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the occasional inverse relationship between superoxide
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Abstract

The concept of an anti-oxidant defence system as a means to prevent oxidative cell damage implies balanced activities of anti-oxidant
defence enzymes. As well as positive correlations between anti-oxidant enzyme activities in human erythrocytes, it has been observed that
sometimes when glutathione peroxidase activity is increased, CuZn-superoxide dismutase activity is decreased. In our current study we
have examined the plasma lipid profile and the anti-oxidant defence enzymes in erythrocytes from humans, pigs, and bulls. We found
that a negative correlation existed between CuZn-superoxide dismutase and glutathione peroxidase activities in human erythrocytes
when the concentrations of both plasma triglycerides and total cholesterol were high. This correlation was also found in pig erythrocytes,
but not in bull erythrocytes. We propose that cholesterol could affect membrane lipid peroxidation and superoxide generation in eryth-
rocytes via the recently found fraction of cholesterol bound to haemoglobin, termed haemoglobin-cholesterol.
� 2006 Elsevier Inc. All rights reserved.
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Erythrocytes are particularly vulnerable to oxidative
stress because they are exposed to oxygen radicals that
are continuously generated primarily due to the auto-oxi-
dation of haemoglobin (Hb). There is a defence system
against oxidative stress in erythrocytes. CuZn-superoxide
dismutase (SOD; EC 1.15.1.1) catalyses the dismutation
of superoxide O�2

� to hydrogen peroxide (H2O2), which is
then independently converted to water by catalase (CAT;
EC 1.11.1.6) or by selenium-dependent glutathione peroxi-
dase (GSH-Px; EC 1.11.1.9) [1]. Glutathione reductase
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(GR; EC 1.6.4.2) catalyses the reduction of oxidised GSH
back into GSH, the latter being the co-substrate of GSH-
Px [2]. The concept of an anti-oxidant defence system as
a means to prevent oxidative cell damage implies the coor-
dinated expression of anti-oxidant defence enzymes. In a
group of 220 healthy Danish subjects erythrocyte SOD
activity was positively correlated to CAT. In addition,
CAT was positively correlated to GR. No significant corre-
lations were found between GSH-Px and any of the other
enzymes measured [3]. Any increase in SOD activity pro-
duces an excess of H2O2 that must be efficiently neutralised
by either GSH-Px or CAT. Thus, the enzymatic activity of
the first step (SOD) and second step (GSH-Px and/or
CAT) must be balanced to prevent cell damage. Indeed,
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Fig. 1. The concentration of plasma lipids in pigs (white bars), bulls (grey
bars), and humans (shaded bars). The error bars indicate the standard
deviations. *p < 0.01 and **p < 0.001 significantly different from the other
two species.
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this relationship has been shown in cases of trisomy 21
(Down’s syndrome) where an increase in SOD activity
was accompanied by increases in GSH-Px and CAT activ-
ities [4–6].

In some human pathological samples it has been
observed that often when GSH-Px is increased, SOD is
reduced and vice versa [7–9]. Very small inter-species
variations in terms of the amount of enzyme per gramme
of Hb were found in the case of SOD activity, but large
variations were found in the case of CAT and GSH-Px
activities (up to a 150-fold difference between minimal
and maximal values) [10]. Erythrocytes are also exposed
to oxidative pressure from plasma (particularly H2O2

and nitric oxide). An imbalance between oxidative stress
and the cell’s anti-oxidant defence system may have
adverse effects on cell membranes through the indiscrim-
inate oxidation of susceptible molecules such as polyun-
saturated fatty acids (PUFAs), the main substrates for
lipid peroxidation [11]. Some investigators [12,13] have
suggested that the alteration in the SOD/GSH-Px + CAT
ratio rather than the absolute concentrations of anti-oxi-
dant enzymes is an important indicator of cellular dam-
age. This is because changes in this quotient correlate
well with increases in lipid damage. This means that
the sensitivity of a cell to free radicals apparently
depends on the relationship between SOD and
(CAT + GPx) rather than on absolute amounts of indi-
vidual anti-oxidants [14]. We have recently detected cho-
lesterol (Ch), associated with phospholipids, bound to
Hb in human erythrocytes (termed Hb-Ch) [15]. In that
report we showed that Hb-Ch was formed in a young
healthy population as a consequence of a seasonally
related elevated plasma cholesterol level (due to changes
in plasma lipoprotein metabolism) [15]. Generally unsat-
urated fatty acids and phospholipids promote human
Hb oxidation and reactive oxygen species (ROS) forma-
tion [16,17]. Cholesterol, on the other hand, has a protec-
tive effect [18]. The amount of Hb-Ch did not influence
erythrocyte anti-oxidant enzyme activities, however, a
higher amount of Hb-Ch changes correlations in the part
of the anti-oxidant defence system relating to GSH, sug-
gesting increased peroxidative pressure from plasma lip-
ids (Nikolic et al., unpublished data).

As the influence of plasma lipids on anti-oxidant defence
in erythrocytes was not examined in detail [19], we have
now studied the levels of plasma lipids and the activity of
the erythrocyte anti-oxidant enzymes in humans and com-
pared the findings with animals (pigs and bulls) having dif-
ferent lipid metabolism, different plasma lipid profiles, and
different erythrocyte anti-oxidant defence compositions.
We also examined the content of Hb-Ch in human, pig,
and bull erythrocytes.
Materials and methods

Chemicals. All the chemicals used were purchased from Sigma (USA)
or Merck (Germany), unless indicated otherwise.
Subjects and blood sampling. Human blood samples were obtained by
venapuncture following an overnight fast. Citrate (3.8%) was used as an
anticoagulant. After an initial screening, 15 human subjects (9 males and 6
females from our research laboratories and institutions aged 40–57 years
old) were selected for the study. They all had slightly elevated levels of
plasma total cholesterol (T-Ch) and plasma triglycerides (TGs) (Fig. 1)
according to the third report of the National Cholesterol Education
Program [20]. Otherwise, normal haematological indices were present and
the history of all participants did not reveal any relevant diseases, medical
conditions or the taking of prescribed medication that could have influ-
enced anti-oxidant enzyme activities. No unusual physical or drinking
habits were observed. Informed consent was obtained from all the human
volunteers prior to initialising the study. Blood samples from 12 pigs and
12 young bulls were obtained from the Institute of Meat Hygiene and
Technology. The pigs were Swedish landrace (approximately 100 kg live
weight, fattened in about 160 days). The young bulls were from crosses
between Charloase and a domestic spotted breed (aged 480 days and
about 650 kg in weight). Citrate (3.8%) was used as an anticoagulant for
both pig and bull blood sampling. All measurements described below were
carried out in duplicate using fresh plasma and erythrocyte lysates.

Plasma lipids. Blood samples were centrifuged at 2000g for 15 min
at 4 �C to determine the plasma lipids. Plasma T–Ch and TGs were deter-
mined based on enzymatic methods with Reanal kits (Hungary). High-
density lipoprotein cholesterol (HDL–Ch) was measured in the supernatant
following the precipitation of apoB-containing lipoproteins with dextran
sulphate (Serva, Germany) and MgCl2. Low-density lipoprotein cholesterol
(LDL–Ch) was calculated using the Friedewald formula.

Erythrocyte anti-oxidant enzyme activities. The preparation of the
erythrocyte lysates was as follows. After the citrate-treated blood samples
were centrifuged at 2000g for 15 min at 4 �C, the plasma and buffy coat
were discarded. The separated erythrocytes were washed three times with
0.9% NaCl. Washed cells (0.5 ml) were lysed by adding 3 ml of ice-cold
distilled water followed by thorough mixing. The Hb concentration was
then estimated in an aliquot of this haemolysate using the Drabkin
method. To remove the Hb [21], 1.0 ml of an ethanol/chloroform (1:1, v/v)
mixture was added to an aliquot (0.5 ml) of the haemolysate cooled on ice.
This mixture was stirred constantly for 15 min before being diluted with
0.5 ml of distilled water. After centrifugation for 10 min at 1600g, the pale
yellow supernatant was separated from the protein precipitate and was
used to assay SOD enzyme activity.

The activities were determined using a Shimatzu UV-160 spectropho-
tometer. All enzyme measurements were carried out in duplicate and
average data of GSH-Px activities were normalised using the Hb content
(5 g %). SOD activity was measured according to the method described by
McCord and Fridovich [22]. One unit of activity is defined as the amount
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Fig. 3. Non-reducing polyacrylamide gel electrophoresis of SOD. Prep-
arations containing 2 U of protein activity were loaded onto a 12% gel.
The picture is separated into two panels. The left panel represents proteins
stained with Coomassie blue and the right panel represents the activity of
SOD (stained with NBT). The lanes are: 1, SOD from pig erythrocytes
(method of Tsuchihashi); 2, SOD purified from pig erythrocytes; 3, SOD
from bull erythrocytes (method of Tsuchihashi); 4, SOD purified from bull
erythrocytes; 5, SOD from human erythrocytes (method of Tsuchihashi).
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Fig. 4. The level of Hb-Ch from pig (white bar), bulls (grey bar), and
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of enzyme necessary to decrease the rate of cytochrome c reduction to 50%
of maximum at 25 �C and pH 7.8, using xanthine and xanthine-oxidase as
the superoxide source. The activity of CAT was determined by the rate of
H2O2 disappearance measured at 240 nm, according to Claiborne [23].
One unit of CAT activity is defined as the amount of enzyme that
decomposes 1 mmol H2O2 per minute at 25 �C and pH 7.0. The activity of
GSH-Px was determined by the GSH-dependent reduction of t-butyl
hydroperoxide, using a modification of the assay described by Paglia and
Valentine [24]. One unit of GSH-Px activity is defined as the amount
needed to oxidise 1 nmol NADPH per minute at 25 �C and pH 7.0. GR
activity was determined using the method of Glatze and co-workers [25].
This assay is based on NADPH oxidation concomitant with GSH
reduction. One unit of GR activity is defined as the oxidation of 1 nmol
NADPH per minute at 25 �C and pH 7.6.

Polyacrylamide gel electrophoresis. Twelve percent running and
4% stacking gels were employed. SOD from erythrocytes was diluted to
2 U/ml in a solution containing 12% glycerol, 0.5 mM Tris–HCl (pH 6.8),
and 0.2 M EDTA before loading 50 ll well. Cow SOD was Perixinorm
(Gruneutal Gmbh, Germany). Pig SOD was purified to homogeneity from
mixed pig blood [26]. Proteins were identified by Coomassie staining. SOD
activity in the gel was revealed by staining with 4-nitroblue tetrazolium
(NBT). Protein bands were visualised using the reduction of NBT
(0.25 mg/ml) with O�2

� produced by photochemical reduction of riboflavin
(0.1 mg/ml) with TEMED (1%).

Determination of Hb-Ch. The content of Hb-Ch was determined as
previously described by Nikolic et al. [15]. Briefly, aliquots of the haem-
olysates, from which membranes were carefully removed, were extracted
according to Reed and co-workers [27]. Cholesterol was enzymatically
determined in the lipid extracts. The results are expressed as the percentage
of total Hb. The total Hb content was measured as cyanmethemoglobin
using the Drabkin method.

Statistical analysis. The data are presented as means ± standard
deviation (SD). Differences among parameters were assessed by analysis of
variance (ANOVA) followed by Tukey’s post hoc comparison test. Sta-
tistical significance was established by protocols as described in Hinkle
and colleagues [28]. A p value <0.05 was considered statistically
significant.

Results

The results obtained in our study are illustrated in Figs.
1–4 and Table 1. The human, pig, and bull plasma lipid
SOD CAT GSH-Px GR
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Fig. 2. The activity of anti-oxidant enzymes in erythrocytes from pigs
(white bars), bulls (grey bars), and humans (shaded bars). The units of
activity are described in Materials and methods. The values for CAT,
GSH-Px, and GR activities shown are reduced by a factor of 10 to allow
their visualisation in the figure. The error bars indicate the standard
deviations. *p < 0.001 significantly different from the other two species.

human (shaded bar) haemolysates. The error bars indicate the standard
deviations. **p < 0.001 significantly different from the other two species.
parameters are shown in Fig. 1. The concentrations of
human T-Ch, LDL-cholesterol, and TGs were all signifi-
cantly higher than those of pigs and bulls. However, the
concentration of human HDL-Ch was significantly lower
than that measured in bulls. When the parameters for pigs
and bulls were compared, we found that the concentrations
of T-Ch and HDL-Ch were significantly higher in bulls,
whereas the concentration of TGs was higher in pigs. No
difference in the level of LDL–Ch was apparent between
pigs and bulls.

The activities of the erythrocyte anti-oxidant enzymes
are illustrated in Fig. 2. There were no differences in the
activities of both GSH-Px and GR between the three spe-
cies. In bull erythrocytes SOD activity was significantly
higher when compared to both human and pig erythro-
cytes. CAT activity was found to be significantly higher
in pig erythrocytes when compared to human and bull
erythrocytes.



Table 1
Correlation analysis of the activities of erythrocyte anti-oxidant defence
enzymes in humans (a), pigs (b), and bulls (c)

SOD CAT GSH-Px GR

Humans (a)

SOD �0.029 �0.728* �0.228
CAT 0.490 �0.430
GSH-Px 0.034
GR

Pigs (b)

SOD �0.051 �0.789* 0.071
CAT 0.440 �0.580
GSH-Px �0.191
GR

Bulls (c)

SOD �0.759* 0.118 0.165
CAT �0.324 �0.241
GSH-Px �0.467
GR

Significant correlations are indicated in bold text. Statistical significance
was analysed by the ANOVA test.

* p < 0.01.
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The correlation coefficients between erythrocyte anti-
oxidant enzyme activities within each species are shown
in Table 1. There was a negative relationship between
SOD and GSH-Px activities both in human and pig eryth-
rocytes (Table 1, a and b). A negative correlation between
the activities of SOD and CAT was found in bull erythro-
cytes (Table 1, c).

Differences in the electrophoretic pattern of erythrocyte
SOD from humans, pigs, and bulls are shown in Fig. 3. The
isoelectric points of pig, human, and bull SOD were found
to be 5.8, 5.6, and 4.8, respectively. According to these val-
ues the net protein charge on SOD varied more significant-
ly for pigs (lane 1) and humans (lane 5) than for bulls (lane
3). SOD purified to homogeneity from mixed pig blood
(lane 2) revealed heterogeneity (70% Leu; 30% Val on posi-
tion 29) [26]. The same result was obtained for pigs (mixed
blood from five pigs, lane 1).

Fig. 4 illustrates the level of Hb-Ch in erythrocytes from
pigs, bulls, and humans. A higher level (nearly threefold
more) of Hb-Ch was found in pigs when compared with
bulls. Humans had at least twofold more Hb-Ch when
compared with pigs.

Discussion

The main source of ROS in erythrocytes is the produc-
tion of O�2

�, via the auto-oxidation of oxyhaemoglobin to
methaemoglobin [29,30]. Excessive production of ROS
creates a situation known as oxidative stress when reac-
tions of ROS with macromolecules can cause a wide spec-
trum of cell damage including lipid peroxidation,
inactivation of enzymes, alteration of intracellular oxida-
tive-reduction stage, and DNA mutations. Under normal
conditions erythrocytes contain sufficient scavenger
enzymes such as SOD, CAT, and GSH-Px to protect
against free radical injury. In addition, the specific activi-
ties of these enzymes in erythrocytes are higher than in
most other tissues in the body [31]. It is known that some
of the O�2

� scavenging enzymes can respond to conditions
of increased oxidative stress with compensatory increases
in their activities [32,33]. Among SOD activities cellular
distribution of enzymes is also important and determined
mostly by pI values and according to our results human
erythrocytes SOD is similar to that pigs but both differ
from bulls.

GSH-dependent enzymes in the anti-oxidant system are
separately regulated, probably via the concentration of
(reduced) GSH and the cellular redox status [34]. The high-
er GSH-Px activity observed in pig erythrocytes (Fig. 2)
may be explained by the increased formation of peroxides.
GSH-Px is an enzyme capable of acting not only on H2O2

but also on lipid peroxides. GSH-Px reduces lipid hydro-
peroxides thereby indirectly protecting hydrophobic mem-
brane compartments. SOD and CAT, on the other hand,
primarily operate in a hydrophilic environment. Therefore,
a comprehensive understanding of the anti-oxidant system
should be based on the knowledge of activities and mutual
interactions of enzymes involved in free radical detoxica-
tion [14]. To act as an anti-oxidant GSH-Px requires
reduced GSH that is then oxidised. The regeneration of
GSH is catalysed by GR. The activity of GR is related to
the concentration of GSH, which therefore acts as more
than a substrate for GSH-Px. The function of GSH is
not only for scavenging ROS, but also for the detoxifica-
tion of xenobiotics and carcinogens and the regulation of
immune functions and maintenance of protein structure,
function, and turnover [35]. GR activity maintains a high
reduced/oxidised glutathione (GSH/GSSG) ratio in nor-
mal erythrocytes. Unchanged GR activity in erythrocytes
from humans, pigs, and bulls suggested no significant dif-
ference in GSH turnover. GSH, together with its related
enzyme GSH-Px, mainly interacts with H2O2 and lipid per-
oxides and functions as the major scavenger of ROS in
erythrocytes [36].

In the present study a significantly higher CAT activity
was observed in pig erythrocytes. CAT has a dual function
as it catalyses the decomposition of H2O2 into oxygen and
water (catalase activity). It also oxidises electron donors
such as ethanol, methanol, and phenols (peroxidative activ-
ity). This higher CAT activity suggests an increase in H2O2

generation in pig erythrocytes. An increased concentration
of H2O2, which inhibits some protective enzymes including
SOD, allows the production of hydroxyl radicals, especially
in the presence of catalytically active metals [37,38]. Only at
higher concentrations of H2O2 the role of CAT becomes
increasingly prominent [39].

It is not uncommon that anti-oxidant defence systems
are altered in response to various diseases [40,41]. Together
our results indicate that the anti-oxidant defence system in
human erythrocytes with preserved homeostasis finely
retunes its composition according to plasma oxidative
demands. An increase in some plasma lipid components
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may potentiate membrane lipid peroxidation in erythro-
cytes and decrease intra-erythrocyte production of O�2

�,
which could result in a negative correlation between SOD
and GSH-Px activities found in our experiments. The dis-
covery of the new Hb-Ch modification could explain how
cholesterol may influence the organisation of the anti-oxi-
dant defence system in erythrocytes. As the preferred
method of lowering plasma lipid peroxidation (measured
by quality biomarkers) is suggested to lose weight and
reduce cholesterol intake, rather than taking large amounts
of vitamin E supplements [42], our results are in agreement
with these suggestions. Further studies should be per-
formed to clarify the relationship among lipids, lipid perox-
idation, and anti-oxidant enzymes. These studies are
currently in progress in our laboratories.
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