0.~)l) 0.0l ~) (0.(]01) 

0 fl.$ mM LO mM 1.5 mM 

0.018 (0,003) g.020 (0.rio3) 0.030 (0.004) [),0~tl (|).0t)41 

similar, showing increased permeability in cells t reated 
with 1.0 and 1.5 mM HzO 2, but no change in cells 
t reated with tBHP up to 1 mM concentrat ion (data not 
shown). Analysis of red cell density distribution by 
centrifugation on arabinogalactan gradients showed 
only minor i nc rea~s  in the number of high-density 
ceils in H 202-treated samples by 2 h after the end of  
the 1 h t reatment  period. There was a suggestion of a 
minor reduction in the proport ion of high-density eells 
in tBHP-treated samples (data not shown). However, 
as discussed below, results of  the ektacytometrie 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 H202 than with tBHP and increased with 
increasing oxidant concentrat ion (Table II). As ex- 
pected, formation of methemoglobin in the presence of 
H 2 0  ~ was strongly inhibited by pre t rea tment  of the 
cells with carbon monoxide; the methemoglobin forma- 
tion in the presence of the higher concentrat ion o[ 

TABLE II 

Getleralion of rnedzemogkzbin during freutm~nl with tBHP and HzO z 
end inhibition by carbon monoxide 

Results from a single esperimcnt are 8iven as It~ spcctrophotometri. 
tally determined percentage of total hc|noglobin in the methemo- 
globin form in samples treated with oxidant, with and withoul 
pre-exposure to CO. The values are a~erages from calculations using 
red,ndam data at several wavelengths, and numbers in parentheses 
give the S.E. 

Oxidant Percenlage of total Hb L[ rnelHb form 

t B H P  Conca.: 0 1.0 mM 1.5 mM 

-CO 3.3(1.4} 18,0 (IA) 44.1 (1.0) 
-~CO 12.0(0.1) 18.7(0.3) ?,4.7 {0,6) 

H zOz Conch.: I) 1.5 mM 3.(I mM 

-CO 3.3 (1.4) 54.8 (I.O) 69.3 (l.l) 
+CO 12.{I (fl.l) 16.7 (0.1) 20.2 (0.04) 

t B H P  was ~] ight ly : e d u c e d  by p r e t r e a t m e n t  w i t h  c a r b o n  
monox ide .  

T h e  inc reased H b  o x i d a t i o n  in  H 2 O z - t r e a t e d  cel ls  
was accompan ied  by g rea t l y  i nc reased  a d h e r e n c e  o f  H b  
to the membrane.  This was indicated by immunoblots  
prepared  from well-washed ghosts, in which anti-globin 
was used t o  de tec t  the g lob in  tha t  was  st i l l  assoc ia ted  
w i t h  the  m e m b r a n e .  A s  shown in Fig.  !,  H 2 O z - t r e a t e d  
ghosts retained much more globin than tBHP-trea ted  
ghosts. Strong bands were  seen at positions corre-  
sponding to apparent molecular masses of approx. 30- 
35 and 49-53 kDa. They arc essentially the same as 
those hands observed in membrane-free hemolyzate 
cross-linked with dimethyl suberimidat¢ (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 

Hydrogen Pamx~ 

~ . o o o  ,-.- ~ :.-~ 

4s.ooo - -  ~,!~ "._' 

~ "  200,000 

1 g2,,~O0 

i 46.000 

! 2 1 . 0 0 0  

21,000 ~ ~ l l m  ~ 14,0(10 
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A B 0 O E F 
Fig. I. Anti-glohin immunoblot.s of  membranes prepalcd from tBHF- 
and H2Oz-lrealcd red cells. The [hlee |ants on the left are from an 
experiment using H202: A, 2.0 raM; B. 1,0 raM; C, untP'ated 
control. The lhree lanes on the right arc from an experiment using 
tBHP: D. untreated control; E, 0.5 mM; F. 1.0 raM, Positions of  
molecular weight markers am indlcaled on each side. The bands on 
the conln)l samples above the low molecular weight region represent 
residual COntaminating antibodies in 1he rabbit anti-globin serum 

thal rcacl with red cell membrane components. 



T A B L E  l i t  

Eff~'ct o f  tBHP rm prmh¢cthm of MDA 

M D A  was measun~d immediately after a I h eX l~Urc  to oxidant, by 
analysts of  unwashed ceil suspensions. Values sh~wen are 1h¢ m~zun 
valu¢.~ a b , v c  c(mtml fi~r n ¢npcrim~:nls; Ihe S.E. is g~vcn in parcnthe-  
-~eS. 

[ tBHP] n M D A  (amol/~ i Ih~ 

0.5 m M  8 2,2111..% * 
1 .0mM 8 0.2 ( I ..% ~ 
1,5 m M  5 45.1 ( | 5 .2 )  ~ * * 

• 0.0(H)5 < P _< (),IHiS. eampared to control, untreated ccll~,. 
• ~= (),Pa'H)5 < P .~ O.IHI5 c o m p a r e d  I o  (I.5 m M  t r e a t m e n t ,  

• * * i).01 < P < 0 J l ~ 5  c t ~ m p a r e d  Io  I () m M  t r ea tnxe r t l  

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

In eight experiments, the extent 0f lipid peroxida- 
lion during oxidative treatment with tBHP was moni- 
tored by det©rmining the production of TBA-reactive 
substance, assumed to be MDA, during the l-h treat- 
ment period. (As noted in Methods, interference by 
other absorbing species prevented accurate determina- 
tion of MDA production in HzO2-treated cells.) As 
shown in Table III, there was a dose-dependent in- 
crease in production of MDA. Howovcr, the exlcnt of 
MDA production relative to control, untreated cells 
was not very great except at 1.5 mM tBHP, a concen- 
tration higher than was used for other studies because 
it tended to result in hemolysis. Although interference 

!o.7 

by o t h e r  e h r o m o g e n s  p r e v e n t e d  accura te  d e t e r m i n a -  

t i on  o f  M D A  p r o d u c t i o n  in  H z O : - t r c a t c d  cel ls,  the 

minimal change in ab~rbance  at 532 nm a ,~e la ted  
with prior washing of the samples suggested that the 
amount of MDA production in these cells, men those 
treated with 3 mM H 202, was less than in cells treated 
with tBHP at 1 mM concentration. 

Cell deformability and mechanical stability, The  two 
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 cell deformability, as assayed by 
osmotic gradient ektacytometry. Cell deformabiliff fur- 
ther decreased after overnight incubation at 37~C, but 
there was no obvious shift in the position of the curve 
along the osmolaliw axis, indicating the abscnc~ of 
major changes in average red cell hydration (Fig. 2at. 
The deformability less was primarily due to a reduction 
in membrane deformabilily, as shown by measurements 
using resealed ghost preparations. Increasing concen- 
trations of H,O 2 caused prog~'essive 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) to block 
Hb oxidation (data not shown), i t  is likely that the 
marked association of denatured hemoglobin with the 
membrane of H2Oz-treated cells may have contributed 
to their reduced membrane deformability. 

In contrast to HzO z, treatment with tBHP, followed 
by overnight incubation, had minimal effect on the 
deformability of whole red cells 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 cellular hydration. Although it had minimal or no 
effect on cell or membrane clefonnability, in f'rv~ exper- 
iments tBHP caused an increase in the rate of shear 
induced fragmentation of resealed ghosts prepared 

a 
0.6 

0.6 

O,4 

0.2 

0.0 

Control 

I i I i . . . . .  
! 00  2 0 0  3 0 0  400  5 0 0  

Osmolality - m o s m o ~ g  

0.6 

0.4 

0.2 

0,0 
0 1 2 3 

HydrOOOn Pofoxide Concentration - m M  

Fig. 2. Effect of  H : O :  on whole cell and membrane dcf0rmabi]ily. Celk Created wilh the indicaled concentrations o f  oxidant and comml cells 
pre~essed in parallel without ~,idant were washed once. incubated overnight in BSKO and then ass~Jcd using the ektacytometer, (a] Wh~c ¢cll 
defoffaation measured as a continuous function o f  suspending medium mmolality. T h e  maximum D]  dccrea.~s marked]), with increasing 
cuncentralion of' H zOz. but there is oo shift of  the cur~.e along she osmolality axis, indicating a lack o f  rr~v,~r all©retkm in cell waler conical. {b) 
Maximum deformalk~n of  resealed 8hosts as a functinn of  inc~asir,.B H202 cGn,:enlration. Q. 8hos~ ptel~red slid assayed immediately after 
ttcatn~nt; I I ,  8hosts p~parcd and ax~aycd from cells incul~ted overnight after treatmem. Mean waducs am pl~tcd for ¢ac5 ~ : r ~  o f  

experiments, whh error bars representing the S,E. for nv¢ experiments without and four with OVCl~iSht ~ncubation. 
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O.G 

0.4 

0 . 2  

0.0 

a 0_75 mM 

i | i I i I • i , * 

100 200 300 400 500 

Osmolality - mosmol/kg 

0,8 

0,6 ~ 

0.4 

0.2 

b 

,IF 

0 - 0  | i , , . . . .  
U . D  0 , 2  0 , 4  0 . 6  0 , 8  1 , 0  

t-Butylhydropetoxide Concentration - mM 

Fig. 3. Effect of tBHP on whole ceil and membrane deformahility. (a) Whole cell deformability as a function of suspending medium osmolaliw, 
performed afler overnight incubation. The carves show a stixht reduction in maximum deformation in sample treated with I mM tBHP, but nn 
shift along the osmotic axis, (b) Maximum daforn)atioa of resealed ghosts as a function of increasing tBHP concentration, rn. ghosts prepared 
and assayed immediately after treatmenl; ill, ghosts prepared and assayed from cells incubated overnight after treatment. Mean values are 
plotted for each series of experiments, with error bars representing the S.E. for seven ¢Xperimenls without and 3 5 (al the. vnrhas 

concentrations) with overnighl incubation. 

f rom t r ea t e d  cells, ( In  one  expe r imen t ,  the  f r a g m e n t a -  
t ion rate  was inc reased  at 0.75 m M  t B H P  and  de -  
c reased  at  I m M ,  but  t h e  la t te r  s ample  had  u n d e r g o n e  
hemolysis  dur ing  overnight  incubat ion . )  In the- exper i -  
m e n t  i l lus t ra ted in Fig. 4, the  t ime r equ i r ed  for  the  DI  
signal to  fall to  ha l f  its initial value, a m e a s u r e  o f  
f r agmenta t ion  ra te ,  was d e c r e a s e d  to  2 / 3  t h e  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 H20  z at 1 mM concentra- 
tion was  also m 0 r e  rap id  than  that  for  cont ro l  cells, 
suggest ing tha t  H 202, like tBHP,  causes  a r educ t ion  in 
m e m b r a n e  yield s t r eng th  (Fig. 4). However ,  as the  dose  
of  H 2 0 2  increased, the apparent rate of fragmentation 
decreased. This was probably due to reduced mem- 
brane deformability at higher H20 z 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 z O  z. 

Previous work by others had shown that NEM medi- 
ated al l ,  lotion o[ sulfhydryl groups on red e¢ll mem- 
brane p ro t e i n s  c aused  an  increase  in t h e  ra te  o f  m e m -  
b rane  f r agmen ta t i on  in the  e k t a c y t o m e t e r  [23]. T h e r e -  
fore ,  we p e r f o r m e d  experiments to  tes t  w h e t h e r  t B H P  
t r e a t m e n t  h a d  r e d u c e d  t h e  n u m b e r  of  f ree  sulfhydryl  
groups. In three separate experiments, we determined 
the extent of labeling of spcctdn, ankyrin, band 3 and 
actin by [t4C]NEM in tBHP-treated and control cells. 
When the incorporated radioactivity in each protein 
band was normalized to the Coomassie blue staining 
intenshy, 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 wcrc acting at different sites. We also 
exami ned  S D S - P A G E  gels  s t a ined  wi th  Coomass i e  b lue  
for ev idence  o f  high molecu la r  we igh t  c ross - l inked  p r o -  
reins.  T h e r e  was very faint  s t a in ing  of  gels  f rom t B H P -  
t r e a t e d  cells  n e a r  the  t op  o f  t h e  gel, indicat ing very 
minor cross-linking (data not shown). In general, 
cross-linking tends to decrease membrane fragility [23], 
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Fig. 4. Effect oi' HzO z and tBHP on membrane mechanical stability in resealed gh~t preparations, gcsealed ghosts were prepared after oxidant 
treatment and overnight incubation and were assayed for their tcndca~ to fragment at high shear stress. (a) Ghosts prepared from H202-truated 

cells. (b)Ohusls prepared [roan tBHP-treated ¢¢11s. The: eonceatraliot~s of oxidants axe indicated on the figure. 
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TABLE IV 

Ef[ec: o( H 20 z and tBHP on finding of a¢¢¢oto.~,us leG to red cetb 

After treatment, washing and subsequent overnight incubation. 
paired samples of cells were exposed to either rabbit anti-spectrin or 
to heat-inactivated autologous ~rum. Ek~und l~O was then assayed 
using u'--sl-Protein A. Results are expressed as the mean ra~io of 
Protein A counts for trealed cells divided by untreated controls. 
Numbers in parentheses indicate S,E. 

Treatme r.t ~ Anli-spectrin Antologous lgG 

Control 5 1.0 1,0 
|.[) mM 5 l.(l(~ (0.08) 1.1D IlL 11 ) 
2.0 mM 6 t.30 (0.24) i.52 (ll.22i ~ 
3.1) mM 4 I. 19 {0. ! 5) 1.54 (O 12t * " 

tBHP 
Control .5 !.0 13) 
0.75 rnM 5 1A7 (0.12) 1.12 (ILl5) 
I.O mM 4 I. 19 ((i. I I ) 1,47 (0.35) 

* 0.025 < P _< 0,1)6, 
** 0.00.5< P_< 0.025. 

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

Ef fec ts  on  binding o f  autologous sen tm  antibodies. 
Initial pilot experiments showed that when incubated 
with autologous serum immediately after oxidant expo- 
sure, cells treated with either H tO,  or tBHP failed to 
bind significantly increased quantities of lgG. Because 
others had reported [241 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 I h exposure to the oxidants 
and were then incubated overnight at 3"PC before 
expusur¢ 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 ant;::ody at 
oxidant concentrations that did not result in hemolysis 
or increased binding of anti-spectrin. Only cells treated 
with H202 at concentrations above l mM showed an 
increase in bound antibody, and this effect was ex- 
tremely modest. 

Discussion 

These studies, comparing the effects of H2Oz and 
tBHP under pr¢lytic conditions, reveal distinct differ- 
ences in the effects of these two agents on important 
cellular properties. H202 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- 

tire difference in the intensity of oxidative damage, 
rather than a qualitative difference in the targets of 
damage. Thus. it is important to be certain that tBHP 
did have access to the cell interior and membrane 
constituents at the few 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 hemo[yze,  as compared to  H2Oz- t rea ted  
samples, indicates signi f icant and a qua l i ta t ive ly  d i f fer -  
cnt type of membrane damage resulting from exposure 
to  tBHP. 

A likely explanation for the large effect of H 202 in 
reducing cell deformability is the exlensive association 
~vilh and cross-linking of hemoglobin to the membrane, 
as already proposed by others [22]. Whether this gen- 
eral process cont r ibutes m the membrane  permeab i l i t y  
defect  is not  known.  

A mechanism to explain the effect of t B H P  in 
enhancing membrane fragility is less easy to formulate. 
We tested the possibility that it might be due to alkyla- 
lion of membrane sulfhydryi groups, since othezs had 
shown that alk-yladon of sulfllydpji groups by NEM has 
no effect on membrane deformability but enhances 
fragmentation rates [23]. However, in accord with re- 
cent findings by investigatms using a different assay 
[25], we found no evidence for reduced availability of 
membrane sulfhydryl groups in tBHP-treated cells. 
Trainer et al. [26l have reported that H2Oz-induced 
cr~s-linking of globin to spectrin impai~ the normal 
tetrameric association of Slpectrin, which might be ex- 
pected to result in reduced membrane stability. Anti- 
globin immunoblotting suggested that treatment with | 
mM tBHP induced a small amount of globin binding to 
spcctrin, it may be that a small amount of globin-spe¢- 
lrin association could have resulted in decreased mem- 
brane stability in tBHP.treated cells, whereas the larger 
amount in H 202- t rca ted cells caused impaired mem- 
brane deformability as well. A n t h e r  ~ mecha- 
nism could involve interactkm of the membrane with 
heroin, which can be released when hemoglobin under- 
goes oxidative denaturation [3]. it  has been shown that 
micromolar concentrations of hernia can induce in- 
creases in membrane fragility similar to these found in 
the current study [3,2-/]. 

Our findings that tBHP had no effect on membrane 
permeability or membrane deformability are at vari- 
ance with two pr~'~,'ioes repocts from other laboratories 
[24,28|. However, Ney et al. also found minimal effect 
of tBHP on g effiax rates when cells were treated at 
concentrations below 1 mM [25], The i n k n o m ~  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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sent is especially important in determining the level of 
exposure of membrane components to the oxidant. The 
experiments in which permeability and deformability 
changes were observed used lower hct and/or  higher 
eoncentralions of tBHP and thus represented substan- 
tiaily higher treatment levels. This is further indicated 
by the presence of substantially more membrane pro- 
tein cross-linking in the study by Carry et al. [28], as 
compared to the current results and those of Ney et al. 
[25]. It is of interest that despite this lack. cf effect on 
cation permeability, tBHP treatment was associated 
with an increased tendency to hemolyze, as compared 
to H202 treatment. The mechanism of hemolysis in 
tBHP-treated cells is not known, but it appears not to 
be simply due to an increase in membrane permeabil- 
iVy. 

In contrast to 1heir effects on other membrane prop- 
erties, neither of the two types of oxidative treatment 
produced a substantial increase in the ability of the 
ceils to bind autologous serum antibodies. A small 
increment in antibody binding appeared at higher lev- 
els of H20 z 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 et 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 arc critical in determining 
whether oxidative damage causes increased binding of 
autologous serum laG. Several features suggest that 
the oxidative damage inflicted by the iron catalysts 
proceeds by yet a different pathway than those initi- 
ated by tBHP or H 202. 

These observations illustrate the need for detailed 
understanding of cellular effects of oxidative treatment 
in trying to 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 
the role of different types of oxidant damage in normal 
and pathologic red cell changes. 
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