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Summary

Apart from their main role in transporting oxygen and carbon dioxide, erythrocytes play also
an important role in organism antioxidative defence. Direct exposure to reactive oxygen species
(ROS) results in shortening of their half-life, even by 50%. The presence of glucose, being the
substrate in pentose phosphate pathway (PPP) cycle, is one of the factors that can have influen-
ce on the level of oxidative stress. The activity of PPP increases during oxidative stress. Glucose
guarantees normal PPP functioning with the production of reductive equivalents in the amounts
necessary to reproduction of glutathione — nonenzymatic free radical scavenger. In available li-
terature there are no reports regarding the changes in protein contents of erythrocyte cytoskele-
ton exposed to t-butyl hydroperoxide in relation to glucose presence in incubation medium.

Erythrocytes taken from 10 healthy subjects were used to assess the influence of generated free
radicals on erythrocyte proteins and chosen parameters of oxidative stress. Erythrocytes were in-
cubated in the solutions containing deferent concentrations of t-butyl hydroperoxide and gluco-
se. Electrophoresis was performed on polyacrylamide gel in denaturating conditions. The con-
tents of tryptophan in membranes was evaluated spectrofluorometrically.

In vitro conditions oxidative stress leads to protein damage in erythrocyte cytoskeleton, both in
proteins inside the cell as well as having contact with extracellular environment. In consequen-
ce, the amount of low-molecular proteins — mainly globin, which bind to cytoskeleton, incre-
ases. This process takes place independently of glucose presence in incubation medium. One of
the element of protein cytoskeleton, tryptophan, also undergoes degradation. The decrease of its
contents is higher during erythrocyte exposure to t-BOOH in environment containing glucose,
what can suggest prooxidative influence of glucose in conditions in vitro.

Key words: oxidative stress ° erythrocytes ° cytoskeleton proteins
Streszczenie
Wstep: Krwinki czerwone, oprécz swej podstawowej roli zwiazanej z przenoszeniem tlenu i dwutlen-

ku wegla sa komérkami odgrywajacymi doniosta rolg w obronie antyoksydacyjnej organizméw
zywych. Bezposrednie narazenie na reaktywne formy tlenu skutkuje skréceniem, nawet o 50%
czasu zycia krwinek. Jednym z czynnikoéw majacych wptyw na poziom stresu oksydacyjnego jest
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Materiat/ metody:

Wyniki/wnioski:

obecnos¢ glukozy, bedacej m.in. substratem w szlaku pentozofosforanowym (PPP), ktérego ak-
tywnos¢ wzrasta w warunkach wzmozonego stresu oksydacyjnego. Gwarantuje ona prawidtowe
dziatanie cyklu PPP, czego konsekwencja jest wytwarzanie rownowaznikow redukcyjnych w ilo-
Sciach niezbednych do zapewnienia odtwarzania glutationu — nieenzymatycznego zmiatacza wol-
nych rodnikéw. W dostegpnej literaturze nie ma doniesieri réznicujacych zmiany w sktadzie biat-
kowym cytoszkieletu erytrocytéw traktowanych nadtlenkiem t-butylu w zaleznosci od obecnosci
glukozy w medium inkubacyjnym.

Do badari wptywu generowanych wolnych rodnikéw na biatka erytrocytow i wybrane parametry
stresu oksydacyjnego stosowano krwinki czerwone pobrane od 10 zdrowych oséb. Erytrocyty
inkubowano w roztworach zawierajacych w réznych st¢zeniach nadtlenek t-butylu oraz glukoze.
Rozdziatu elektroforetycznego biatek bton dokonywano na zelu poliakrylamidowym w warun-
kach denaturujacych. Zawartos¢ tryptofanu w blonach oznaczano spektrofluorymetrycznie.

W warunkach in vitro stres oksydacyjny powoduje uszkodzenia biatek cytoszkieletu erytrocytow
obecnych tylko wewnatrz komérki, jak i majacych kontakt ze srodowiskiem pozakomérkowym.
W konsekwencji zwigksza si¢ ilo$¢ biatek niskoczasteczkowych, gtéwnie globin, ktére wiaza sie
do cytoszkieletu. Proces ten wystgpuje niezaleznie od obecnosci glukozy w medium inkubacyj-
nym. Degradacji ulega takze tryptofan bedacy sktadnikiem biatek cytoszkieletu. Obnizenie jego
zawartosci jest wigksze podczas traktowania krwinek t-BOOH w §rodowisku zawierajacym glu-

kozg, co moze Swiadczy¢ o jej prooksydacyjnym dziataniu w warunkach in vitro.

Stowa kluczowe:

stres oksydacyjny ¢ krwinki czerwone e biatka cytoszkieletu
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INTRODUCTION

Oue earlier studies on erythrocytes from patients with
chronic kidney disease undergoing hemodialysis treat-
ment showed that the presence of glucose in dialysate led
to changes in erythrocyte metabolism. The presence of
glucose has influence on glutathione antioxidative sys-
tem. It leads to activation of pentose phosphate pathway
and production of reductive equivalents necessary to re-
production of reduced glutathione [8, 9], it also changes
the energetic status of the cell [7]. It increases the inten-
sity of oxidative stress, but it also decreases the ability
of erythrocytes to hemolysis [23]. We confirmed theses
changes with experiments in vitro and showed that during
erythrocyte exposure to t-BOOH (tert-butyl hydroperoxi-
de) in medium not containing glucose the concentration
of reduced glutathione and the activity of superoxide di-
smutase decreased [8].

Chronic hyperglicemia induces mechanisms causing exces-
sive production of free radicals. Glucose may undergo au-
tooxidation (glycoxidation) and it intesifies the process of

non-enzymatic glication of proteins. Numerous toxic oxy-
gen derivatives are produced in this process.

In available literature there are no reports regarding the
changes in protein contents of erythrocyte cytoskeleton
exposed to t-butyl hydroperoxide in relation to glucose
presence in incubation medium.

Erythrocyte membrane

Erythrocytes are highly specialized cells transporting oxy-
gen to tissues and removing carbon dioxide. Life span of
these cells, devoid of mitochondria and nuclei, as well as
ribosomal mechanism of protein synthesis, is approxima-
tely 120 days. The apparent simplicity of their structure is
mistaking. Erythrocytes are adapted to their functions. They
contain viscous ‘liquid crystal’ — hemoglobin — surrounded
by protein skeleton connected with lipid bilayer. The com-
plex structure of the membrane contains lipid bilayer, atta-
ched proteins and peripheral proteins forming membrane
skeleton. Direct interactions between some proteins of the
skeleton and lipid bilayer are additional stabilization [1,52].
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Membrane proteins can perform a wide diversity of func-
tions, such as the role in transporting, adhesion, signaling.
They also can exhibit enzymatic activity. Band 3 is the main
membrane transporting protein. It makes up to 25% of the
cell membrane surface. This anion exchanger protein also
binds membrane skeleton to erythrocyte membrane. It is
also the main place where hemichromes and hemoglobin
bind to erythrocyte membrane. N-terminal domain consi-
sts of 403 amino acids and is anchored in cytoplasm due to
connection with ankyrin and proteins 4.1 and 4.2. Terminal
part of this domain, containing 23 amino acids, binds he-
moglobin and glycolytic enzymes [56].

Membrane skeleton proteins make up to 60% of erythro-
cyte membrane internal surface. Spectrin, actin, band 4.1
protein, ankyrin and adducin are the main components
[5,6,42]. Spectrin, the most prominent component of ery-
throcyte membrane skeleton, has two isoforms (alpha
and beta) which form a loosely wound helix. Two alpha-
-beta helixes are linked end to end to form a single tetra-
mer which has binding sites for actin microfilaments for-
ming network on cytoplasmatic surface of the membrane.
Ankyrin molecule is composed of three functional doma-
ins, two of which contain binding places for band 3 pro-
tein, spectrin, tubulin and intermediate filament proteins.
The third functional domain regulates ankyrin binding to
spectrin and band 3 protein [20]. Band 5 protein, actin,
binds to spectrin and 4.1 protein [45]. 4.1 protein is a glo-
bular protein bound to spectrin close to the place of actin
binding. These three proteins stabilize horizontal structu-
re of erythrocyte cytoskeleton. 4.2 protein, bound to band
3 protein, shows similarity to transglutaminases, but wi-
thout their activity. The role of 4.2 protein is not unequ-
ivocally determined. Band 7 protein is not homogenous,
during two-dimensional electrophoresis it divides into at
least 10 fractions, of which stomatin (7.2) is the most im-
portant. Its deficiency causes stomacytosis, the disease
associated with excessive permeability of cellular mem-
brane [19]. Band 8 has not been well known, however, it
was found that its increased amount was associated with
higher concentration of globin bound to membrane in pa-
tients with anaemia [3]. Glyceraldehyde-3-phosphate de-
hydrogenase (G-3-PD) (band 6) is one of the three eryth-
rocyte membrane proteins with enzymatic activity, one of
the glycolysis enzymes, which catalyses the transformation
of 3-phosphoglyceric aldehyde to 1,3-bisphosphoglyceric
acid (1,3-BPG). G-3-PD is bound to cytoplasmatic doma-
in of band 3 protein [51].

Band 9 protein, globin, is a small-molecule protein gene-
rated as a result of hemoglobin degradation. It is bound
to erythrocyte cytoskeleton, frequently to spectrin. The
amount of the protein increases during echinocyte trans-
formation of erythrocytes [47], in stress, and in heredita-
ry spherocytosis [40].

Oxidative stress. Its generation and indices

During the last decades studies have shown that reacti-
ve oxygen species (ROS) can be substrates, products and
factors modulating many biochemical processes in human
body. In physiological conditions the amount of free radi-
cals generated in such processes as oxidation in mitochon-
drial respiratory chain, oxyhemoglobin autooxidation and

oxidases activity, is balanced with the action of antioxida-
tive systems. Reactive oxygen species include highly reac-
tive hydroxyl radical, superoxide anion radical, superoxide
radicals and compounds which are not free radicals: hydro-
gen peroxide and hypochlorous acid. Blood elements such
as proteins and lipids, are the most exposed elements to
free radicals. Oxidative stress leads to increased amounts
of oxygenated and carbonyl derivatives of proteins [18,32].

Intensity of oxidative stress can be measured as the con-
centration of the products of the reaction of reactive oxy-
gen forms with biomolecules: proteins, lipids, nucleic
acids [16,17,25,34,54]. The consequence of free radical de-
gradation of unsaturated fatty acids is the increased con-
centration of malonic aldehyde, arachidonic acid — iso-
prostanoids, nucleic acids — 8-Oxo-7,8 —dihydroguanine,
and proteins — especially of cell membrane — tryptophan.
Studies in vitro on hamster fibroblasts showed that oxida-
tive stress induced by t-BOOH led to decreased concen-
trations of tryptophan in cell membranes [41]. Pernitrite
in erythrocyte membrane also causes decrease of trypto-
phan concentration, which is inhibited when melatonin is
added. Tryptophan deficiency was accompanied by decre-
ased amount of spectrin in cell membrane [21].

Some aspects of erythrocyte metabolism

In oxidative stress erythrocyte uses 1.7-fold more gluco-
se than in basal state [60]. Erythrocytes are circulating
scavengers. Antioxidative functions of mature erythrocy-
te are directly related to intracellular glucose metabolism.
Increased glucose metabolism is a result of increased ery-
throcyte metabolism. After penetration to erythrocyte, glu-
cose undergoes phosphorylation to glucose-6-phosphate
(G-6-P), which is metabolised in two competitive path-
ways: glycolysis or hexose monophosphate pathway/pen-
tose cycle (PPP). Glycolysis is the main source of energy
for erythrocytes. The second pathway, pentose cycle, is the
only source of NADPH in erythrocytes. In physiological
conditions, only a few percent of glucose-6-phosphate is
consumed in PPP, whereas during oxidative stress, when
NADPH is needed, the activity of this cycle increases even
20-fold [48]. The activity of PPP is regulated by the first
enzyme in the cycle, glucose-6-phosphate dehydrogena-
se (G-6-PD), which is controlled, in turn, by the ratio of
NADP*/NADPH. High concentrations of NADP* facilitate
the production of dimers and activation of G-6-PD, what
places glucose in hexose monophosphate cycle. The con-
sequence of G-6-PD deficiency in erythrocyte is decre-
ased concentration of reduced glutathione and increased
concentration of its oxidized form and increased amount
of the products of lipid oxidization.

Because of cytoplasmic antioxidant systems, erythrocytes
are assumed to be free radical scavengers. However, there
is also a source of reactive oxygen species in erythrocytes.
Hemoglobin concentration in erythrocyte is approxima-
tely 5 mmol/L, and the concentration of heme iron is ap-
proximately 20 mM. Cytoplasm of RBC is rich in oxygen,
which, in the presence of ions of transient metals, mainly
iron and copper, transforms to reactive forms, mainly free
radicals. If the complex of oxygen and iron ion (Fe*?) of
deoxyhemoglobin is produced, it is possible for the elec-
tron from the outer shell of iron ion (II) to jump to oxygen
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proteins during exposure to reactive oxygen
species [according to 33, modified]
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atom. This produces methemoglobin and superoxide anion
radical, which attacks thiol groups of hemoglobin and cy-
toskeleton proteins. As a result protein aggregates deve-
lop with hemoglobin residues and proteins with disulphi-
de bond (fig. 1) [33].

The aim of our study was to assess if glucose presence in
incubation medium had influence on structural elements
of cytoskeleton of erythrocytes exposed to t-butyl hydro-
peroxide as a source of reactive oxygen species in vitro.

MATERIAL AND METHODS

Erythrocytes from 10 healthy subjects were taken to as-
sess the influence of generated free radicals on proteins
and chosen parameters of oxidative stress.

10 mL of blood was drawn using heparin as anticoagulant
(50 IU/mL). Blood was centrifuged (1850 g, 4°C, 10 min)
and cells were separated from plasma. After leukocyte coat
removal, cells were washed 3 times with buffered solution
of sodium chloride (PBS) containing: NaCl 150 mmol/L,
phosphate buffer 5 mmol/L; pH 7.4 in 4°C. The suspen-
sion of washed erythrocytes (hematocrit 5-7%) was in the
solution with ingredients: glucose 0 or 5 mM, NaCl 150
mM, phosphate buffer 5 mM (pH 7.4 in 4°C). Tert-butyl
hydroperoxide activity started after adding such amount of
t-BOOH to achieve its concentrations of 0.1 and 1 mmo-
I/L. Simultaneously, RBC were incubated in the solution
with the same content, but without t-BOOH.

The suspension of erythrocytes was incubated for 1 hour
in 37°C, periodically shaken. Then reaction mixture was
cooled after placing it in cold (4°C) tubes, centrifuged at
1850 g, in 4°C for 10 min. Cells were washed 3 times with
PBS and then freezed.

Membranes of erythrocytes were prepared according to
Dodge [22]. Cells underwent lysis after they were washed
in cold solutions of sodium phosphate in concentrations:
20, 10 and 5 mmol/L. The suspension of membranes was
stored in —80°C. Protein separation was performed on po-
lyacrylamide gel in denaturing conditions according to
Laemmli [36]. Membranes of erythrocytes were suspen-
ded in the solution containing TRIS-HCI buffer 0.25 M,

pH 6.8, SDS (sodium lauryl sulfate) 10% and DTT (dithio-
threitol) 0.5 M and incubated in temp. 94°C for 5 minu-
tes. Condensing gel 4% and analytic gel 10% were used.
Protein separation was done in room temperature, 60V for
condensing gel and 120 V for analytic gel. Gels were sta-
ined with Coomasie Briliant Blue 0.1% solution in acetic
acid 10% and methanol 50%.

Spectrofluorometric determination of tryptophan amounts
was performed on spectrofluorometer LS 50 B (Perkin-
Elmer). The suspension of erythrocyte membranes used
for analysis had protein concentration of 50 pg/mL. After
excitation of protein solution at wavelength within the ran-
ge 279-298 nm, fluorescency emision was measured at wa-
velength 320-350 nm.

Kits used in the study were bought in Sigma (USA). To
obtain solutions, water was produced as a result of rever-
se osmosis on Milipore apparatus. Protein electrophoresis
was performed on Mini Protean II (Bio-Rad). Quantitative
analysis of densitograms was done using GelScan program-
me (Kucharczyk TE, Warsaw).

Statistical analysis

All results are presented as mean + standard deviation
(SD). As the distribution of obtained results was not nor-
mal (Shapiro-Wilk’s test), following non-parametric tests
were used: Wilcoxon’s pair test for differences in parame-
ters and Spearman’s test to examine correlations betwe-
en parameters.

Statistical analysis was performed using software Statistica
(StatSoft Krakéw).

ResuLts

Obtained results and statistical relationships are presented
in table 1, and figures 2 and 3. All values in tables are pre-
sented as arithmetic mean =+ standard deviation.

Changes of erythrocyte membrane elements in vitro

No statistically significant differences were found in pro-
tein and tryptophan concentrations between erythrocytes
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Table 1. The amounts of tryptophan and proteins of erythrocyte membrane [mg/100 mg of protein] exposed to t-BOOH in concentrations 0.1 and
1.0 mmol/L in solutions with and without glucose. Values of p parameter (Wilcoxon’s test) in comparison between the groups of protein and

tryptophan concentrations in conditions in vitro

With glucose vs

Conditions Without glucose With glucose without glucose
t-BOOH t-BOOH t-BOOH
concentration p value concentration p value concentration
[mmol/L] [mmol/L] [mmol/L]
Parameter 10 1.0 10 1.0

0.00 0.1 1.00 550 vs0.1 0.00 0.1 1.00 550 vs0.1 0.1 1.0
. 3081 311 249 311 316 26.06

Spectrin 1208 4273 434 0.009  0.005 1943 435) +23) 0.005 0.007 ns ns
36.89 3549  40.1 36.1 352 39.14

Band 3 20 #1900 +22 01 0005 g 5y qp3 0009 0009 msons
8.78 9.15 1.27 8.54 9.25 7.99

Band 4.1 +184 +106 +155 ™ 08 00 £14 57 M mons
5.15 5.14 5.06 5.27 5.24 4.67

Band 4.2 +064 059 +176 9 ™ 1074 <06 +ogs M MmN

Band 5 5.67 5.61 5.52 ns ns 6.08 5.67 5.45 ns ns ns ns
+055 +048 =+0.79 +038 +0.59 +0.76

Band 6 517 558  5.67 s s 587 561 578 s s s s
+0.95 +0.77 +0.96 +0.64 +0.96 +0.84

Band 7 326 341 356 s s 319 345 312 s s s s
+0.71 =+0.74 =+0.98 +0.69 +0.74 =094
203 215 299 167 187 267

Band 8 4057 4062 +050 0.005  0.005 4051 +068 +036 0.005 0.005 0020 ns
. 2.22 2.37 478 2.2 2.13 5.09

Globin +066 +052 +161 000 0005 o024 sog1 g 0005 0005 msomns

Band 4.1/spectrin 028 0.9 03 ns ns 077 0.5 031 ns ns ns ns
) +0.06 +0.04 =+0.09 +0.04 +0.06 =+0.08
024 026 0.8 024 026 021

Band 4.1/band 3 4006 +004 +0.04 0,000 0.005 4004 +005 +0.04 ns 0.02 ns ns
0.14  0.145 0.127 0.15 0.15 0.12

Band 4.2/band 3 4002 4002 +005 0.007 NS 1000 4002 +0.02 0.02 0.02 ns ns
. 084 088 0.63 087 091 067

Spectrin/band 3 4010 +011 +0.11 0.007  0.005 4011 4016 +007 0.005 0.007 ns ns
0.154 0.158  0.14 017 016  0.14

Band 5/band 3 +002 +001 +002 ™ ™ 001 +002 +003 001 0007 msms

Tryptophan [arb unit] _?_%Z _ff 18 5 3_239 0.005 0.005 _?_1.25 _?_7927 1136 0.005  0.005 ns 0.009

incubated without t-BOOH and with t-BOOH in concen-
tration 0.1 mmol/L, regardlessly of the fact if the environ-
ment included glucose. Only increase of t-BOOH concen-
tration to 1.0 mmol/L led to changes in concentrations of the
examined substances. Figure 2 shows proteinogram of ery-
throcyte membrane. Figure 3 shows densitometric curves.
There is dissolving of band 3 protein and low-molecule pro-
teins (below 25 kDa) after incubation of membranes with
t-BOOH in concentration of 1.0 mmol/L. These changes
are apparent independently of glucose presence in incuba-
tion medium. Decrease of spectrin concentration, increase

of band 3 protein concentration and the most statistically
significant increase of globin concentration (p<0.001) are
the most distinctive changes. As a result of increased con-
centration of band 3 protein the proportion between pro-
teins 4.1, 4.2, spectrin, band 5 protein and band 3 prote-
in is decreased.

Tryptophan concentration in membranes decreased.
Similarly, as in case of membrane proteins, this change
was particularly apparent when t-BOOH in high concen-
tration was used. Decrease of tryptophan concentration
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Fig. 3. Densitograms showing protein positions and
their changes after exposure to free radicals
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(when using t-BOOH in concentration of 1.0 mmol/L)
was higher in group with glucose than in group without
glucose (p=0.009).

Discussion

Oxidative stress is a state when the production of reactive
oxygen species exceeds antioxidant capacities of the de-
fence system.

Tryptophan is one of the indicators of the intensity of
oxidative stress. It is an aminoacid present in membrane
proteins, especially in spectrin, in which in both units 42

tryptophan residues are present [13]. Tryptophan is one of
the factors stabilizing spectrin molecule. Tryptophan mole-
cules are placed in very stable fragments of spectrin, which
do not change even if they are exposed to strong denatura-
ting factors, like urea in concentration of 8 mmol/L [14].

In vitro studies confirmed the influence of ROS on trypto-
phan concentration in membranes. During experiment the
use of t-BOOH in high concentration led to decreased con-
centration of this aminoacid in membranes. This change
was more apparent during incubation in medium containing
glucose. Changes of tryptophan concentrations were inde-
pendent of the type of reactive oxygen species. Hydroxyl

539



Postepy Hig Med Dosw (online), 2012; tom 66: 534-542

radical in vitro led to decreased tryptophan concentrations
in mitochondrial membranes of rat heart cells [4]. In isola-
ted sarcoplasmic reticulum of the rat exposed to free radi-
cals there were structural changes, accompanied by trypto-
phan degradation and accumulation of dityrosine, protein
and lipid conjugates, conjugated dienes and products of
the reaction with thiobarbituric acid. These changes were
proportional to the age of rats [4]. Different, interesting
results were obtained when mouse mould of chondrosar-
coma was exposed to hydrogen peroxide. Low concentra-
tions of ROS led to significant decrease of tryptophan con-
centrations while high ROS concentrations decreased its
concentration only by half [28].

Tryptophan also protects from free radical damage.
Transmembrane domains of integral proteins show high
condensation of tyrosine and tryptophan, especially in
places of high lipid density. It was found that these places
play antioxidative role inside lipid bilayer, protecting the
cell from oxidative damage. Tyrosine and tryptophan are
present in transmembrane fragments of all proteins. Long
chains of acyl derivatives of tryptophan and tyrosine are
strong inhibitors of lipid peroxidation and death of the cell
due to oxidative damage [15]. Significant decrease of tryp-
tophan concentration confirms the loss of protective abili-
ties of erythrocyte membrane.

Guedas et al. found that tryptophan residue in albumin me-
tabolises to kynurenin, hydroxykyrunenin and oxalate under
the influence of H,O, [30]. Aneamia was found in patients
with chronic inflammation (increased oxidative stress). Its
intensity was correlated with the lower concentration of
tryptophan and the rise in the concentration of kinurenin
in patients’ plasma [59]. Also in patients with chronic re-
nal insufficiency the rise of degradation and the decrease in
erythrocyte osmotic resistance was observed which shows
damage of erythrocyte membrane [55]. Dykens et al. found
that products of tryptophan metabolism (mainly 3-hydro-
xyanthranilate) cause an intensified production of methe-
moglobin and non-functional oxidation products of hemo-
globine. It shows that the process of tryptophan residue
degradation occuring under the influence of ROS may in-
tensify oxidative damage of erythrocytes [24].

Glucose is an energetic material necessary in normal ery-
throcyte metabolism. In physiological conditions gluco-
se is predominantly metabolized in glycolysis. Glucose-
6-phosphate is the first product of this process, it is
then transformed to 1,3-bisphosphoglycerate (1,3-BPG).
Glyceraldehyde-3-phosphate dehydrogenase (G-3-PD) is
the last enzyme catalyzing this stage of glycolysis. G-3-PD
has specific features: it is a structural component of cyto-
skeleton [2], on the other hand it is an important enzyme.

The shape of erythrocytes and their ability of deformation
are regulated by intracellular cytoskeleton. Electron spec-
troscopy of paramagnetic resonance performed on eryth-
rocytes incubated with t-BOOH as a source of free radicals
[31] showed increased osmotic resistance and decreased
mobility of membrane proteins.

Spectrin is cytoskeleton protein responsible for erythrocy-
te shape, integrity and ability of deformation. ROS lead to
decreased spectrin concentration, independently of glucose

presence in incubation medium. In the same conditions the
concentration of band 3 protein increases. Different re-
sults were obtained by Okamoto et al., who found decre-
ased concentration of band 3 protein with simultaneous
generation of low-molecule proteins, when influenced by
t-BOOH [46]. Different reactions of spectrin and band 3
protein to oxidative stress can be caused by different sour-
ces of ROS — free radicals generated outside the cell modi-
fy mainly band 3 protein, whereas spectrin is modified by
radicals generated inside the cell [12]. ROS generated as
a result of hemoglobin oxidation act on spectrin, whereas
extracellular oxidants act on band 3 protein. Nevertheless,
some reactive forms of oxygen can migrate through mem-
brane to cytoplasm and induce generation of stronger ra-
dicals, e.g. ferryl radical. It can cause strong oxidative da-
mage of inner membrane structures.

Erythrocyte membrane is built of lipid bilayer, integral pro-
teins and cytoskeleton. Spectrin is linked with lipid bilayer
due to interactions with vertical proteins — band 3 protein
and glycophorin C [49]. Ankyrin and band 4.2 protein also
take part in vertical links [27,50]. Changes in concentration
of these proteins lead to decreased ratio of spectrin to band
3 protein. Similar changes and increased ratio of 4.1 prote-
in and spectrin are present in hereditary spherocytosis [40].

In vitro the concentration of 4.2 protein did not change
after incubation in glucose-rich medium, in non-glucose
medium the change was small, but statistically significant.
Interactions of spectrin with other proteins of cytoskeleton
are responsible for horizontal actions. The concentrations
of band 4.1 and 4.2 proteins have wide ranges. Incubation
of erythrocytes with t-BOOH did not change the amount
of actin. Different results in studies in vitro were obtained
by Caprari et al.[11]. Degradation of spectrin and ankyrin
was accompanied by appearance of membrane globins.
Simultaneously, the concentration of reduced glutathione
decreased. Ultrastructural studies showed that actin mo-
lecules form microaggregates causing detachment of ac-
tin from spectrin and in this way weakness of cytoskele-
ton network [11].

We analyzed mutual interactions among proteins in highest
amounts: spectrin and band 3 protein, band 4.1, 4.2 and 5
proteins. The proportions between concentrations of the-
se proteins reflect vertical and horizontal interactions sta-
bilizing the erythrocyte structure. It was found that the ra-
tio of proteins 4.1, 4.2, spectrin, band 5 to band 3 protein
decreased, what was a consequence of increased concen-
tration of band 3 protein.

When exposed to t-BOOH, the biggest changes in protein
amounts were observed in band 8 and 9. Electrophoretic
pictures and respective densitograms showed dissolving
of individual protein fractions. It was especially apparent
for small proteins (below 30 kDa), which in high concen-
trations appeared after incubation of normal erythrocytes
with t-BOOH. Their presence in vivo can be the cause of
preliminary elimination of erythrocytes from circulation
and their half-life shortening.

Many studies show the key role of hemoglobin (or hemi-
chrom) bound to cytoskeleton proteins in the mechanism of
erythrocyte aging [33,43,58,57]. Morrison et al. [43] found
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hemichroms attached to erythrocyte membrane just befo-
re elimination of erythrocyte from circulation. Turrini et al.
[57] in studies in vitro showed that hemoglobin was bound
to the membrane of erythrocytes stimulated with autologic
antibodies. Such cells were then phagocytized by macropha-
ges. Probably, the generation of globin and skeletal aggre-
gates in the membrane facilitates the uncovering of hidden
antigen places on the outer surface of the cell. As the num-
ber of antigen places increases, autological IgG opsonize
the cell which dies due to phagocytosis. One of the hypothe-
ses concerning aging of erythrocytes [10] suggests that this
process is associated with proteolysis or spatial transforma-
tion of membrane proteins caused by cytoskeleton changes.

Young, big erythrocytes have better ability to remove outsi-
de the vesicles containing denaturated hemoglobin than old,
smaller cells [53]. This effect was confirmed also in condi-
tions in vitro [29]. With the aging of erythrocytes the surface
of membrane decreases, and in this way the ability to remove
vesicles with liposomal products of erythrocyte metabolism
and denaturated hemoglobin also decreases. Hemoglobin ac-
cumulation in membrane can cause IgG binding and trans-
fer of phosphatydylserine from inner to outer monolayer
[35,37,38,39]. Unstable hemoglobin forms, changes in oxido-
reductive system in cytoplasm and creation of cross-bond be-
tween hemoglobin and cytoskeleton proteins have direct influ-
ence on erythrocyte half-life [35,44,49,61]. It was found that
small erythrocyte proteins (actin, band 4.1 and 4.2) can take
part in creation and release of membrane vesicles, especial-
ly during deficiency of main proteins of the membrane [27].
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