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Summary

	 Background:	 The prevalence of hypertension is growing at an alarming rate. Increasing attention is being fo-
cussed on the oxidative stress accompanying this disease. In this study we examined the impact of 
this disease on some parameters of erythrocytes and human blood plasma.

	Material/Methods:	 We examined the impact of hypertension on some parameters of erythrocytes and human plas-
ma. The study involved 13 patients with hypertension and 19 healthy subjects. We determined lip-
id peroxidation, SH groups concentration, antioxidants enzymes activity, ATPase activity, total an-
tioxidant capacity, total cholesterol level and erythrocyte membrane fluidity.

	 Results:	 We found an increased level of lipid peroxidation and the concentration of SH groups in mem-
brane proteins in patients with hypertension, and a decrease in the activity of catalase and super-
oxide dysmutase. No changes were observed in glutathione peroxidase and ATPase activity, level 
of total antioxidant capacity, total cholesterol level and fluidity of erythrocyte membranes.

	 Conclusions:	 These results suggest the existence of an impaired oxidative balance in hypertensive human 
erythrocytes.
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Background

Hypertension is the main risk factor of cardiovascular dis-
ease, including stroke and myocardial infarction [1]. The 
world-wide prevalence of hypertension is very high and is 
growing at an alarming rate. It is estimated that the num-
ber of people suffering from hypertension in 2025 will 
be about 1.56 billion [2]. The reasons for the high inci-
dence of this disease are very diverse, and its pathophys-
iology is still not fully elucidated. Over 90% of cases of 
hypertension have no obvious cause. In research on the 
causes of hypertension, increasing attention is being paid 
to oxidative stress and the possible participation of reac-
tive oxygen species (ROS) in the pathogenesis of this dis-
ease. ROS released in physiological quantities operate as 
mediators and regulators of many cellular processes, but 
in higher concentrations also react with non-specific cel-
lular components such as proteins, nucleic acids and lip-
ids, modifying and damaging them [3]. To counter these 
changes, the body has developed the antioxidant system, 
which is responsible for maintaining oxygen free radicals 
(OFR) in their inactive forms or inhibiting their forma-
tion. The system consists of antioxidant enzymes such as 
catalase (CAT), glutathione peroxidase (GPx), superox-
ide dismutase (SOD) and glutathione reductase (GSSGR), 
as well as small-molecule oxidants like glutathione, plas-
ma proteins and vitamins A, C and E [4]. Disorders of the 
activity of the antioxidant system caused by an imbalance 
between prooxidant and antioxidant factors may contrib-
ute to impaired neutralization of OFR and the consequent 
reduction of their deleterious functions.

In hypertension, increased levels of superoxide radi-
cal (O2

–˙) and hydrogen peroxide (H2O2) are observed 
[5,6]. The main source of OFR in the blood vessels 
are oxidases (i.e., NADH/NADPH oxidase located in 
the cell membrane of myocytes and endothelial xan-
thine oxidase present in endothelial cells and plasma) 
[5]. The activity of these oxidases is increased in peo-
ple with hypertension [7]. In vitro studies have shown 
that endothelial nitric oxide synthase (NOS III) is the 
source of O2

–˙ [8]. NOS III produces both NO and  
O2

–˙. NOS III cofactor is tetrahydrobiopterin (BH4). This 
compound in reduced form interacts with the NOS III, 
thus promoting the production of NO, a potent antiox-
idant, and deficiency of reduced biopterin leads to in-
creased production of O2

–˙ [9]. A decrease in NO bio-
availability is observed in patients with hypertension [10], 
which may be due to inactivation of excessive amounts of 
O2

–˙ or reduction of its synthesis as a result of endothe-
lial cell damage (e.g., through the action of OFR) [11]. 
To counteract the harmful effects of superoxide radicals 
and hydrogen peroxide, the body’s defense strategy is di-
rected at a weak point of both OFR. O2

–˙ and H2O2 under-
go dismutation reaction catalyzed by the enzymes of the 
antioxidant system (i.e., superoxide dismutase and cata-
lase). Because of the widespread interest in hypertension 
in recent years, in this paper attempts were made to ex-
amine the impact of this disease on some parameters of 
erythrocytes and human blood plasma. The parameters 
were chosen based on reports on the occurrence of an-
tioxidant system disturbances in hypertension, as well as 
on the demand to discover the impact of hypertension 
on the structure of erythrocyte membranes.

Material and Methods

Patients

The study materials were erythrocytes and plasma, which 
were isolated from peripheral blood of patients with hyper-
tension (n=13). Characteristic of patients are presented in 
Table 1. Inclusion criteria were mild/moderate hyperten-
sion, untreated antihypertensive drugs, newly discovered 
hypertension, and non-smoking patients. Blood was col-
lected in anticoagulant. Research was performed in cooper-
ation with the Department of Internal Diseases and Clinical 
Pharmacology, Medical University of Lodz. The controls 
were the blood of healthy subjects (n=19) obtained from the 
Centre for Blood Donation and Blood Treatment in Lodz. 
The control group of healthy subjects included 10 women 
and 9 men, between the ages of 44 and 65 years. Inclusion 
criteria were absence of hypertension and non-smokers. 
The testing was approved by the Bioethics Committee of 
the Medical University of Lodz, No. 241/06/KB.

Statistical analyses were performed with STATISTICA 9. 
Statistical significance was determined using the Mann-
Whitney U test and Student’s T test.

Isolation of erythrocytes

Peripheral blood was collected into tubes with anticoagu-
lant (23 mM citric acid, 45.1 mM sodium citrate, 45 mM 
glucose), then centrifuged for 10 min at 600× g at 4°C. 

Parameter Mean ±SD

Age (year) 	 60.17±6.09

RRs (mm Hg) 	 160.67±12.39

RRr (mm Hg) 	 92±4.94

Body mass (kg) 	 83.83±11.83

BMI (kg/m2) 	 30.23±3.50

Waist size (cm) 	 98.50±7.27

Glucose (mg/dl) 	 91.67±14.71

TG (mg/dl) 	 158.92±33.63

TC (mg/dl) 	 230.17±24.23

LDL-C (mg/dl) 	 153.83±21.10

HDL (mg/dl) 	 44.53±5.21

Uric acids (mg/dl) 	 5.80±1.28

Fb (μmol/l) 	 237.75±21.73

hsCRP (mg/l) 	 3.09±1.03

TNF-α (pg/ml) 	 6.30±2.71

Table 1. Characteristic of patients with hypertension.

RRs – systolic blood preasure; RRr – diastolic blood preasure; 
BMI – body mass index; TG –triglycerides; TC – total cholesterol; 
LDL-C – low-density lipoprotein cholesterol; HDL – high-density 
lipoprotein; Fb – plasma free fatty acids; hsCRP – high-sensitivity 
C-reactive protein; TNF-α – tumor necrosis factor.
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After removal of plasma and leukocyte layers, samples were 
washed 3 times with 0.9% NaCl solution after each wash-
ing, and spinning in the same conditions. The erythrocytes 
were suspended in 0.9% NaCl solution to obtain a final he-
matocrit of 50%.

Isolation of erythrocyte membranes

Plasma membranes were prepared using the hypotonic he-
molysis according to the modified method of Dodge et al. 
[12]. Isolated erythrocytes were centrifuged at 12000× g for 
5 min at 4°C until purified erythrocyte membranes were 
obtained. Each time, the membranes were washed in 20 
mmol/l TRIS-HCl buffer at pH 7.4.

Lipid peroxidation

The concentration of substances reacting with thiobarbitu-
ric acid (TBA) followed the method described by Stocks and 
Dormandy [13] in isolated erythrocytes. Erythrocyte solu-
tion of 50% hematocrit were incubated in the presence of 
20% TCA and H2O at 4°C for 1 h, and then centrifuged at 
1000× g for 5 min. The obtained supernatant in the presence 
of 0.26 M TBA was heated for 15 min at 100°C. Absorbance 
measurement was performed at l=532 nm.

Concentration of hemoglobin

Concentration of hemoglobin was performed by the method 
described by Drabkin [14]. Hemolysate of erythrocyte solu-
tion of 50% hematocrit were centrifuged for 5 min. The ob-
tained supernatant was incubated for 15 min at room tem-
perature in the presence of Drabkin reagent. Absorbance 
measurement was performed at l=540 nm.

Concentration of –SH groups

Concentration of thiol groups in the membranes was 
performed by using the method of Ellman [15]. Isolated 
erythrocyte membranes were diluted in SDS and samples 
were incubated in the presence of Na2HPO4 and 5,5’-di-
thiobis-(2-nitrobenzoic acid) (DTNB) for 30 min at room 
temperature. Absorbance measurement was performed 
at l=412 nm.

Total cholesterol

Total cholesterol was determined using the Liebermann-
Burchard reagent. Lipids were extracted by the method 
of Rodriguez-Vico et al. [16] using solvents with low toxici-
ty. Lipid residue was dissolved in a mixture of ethanol and 
chloroform. Cholesterol level was determined on the basis 
of the Liebermann-Burchard reaction. Absorbance mea-
surement was performed at l=660 nm.

Activity of ATPases

The isolated erythrocyte membranes were incubated in in-
cubation medium with and without ouabain for 30 min at 
37°C and 0°C. A level of orthophosphate released was mea-
sured by the method van Veldhoven and Mannaerst [17] with 
malachite green in a solution of polyvinyl alcohol, based on 
the calibration curve as a model for KH2PO4. Absorbance 
measurement was performed at l=610 nm.

Activity of antioxidant enzymes

Catalase activity was determined spectrophotometrically by 
the method of Bartosz [18] in 1% hemolysate.

Glutathione peroxidase activity was determined spectropho-
tometrically in reaction of enzyme from 1% hemolysate with 
GSH and NADPH. The catalase activity was inhibited by so-
lution of sodium azide, KCN and potassium ferricyanide.

Superoxide dismutase activity was determined spectropho-
tometrically by using the method of Misra and Fridovich 
[19] in 10% hemolysate.

Total plasma antioxidant capacity

Total plasma antioxidant capacity was determined by means 
of reduction of ABTS cation as described by Re et al. in mod-
ification of the method of Bartosz [18]. Absorbance mea-
surement was performed at l=414 nm.

Concentration of protein

Determination of protein concentration in preparations of 
erythrocyte membranes was performed by using the meth-
od of Lowry et al. [20], with bovine serum albumin used 
as a standard.

Erythrocyte membrane fluidity was determined using fluorescent 
probes by means of a PERKIN ELMER LS 50B fluorometer. 
The study used 1,6-diphenylo-1,3,5-hexatrien (DPH), which 
gives information about the microviscosity of lipid bilayer 
to a depth of 4 carbon alkyl chains of membrane phospho-
lipids and (1-(4-trimetyloaminofenylo)-6-phenyl-1,3,5 hek-
satrien) p-toluene sulfonate (TMA-DPH), which gives in-
formation about the structure of membranes at a depth of 
less than 4 carbon alkyl chains of membrane phospholipids. 
DPH probes were added to 1 ml of membranes at a concen-
tration of 0.1 mg protein/ml DPH or TMA-. The obtained 
samples were incubated for 10 min at 37°C. Then, after ex-
citation with wavelength of l=348 nm, fluorescence anisot-
ropy was measured at wavelengths of l=426 nm.

Results

In 13 studied patients with hypertension, changes in the 
structure of membranes of erythrocytes and activity of anti-
oxidant system were observed. Significantly higher (p<0.001) 
lipid peroxidation was noted in patients with hypertension 
than in healthy subjects. TBARS level in healthy subjects 
was 0.023±0.012, while in patients with hypertension it was 
0.038±0.013 (Figure 1). Similarly, significant differences 
were found in the concentration of SH groups in membrane 
proteins. In healthy subjects the value was 0.195±0.042 –SH 
μmol/mg protein, whereas in patients with hypertension it 
was 0.258±0.043 –SH µmol/mg protein (p<0.02) (Figure 2). 
A statistically significant decrease was found in the activity of 
antioxidant enzymes (ie, catalase and superoxide dismutase). 
Catalase activity in healthy subjects was 256.99±60.96 U/mg 
Hb, whereas in hypertensive patients it was 214.06±18.11 
U/mg Hb (p<0.05) (Figure 3). A much greater decrease was 
found in the activity of superoxide dismutase. In the control 
group SOD activity was 1904.67±369.44 U/mg Hb, while in 
the study group it was 871.84±173.42 U/mg Hb (p<0.001) 
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(Figure 4). Statistically significant differences were not ob-
served in glutathione peroxidase activity (Figure 5), ATP-
ases total activity (Figure 6), Na+/K+ ATPase activity (Figure 
6), total antioxidant capacity dependent rapid antioxidants 
(Figure 7) and the content of antioxidants (Figure 7). In 
addition, no differences were observed in level of cholester-
ol in erythrocyte membranes (Figure 8) and in membrane 

fluidity of erythrocytes at surface layers, at depths of up to 4 
carbons of alkyl chains of membrane phospholipids (DPH), 
or at a depth of less than 4 carbons of alkyl chains of mem-
brane phospholipids (TMA-DPH) (Figure 9).
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Figure 1. Lipid peroxidation level in erythrocytes (*p<0.001).
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Figure 2. �Concentration of group –SH in proteins of erythrocyte 
membranes (*p<0.02).
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Figure 6.� Activity of ATPases. Empty bars – total activity of ATPases, 
filled bars – activity of Na+/K+ ATPase.
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Figure 7. �Total antioxidant capacity of plasma dependent rapid 
antioxidants. Empty bars – total antioxidant capacity of 
plasma dependent rapid antioxidant, filled bars – total 
antioxidant capacity of plasma dependent slow antioxidant.
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Figure 8. Level of cholesterol in erythrocyte membranes.

U/
m

g H
b *

Controls Patients with hypertension

350

300

250

200

150

100

50

0

Figure 3. Activity of catalase (*p<0.02).
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Discussion

The results of our experiments showed the involvement of 
antioxidant system disorders in patients with hypertension. 
The increase of the level of free radicals, which was observed 
in hypertensive patients, has an impact on the statistically 
significant increase of lipid peroxidation observed in our 
study. Elevated MDA shows an increased level of lipid per-
oxidation in hypertension, which was observed in the study 
of van Marke de Lumen et al. [21] and Russo et al. [22]. 
Cracowski et al. studied the level of 15‑F2t-ISOP, a biomark-
er of lipid peroxidation in the early stages of hypertension 
present in the urine. The results of these studies showed 
no change in the level of the above biomarker, indicating 
no dependence of early stages of hypertension and changes 
in the level of lipid peroxidation. However, results of these 
studies do not preclude changes in more advanced stages 
of disease [23]. Instead, Digiesi et al. conducted investiga-
tions among people with hypertension and observed an in-
crease of lipid peroxidation. The increase in lipid peroxi-
dation was observed only in the elderly and more severely 
hypertensive patients [24]. Comparison with the results of 
Cracowski et al. suggests that the observed increase of lipid 
peroxidation, along with the stage of hypertension, corre-
sponds with the increase of the level of free radicals, along 
with the severity of this disease.

Our study also found an increased concentration of thiol 
groups in membrane proteins, whereas reports in the liter-
ature indicate a decrease in the level of thiol groups. Voevod 
et al. [25] conducted research on rats with induced chronic 
venous hypertension and showed a decreased SH level. Lower 
levels of SH groups of human plasma proteins were also ob-
served by Simic et al. [26]. The increasing concentration of 
thiol groups in erythrocyte membranes may be explained by 
the increase of lipid peroxidation. The increase of lipid per-
oxidation of membrane proteins may cause changes in their 
conformation. We observed slightly elevated total cholesterol 
level and level of cholesterol in erythrocyte membranes, but 
did not reveal significant changes in fluidity of erythrocyte 
membranes. On the other hand, Tsuda showed a decrease 
in membrane fluidity [27]. Wang et al. observed the impact 
of modified protein thiol groups that resulted from oxida-
tive stress on membrane fluidity [28]. In our study, we ob-
served an increase in thiol group concentration, which can 
be explained by changes in erythrocyte membrane fluidity.

Our study also showed no changes in the Na+/K+ ATPase 
activity. Similar results were obtained by Chan et al. in 

healthy rats and rats with induced hypertension [29]. The 
lack of changes in the Na+/K+ ATPase activity obtained in 
our study may be explained by changes in erythrocyte mem-
brane fluidity.

Among people with hypertension, reduction in the activity 
of antioxidative enzymes such as catalase and superoxide 
dismutase is observed. However, literature reports concern-
ing the activity of antioxidant enzymes differ in the results, 
as the authors maintain the relationship between antioxi-
dant stress and hypertension. The decrease of superoxide 
dismutase activity was observed by Russo et al. [22]. A slight 
drop in the activity of this enzyme in hypertension patients 
was observed also in the work of Assadpoor-Piranfar et al. 
[30] and van Marke de Lumen [21]. Similarly, lower cat-
alase activity was shown by Amirikhizi et al. [31] in wom-
en with hypertension. On the other hand, no differences 
in catalase activity between healthy and hypertension pa-
tients was observed by Kedziora-Kornatowska et al. [32] and 
Rozwadowska et al. [33]. In these works, there were also no 
statistically significant changes in the activity of glutathione 
peroxidase, which was also shown in this work. Decreased 
activity of antioxidant enzymes indicates the presence of in-
creased oxidative stress, and thus can explain the harmful 
effects of free radicals, the increased level of which level is 
usually observed in hypertension. ROS interacts with en-
zymatic proteins by changing their structure or conforma-
tion, and thus causing their inactivation. In hypertension, 
a higher level of H2O2 exists, which is also responsible for 
SOD activity inhibition. Moreover, decreased SOD activity 
may also contribute to the increase of O2

–˙ level, which is 
observed in hypertension [6]. Simic et al. [26], in a study 
of blood plasma of patients with hypertension, observed a 
2-fold increase in glutathione peroxidase activity, explained 
by an adaptive phenomenon related to increased free radical 
production in hypertension. Extracellular GPx is produced 
in the proximal renal tubules. In vitro, GPx reduces organ-
ic hydroperoxides of phospholipids. Studies on mice have 
shown protective antioxidant effect, but high accumulation 
of lipid peroxyl radicals overwhelms its antioxidant capacity.

We observed no statistically significant differences in the to-
tal antioxidant capacity of plasma. Similar results were ob-
tained by Digiesi et al. [24]. The studies on rats conduct-
ed by Mantle et al. showed no changes in total antioxidant 
capacity [34]. There were no changes in total antioxidant 
capacity of plasma that indicated any impact of hyperten-
sion on the changes in the antioxidant system in plasma.

Patients analyzed in our study also showed elevated BMI in-
dex and TNF-a level, which lowers the concentration of NO. 
Both of these factors favor the development of hypertension.

Conclusions

In summary, the results of these studies suggest a negative 
effect of oxidative stress, accompanying hypertension, on 
the erythrocytes and the antioxidant system of erythrocytes. 
Damage of erythrocytes is noticeable in the changes of lip-
id peroxidation level in erythrocytes and in the level of –SH 
groups, present in the membrane of erythrocytes. Disorders 
of the antioxidant system indicate the strong reduction 
in SOD activity and a smaller decrease of catalase activity.
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Abbreviations

RRs – systolic blood pressure; RRr – diastolic blood pres-
sure; BMI – body mass index; TG –triglycerides; TC – total 
cholesterol; LDL-C – low-density lipoprotein cholesterol; 
HDL – high-density lipoprotein; Fb – plasma free fatty acids; 
hsCRP – high-sensitivity C-reactive protein; TNF-a – tumor 
necrosis factor; TBA – thiobarbituric acid; TBARS – thiobar-
bituric acid-reacting substances; TCA – trichloroacetic acid; 
ROS – reactive oxygen species; OFR – oxygen free radicals; 
CAT – catalase; GPx – glutathione peroxidase; SOD – super-
oxide dismutase; GSSGR –glutathione reductase; NOS III 
– endothelial nitric oxide synthase.
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