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Abstract The study population included employees of metal works, with significant
exposure to lead (Pb) for about 20 years (mean blood lead level PbB=43 μg/dl), divided
into four groups: normotensive (Pb-normotensive), high-normotensive, first (HT-1), and
second degree (HT-2) of hypertension. The control group comprised of 30 office workers
with normal blood pressure and no history of occupational exposure to lead. In
erythrocytes, the activity of antioxidant enzymes and lipid peroxidation (measured as
concentration of malondialdehyde (MDA)) was estimated. MDA concentration, glutathione
peroxide (GPx), and superoxide dimutase (SOD) activities were significantly higher in Pb-
normotensive group when compared to the normotensive control. Body mass index, age,
duration of exposure to lead, and PbB were higher in both hypertensive groups than in Pb-
normotensive or high-normotensive groups. MDA increased in HT-1 group by 48% and in
HT-2 by 72%, and the activity of GPx decreased significantly in HT-1 group, by 30% and
in HT-2 by 43%. No significant differences were observed in their activity of SOD,
catalase, and glutathione reductase in erythrocytes. Arterial blood pressure (both systolic
and diastolic) positively correlated with body mass index (BMI), age, lead exposure
duration, PbB, MDA, and negatively correlated with GPx. There was no significant
correlation between BMI and MDA, BMI and GPx, age and MDA, AND age and GPx. In
conclusion: (1) lead increases erythrocyte MDA concentration and the activity of GPx as
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well as SOD in normotensive subjects. (2) Among individuals exposed to lead, with arterial
hypertension diagnosed, higher body mass index, age, values of blood lead level, and
prolonged exposure to lead have been noticed, accompanied by intensified oxidative stress
and the decrease in the activity of glutathione peroxidase in erythrocytes. The reasons for
increase of blood pressure in lead exposure remain unrecognized.

Keywords Lead . Arterial hypertension . Lipid peroxidation . Antioxidant system

Introduction

Much of the undertaken research have shown that lead (Pb) may significantly increase
arterial blood pressure [1–3]. Among the mechanisms possibly leading to arterial
hypertension, there are hormonal disturbances (the renin-angiotensin and the sympathetic
systems), changes in signal transmission in cells, increased inactivation of nitrogen oxide,
as well as direct or indirect influence of reactive oxygen species (ROS) on the metabolism
of endothelium and other cells of the circulatory system [4, 5]. The experimental studies
have revealed an intensified production of free radicals (superoxide radical O2

•–and hydroxyl
radical •OH) [1]. ROS may increase blood pressure directly or indirectly by increasing the
concentration of Ca2+ in endothelial cells or by inactivating nitrogen oxide [6]. The release of
ROS increases the arterial blood pressure and induces atherosclerotic changes in blood vessels.
In consequence, it may lead to arterial hypertension and coronary heart disease [1, 2].

Our earlier studies [7–9] have proven that the exposure of humans to lead compounds
results in increased peroxidation of lipids in blood, due to changes in the activity of
antioxidant enzymes. Among individuals substantially exposed to lead (concentration of
lead in blood—PbB—ranged between 25 and 65 μg/dl), we have noted increased activity
of the superoxide dismutase (SOD) in blood. The activity of glutathione peroxidase (GPx)
increased in lower (PbB=25–40 μg/dl) and decreased in higher exposure to lead (PbB>
40 μg/dl). The activated SOD coupled with simultaneous reduction of GPx activity and
absence of changes in the activity of catalase caused the increase in hydrogen peroxide
(H2O2) formation. GPx and catalase removes hydrogen peroxide. As a result, an increased
concentration of malondialdehyde (MDA)—a product of lipid peroxidation in comparison
with control—was observed.

Intensified synthesis of ROS caused by the lead has been confirmed by many studies
carried out on animals, both in blood and in numerous organs: the brain, kidneys, liver,
lungs, eyeball lens, as well as in cell cultures [3, 4, 10, 11]. Similarly, clinical studies
concerning individuals exposed to lead revealed the intensified peroxidation of lipids in
blood due to ROS [12, 13].

Numerous experimental and clinical studies prove that the oxidative stress plays a role in
the development of the arterial hypertension. Many cells in blood vessels may be generators
of ROS, for example: fibroblasts, endothelial, and smooth muscles cells. The main source
of ROS is the NADPH oxidase activation. The other sources are the biosynthesis of uric
acid by xanthine oxidase, disturbed production of nitrogen oxide (NO) by nitrogen oxide
synthase (NOS; particularly in case of deficiency of tetrahydrobiopteridine) and the
generation of peroxynitrite (ONOO–) [14].

There have been no clinical studies conducted which would determine the pathomechan-
ism of the increase of arterial blood pressure in persons exposed to lead compounds for a
long time. Great majority of investigation devoted to the toxicity of lead are experimental
animal studies. In that investigation, acute poisoning is caused by high doses of lead
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administered in a short period of time. In clinical studies, the exposure to that metal is
significantly lower. Lead enters the body mainly via the respiratory tract contrary to
experimental studies that this element is administrated intraperitoneally or with drinking
water. Moreover, the exposure time is shorter than several years. It makes the effect on
human body different than that in acute poisoning. There are many people exposed to lead
compounds due to their professions. Many of them are not monitored (employees of
companies carrying out overhauls in foundries, employees of small plants producing
batteries, of scrap-metal collecting centers, producers of crystals, etc.). It seems that these
people require specific preventive examinations, with emphasis on diseases of circulatory
system, particularly arterial hypertension.

Our earlier studies demonstrated that among people substantially exposed to lead (PbB
exceeding 40 μg/dl), arterial hypertension is much more frequent (OR 4.4 95%CI 1.4–
14.5). It is accompanied by the increased lipid peroxidation [7]. It seems probable that the
enhanced synthesis of ROS influenced by lead increases arterial blood pressure as a result
of changing activity of antioxidant enzymes responsible for the removal of ROS.

Materials and Methods

The examined population included 92 employees of metal works exposed to lead in the
southern region of Poland. In order to determine the degree of exposure to lead compounds,
the concentration of lead (PbB) and zinc protoporphirin (ZPP) in blood sample has been
marked. Workers (aged 28–55) have been exposed to lead for about 10 to 30 years, and the
values of PbB and ZPP were higher than normal levels (PbB>35 μg/dl or ZPP>5 μg/dl
(normal values of non-occupational exposure to lead should not exceed the PbB of 10 μg/dl
and ZPP of 2.5 μg/dl). Workers with malignant tumors, diabetes, serious liver, kidney, or
heart insufficiency have been excluded. Blood pressure was measured every month over the
period of 6 months. The examined population exposed to Pb has been divided into four
groups:

– normal blood pressure—Pb-normotensive group (systolic pressure <129 and diastolic
pressure <85)

– high-normal blood pressure—Pb-high-normotensive group (systolic pressure 130–139
or diastolic pressure 85–89)

– first degree of hypertension—Pb-hypertensive-1 degree (Pb-HT-1) group (systolic
pressure 140–159 or diastolic pressure 90–99)

– second degree of hypertension—Pb-hypertensive-2 degree (Pb-HT-2) group (systolic
pressure ≥160 or diastolic pressure ≥100)

The control group consisted of 30 office workers with normal blood pressure and no
history of occupational exposure to lead. They all had normal PbB and ZPP levels. None of
the controlled individuals had a history of abnormalities regarding the above parameters.
Only environmental exposure to lead occurred in the group controlled.

Blood (10 ml) was collected by venipuncture into 10-ml sterile tubes containing
ethylenediamine tetra acetic acid solution as anticoagulant to obtain erythrocytes.

In the whole blood, PbB and ZPP were determined. Analysis of PbB was done by
graphite furnace atomic absorption spectrophotometry using Unicam 929 and 939OZ
Atomic Absorption Spectrometers with GF90 and GF90Z Graphite Furnaces. Data are
provided in microgram per deciliter. Concentration of ZPP was assayed directly using Aviv
Biomedical hematofluorometer model 206 which measured the ratio of fluorescence of ZPP
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to absorption of the light by sample (by hemoglobin) and is presented as μg ZPP/g of
hemoglobin (μg/g Hb).

The remaining blood was centrifuged. The sediment of erythrocytes was rinsed three
times, using 0.9% NaCl. Then erythrocytes were hemolysed with deionized water. In 10%
hemolysate, the activity of study enzymes and concentration of hemoglobin were indicated
by means of Drabkin reagent and MDA.

The activity of SOD was indicated by the Oyanagui [15] method. Enzymatic activity is
expressed in nitric unit (NU) in each milligram of hemoglobin (Hb); 1 NU means 50% of
inhibition by SOD of nitric ion production in this method.

The catalase was indicated by the Aebi [16] kinetic method; 2.5 ml of substrate was
mixed with substance consisting of 50 mM TRIS/HCl buffer with pH=7.4 and perhydrol
with 50 μl of haemolysate. Enzymatic activity is expressed in IU/mg Hb.

GPx activity in erythrocytes was assayed by the kinetic method [17]. Briefly, reduced
GSH is oxidized by H2O2 to GSSG then glutathione reductase is recovered back to GSH
using NADPH+H+. Decrease in absorbance is measured at 340 nm. The activity of GPx is
determined as the quantity of μmol of NADPH+H+ used to recover GSH in 1 min,
converted to 1 g of hemoglobin (IU/g Hb).

Glutathione reductase (GR) activity was also assayed by the kinetic method. The
decrease of the concentration of NADPH+H+ after reduction of GSSG back to GSH was
measured. Activity of GR was determined as the quantity of μmol of NADPH+H+ used to
recover GSH in 1 min converted to 1 g of hemoglobin (IU/g Hb) [18].

Lipid peroxidation in erythrocytes was determined fluorometrically according to Ohkawa
[19]. Data are shown as nmol of MDA converted to 1 g of hemoglobin (nmol/g Hb).

The statistical analysis was performed using Statistic 7.1 PL software. Statistical
methods included mean, standard deviation, and standard error of mean (SEM). Shapiro–
Wilk’s test was used to verify normality and Levene’s test to verify homogeneity of
variances. An analysis of variance or Kruskal–Wallis ANOVA test was used for multiple
comparisons of data. Additional statistical comparisons were made by t test, t test with
separate variance estimates or Mann–Whitney U test. Spearman nonparametric correlation
was calculated. A value of p<0.05 was considered to be significant.

Results

There were no differences in age, body mass index (BMI), smoking habits, arterial systolic
blood pressure (SBP) and arterial diastolic blood pressure (DBP) between the Pb-
normotensive group, when compared to the control normotensive non Pb-exposed group
(Table 1), while the PbB, ZPP, MDA concentration, GPx, and SOD activity were
significantly higher in Pb-normotensive group (Table 2, Figs. 1 and 2).

Body mass index, age, and years of exposure to lead increased significantly in both Pb-
HT groups when compared with Pb-normotensive group (Table 1 and Fig. 3). There were
no differences in years of non-exposure to lead and number of cigarettes smoked per day in
the study population exposed to lead. In both Pb-HT groups, the mean lead exposure
indicators PbB and ZPP were higher than in Pb-normotensive or Pb-high-normotensive
groups, but only PbB reached the level of statistical significance (Table 2 and Fig. 4).

The concentration of MDA in erythrocytes increased in Pb-HT-1 group at 48% and in
Pb-HT-2 at 72% in comparison to the Pb-normotensive group (Fig. 1). The activity of GPx
decreased significantly in Pb-HT-1 group at 30% and in Pb-HT-2 at 43%, in comparison to
Pb-normotensive group (Fig. 2), and there were no changes when these groups were
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compared to the control normotensive non-Pb-exposed group. No significant differences
were observed among the other studied activities of enzymes in erythrocytes such as SOD,
catalase, and GR in the study population exposed to lead (Table 2).

Correlations between the studied parameters in lead-exposed population have been
shown in Table 3. Arterial blood pressure (both SBP and DBP) positively correlated with
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BMI (R=0.47–0.48), age (R=0.22–0.35), years of lead exposure (R=0.20–0.30), and PbB
(R=0.20–0.25) and negatively correlated with GPx (R=–0.23 and –0.30). Additionally,
SBP positively correlated with MDA (R=0.28). There were no significant correlations
between BMI and MDA, BMI and GPx, age and MDA, and age and GPx. Also, no
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significant relations between studied parameters and other antioxidant enzymes (SOD,
CAT, GR) were noticed.

Discussion

The study proved that in normotensive individuals exposed to lead compounds increased
erythrocyte, MDA concentration was found compared to normotensive control non-exposed
to Pb. It testifies to the intensified peroxidation of lipids due to the action of ROS. Besides,
the increased activity of antioxidant enzymes, such as GPx and SOD, was observed. It
seems that the increased activity of the above enzymes can be an adaptive mechanism as
consequence of oxidative stress induced by lead in erythrocytes. Some clinical studies
confirm the activation of antioxidants as a result of lead action [13, 20]. Also, in vitro
administration of lead acetate (500 μmol/l) to cell cultures showed an increase of both
MDA concentration and antioxidant enzymes activity (GPx, CAT) [21]. On the other hand,
the incubation of erythrocytes in the presence of lead (5 μmol/l) inhibited the activity of
GPx, SOD, and catalase [22]. It is possible that Pb2+ induces expression of antioxidant
enzymes and can simultaneously inhibit enzyme activity by binding to amino acids in
protein, mainly to sulfhydryl groups [22]. Lead can activate the expression of different
factors as heme oxygenase-1, NF-kappaB, and Cyp1a1 mRNA [23].

In the present study, lead-exposed populations were divided on the basis of values of
arterial blood pressure into normotensive, high-normotensive, and hypertensive groups. The
concentration of erythrocyte MDA in hypertensive subjects was higher by about 48% and
72%, depending on the degree of hypertension (Fig. 1). Many studies confirm that ROS
play an important role in the arterial hypertension. The most significant ROS is superoxide
radical O2

•– and, as the consequence of transformations with the participation of SOD,
hydrogen peroxide. Besides, O2

•– react with nitrogen oxide (NO) and formed one of the
most toxic ROS—peroxynitrite (ONOO–). Those ROS are responsible for the non-
enzymatic peroxidation of arachidonic acid. In consequence, it leads to the formation of
isoprostanes. They cause vessel contraction and stimulate the production of endothelin and
the proliferation of smooth muscles of blood vessels as well as the aggregation of platelets.
Moreover, peroxynitrite reacts with proteins. It leads to the formation of nitrosothiols and
nitrotyrosine as a result of inhibition of the activity of prostacycline synthase. As a

Table 3 Correlation Between Studies Parameters in Lead-Exposed Population

BMI Age Years Pb Years non-Pb SBP DBP PbB ZPP

Age 0.22
years—Pb NS 0.57
years—non-Pb NS 0.41 −0.44
SBP 0.48 0.35 0.30 NS
DBP 0.47 0.22 0.20 NS 0.78
PbB NS NS NS NS 0.25 0.20
ZPP NS NS NS NS NS NS 0.53
MDA NS NS NS NS 0.28 NS 0.25 NS
GPx NS NS NS NS −0.23 −0.30 0.22 NS

NS non-significant, years—Pb years of lead exposure, years—non-Pb years of non-lead exposure, SBP
arterial systolic blood pressure, DBP arterial diastolic blood pressure, PbB blood lead level, ZPP blood zinc
protoporphirin level, MDA concentration of malondialdehyde, GPx activity of glutathione peroxidase

Spearman R values, p<0.05
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consequence of the above processes, blood vessels contract and arterial blood pressure
increases [24]. In this study, the analysis of correlation has shown that arterial blood
pressure (both SBP and DBP) positively correlated with the time of exposure to lead and
PbB and systolic blood pressure positively correlated with MDA. It seems that lead can at
least partially increase blood pressure by generating ROS.

Clinical studies in individuals with hypertension indicated changes within the enzymatic
antioxidative system in erythrocytes. The results are not unequivocal. Most often, decreased
activity of enzymes is described; in some studies, their activity appears to remain
unchanged. In some other publications, the researchers state they found increase in the
activity. Very often, the increase in the activity of one enzyme is accompanied by decrease
or lack of change concerning other enzymes. Practically, all studies reported intensified
oxidative stress.

The Italian study concerning people with arterial hypertension in middle age (aged 46–
48 years) revealed the decreased activity of SOD by 16% and increased activity of GPx by
13% in erythrocytes, with accompanying increase of MDA in blood serum [25]. The study
carried out in Taiwan indicated that in the group of people with arterial hypertension,
almost twice as high activity of erythrocyte SOD was noted in comparison to normotensive
[26]. No connection has been found between polymorphism of the catalase and occurrence
of arterial hypertension [27]. On the other hand, no changes in the activity of GPx and the
concentration of selenium, with simultaneous increased concentration of the products of
lipid peroxidation have been observed in the groups of children with arterial hypertension
from Poland and Turkey [28, 29]. A decrease of SOD by 8% and catalase by 12% has been
observed in erythrocytes in the group of Polish elderly people (average age 76 years) with
arterial hypertension, with accompanying increase of erythrocyte MDA by 43% and over
1.5 times increase of serum carbonyl groups [30]. Population studies in Portugal revealed
that among people with arterial hypertension the activity of GPx in whole blood was
decreased by 30%, in comparison with control, while the activity of SOD in erythrocytes
remained unchanged [31]. In Spain, in the group of people with recently diagnosed arterial
hypertension, a drop in the activity of SOD by 13%, reduced GPx by 18% in erythrocytes
[32], reduction of CuZn-SOD, GR, and GPx mRNA concentrations in mononuclear cells
has been observed [33]. Similar results have been obtained by Redon among middle-aged
people (average age 43–50 years)—decreased activity of all antioxidant enzymes (SOD,
GPx, and catalase), both in erythrocytes and in leukocytes, with associated increase of
MDA [34].

The above results are discordant. Most probably, this is due to the differences in age,
nationality, diet used, pollution, environment, etc. No change in the activity of antioxidant
enzymes has been found among children, whereas in the population of middle-aged and
elderly people, the activities of enzymes were usually lower. Disturbances of the
antioxidative system eventually lead to the aggravation of oxidative stress, which has been
described practically by a decisive majority of researchers.

In our study, we have observed a drop in the activity of GPx in erythrocytes by 30–43%,
depending on the degree of hypertension. It seems possible that prolonged exposure to lead
reduces the activity of that enzyme and, as a result, disturbs the distribution of hydrogen
peroxide. It causes an increase of MDA concentration, which may be confirmed by the
negative correlations between GPx and PbB. One of the reasons of reduced activity of GPx
may be the deficiency of selenium. Interactions between selenium and lead have been
described. Lead may react with selenium, making up an insoluble complex (lead selenide);
it may also impair the uptake of selenium [35]. The experimental studies revealed that
administration of selenium before exposure to lead prevents the occurrence of disturbances
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in the enzymatic antioxidant system [36]. Changes in erythrocyte SOD activity may be
explained by differences in the concentrations of copper (Cu) and zinc (Zn), which are
components of this enzyme. Both elements play a role in the development of arterial
hypertension [37, 38]. Deficiency of those metals may disturb the function of SOD and
other enzymes, particularly in those that take part in the transport of electrolytes, e.g., the
sodium–potassium ATP-ase in erythrocytes [38]. In our study, we did not find statistically
significant changes in the activity of SOD in the population exposed to lead, although in the
groups with arterial hypertension, the activity of SOD was 10% lower in comparison to Pb-
normotensive.

In Pb-HT groups, significantly higher body mass index (in Pb-HT1 group 29.0 kg/m2

and in Pb-HT2 group 31.6 kg/m2) has been found. Clinical studies show that among obese
individuals, SOD and GPx activity appears to be significantly lower, as well as
concentration of zinc or selenium in blood, than those in controls [39–41]. There are
many factors that induce hypertension. Studies of the relations between arterial systolic and
diastolic blood pressure in lead-exposed population have shown that blood pressure
depends on several factors, such as age, BMI, years of lead exposure, and blood lead level
(Table 3). When analyzing the relation between the above factors and oxidative/
antioxidative balance, only PbB positively correlated with MDA. Age and BMI are very
strong factors that induce hypertension, but they seem to be independent of oxidative stress.
Generation of ROS, induced by lead, can be one (but not the only one) of the factors that
influence the development of hypertension in lead exposed subjects. The reasons for
increase of blood pressure in lead exposure remain unrecognized.

The free-radical activity of lead may substantially contribute to search for medicines.
The antioxidants as vitamins (vitamin C, E, beta-caroten), increasing the level of
glutathione in cell (N-acetylcysteine, S-adenosyl-L-methionine), or hipotensive drugs
containing free SH groups (captopril), would prevent the toxic activity of that metal [11].
Perhaps the reduction of oxidative stress would prevent the increase of arterial blood
pressure in the population exposed to lead compounds. So far, no effective methods have
been developed for prevention of unfavorable activities of lead in human body, in case of
chronic intoxications with that element.

To sum up, in the group of individuals exposed to compounds containing lead, among
whom, arterial hypertension has been diagnosed, higher body mass index, age, values of blood
lead level, and a prolonged exposure to lead have been noticed, accompanied by an intensified
oxidative stress and the decrease in the activity of glutathione peroxidase in erythrocytes.
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