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The aim of this study was to evaluate the properties of internal components of erythrocytes in chronic renal failure (CRF) patients
undergoing hemodialysis (HD) in comparison to control subjects. For investigation of conformational state of hemoglobin and
nonheme proteins (NHP) the maleimide spin label (MSL) in electron paramagnetic resonance (EPR) was applied. The studies
were performed using MSL in whole cells and hemolysate as well as proteins separated by ion exchange chromatography and
checked by electrophoresis. Additionally the level of –SH groups in hemolysate and isolated internal proteins of CRF erythrocytes
was determined using 4,4-dithiodipyridine. All measurements were performed before and after hemodialysis. Oxidative stress
accompanying CRF/hemodialysed patients caused a significant decrease in themobility of internal components inside erythrocytes
indicated by MSL (P < 0.02). The significant decrease in mobility of spin labeled HbA1c and HbA both before and after HD (P
< 0.0002) as well as in nonheme proteins before hemodialysis (P < 0.05) versus control was indicated. Decrease in mobility of
internal components of erythrocytes was accompanied by loss of thiols before and after hemodialysis versus control in NHP (P <
0.05), HbA1c (P < 0.0002), and HbA (P < 0.0005). These findings showed oxidative influence of hemodialysis on hemoglobins and
internal nonheme proteins in erythrocytes of CRF patients.

1. Introduction

Chronic renal failure is a debilitating condition which is
responsible for high morbidity and mortality of suffering
patients. The bad condition of the patient may be exacer-
bated due to the constant presence of uremic toxins and
oxidative stress. In numerous studies it has been reported
that reactive oxygen species (ROS) play a crucial role in the
pathophysiological pathways of chronic renal failure [1, 2].
In CRF patients undergoing hemodialysis (HD) treatment
the formation of reactive oxygen species is amplified, due
to bioincompatible dialysis membrane. The oxidative stress
is a result of polymorphonuclear leukocyte activation by the
contact of bloodwith nonbiologicalmaterials, mainly dialysis
membrane in the extracorporeal circuit during hemodialysis
[3, 4].

The presence of ROS can cause damage in many
molecules, such as lipids, proteins, carbohydrates, and DNA

[5, 6]. Structural changes in albumin and increase in lipid
peroxidation in plasma were observed in patients with
chronic renal failure [7]. In patients undergoing hemodialysis
an increase in advanced glycoxidation end products (AGEs),
carbonyl groups, and advanced oxidation protein products
(AOPP) was also observed [5, 8].

Oxidative stress in CRF patients can be additionally
exacerbated by the depletion of antioxidative defenses in
cells. The decrease in antioxidant enzyme activities as well
as in low molecular weight antioxidants was found [9–11]. In
these conditions, the main erythrocyte metabolic pathways
are inefficient. For example, it results in decreased level
of NADPH and GSH and increased activity of glutathione
reductase (GSSG-R) [10, 12].

In patients with chronic renal failure numerous changes
in the structure of the cell membrane of erythrocytes have
been observed. The lipid composition and fatty acid content
in CRF erythrocytes are disturbed [13, 14].The higher content
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of unsaturated fatty acids leads to their greater propensity to
be oxidized. Oxidative stress leads also to alteration in mem-
brane cytoskeleton [15]. In our previous work, we showed
changes in dynamics and conformation state of proteins
in plasma membrane of erythrocytes from CRF patients.
The RBC membrane was also more sensitive for oxidative
stress than in healthy volunteers [14, 16]. In consequence,
these processes further deteriorate physiological functions
of erythrocytes or may even be the reason of cellular lysis.
Structural changes in the cell membrane may result from the
interaction of its components with uremic toxins and/or free
radicals. Those processes may contribute to the alterations in
the enzymatic activity of membrane bound proteins and may
result in protein-protein as well as protein-lipid interactions.
The activity of acetylcholinesterase (AChE) reflects changes
in the chemical and physical properties of the hydrophobic
environment of the membrane in the response to oxidative
stress [17].

Furthermore, these changes in lipid composition and
physical properties of the membrane may also result in
erythrocyte aging process or premature removal from the
circulation. Survival of the CRF patients cells is decreased
because in patients treated with hemodialysis uremic ery-
throcytes are eliminated from the circulation earlier and
a process of production of new cell occurs to compensate
for early loss of old cells [18, 19]. Hence, the uremic blood
is enriched with younger cells. Both high levels of uremic
toxins and oxidative stress may have influence on higher
incidence of complications such as anemia, atherosclerosis,
cardiovascular disease, and accelerated aging processes [20].

In the present study, we have investigated the conforma-
tional state of pure hemoglobin HbA, HbA

1c, and nonheme
proteins of chronic renal failure patients before and after
hemodialysis using electron paramagnetic resonance spin
labeling method. The level of −SH groups in erythrocyte
cytosol inCRFpatients before and after hemodialysiswas also
examined.

Our findings provide evidence that CRF patients have
impaired hemoglobin structure and these properties are
enhanced during hemodialysis.

2. Materials and Methods

2.1. Chemicals. 4-Maleimido-2,2,6,6,-tetramethylpiperidine-
1-oxyl (MSL) and 4,4-dithiodipyridine were obtained from
Sigma Chemical Co. (St. Louis, MO). All other chemicals
were analytical grade products fromPOCh (Gliwice, Poland).

2.2. Patients. The study population consisted of 10 patients,
who had mild to advanced chronic renal failure (CRF)
and who were treated at the Department of Internal
Medicine at the Medical University in Lodz. Among
them 8 patients were with glomerulonephritis, 1 with dia-
betic nephropathy, and 1 with polycystic kidney disease.
Patients were dialyzed with the usage of polysulfone dia-
lyzers LO PS 18 and dialysis fluid containing bicarbon-
ate buffer for 3.5 to 4.5 hours, three times per week,
as prescribed. Recruited patients (10 males) were between

39 and 74 years old, undergoing hemodialysis for 58 ±
11 months. All patients received erythropoietin.

Blood from patients was taken by their agreement and
doctor acceptation and consent of the Bioethical Commission
from the University of Lodz (KBBN-UL/4/2012). All subjects
signed an informed consent form prior to participation.

The control group of 10 healthy men (45–61 years old)
was recruited among volunteers of the Outpatient Center of
Medical University in Lodz.

2.3. Preparation of Erythrocytes. Venous blood samples were
collected (in standard sterile polystyrene vacuum tubes with
heparin 16U/mL of blood) before dialysis, in 20 minutes of
dialysis session, in 1 hour of dialysis session, and immediately
after dialysis, centrifuged, and washed three times with
PBS. Packed cells were suspended in PBS (10mM phosphate
buffered saline, pH 7.4) to a hematocrit of 50%.

2.4. Spin Labeling of Erythrocytes. Erythrocytes were labeled
with MSL by introduction in ethanol solution (0.1mol/L)
into the erythrocyte suspension and incubation for 1 hour
at room temperature. The unbound label was removed by
several washings with cold phosphate buffer pH 7.4 until an
ESR signal in supernatant disappeared. From EPR spectra of
spin labeled erythrocytes relative rotational correlation time
(𝜏
𝑐
) was calculated, according to the Kivelson formula [21] in

modification of Keith and coworkers [22]:

𝜏
𝑐
= 𝑘𝑤
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where 𝜏
𝑐
is time when the spin label undergoes full rotation,

𝑘 is constant equal to 6.5 × 10−10 s, 𝑤
0
is width of the midline

of spectrum, ℎ
0
is height of the midline of spectrum, and ℎ

−1

is height of the high-field line of spectrum.

2.5. Hemoglobin Preparation and Purification. Hemoglobin
from washed red blood cells was prepared by Drabkin
method, by the addition of water and toluene [23]. Hemol-
ysate was centrifuged 4 000×g. After removing organic
phase hemolysate was dialyzed against 20mmol/L phosphate
buffer pH 7.4 for 24 h. Hemoglobin (Hb) was purified using
ion exchange chromatography according to Huisman et al.
method [24] with modification on carboxymethylcellulose
equilibrated with 20mmol/L phosphate buffer pH 6.5 using
a linear gradient of pH (6.5–8.0). The absorbance of the
colorless fraction of the eluent was measured at 280 nm.

2.6. Polyacrylamide Gel Electrophoresis. SDS polyacrylamide
gel electrophoresis was carried out in the presence of dithio-
threitol on internal proteins separated by ion exchange
chromatography. The fractions containing nonheme protein,
HbA
1c, and HbA were determined by electrophoresis in

polyacrylamide gel in Tris-glycine buffer with SDS in the
presence of dithiothreitol. Protein bands were stained with
Coomassie blue R250.
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2.7. Spin Labeling of Hemoglobin and Nonheme Proteins.
To investigate conformational changes of hemoglobin and
nonheme proteins maleimide spin label was applied. Crude
hemoglobin aswell as fractions ofHbA

1c,HbA, andnonheme
proteins was labelled using (0.1mol/L) ethanol solutions of
MSL (50 : 1) and incubated for 2 hours at 4∘C. Unbound spin
label in all fractions was removed by 24 hours of dialysis
against 10mol/L phosphate buffer.

The mobility of the attached spin label was estimated by
calculating the rotational correlation time (𝜏

𝑐
) according to

the Kivelson formula [21] with Keith et al. modification [22].

2.8. Thiol Measurements. The concentration of thiol groups
in crude hemoglobin, HbA

1c, HbA, and nonheme proteins
was measured by the method of Egwim and Gruber [25].
Samples were diluted with 10mmol/L phosphate buffer, pH
8.0, containing 1% of SDS and then 4,4-dithiodipyridine
(DTDP) from a 3mmol/L stock solution was added and
incubated for 1 hour at 37∘C. Thiols react with 4,4-
dithiodipyridine to form 2-thiopyridone optically active
at 324 nm. The basal optical activity of the samples was
measured before the addition of 4,4-dithiodipyridine. A
calibration curve was prepared from different concentrations
of reduced glutathione.The concentration of thiol groups was
calculated as 𝜇mol −SH/mg protein.

2.9. Protein Concentration. Protein concentration was eval-
uated using the Folin reagent by the spectrophotometric
method according to Lowry et al. [26]. Hemoglobin concen-
tration was measured using the Drabkin method [23].

2.10. EPR Measurement. EPR spectra were recorded at room
temperature (21±1∘C)using aBruker ESP 300 EX-band spec-
trometer, operating at a microwave frequency of 9.73GHz.
The instrumental settings were as follows: center field 3480G;
scan range 80G; modulation frequency 100 kHz; modulation
amplitude 1 G.

2.11. Statistical Analysis. All data were expressed as mean
± standard deviation. Normality of data was tested using
the Shapiro-Wilk test and variance homogeneity was verified
with Fisher test. The significance of the differences between
couples of means was estimated using one-way ANOVA and
post hoc Tukey test. The power of used test was checked for
each analysis and always was more than 80%. The required
sample size has been calculated before the data were pooled
based on the STATISTICA.PL v.10. Statistical significancewas
accepted at 𝑃 < 0.05.

3. Results

The mobility of cytoplasmic peptides and proteins in whole
RBCs was investigated by covalently bound maleimide spin
label. MSL easily penetrates the erythrocyte membrane and
can react with −SH groups of internal. It has been shown
that more than 90% of bound spin label stays in the cytosol
and it can be suspected that MSL binds inside of erythrocyte
mainly with glutathione and much less with hemoglobin
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Figure 1: Changes in relative rotational correlation time of
maleimide spin label inside erythrocytes from CRF patients before,
in the first h of hemodialysis, and after hemodialysis. ∗Significant
difference, control versus before HD (𝑃 < 0.02) and control versus
1 h HD (𝑃 < 0.02).
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Figure 2: The chromatographic profile of the protein fractions
obtained during hemolysate purification on carboxymethylcellu-
lose.

and membrane proteins [27]. However, its motion reflects
changes in internal environment. From EPR spectra of MSL
attached to glutathione inside erythrocytes relative rotational
correlation time was determined. Figure 1 shows the effect of
hemodialysis on internal viscosity, which can reflect proteins
and peptides mobility in whole erythrocytes before, in the
first hour, and after hemodialysis.

Analysis of the maleimide spectrum shows significant
increase in this parameter before and 1 hour of hemodialysis
comparing with healthy donors. This parameter indicates a
decrease in the segmental motion of peptides and proteins
before and in the first hour of hemodialysis. This study
provides evidence about changes in viscosity and other
changes in the internal environment of the erythrocytes.
After hemodialysis slight decrease in rotational correlation
time comparing with sample before HD was observed.

Hemolysate proteins were separated by ion exchange
chromatography on carboxymethylcellulose with a linear
gradient of pH (Figure 2).
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Figure 3: Electrophoresis results of SDS polyacrylamide gel in
reduced conditions. Fractions of proteins obtained from hemolysate
from patients with chronic renal failure undergoing hemodialysis
after separation on carboxymethylcellulose. The markers were also
used: (1) myoglobin; (2) bovine albumin; (3) cytochrome c; (4)
anhydrase; (5) mixture of 1, 2, 3, and 4; (6) hemolysate (crude
hemoglobin); (7) proteins in fraction I; (8) proteins in fraction II;
and (9) fraction III (pure HbA). Protein bands were stained with
Coomassie blue R250.

MSL

h0

h−1

w0

Figure 4: EPR spectrum of MSL attached to hemoglobin (HbA).

Fraction I contains nonheme proteins, fraction II HbA
1c,

and main fraction III pure hemoglobin (HbA). Band II
marked as Hb

1c in fact contains a mixture of Hb
1c and Hb

1
,

as well as carbamylated hemoglobin. Since diabetes mellitus
can lead to chronic renal failure many CRF patients possess
glycated and carbamylated haemoglobin. These fractions
were analysed using gel electrophoresis (Figure 3).

Separated fractions: nonheme proteins I, hemoglobin
HbA
1c II, and pure HbA III were examined using EPR. The

alterations in hemolysate (crude hemoglobin) after cell lysis
as well as in fractions I, II, and III were detected using
maleimide spin label.

In pH 7–7.5 MSL reacts with −SH groups of proteins
[28]. It has been reported that MSL attaches to 𝛽Cys93 in
hemoglobin [29]. The high reactivity of Cys-93(𝛽) of HbA
withmaleimide in oxy-hemoglobin conformation is the basis
for the HbA assay. Figure 4 shows maleimide (d) attached to
purified HbA.

This spectrum consists of strongly immobilized fractions
of the label. From EPR spectra the relative rotational corre-
lation time was calculated. Figure 5 shows changes in relative

rotational correlation times of MSL attached to hemolysate,
fraction I, and hemoglobins: A

1c and A. Generally the sig-
nificant increase of 𝜏

𝑐
before and after hemodialysis in com-

parison to control was found. We observed the increase in
this parameter in hemolysate (Figure 5(a)) and hemoglobin
fractions (Figures 5(c) and 5(d)) of CRF patients before and
after hemodialysis.The significant decrease in the mobility of
spin labeled hemoglobin A

1c and HbA both before and HD
was observed at 𝑃 < 0.0002 as well as crude hemoglobin
(hemolysate) after hemodialysis was also noted. In the case
of nonheme proteins the significant decrease in 𝜏

𝑐
before

hemodialysis (𝑃 < 0.05) was found. Generally, the obtained
results showed also a significant decrease in the motion of
spin labeled erythrocyte components after hemodialysis in
comparison to before HD.

The level of thiol groups in all fractions was studied.
The significant decline in −SH groups in hemolysate after
HD as well as in all other fractions both before and after
hemodialysis was found (Figure 6).

4. Discussion

In chronic renal failure, besides loss of endocrine function
also loss of excretory function occurs, which leads to the
accumulation of uremic toxins in the blood. These com-
pounds may influence on properties of red blood cells,
including their metabolism, shape, deformability, and in
consequence life span [18, 19].

Erythrocytes and plasma components in CRF patients
can be damaged by higher concentrations of urea in the
blood, which can lead to carbamylation of lipids, proteins,
and nucleic acids [30]. Another cause of uremic RBC damage
is the action of mechanical forces during hemodialysis gener-
ated by rotary blood pumps [31, 32].

In HD patients, direct contact of blood cells with dialysis
membrane leads to activation of neutrophils, monocytes or
platelets, accumulation of oxidized components and prooxi-
dant compounds in the blood, and depletion of lowmolecular
weight antioxidants. Activation of phagocytic cells leads to
respiratory burst and the trigger in reactive oxygen species
production, mainly superoxide anion radical and hydrogen
peroxide, which was shown by fluorescent probes [3, 33,
34]. The formation of the most reactive hydroxyl radical
during hemodialysis was showed directly by the spin trapping
method in spectroscopy of electron paramagnetic resonance
[35, 36]. Oxidative stress can be also induced by ferryl and
a radical ferryl form of hemoglobin and methemoglobin,
which are released from disrupted RBCs [37]. ROS induces
damage of biological material in the blood and cell injury
including erythrocytes. Oxidative stress generated during
hemodialysis is the most important source of cells injury and
plasma component damage. ROS production from external
and internal sources is accompanied with lipid and protein
oxidation in plasma and erythrocyte membrane.

Since the cell membrane of erythrocytes is the first target
of action of ROS many works were devoted to the study of its
properties. Therefore, the aim of this study was the investiga-
tion of the influence of hemodialysis on erythrocyte internal
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Figure 5: Changes in rotational correlation time of MSL attached to erythrocytes cytoplasmic proteins from patients with chronic renal
failure undergoing hemodialysis (HD). (a) Crude hemoglobin (∗significant difference, control versus after HD (𝑃 < 0.0002); #significant
difference before HD versus after HD (𝑃 < 0.002)); (b) nonheme proteins (∗significant difference control versus before HD (𝑃 < 0.05);
#significant difference before HD versus after HD (𝑃 < 0.05)); (c) hemoglobin A

1c (
∗significant difference, control versus before HD and after

HD (𝑃 < 0.0002); #significant difference before HD versus after HD (𝑃 < 0.0005)); (d) hemoglobin A (∗significant difference, control versus
before HD and after HD (𝑃 < 0.0002)).

components,mainly hemoglobin because this hemoprotein is
95% of all proteins inside the erythrocyte. Application of EPR
spectroscopy in conjunction with spin labeling technique
allowed us to examine internal component changes and to
determine alterations in the conformational state of proteins
including hemoglobin. Moreover, spin labels through bind-
ing tomacromolecules can act as reporting groups, providing
information about changes in their microenvironment.

The alterations in components inside the cells were stud-
ied by maleimide spin label, which can penetrate erythrocyte
membrane and can react with −SH groups of peptides and
proteins but mainly with glutathione [27, 38]. The significant
(𝑃 < 0.02) increase in relative rotational correlation time
which reflects decrease in the motion was found before and

in the 60th min. of hemodialysis in comparison to healthy
donors. However, a slight decrease in this parameter after
hemodialysis comparing with the sample before HD was
observed, indicating partially reversible changes in internal
fluid.The observed changes can be the result of internal com-
ponents oxidation which can lead to their conformational
changes or/and hemoglobin binding to themembrane as well
as changes in RBC volume. It has been shown that binding
of hemoglobin to membrane is correlated with the level of
oxidative stress and may be used as a marker of oxidative
damage [39].

The alterations in the internal component mobility
in erythrocytes were the reason for their more detailed
studies. The erythrocytes were lysed and hemolysate was



6 Oxidative Medicine and Cellular Longevity

0

10

20

30

40

50

60

70
SH

 (𝜇
m

ol
/m

g 
pr

ot
ei

n)

∗

(a)

0

20

40

60

80

100

SH
 (𝜇

m
ol

/m
g 

pr
ot

ei
n)

∗ ∗

(b)

0

10

20

30

40

50

60

SH
 (𝜇

m
ol

/m
g 

pr
ot

ei
n)

Control
Before HD
After HD

∗
∗

(c)

0

10

20

30

40

SH
 (𝜇

m
ol

/m
g 

pr
ot

ei
n)

Control
Before HD
After HD

∗∗

∗

(d)

Figure 6: Changes in free thiol groups concentration of cytoplasmic proteins from patients with chronic renal failure undergoing
hemodialysis (HD). (a) Crude hemolysate (∗significant difference, control versus After HD (𝑃 < 0.05)); (b) nonheme proteins (∗significant
difference control versus before HD and after HD (𝑃 < 0.05)); (c) hemoglobin A

1c (
∗significant difference, control versus before HD and after

HD (𝑃 < 0.0002)); (d) hemoglobin A (∗significant difference, control versus before HD (𝑃 < 0.0005); ∗significant difference, control versus
after HD (𝑃 < 0.0002)).

chromatographedusing ion exchange chromatography.Three
main fractions were analyzed using polyacrylamide gel elec-
trophoresis. Hemolysate and three fractions containing a
mixture of nonheme proteins, hemoglobin A

1c, and HbA,
respectively, were labeled with MSL. Using maleimide spin
label we observed a statistically significant increase in rota-
tional correlation time in hemolysate (crude hemoglobin)
after hemodialysis (𝑃 < 0.0002) in comparison to control.
However, insignificant increase of 𝜏

𝑐
before hemodialysis was

also noted. This parameter was also applied for estimation
of changes in proteins in fractions I, II, and III. It has been
shown that maleimide spin label attaches to −SH groups
in cysteine-93 of 𝛽-globin chains of Hb [40, 41]. However,
the spectrum of spin-labeled hemoglobin has two different
spatial orientations relative to the hemoglobin molecule and

exhibited considerable differences in local anisotropicmotion
due to the binding site of Hb [40, 41]. The significant
increase in rotational correlation time of MSL attached to
globin chains before and after hemodialysis was observed for
hemoglobin HbA

1c andHbA. In HbA
1c significant difference

(Figure 5(c)) in this parameter before and after HD was
found. In the case of HbA of CRF patients it was approxi-
mately 2-fold higher than in control and did not change after
HD. On the other hand, decrease in rotational correlation
time before dialysis in the fraction which contains a mixture
of nonheme proteins was found, but after HD 𝜏

𝑐
increased to

the control value.
Differences in rotational correlation time ofMSL attached

to hemoglobin may be a result of conformational changes in
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the local environment of globin chain in the binding site of
labels.

In the case of HbA of CRF patients, the decrease of
rotational correlation time was observed. The changes in
conformation of globin chain caused an increase in freedom
of molecular motion of label. Our finding is in agreement
with results of Ogawa and McConnell who showed that
oxygenation of haemoglobin leads to significant structural
changes near the reactive −SH group in 𝛽-chain [29].

The increase in rotational correlation times in spin
labeled hemoglobins and nonheme proteins for MSL before
hemodialysis may be a result of oxidation. In the previous
paper, it has been shown that carbamylated membrane pro-
teins are more sensitive for oxidative stress than native [14].
However, the obtained results showed also that hemodial-
ysis leads to higher changes in the conformational state
of hemoglobin and other proteins, which is a consequence
of oxidative stress occurring during dialysis. It has been
shown that during hydrogen peroxide hemoglobin oxidation,
𝛽Cys93 and 𝛽Cys112 residues are irreversibly oxidized to
cysteic acid [42]. Both cysteine oxidation and oxidative
modifications of tryptophan and methionine lead to loss of
𝛼-helical structure of the 𝛽-chain of globin [42].

Because the thiol groups of cysteines in hemoglobin can
be easily oxidized during oxidative stress, their level in all
fractions during hemodialysis was studied. The significant
decrease in the level of −SH groups in hemolysate after
HD as well as in all other fractions both before and after
hemodialysis was observed. Moreover, the level of thiols
was significantly lower after hemodialysis in comparison to
before HD. These findings confirm the results obtained for
both hemoglobins and nonheme proteins and are linked also
to oxidative stress, which occurs during hemodialysis. The
high valence of iron in heme initiates oxidative reactions
with similar reactivity to hydroxyl radical in vivo [43, 44].
In these conditions −SH groups in proteins are oxidized to
sulfenic, sulfinic, or sulfonic acid residues or/and associated
with the promotion of both fragmentation and aggregation of
proteins.

It is possible that the alterations in the structure of
hemoglobins and other proteins as well as thiols level after
hemodialysis inside erythrocytes are results of oxidation by
internal reactive oxygen species generated during dialysis.

Autoxidation of hemoglobin produces methemoglobin
and superoxide anion radical. In healthy donors, 3% of
total hemoglobin is converted to MetHb daily. Superoxide is
dismutated by CuZnSOD to hydrogen peroxide, which can
react with hemoglobin and methemoglobin giving strongly
oxidizing agents ferryl and radical ferryl forms. However, in
normal cells, a balance between ROS formation and their
detoxification exists and oxidized hemoglobin is regenerated
to functional reduced form by metHb reductase dependent
on NADH [45]. In CRF erythrocytes, this equilibrium is
disturbed because they have impaired antioxidant defense
systems. The decrease in the activity of SOD, decrease in the
level of GSH, and higher GSSG/GSH ratio were described in
RBC from hemodialysed patients [8, 46, 47].

It has been shown that both hemoproteins Hb and Mb in
oxidized state, for example, in ferryl and ferryl radical forms,

can induce lipid peroxidation by abstraction of a hydrogen
atom in the hydrocarbon chain [48]. These hemoproteins are
responsible for oxidative injury associated with rhabdomyol-
ysis, hemolysis of erythrocytes, and brain hemorrhage [49].
We suggest that hemoglobin and other nonheme proteins can
be damaged by ROS generated inside erythrocytes. It is also
possible that structurally modified hemoglobin in patients
with CRF has greater catalytic possibilities in generation of
ROS than normal hemoprotein. It has been reported that
impaired hemoglobin in sickle cell anemia increases oxidative
stress in red blood cells [50].

On the other hand, internal components of erythrocytes
can be also damaged by ROS from external sources, for exam-
ple, released from phagocytic cells including hypochlorous
acid and nitric oxide during respiratory burst [51–53]. Nitric
oxide can easily penetrate plasma membrane and its reaction
with oxygen and superoxide anion generates nitrogen dioxide
and peroxynitrite, respectively, which are powerful oxidizing
and nitrating agents in vivo [54, 55]. Enhanced production of
nitric oxide and tyrosine nitration in plasma of hemodialysed
patients was found [53, 55].

5. Conclusions

In this paper, we showed that hemodialysis of CRF patients
enhanced oxidative damage of erythrocyte components. HD
led to decrease in themobility of spin labeled hemoglobin and
nonheme proteins. Hemodialysis sessions led also to a loss of
thiols in Hb and nonheme proteins.
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