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Sublytic levels (uUM) of hemin destabilized RBC mem-
brane as indicated by ghost fragmentation pattern
using a laser viscodiffractometer. Furthermore, elec-
tron microscopic study shows that 5uM of hemin
induced echinocytic transformation whereas higher
hemin concentration (40uM) induced spherocytic
transformation. In addition, hemin oxidized sulfhydryl
groups in a dose dependent fashion and Electron Spin
Resonance study suggests that such oxidation may
involve a thiyl radical. Moreover, sulthydryl com-
pounds enhanced hemin-induced lipid peroxida-
tion. Desferroxamine could prevent hemin-induced
sulfhydryl oxidation as well as hemin-induced
decrease in membrane stability. In contrast, vitamin E
could effectively prevent hemin-induced lipid peroxi-
dation but could not prevent hemin-mediated mem-
brane destabilization.
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Abbreviations: DFO, desferroxamine; DMPO, 5,5-dimethyl-1-
pyrroline N-oxide; DI, deformability index; ESR, electron
spin resonance spectroscopy; GSH, glutathione; RBC, red
blood cell; SEM, scanning electron microscopy; TBARS, thio-
barbituric acid reactive substances

INTRODUCTION

Hemin (or hematin) is by no means a stranger to
the scientific or medical communities. Hemin
has been used for the treatment of acute por-
phyria.ll More interestingly, hemin has major
effects on many cellular processes. Hemin affects
the biosynthesis of proteins,>® activates
platelets and affects hemostasis.[! In addition,
hemin can induce cell differentiation®®! and
stimulate gene expression.’! It has been pro-
posed that the formation of intersubunit disul-
fide in heme-regulated elF-2a kinase induced by
hemin could be a model to explain the effects of
hemin on protein synthesis.!?!

Hemin, an essential cell constituent as well as a
product of hemoglobin denaturation,”® has also
been shown to be deleterious to the red cell (RBC)
membrane. At micromolar concentrations, hemin
induces potassium leak, decreases osmotic
fragility, causes RBC swelling, and eventually
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lyses RBCs.[*1% Hemin has also been shown to
inhibit a number of RBC enzymes."!! In addition,
hemin mediates the dissociation of RBC membrane
skeletal proteins by altering the conformation of
protein 4.1 and weakening spectrin dimer-dimer
association and spectrin-protein 4.1 association.!”
The hemolytic effect of hemin can be prevented by
glutathione!’® and desferroxamine(DFO), which is
an iron chelator that has been shown to bind to
hemin via the iron moiety. These latter findings
strongly implicate that an oxidative mechanism
contributes to the hemolytic effect of hemin. The
major objective of the current study is to further
delineate the deleterious effects of hemin on
human RBCs and to elucidate the underlying
oxidative mechanism of hemin-induced alterations
in human RBCs.

MATERIALS AND METHODS

Materials and blood procurement.. After study
subjects gave informed consent, heparinized
blood specimens were obtained. All blood sam-
ples were used within 24 hours of collection.
Before any experimental manipulations, red cells
were washed 3 times in phosphate buffered
saline(PBS: 1.9 mM NaH,PO,, 8.1 mM Na,HPQO,,
137 mM NaCl), pH 7.4 and the buffy coat aspi-
rated each time. DFO was from Ciba-Geigy
(Summit, NJ, USA). Phospholipids, hemin,
hydrogen peroxide and many other biochemicals
were from Sigma (St. Louis, MO, U.S.A.). Ghosts
of hemin-treated or control erythrocytes were
prepared by the method of Dodge et al..I'"!

Sulfhydryl group determinations.. RBC membrane
thiol oxidation by hemin was quantitated by
thiol-disulfide column chromatography.!® Thiol-
disulfide chromatography (thiol-activated agarose
gel containing 2-pyridyl-disulfide groups) can sep-
arate those proteins with reduced sulfhydryl
group(s) and those without. In our experiments, an
increase in filtrate protein concentration should
reflect an increased in thiol oxidation. Quantitation

of sulfhydryl group in a cysteine solution was car-
ried out by the method of Ellman./"”]

Lipid analysis.. Extraction of lipids and quantita-
tion of phospholipid as inorganic phosphate
were performed as reported before."® The sus-
ceptibility of RBCs to lipid peroxidation was
measured by the thiobarbituric acid reactive sub-
stances (TBARS) assay.!"”)

Measurements of membrane mechanical stability.. A
viscodiffractometer is commonly used to measure
RBC deformability as previously described by
Clark et al.!?! This same instrument can be
employed to measure the rate of membrane frag-
mentation as described by Monhandas et al..l?!!
Briefly, resealed ghoshts were subjected to con-
stant high shear stress (575 dynes/cm?). Under
such condition, the deformability signal progres-
sively declined as the deformable cells were trans-
formed into less deformable, more spherical cell
fragments. The deformability signal for normal
ghost preparations decayed over a narrowly
defined time period and this decay was accompa-
nied by the production of cell fragments.!!]
Abnormal membrane preparations with reduced
membrane stability would show a reduction in
the time required for fragmentation to take place
as well as an increase in the rate of decline in
deformability.®!)

Scanning electron microscopy (SEM).. SEM was
performed similar to previously described.?
Cells were dried in a BALZERS CPE-030 critical
point dryer and coated with gold using a JEOL
JEC 1100E ion coater, then examined and pho-
tographed in a ABT DS-130S scanning electron
microscope at 10 kv.

Electron Spin Resonance Spectroscopy (ESR)..  ESR
spectrum of a reaction mixture containing hemin
and reduced glutathione in the presence of a
spin trap, DMPO, was obtained by a Varian E109
instrument. The conditions for obtaining the ESR
spectrum were: microwave power, 10 mW; mod-
ulation amplitude, 1G; time constant, 0.128s; and
scan rate 50G/min.
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RESULTS

Destabilization of the Red Cell Membrane by
hemin.. Since hemin had been shown to mediate
the dissociation of RBC membrane skeletal pro-
teins,'? the effect of hemin on RBC membrane
stability was examined using a laser viscodiffrac-
tometer. Untreated ghost were stable for approx-
imately 80 seconds under our experimental
condition and started to fragment soon after that
(Fig. 1, curve A). At micro molar concentrations,
hemin was shown to drastically reduce the
mechanical stability of RBC membranes as indi-
cated by the dose-dependent increase of ghost
fragmentation (Fig. 1, curves B and C). Ghosts
treated with 10 pM of hemin started to fragment
at about 40 seconds under identical condition
(curve B) and ghosts treated with 15 uM of hemin

0.8

Deformability Index

0.2 4

was unstable at all starting to fragment at time
zero (curve C). Additional evidence to indicate
that hemin destabilizes RBC membrane comes
from our scanning electron microscopic exami-
nation of hemin-treated RBCs. Our data show
that low hemin concentration (5uM) induced an
echinocytic transformation and a higher hemin
concentration (40uM) induced a spherocytic
transformation with an apparent spontaneous
release of membrane materials (Fig. 2).

Oxidation of sulfhydryl groups by hemin.. To elu-
cidate the underlying mechanism of hemin-
induced destabilization of the RBC membrane,
we first investigated the effect of hemin on
sulfhydryl groups. A dose dependent sulfhydryl
oxidation in solution of cysteine with increasing
concentrations of hemin was observed (Table I).

Time (min)

FIGURE 1 Hemin destabilizes the red cell membrane as measured by a laser visco-diffractometer. Red cells (5% suspension) were incu-

bated with varying concentrations of hemin in a hypotonic solution and allowed to reseal in an isotonic solution containing Mg*.
Ghost fragmentation patterns were measured after the resealed ghosts were washed 3X with isotonic phosphate buffer. DFO was
added in some samples. Vitamin E or DFO alone did not influence the ghost fragmentation pattern of the control(data not shown).
Curve A: Control; Curve B: Treated with 10 uM hemin with or without 2 mM of vitamin E; Curve C: Treated with 15 pM hemin; Curve
D: Treated with 10 uM hemin in the presence of 0.5 mM DFO.
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FIGURE 2 Alteration of RBC morphology by hemin as indicated
by SEM. Control and hemin-treated RBCs were incubated at
37°C water bath for 30 min. Upon completion of incubation,
RBCs were fixed with 2% glutaraldehyde and then with 1%
OsQy. Both fixatives were in cacodylate buffer. After fixation,
cells were dehydrated with ethanol followed by critical point
drying. Cells were then coated with gold and examined by SEM:
control RBCs (2-A); RBCs treated with 5 uM hemin (2-B); RBCs
treated with 40 uM hemin (2-C).

Hemin was also found to cause an increase of
thiol-disulfide in ghost preparations (Table I).
These data suggest that hemin is capable of oxi-
dizing protein sulfhydryl groups.

Enhancement of hemin-mediated lipid peroxidation
by sulfhydryl compound.. We found that in the
presence of sulfhydryl compound (B-mercap-
toethanol), hemin could promote TBARS
formation without the addition of hydrogen per-
oxide(Table II). This finding together with the
sulfhydryl oxidation data suggest that sulfhydryl
groups can reduce hemin from Fe* to Fe*’
Furthermore, these data also suggest that the
reduction of hemin by sulfhydryl groups may
involve a thiyl radical intermediate.

Generation of thiyl radical-spin adduct by hemin and
glutathione.. When hemin(0.27mM) was incu-
bated with 2.56 mM of reduced glutathione(GSH)
in the presence of a spin trapping agent DMPO
(0.1 M), in addition to an ESR spectrum typically
seen for hydroxyl radical (aN = aH = 14.9G),
another spin-adduct was identified with g =
2.0055, ay = 15.2G and ay = 16.0G (Fig. 3). This is
evident from an apparent broadness of the overall
spectrum and from a shoulder appearing on each
of the two lines of the upfield segment of the spec-
trum. In addition, peak to peak measurements
reveal differences in splitting constant values. If
only hydroxyl radical was present, all splitting
constant values would be equal. The ESR parame-
ters obtained for this spin adduct are consistent
with a thiyl radical adduct such as DMPO-5G.[2324
Hence, the ESR data provide strong support to the
notion that the oxidation of sulthydryl groups by
hemin may involve a thiyl radical intermediate.

Prevention of Hemin-induced damage by vitamin E or
by desferroxamine.. Vitamin E could prevent
TBARS formation (Table II) but could not pre-
vent hemin-induced destabilization of the RBC
membrane (Fig. 1). Hence, our findings suggest
that hemin-induced destabilization of the RBC
membrane is not mediated by hemin-promoted
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TABLEI Interaction of hemin with sulfhydryl groups in buffer containing cysteine or in fresh ghost samples
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Sample Cysteine Solution Thiol-disulfide Chromatography
(n mole of SH group) (% oxidized)

Control 201 + 8.7 832+3.61 (n=13)
Control + 5 mM hemin 181+74 n.d.?
Control + 10 mM hemin 107 + 6.2 n.d.?
Control + 20 mM hemin 46 +3.3 121+334 (n=7) P=0.0172°
Control + 50 mM hemin 11+09 17.5+4.08 (n=7) P = 0.00003"
Control + 20 mM hemin 189+ 95 894+ 3.66 (n=4)

+0.5 mM DFO

*n.d. = not determined

*Comparing to control value of 8.32 £ 3.61 (n = 13) by Unpaired Student-T (one tail) test

TABLEII Effects of B-Mercaptoethanol or vitamin E on TBARS formation induced by hemin

Sample TBARS
(nmol/mg lipid phosphorus)
Ghosts 0.343 +0.029 (n = 5)

Ghosts + 10 uM hemin

Ghosts + 10 pM hemin + 1mM B-mercaptoethanol(air)
Ghosts + 10 pM hemin + ImM B-mercaptoethanol(N,)
Ghosts + 10 uM hemin + ImM H,O,

Ghosts + 10 uM hemin + 1mM H,O0, + 2 mM Vit. E

0.925 + 0.066 (n = 5)
2.941 +0.201 (n = 4)
1.793 £ 0.181 (n = 4)
19.377 +1.549 (n = 5)
1.876 +0.203 (n = 4)

10G
i

FIGURE 3 ESR spectrum of free radicals generated from reaction of GSH with hemin. The reaction of GSH (2.56mmol/L) and hemin
(0.27mmol/L) in the presence of radical trapping agent, DMPO(0.1mol/L), produced an ESR spectrum composed of two radical
adducts, namely, DMPO-OH((ay = ayy = 14.9G) and DMPO-SG(ay = 15.2G, ay; = 16.0G). This is evident from an apparent broadness
of the overall spectrum and from a shoulder appearing on each of the two lines of the upfield segment of the spectrum. In addition,
peak to peak measurements reveal differences in splitting constant values. If only hydroxyl radical was present, all splitting constant

values would be equal.
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lipid peroxidation. On the other hand, the inter-
action of hemin with sulfhydryl groups either in
a cysteine solution or in ghost preparations could
be inhibited by desferrioxamine (Table I).
Moreover, DFO could also prevent hemin-
induced destabilization of the RBC membrane
{(Fig. 1). These findings support the notion that
the interaction of hemin with membrane protein
sulfhydryl groups could contribute to the hemin-
induced destabilization of the RBC membrane.!™!

DISCUSSION

The ghost fragmentation experiments(Fig. 1) pro-
vide new evidence that hemin is able to markedly
reduce membrane stability even at the micro
molar level. The intracellular Hb concentration is
approximately 5 mM and it has been estimated
that 3% of Hb in the circulating RBCs would be
oxidized daily.® Although most of the oxidized
hemoglobin would be reduced back to the diva-
lent ferrous form by methemoglobin reductase,
small amount of the oxidized hemoglobin can
undergo further oxidation and release its
heme.!?! Increased amount of heme has been
reported in the membrane of several pathologic
RBCs such as sickle RBCs,?! thalassemic RBCs?®!
and Glucose-6-phosphate dehydrogenase-defi-
cient RBCs.*”! The hemin concentrations used in
our experiments are compatible with the heme
concentrations reported in those pathologic
RBCs. In the EM study, echinocytic transforma-
tion can be observed in intact RBCs treated with
5 uM hemin (Fig. 2B) and spherocytic transfor-
mation with an apparent spontaneous releasing
of membrane materials in RBCs treated with a
higher (40 pM) hemin concentration (Fig. 2C).
These findings confirm the observations that
hemin has a strong effect on cell membranes.
We have noted that even in the absence of
exogenous hydrogen peroxide, hemin can pro-
mote lipid peroxidation as measured by TBARS
(Table II). More interestingly, the production of
TBARS is enhanced by sulfhydryl compound

(Table II). These findings suggest that sulfhydryl
compound can reduce hemin from Fe*® to Fe**
thus promoting the superoxide radical generating
cycle. The fact that hemin can oxidize sulfhydryl
groups (Table I) provides additional support to
our speculation that sulfhydryl groups can reduce
hemin from the ferric state to the ferrous state.
Furthermore, since we found that sulfhydryl
groups could promote lipid peroxidation in the
presence of hemin but in the absence of hydrogen
peroxide (Table II), these data suggest that the
oxidation of sulfhydryl group by hemin may
involve a thiyl radical as an intermediate. Our
ESR study provides additional support to our
interpretation that the oxidation of sulfhydryl
group by hemin may involve a thiyl radical as an
intermediate. In this study, hemin can induce the
formation of a thiyl radical spin adduct in a solu-
tion containing glutathione and DMPO (Fig. 3)

The experiments with inhibitors to prevent
sulfhydryl oxidation or lipid peroxidation
induced by hemin provide further clarification
of the biochemical events in hemin induced
membrane alterations. With DFO, both oxida-
tion of membrane protein sulfhydryl groups and
hemin-mediated destabilization of the RBC
membrane were prevented. In contrast, with vit-
amin E although hemin-induced lipid peroxida-
tion was  prevented, hemin-induced
destabilization of the RBC membrane was not.
This strongly suggests that destabilization of the
RBC membrane by hemin is not mediated via
lipid peroxidation, but by the interaction of
hemin with membrane protein sulfhydryl
groups.

The oxidation of sulfhydryl groups by hemin
could be a common mechanism of many hemin
effects. Certain enzyme activities have been
known to be modulated by redox control involv-
ing thiol disulfide exchange such as guanylate
cylcasel®! and adenylate clyclase.’” Gene
expression can also be modulated by a similar
mechanism involving oxidation and reduction of
protein sulfhydryl groups.® Hence, hemin-
induced membrane sulfthydryl oxidation may
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play a role in certain cellular functions such as
protein synthesis and gene expression in ery-
throid cells associated with erythropoiesis.
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