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Hem..'n binds to red cell membranes during heroin-induced hemolysis but the precise mechanism of hemolysis has 
not been charaaerized. Desferriosamine (DFO), an iron chelator, inhibited hemin-induced hemolysis. DFO 
pastiolly prevented heroin binding to red cell membranes and partially removed previously hound heroin. Glu- 
tathione, an intrarellular sulfltydryl compound, also inhibited hemin.indneed hemolysis but was only about one 
tenth as potent as DFO. Decrease of membrane sulfhydryl groups by treatment of cells with either N-etbylmnlei- 
mide (NEM) or diamide (azodicarhexylic acid bis[dimetbyiomide]) enhanced hemin-induced hemolysis. Enhance- 
ment of heroin.induced hemolysis by NEM and diamide and inhibition of hemolysis by DFO were Independent with 
no evidenceof~Tnergism or interference between the two processes. Red cell membranes were saturated with hemln 
at approximately 75 nmol per mg protein. DFO decreased the hemin saturation level to 25 nmol per mg protein, in  
the presence of DFO, heroin was bound as the DFO.hemin complex since membranes preferentially removed 
DFO.hemin complexes from mixtures of complexed and free hemin while free DFO was not bound by the 
membranes. Access to the inner surface of the membrane was require4 for binding of the DFO-hemin complex since 
DFO completely prevented hemin binding in intact cells but not in cells undergoing hemolysis or red cell ghosts. 
Approximately 5 0 . 1 0 '  molecules of hemin were boun~ to the membrane of one red cell following heroin-induced 
hemolysis. 

Int.~duction 

Hemm, a potent hemolytic agent, is a product of 
oxidized hemoglobin [1]. Increased heroin binding is 
observed in red cell h~moglobioopathies such as tha- 
lessemia [2] and sickle cell disease [3]. On binding to 
red cell membranes it causes K + leak, osmotic fragility 
and hemolysis [4]. Binding of hemin to red cell mem- 
branes occurs in the lipid and protein domains [2], but 
the relevance of these findings to the hemolytic process 
is not clear. 

Heroin may induce an oxidative effect in red cell 
membranes, as hemin serves as a potent catalyst of 
'peroxide-induced' lipid peroxidation [5]. Thiol oxida- 
tion in sickle cells has been correlated with excess 
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hemin in their membranes [3]. Excess non-berne iron is 
found in sickle cell membranes and may contribute to 
membrane damage in these cells [6]. How and to what 
extent the peroxidative effects induced by hemin relate 
to the hemolytic process requires further investigation. 

Glutathione, an intracellular sulfhydryl compound, 
has been shown to be capable of binding to heroin and 
inhibiting heroin-induced hemolysis [7]. Desferrioxam- 
ine (DFO), an iron chelator, has been shown to bind to 
hemin via the iron moiety and inhibit hemolysis with 
greater potency than glutathione [8]. DFO was able to 
partially prevent heroin binding to ghost membranes 
and partially remove hemin previously bound to mem- 
branes [8]. 

Membrane protein sulfhydryl groups might bind 
heroin similarly to glutathione. Such binding might 
either have a protective effect on the membrane or 
enhance heroin-induced hemolysis. To study the effects 
of membrane sulfhydryl groups on heroin-induced 
hemolysis, cells were pretreated with either N-ethyl- 



maleimide (NEM) or diamide (azodicarboxylic acid 
bis[dimethylamide]). NEM oxidizes and binds cova- 
lently to membrane sulfbydryl groups while diamide 
crosslinks sulfbydryl groups. The effects of DFO on 
hemolysis and binding of hcmin to red cell membranes 
were studied in normal, NEM-treated and diamide- 
treated red cells. 

Materials and Methods 

Chemicals 
DFO was purchased from Ciba-Gei~ (Summit, N J). 

Heroin (Bovine, Type I (ferriheme chloride)), glu- 
tathione, diamide and HEM were purchased from 
Sigma (St. Louis, MO). 

Solutions of heroin were prepared as described in 
Baysal et al. [8]. Solutions of bemin and DFO-bemin 
mixtures were prepared in phosphate-buffered saline 
(139 mM NaCI, 10 mM Na2HPO4/NaH2PO 4, pH 7.4). 
The pH of hemin solutions was always brought to pH 
7.4 and precise hemln concentrations were calculated 
using the absorbance at 385 nm (EmM = 48) [9]. 

Red cell preparation 
Freshly drawn human blood was centrifuged at 2500 

× g for 5 rain at 25°C. After the removal of plasma and 
white huffy coat, the cells were washed three times 
with 0.9% NaCI. Cell suspensions were prepared at 
20% in phosphate-buffered saline. Some cell suspen- 
sions were then incubated in either HEM (!, 5 or 10 
raM) or diamide (1, 5 or 10 raM) for 30 min at 3"PC 
after which they were washed three times with 0.9% 
NaCI and resuspended in phosphate-buffered saline. 

Hemoglobin-free red cell ghosts were prepared by 
hypotonic lysis (1:40) essentially according to Dodge et 
aL [10] except using $ mM Tris buffer (pH 7.4). After 
the final wash, white ghosts were suspended in phos- 
phate-buffered saline. Ghost membranes were kept on 
ice and used within 24 h of preparation. 

Assays of  metabolic capacity and sulJhydryl content 
Glucose consumption of 25% red cell suspensions in 

Krebs-Ringer glycylglycine buffer (120 mM NaCI, 4.7 
mM KCI, 2.5 mM CaCI 2, 1.2 mM MgSO4, 50 mM 
glycylglyeine at pH 7.4) containing 5 mM glucose was 
measured by comparing the glucose content before and 
after incubation at 37°C for 4 h using the Glucose 
Diagnostic Assay Kit from Sigma. Hexokinase activity, 
glutathione content and ghost protein solfbydryl con- 
tent were measured as described by Bcutler [11]. Pro- 
tein was measured using the technique of Lowry et al. 
[12]. 

Hemolysis of  red blood cells by heroin 
Red blood cell suspensions (0.5%) in phosphate 

buffered saline were incubated with heroin or mixtures 
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of heroin and either DFO cr glutathione for 30 min at 
37°C. Hemolysates were centrifuged at 24000 × g for 3 
min and hemoglobin in the supernatant was deter- 
mined by the absorbance at 540 nm after subtracting 
the small background absorbance due to hemin [8]. 
100% hemolysis values were obtained by lysing cells in 
water. 

Binding of heroin to ghosts 
Binding of heroin to red cell membranes was mea- 

sured as described by Baysal et al. [8] using the method 
of Fish [13]. In some experiments red cell ghosts were 
incubated with hemin followed by assay for hemin 
binding, in otber experiments suspensions of whole red 
cells were incubated with heroin followed by harvesting 
of red cell ghosts and assaying for heroin binding. 

Results 

The effect of membrane sulfhydryl groups on 
bemin-induced hemolysis was studied by comparing 
control red cells with cells preincubated with HEM or 
diamide. Table I shows the characterization of the 
three cell types with regard to glucose consumption, 
h,:xokinase activity, glutathione content and membrane 
protein suifhydryl groups. Hexokinase activity and total 
glucose consumption were effectively inhibited by incu- 
bation of 20% suspensions of red cells with 1 mM 
HEM and 1 mM diamide. Glutathione was completely 
oxidized by 1 mM HEM and 5 mM diamide. Mem- 
brane protein sulfbydryl groups were decreased by 
39% by 1 mM HEM, 63% by 10 mM HEM and 19% by 
1 mM diamide. Higher diamide concentrations re- 
sulted in binding of hemoglobin to membranes. 

Hemin-induced hemolysis was studied in these three 
cell types (Fig. 1). Preincubation with both HEM and 
diamide increased the celrs susceptibility to heroin-in- 
duced hemolysis with HEM showing more potency at a 
given preincubation concentration. DFO was able to 
inhibit hemin-induced hemolysis in all three cell types 
studied. Enhancement of hemin-indnced hemolln~is by 
HEM and diamide was still apparent, superimpo~d 
over the inhibitory effect of DFO with no evidence of 
synergism or interference between the two processes, 
that is, the absolute increase or decrease in degree of 
hemolysis caused by HEM, diamide and D';O was 
simply additive. Glutathione inhibited hemolysis with a 
similar pattern to DFO with all three cell types but 
with one tenth the potency of DFO. In control and 
HEM-treated cells, similar levels of inhibition of 
hemolysis were observed with 100/~M DFO and I ~ 0  
p.M glutathione. Glutathione was more efficient in 
inhibiting hemolysis in diamide-treated cells than in 
HEM-treatod cells. 

DFO was an effective inhibitor of hemol.vsis 
throughout the range of hemin concentrations that 



TABLE i 
Characterization o f  red cells preincuhated with NEM or diamide 

Red cells were preincobated with NEM or diumide and assayed for glucose consumption, hexokinase activity, glutathione content and membrane 
protein sulfhydryl content as described in Materials and Methods. 

Cell Glucose Hexokinase Glutathione Membrane protein 
preparation consumption (% of control) (mM) sulfhydryl groups 

(~mol/h per ml RBC) (nmol/mg protein) 

Control 0.76 100 1.87 59.6 
1 mM NEM 0.00 < 2 0.00 36.5 
5 mM NEM 0.00 < 2 0.00 22.5 

10 mM NEM 0.00 < 2 0.00 21.8 
I mM diamide 0.03 < 2 0.12 48.0 
5 mM diamide 0,07 < 2 0.04 - ~' 

10 mM diamide 0.09 < 2 0.00 - ~' 

a The membrane protein sullhydryl assay could not be carried out at 5 mM or l0 mM diamide due to interference by hemoglobin crosslinked to 
the membrane. 

resulted in 0 %  to 100% hemolysis. For  example,  in a 
0.5% suspension of  red  cell~, 100 p,M D F O  decreased  
hemolysis with 25 p M  hemin  from 50% to 18%, while 
200 p M  D F O  decreased hemolysis with 5 0 / ~ M  hemin 
from 100% to 50%. 

T he  binding o f  hemin to red cell m e m b r a n e s  was 
studied using ghosts p repared  from control red  cells 
and cells p re t rea ted  with e i ther  N E M  or  diamide (Ta-  
ble I!). Heroin binding to cell membranes  was similar 
in ghosts p repared  from all three  cell types. In each 
cell type, D F O  decreased the binding of  hemin to 
ghosts. I f  hemin was allowed to bind to ghosts before  
addition o f  DFO,  subsequent  addition of  D F O  re- 
moved hemin with the remaining hemin bound only 
slightly higher  than  ghosts in which D F O  had blocked 
hemin binding. Gluta th ione at the same concentrat ion 
as D F O  did not prevent  binding of  heroin o r  r emove  
hemin when  added after  binding. 

Fig. 2 shows the dependence  of  hemin  binding to 
m e m b r a n e s  on heroin concentrat ion.  Saturat ion o f  
m e m b r a n e s  occurred  at approx. 75 to 100 nmol  hemin  
per  mg  protein.  D F O  had little effect on hemin binding 
up to 25 nmol hemin per  mg protein,  above which 
D F O  preven ted  fur ther  heroin binding. 

Tab le  i l l  shows the  effect of  D F O  in decreasin~ the  
saturation point of  hemin  binding to ghosts f rom con- 
trol cells and cells p re t rea ted  with N E M  or  diamide.  
N E M  slightly increased the hemin bound  at  saturation.  
Regardless  of  cell type and saturation binding in the 
absence of  DFO,  in the presence o f  D F O  saturation 
binding was decreased  to about  25 nmol hemin  pe r  mg  
protein. 

The  binding o f  hemin to ghosts was compared  to the  
binding o f  heroin to m e m b r a n e s  dur ing whole  cell 
hemolysis experiments.  In hemolysis exper iments  re- 
suiting in 65% hemolysis (0.5% red  cell suspensions, 50 
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Fig. I. Effects of DFO and glmathione on bemin-inducod hemolysis in normal and NEM- and diumide-treatcd red cells. Hemolysis of 0.5% 
suspensions of red cells was determined after : ~ rain incub:~ion at 37~C in the presence of 25/~ M bemin ([]o I), heroin plus :00/~M DFO ( • ,  
2). hemin plus 100 #M glututhione (a. 3), or bemin plus 1000 p.M glutathione (o, 4). (A) Control cells and cells pretreated wilh l, 5 or l0 mM 
NEM. (B) Control cells and cells pretreuted with I, 5 or 10 mM diamid¢. The results of representative experiments are shown. Pretreatment of 

red cells and measurcmem of hemolysis are described in Materials and Methods. 
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TABLE II 

Effects o f  DFO and gh~tathione on heroin binding to red cell ghosts 

Ghosts wcr~ prepared from unlreated red cells or cells preincubated with 10 mM NEM or Iq mM diamide. Suspensions of gh~t.~ (O.5 mg 
prolein/ml or I m8 protein/ml) were incubated with 50 #M bemin for 30 rain at 37'C and heroin binding was determined as described in 
Materials and Methods. DFO or 81utathione was added to ~us.ne,l~i,>~s of ghnsts ehber before (15 rain at 37~C) of after (~) rain at 3"PC after 
washing out cxce~ heroin) incubation with heroin. Results of rcpre~ntative experiments are shown. 

Additions Addition of DFO Addition of giotathione Addition of DFO Addilion of giotalhiofle Cell 
preparations before bemin binding ;' before hemin binding ~ after hemin binding b after hemin binding b 

nmol Percent nmol Percent nmol Percent nmol Percent 
hemin inhibi* bemio iohibi- heroin inhibi- heroin inhibi- 
per mg lion of per mg lion of per m8 lion of per mg lion of 
protein binding protein binding protein binding protein binding 

Control None 23.2 14.5 39.0 40.0 
Control I mM DFO 15.5 33 29.0 26 
Control I mM glutathione 17.5 0 37.0 8 
10 mM NEM None 25.9 16.0 50.0 51.9 
10 mM NEM I mM DFO 18.7 28 32.4 
tO mM ;¢EM I mM glutalhione 16.0 0 49. I 5 
I0 mM diamide None 25.5 20.0 47.4 50.9 
10 mM diamide I mM DFO 21.4 16 30.2 36 
10 mM diamide I mM glutathione 20.0 0 48.3 5 

a Experiments carried out with ghost suspensions at 1.0 mg pt~)teio/ml. 
b Experiments carried out with ghost suspensions at 0.5 ms prolein/ml. Note that heroin binding at 0.. ¢ mg proteio/mi is approximately twice 

that of ghost suspensions at 1.0 mg protein/ml. 

~ M  hemin), hemin bound to cell membrane  totaled 35 
nmol  heroin per  m8 protein.  When  hemolysis experi- 

ments  were carried out  in the presence o f  2 mM DFO,  
hemolysis was prevented and h a ~ e s t e d  membranes  
contained only 3 nmol  hemin per  mg protein.  D F O  was 
relatively ~fficient in prev~,nting b inding o f  heroin to 
membranes  o f  whole cells (3 nmol hemin  per  mg 
protein)  when compared to levels of  hemin b inding in 
the presence o f  D F O  in experiments  with ghosts  (12 to 

2 S  SO 7S t e e  i z s  1 s o  

Hemln (miGroM) 
Fig. 2. Dependence of heroin binding to membranes on bemio 
concentration. Suspensions of red cell ghosts (0.5 mg protein per ml) 
in pbosphale-buffered saline were incubated with bemio (¢), three 
experiments, or mixtures of heroin plus DFO at a ratio of 1:40 (,) ,  
two experiments, for 30 mio at 37eC followed by cent,-ifuption and 
two washes. Heroin bound per mg membrane protein was deter- 

mined as described in Materials and Methods. 

30 nmol hemin per  mg protein)  (Table l i ,  Table !!!,  
Fig. 1). 

Visible spectra of  solutions containing mixtures o f  
hemin and D F O  were observed with or  without expo- 
sure to ghost membrane  suspensions (Fig. 3). Unde r  
co ,d i t i ons  o f  the experiment in Fig. 3, exposure to  

TABLE III 

Effect of DFO on saturation binding of heroin to red cell ghosts 

Ghosts were prepared from ,mtrealnd red ceils or cells preincubalnd 
with I0 mM NEM or I0 mM diamide. Suspensions of ghosts at 0.5 
m8 protein/ml were incubated with 75 ~tM bemin for 30 rain at 37"C 
and heroin binding was determined as described in Materials and 
Methods. These comlilions ,'ere found to result in maximum pc 
saturation binding of bemin to red cell ghosts. DFO was added to 
the hernia stock solution at a 40: I ratio of DFO:hemin and brought 
to pH 7.4 before addition to ghost suspensions. The results of three 
independent experiments are shown. 

Cell Additions Hemin binning 
preparations (nmol heroin/ms protein) 

Expt. I Expt. 2 Expt. 3 

Control 75 pM hcmin 79.8 70.2 76.0 
Control 75 p.M heroin 

+3 mM DFO 13.5 !2,5 17.3 
10 mM NEM 75 pM bemin 100.0 84.6 93.3 
10 mM NEM 75 pM hemfn 

+3 mM DFO 17.7 19.2 22.1 
I0 mM diamide 75/zM bemin - 71.8 79.0 
I0 mM diamide 75/zM bemin 

+3 mM DFO - 21.8 20.2 
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Fig. 3. Visible spectra o f  ~dulions containing heroin and DFO with 
and without exlx)~nr¢ to ghost membrane suspensions. Heroin .'~fln- 
tions with ol without DFO or red cell ghosts w e r e  incubated for 30 
rain at 370( ̀ followed by cenlrifugation apd measurement of the 
visible spectra of the supernatant. Cuwes: 1.50 p,M heroin: 2, St) p.M 
hcmin plus !'~ p.M DFO: 3. 50 #M hemin pills 50 p.M DFO: 4, 50 
#M hemin plus 2(XK) pM DFO. Curves 5. 6. 7 and 8: These spectra 
repre~nt mixtures I through 4. respectively, with the addition of red 
cell ghost suspensions (1 mg protein per ml). Note the 5-fold differ- 
ence in the Absorbance ~ale between the left and right panel of the 

figure. 

membranes removed about 80% of the heroin in solu- 
tion but did not affect the spectra of remaining hemin 
(spectra I and 5). The spectra of a mixture of  
hcmin : DFO with a ratio of 2 : l showed the presence 
of a percentage of the DFO-hemin complex by the 
shift of  the peak at 385 nm to 370 nm (spectrum 2) (scc 
Ref. 8). Exposure of this mixture to membranes re- 
sulted in removal of this DFO-hemin complex leaving 
only pure hemin in solution (spectrum 6). A mixture of 
h e m i n : D F O  at 1:40 showed the spectra of the DFO- 
heroin complex with shift a f  the absorLancc maximum 
to 364 nm (spectrum 4). Exposure to membranes re- 
moved about 70% of the complex leaving behind re* 
maining complex without qualitative change in the 
spectrum (spectrum 8). When a solution of DFO with- 
out heroin was exposed to membranes and later hemin 
was added to the solution, it was observed that mem- 
branes removed no DFO from :he solution (data not 
shown). 

Discussion 

Treatment of red cells with NEM or diamide in- 
creased susceptibility to hemin-indueed hemolysis. The 
concentrations of NEM and diamide used were suffi- 
cient to completely inhibit hexokinase activity (a 
sulfhydryl protein) thereby completely inhibiting glu- 
cose consumption. Intracclhtlar reduced glutathionc 

was completely oxidized by NEM and diamide. Mem- 
brane protein sulfhydryl groups were significantly 
blocked by NEM and crosslinkcd by diamid¢. After 
intraeellular glutathione was completely oxidized by 
NEM or  diamid¢, increased concentrations of NEM or 
diamide resulted in fiwther decreases in membrane 
protein sulfhydryl groups and increased susceptibility 
to hemolysis. These findings imply that intracellular 
glutathion¢ and membrane protein sulfhydryl groups 
protect against hemi,- induced hemolysis. 

Sulfhydryl compounds might inhibit heroin-induced 
hemolysis by direct binding of heroin thereby prevent- 
ing heroin from binding to sites where it initiates 
hemolytic damage or by protecting against heroin-in- 
duced oxidative damage.  Chiu and Lubin [14] have 
suggested that the initial step ~n hemin-indueed mem- 
brane damage involves the oxida~.ion of membrane 
protein sulfhydryl groups and lipids. Solar et al. [15] 
have provided evidence that hemin can promote per- 
oxidation and crosslinking of red cell cytoskeletal pro- 
teins in the presence of hydrogen peroxide, t-butyl 
hydroperoxide and phenylhydrazine. No peroxidation 
or  crosslinking was observed in the absence of hydro- 
gen peroxide or other  oxidative agents [15]. In the 
model of hemin-induced hemolysis presented here, an 
oxidative process was not observed since sub-hemolytic 
concentrations of heroin did not increase the flux of 
glucose through glycolysis or the hexose monophos- 
phate :~hunt or  induce the formation of methemoglobin 
(data not shown). Glucose metabolism is unlikely to be 
of importance since hemolysis occurs very quickly after  
exposure to heroin (80% after 15 min, data not shown, 
see also Ref. 16). 

DFO [8] and glutathionc [7] both protect against 
heroin-induced hemolysis althougl" DFO is about 10- 
times more potent. Both DFO and glutathione were 
able to inhibit heroin-induced hemolysis in control, 
NEM- and diamidc-treatcd cells. Glutathionc was more 
effective as an inhibitor in diamide-treatcd cells since 
glutathione probably partially reduced crosslinked 
membrane sulfhydryl groups. Enhancement  of hemin- 
induced hemolysis by NEM and diamide and inhibition 
of I.vsis by DFO and glutathionc arc independent  with 
no evidcnce of synergism or interference between these 
two processes. 

Since DFO binds to heroin, the question arises 
whether  DFO prevents hemolysis by preventing bind- 
ing of hcmin to membranes or whether  the DFO-hemin 
complex itself binds to membranes but has no intrinsic 
hemolytic activity. Inhibition of heroin binding to mem- 
branes by DFO was similar in control, NEM-treated 
and diamide-treated cells, consistent with the indepen- 
dence of the mechanism of DFO inhibition and NEM 
and diamide enhancement  of hemolysis. DFO similarly 
prevented binding of heroin or removed bound hemin 
in membranes from all three types of cells. 



Although DFO prevented hemolysis at bemin con- 
centrations causing various l~c:centages of hemo!ysis, 
DFO had little effect on binding of bemin to mem- 
branes up to 25 nmol per  mg protein. Above this level, 
D F O  was able to prevent further heroin binding in all 
three cell types. In the presence of DFO, heroin was 
bound as the hemin-DFO complex ~ shown by ability 
of membranes to remove the DFO-hemi~ complex 
from a mixture of the complex and free heroin. Un- 
complexed DFO i~ not "cmoved from solution by mem- 
branes. The site of binding of the DFO-hemin complex 
might be on the inside of the membrane since in the 
absence of hemolysis, D F O  prevented nearly 100% of 
the binding of  hemin to membranes,  whereas 35 nmol 
per  mg protein were bound when the complex had 
access to the inside of  the membrane during hemolysis. 
Alternatively, the process of hemolysis might itself 
enhance the binding in red cells or some other  aspect 
of  ghost structure might enable greater  binding in the 
presence of  DFO. 

Although membrane protein sulfhyduI groups offer 
protection against hemin-induced hemolysis, these 
groups do not appear  to be involved in the mechanism 
of  hemoly,~is since neither blocking with IqEM nor 
crosslinking with diamide has a major effect on binding 
of hemin, binding of the DFO-hemin complex or inhi- 
bition of  hemolysis by DFO. Chronic binding of heroin 
to membrane sulfhydryl groups may provide a focus for 
membrane damage in vivo. 

The experiments presented in this paper  all demon- 
strate the acute effect of heroin on whole cells and 
isolated membranes.  The process of  hemolysis by hemin 
in vivo may involve both acute and chronic effects of  
hemin. Acute effects of  heroin on red cells include 
potassium loss and  inability of  the membrane to main- 
tain ion gradients [4] and  inhibition of the (Ca2++ 
Mg2+)-ATPase [17]. Chronic effects of bemin binding 
to membranes may be important  in damage  to sickle 
ceils [3] and  in fl-thalassemia [2]. Oxidative processes 
may be induced by hemin in sickle cells [18] and also in 
other  pathological red cells as in glucosc-6-phosphate 
dehydrogenase deficiency and thalessemig, Oxidation 
of membrane protein ~ulfhydryl groups has been ob- 
served in sickle cells [19] and  this process may be 
enhanced by membrane bound heme [3]. Lipid per- 
oxidation can be induced by hemin in red cell mem- 
t, ranes [5] but has not been observed in normal intact 
cells. Zerez [20] has found that  bemin inhibits five red 
cell cytosolic enzymes: pyrimidine 5'-nucleotidase, 
pyrimidinenucleosidemonophosphate kinase, adenylate 
kinasc, 6-phosphogluconate dehydrogenase,  and al- 
dolase. Although glucose metabolism ~oes not appear  
to be important in acute heroin-induced hemolysis, 
chronic alterations in metabolism may be important in 
hemin toxicity in vivo. 

Hemolysis and saturation of heroin binding to red 
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cell membranes occurred at about 75 nmol hemin per 
mg membrane protein (see also Rcf. 16). This concen- 
tration repre~n t s  approximately 5(1. II)" molecules of 
bemin per  red cell. To put this number in perspective, 
the number of molecules per cell of ATP is 55- !0~'; 
glut.athionc, 120. 10c'; 2.3-diphosphoglyccrate, 180. 
10c'; ~nd lactate, 130.10"  [21]. Red cell hemoglobin 
contains approximately 800- l ip  hcmin molecules per  
red cell. If hemolysis occurs at 50- IO ¢' molecules of 
hemin per  cell, the mechanism of hemin-induced 
hemolysis must account for this number. Theories of  
hemin-induced hemolysis have invoked binding of 
hemin to actin [22], spectrin [23] and cytoskeletal pro- 
tein 4.1 [24-26]. The number of polypeptide chains per  
cell of  actin, spectrin and ~toskcletal  protein 4.1 is 
about 0.4- 10" each [27]. Considering the high number 
of  heroin molecules required for hemolysis, the interac- 
tion of  hemin with membrane lipids [2,28,29] might be 
more significant to the mechanism of hcmin-induced 
hemolysis than the binding of heroin to specific cyto- 
skeletal or  lipid bilayer proteins. 
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