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Abstract-Although red cell membrane lipid pcroxidation has hcen identified as a consequence of 
certain oxidizing hemolytic drugs. the relative contribution of lipid peroxidation tu red ccl1 damage 
leading to hemo!y$s i\ unclear. This has been evaluated by atudyinp the response to phcnylhydrazine 
of vitamin E-dcllclent rats as compared to vltamln E-supplcmcntcd rat\. Follo~ng rcpctltlvc phenyl- 
hydrazinc injection\. a Iowcr hematocrit way ohacrvcd in the vitamin E-dciiclcnt group \vhich was 
associated with hIsher level\ of lipid peroxIdation. as intlicatcd hv the tluoresccnce 07 lipid-containing 
red cell extracts. However. no aigniticant diflcrence in the initial extent ot hemolysis tollowing phenyl- 
hydrazine injection was ohserled. Evidence ~a\ also obtained suggestin: that malonaldehyde. a 
decomposition product of polyunsaturated fatty acids. is capable 01 croab-tinklnp hemoglobin to the red 
cell membrane. These findings suggest that red cell membrane lipid peroxidation is of relatively minor 
consequence in the acute rc5ponse to phenylhvdrazine but may hc of importance in chronic hemolysis 
due to- this oxidizing drug. 

The peroxidation of red cell membrane unsaturated 
fatty acids has been suggested as contributing to 
shortened red cell survival in a number of hemolytic 
states. These include oxidant drug-induced hemo- 
lysis, thalassemia major, paroxysmal nocturnal hem- 
oglobinuria, and the anemia of vitamin E-deficient 
premature infants [I-S]. With the exception of vit- 
amin E-deficient states, the evidence that lipid per- 
oxidation plays a role in hemolysis has been indirect, 
being based mainly on in vitro studies. Recently. we 
demonstrated the presence of Huorescent products 
consistent with in GXJ lipid peroxidation in extracts 
of red cells freshly obtained from patients receiving 
the oxidant hemolytic drug diaminodiphenrlsulfone. 
from premature infants deficient in vitamm E, and 
from rats and rabbits treated with phenylhydrazine 
or acetylphenylhydrazine [6,7]. The observed Hu- 
orescence is due to the cross-linking of red cell mem- 
brane lipid amino groups by malonaldehyde (MDA), 
a decomposition product of peroxidized polyunsa- 
turated fatty acids [7.8]. The reaction proceeds 
through the formation of Schiff bases resulting in an 
aminoiminopropene derivative: 

0 0 

RNH? +%-C-C’+ R’NH2+RN-C=C 
-C=NR’ 

While the demonstration of such Huorescence 
indicates that lipid peroxidation does occur irz viva, 

and can occur despite normal serum vitamin E levels, 
these findings do not conclusively demonstrate that 
lipid peroxidation contributes to the shortened red 
cell survival of Heinz body hemolytic processes, In 
order to test the role of cell membrane lipid per- 
oxidation in oxidant hemolysis. we have studied the 
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effect of vitamin E deficiency on the response of rats 
to phenylhydrazine. Inasmuch as the major function 
of vitamin E is to prevent cell membrane lipid per- 
oxidation. vitamin E deficiency should produce an 
enhanced phenylhydrazine effect if lipid peroxida- 
tion does contribute to phenylhydrazine-induced 
Heinz body hemolysis. In addition, we have assessed 
the possibility that malonaldehyde might cross-link 
hemoglobin to the red cell membrane. another 
potentially deleterious effect of membrane 
peroxidation. 

METHODS 

Animal srudies. Sprague-Dawley rats, 200-250 g, 
were used throughout. Ten days after arrival in the 
animal quarters, the rats were all begun on a vitamin- 
fortified tocopherol-deficient test diet (Nutritional 
Biochemicals. Cleveland. OH). The vitamin E 
replete groups received thrice weekly intraperitoneal 
injections of an aqueous emulsion of alpha-toco- 
pherol, 2 mgikg body wt. using Emulphor 620 (a gift 
of L. Machlin and M. Brin. Hoffmann-La Roche. 
Nutley. NJ) as the emulsifying agent. The vitamin 
E-deficient group was similarly injected with equiv- 
alent amounts of Emulphor 620, a polyoxyethylated 
fatty acid derivative. Phenylhydrazine was prepared 
in isotonic 0.01 M phosphate-buffered saline, pH 7.4 
(PBS), on the day of intramuscular injection. 

Tail blood samples were collected in heparinized 
hematocrit tubes, which were centrifuged for deter- 
mination of hematocrit. Blood samples were 
obtained prior to injection of phenylhydrazine on 
that day. Reticulocyte and Heinz body counts were 
performed by standard techniques. The dialuric acid 
hemolysis test was performed as an indirect assay of 
vitamin E status [9]. Fluorescence was measured as 
described previously with some modifications due to 
the small blood sample [6,7]. After centrifugation, 
packed ceils were expressed from the capillary 
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hcmatocrit tubes and v,axhed twice in PBS (0.01 M). 

p11 7.4 In order to avoid possible fluorescing con- 
taminants in different heparin preparations. the same 
lot of capillary hematocrit tubes w;ih tiscd through- 

out. The lipid from 50 ~1 of washed packed cells was 

extracted using iI scaled-do\43 version of the pro- 

cedure of Rose and Oklander [IO]. After tiltration 

through glass n.ool. the sample W;IS placed in ;I quartz 

microcuvette (0.3 ml) and fluorescence determina- 

tions were made in a I~itachi-Perkin~Elni~r MPF-3 
SpectroRuoromcter using ;I microcell holder with 
instrumental settings iis described previously 16.71. 

Hcrm~glohir~ hi/u/irzg .s/udir,s. A study of the effects 
of malonaldeh!dc on hemoglobin binding to the red 
cell membrane wax performed utilizing human 
blood. These experiments were carried out in con- 

formance with the Declaration of Helsinki and lvith 
approval from the New York University Medical 

Center Human I~sl-,erimentatic)n Committee. Blood 

was washed three times in 310 milliosmolar (mOsM) 

phosphate buffet-. pH 7.0. and resuspended in this 
buffer to ;I hematocrit of IO?. Malonaldehyde was 

prepared iis described previously [I I] in 310 mOsM 
phocphatc buffer. pH 7.0. Following overnight 

incubation of rtxi cells in various concentrations of 
iiialonalcleh~de. hemoglobin that bwi bound to the 

red cell membi-ane was measured by the pyridinc 

hemochromogen method as modified by Dody c’f 

trl. (I?]. 
Studies of the binding of hemoglobin to the red 

cell membrane were also performed in 2 rcconsti- 

tuted system consisting of ghosts and hemoglobin. 
with or without added malonaldehyde. In these 
experiments. an aliquot of washed red cells was 

hemolyzed by freezing and thawing. Following cen- 

trifugation at Ih.000 g for 30 min. the ghost pellet 
was discarded and the hemoglobin solution was 

diluted in 310 mOxM phosphate buffer. pIl 7.0. to 
II concentration of _ gj IO0 ml. Red cell m~mbrancs 

were prepared from the remaining red cells by a 

modification of the procedure of Dodge cv rrl. [ I?] 
in which the last wash is performed in 5 mOsM Tris 

buffer. pll 7.4. The ghosts were then resuspended 

in 310 m&M phosphate buffer. pH 7.0. to a final 
concentration of I mgiml. Aliquots of these ghosts 

were pretreated with 3 my/ml Iluorescamine or with 
S niM h’-ettiLlm~ileiiiii~l~ tor 30 niin at 75’ illi of 
the ghost samples were then washed twice in 310 
mOsM phosphate buffer. pl i 7.0. and resuspended 
in the hemoglobin solution at ;I ghost concentration 
1 mg:ml. Tuo aliquots of each treatment condition 
were prepared. to one of which was added malon- 

aldehvde in 310 m0sM phosphate buffer. pH 7.0. 
to ;I 6n;11 concentration of 4 mM. while the other 
received an equivalent amount of buffer. After 

incubation for I6 hr the ghosts were washed three 
times in buffer and then analyzed for ghost hemo- 

globin cc,ncentration. 

,4n;r~/ .stdic~s. Two studies of the effects of :I 

vitamin E-deficient diet on the response of rats to 
phcnylhvdrazine were done. In the first. the animals 
were div.ided into four groups of six rats. all receiving 
the vitamin E-delicient diet. Groups I and III \+ere 
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Fig. 1. Hematocrit of vitamm E-deticient diet (0) and 

control (A) rats injected writh 70 mgikg phcnvlhydrazine 
(--- ) or with placebo (---) da~lv. 

treated with tocopherol (2 mgikg body wt. three 
times weekly) and groups II and IV received intra- 
peritoneal injections of placebo. After IO days of 
this dietary regimen. groups I and II were begun on 

daily intramuscular injections of phenylhydrazine 
(20 mg/kg body wt) in PBS. while groups III and 

IV received equivalent amounts of PBS alone. No 
significant difference in the hematocrit or Ruor- 
escence of red cell extracts was observed between 
the vitamin E-deficient and the vitamin E-supple- 
mented groups not injected with phenylhydrazine 
(Figs. 1 and 2). An identical hematocrit was noted 
in the two phenylhydrazine-treated groups on day 

8 of the studv. However. the hematocrit in the vit- 
amin E-deficient group was significantly lower than 
in the vitamin E-treated group after phenylhydrazine 
treatment for I3 days (39.7 t 2.1 vs 45.7 i 2.2: 
P < 0.05) and 17 days (-10.3 i- I.3 vs 43.3 * I .O: 
P = 0.O.S) (Fig. I). A significantly higher level of 
fluorescence in red cell extracts was present in the 
vitamin E-deficient diet group on day 17 ( 136.5 -t X.4 
vs 115.7 F 5.4; P < 0.05) but not earlier (Fig. 2). No 
increase in dialuric acid hemolysis was observed in 
the vitamin E-deficient diet group injected with PBS 
until day I3 when mean hemolysis wa\ 17 pci- cent. 
and on day 17 when it was 26 per cent (control I’ 3 
per cent). The dialuric acid hernolysis rest was ftxmd 
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Fig. 2. Fluorescence in red cell extracts of vitamin E-deli- 
cient diet (0) and control (A) rats injected with 70 rng;ke 
phenylh&azinc (- ) or with placeho (----I dail) 



to be inappropriate for the :IS\:L~ ot \~itaniin E status 

in phcnylh~jrazlli~-tre~!tcd animals due to the rela- 

tive resistance ot rcticuloqtes and younp red cells 

to dialuric acid. 
These lindings M’CW intcrpruted as suggesting that. 

as vitamin E deticicnc! Jcveloped. phenylhydrazine 

injection resulted in an increased level of Ruor- 
escence and lo\vcr ~~enl~~t~~cl-it. In order to evaluate 

this further. a subsequent experiment was performed 

in which the study rats \vere made more profoundly 
vitamin E-deficirnt heforc being injected with 

phen~lh~~r~lz~lle. Speciticaliy. the second expel-i- 

ment consisted ot t!%ct go-oups of oipht rats both 

placed on ;I vitamin E-deficient diet without supple- 

mentation for 5 weeks at which time thcrc was more 
than 90 per cent dialuG acid hemolqsis. Group I 

then began receiving vitamin E (2 mgkp body wt 

three times weekit’) while group II rece~veti placebo. 

One week later. at which time the dialuric acid 

hemolysis test had retur-nctl to normal in Croup I, 
both groups were \tartcd on i~~tr~l~i~L~sc~~l~~r injections 

of ph~ri~lll~~~r~~~iiie ( 1.5 n$kg httd\i wt. 5 dags:week) 

while continuing, to rccei\,c vitamtn E or placebo. 
No difference 111 the hematocrit \\as observed prior 

to injection of phen~lh~drariiie. or on day 3 of phen- 

~lh~dr~~zinc. .4t \ubsequcnt time periods. the hema- 
tocrit was si~?iitic~liitl~ lowor iI? < 0.05;) in the vit- 

amin E-deficient ;I\ comp~~red to the vitamin E- 
treated group ( Fig. .i). ‘1‘1~ levels of fluorescence in 

red cell estracls wcrc similar prior to phenylhydra- 
zine injecti(~li. Subscquentl~, higher fluorescence 

was present in thu vitamin t.-deficient group (Fig. 

4). The differences \\c’rc statistically significant 
(P < 0.05) cxcepr for da\: 12 (P = 0.10). Impaired 

erythropoiesis. rather than increased hemolysis. is 

an alternative cspl;uiation for the lower hematocrit 

in the vitamin E-deticient group. This is unlikely 
inasmuch as at tho cnrl cjf the study the reticulocyte 

counts in the vitamin E-deficient rats (41.9 2 2.X) 

were sliehtlv higher. ~tlttlo~l~~i not si~niljc~inti~ so. 
than in Lthe- control ;tnint:tl\ (39.S i 2.4). In both 

groups of animal\. llcinz hodies were present in 

more than 90 1x7 cent ot the rud cells tli:tt u’crc: not 

rcticulocytes. 

~e~~~~~~~~~~~~~~ ~~;~~~~~~~,~ ~~z~~~~~,.~, Overnight incub~~tion 
of intact human rtxl cells with malonalciehyde pro- 

duced an increase in the amount of hemoglobin that 

remained associated with the red cell membrane 
fotiowinp ~~r~~~~~r~itioii of _ 41o\t\ (Fig. 5). ‘fhc cxti’nt 
of hemoplobin bintiing w;t\ lincai-ly rciatcd to the 

concentration range of malon~~l~lcltv~le used in these 
studies. Additi~ui;~l wa4iins ot the &Ms in 5 mOsM 
Tris huffcr. pl1 7.4. or 30 mO~h1 phosph;~te buffer. 

pH 7.4. rrsiiltcd in Ic\i th;in ili per cent furthci 

decrease 111 #o\t hcnio~loi~in concentration. 

The addition of malon~~ldehydc to a suspension 

of ghosts incubated clvernight in a 2 g/ 100 ml hemo- 
globin solution also produced an increase in the 
binding of ltet~iogl~)~~ir~ to the phosts. This effect was 
substantially diminished by pretreating the ghosts 
with fluorescaminc. an amine-blocking agent (Table 
1). The latter finding is consistent with the effect of 
maionaldeh~~lc being li~~lnif~ste~i through a Schiff 
base crosslink bet\vccn the carbonyl groups of 
malonaldehyde ;III~ red cell membrane and hemo- 

globin amino goup\. 

Fig. 3. Hematocrit of vitamin E-deficient diet (0) and 
control (A) rats injected with 1.5 mg/kg phenylhydrazine 

5 days/week (indicated by arrows). 
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Fig. 2. Fluorescence in red cell extracts of vitamin E-defi- 
cient diet (a) and control (A) rats injected with 15 mgikg 

phenylhydrazine 5 days/week (indicated hy arrows). 

Fig. 5. Binding of hemoglobin to ghosts prepared from 8% 
red cell sqxnsions incubated for 16 hr at 25” in various 

concentrations ot malonaldrhyde. 
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