Clinical Toxicology (2013), 51, 480–486
Copyright © 2013 Informa Healthcare USA, Inc.
ISSN: 1556-3650 print / 1556-9519 online
DOI: 10.3109/15563650.2013.802797

CRITICAL CARE

The administration of N-acetylcysteine reduces oxidative stress
and regulates glutathione metabolism in the blood cells of
workers exposed to lead
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Context and objective. The aim of the study was to investigate whether treatment with N-acetylcysteine (NAC) is able to restore erythrocyte
glutathione (GSH) content in workers exposed to lead. Additionally, we measured the leukocyte and erythrocyte activities of GSHrelated enzymes, such as glutathione reductase (GR), glutathione-S-transferase (GST), and glucose-6-phosphate dehydrogenase (G6PD),
and estimated the influence of NAC administration on oxidative stress intensity, which was measured as the lipofuscin (LPS) level in
erythrocytes. Methods. The exposed population consisted of 171 healthy males randomly divided into four groups. Workers in the first
group (n  49) were not administered any antioxidants, drugs, vitamins, or dietary supplements, while workers in the remaining groups
were treated with NAC at three doses for 12 weeks (1  200 mg per day, 2  200 mg per day, and 2  400 mg per day). All workers
continued to work during the study. The blood of all examined workers was drawn two times: at the beginning of the study and after
12 weeks of treatment. Results and conclusion. Blood lead levels decreased significantly in all groups receiving NAC compared to those
in baseline. Erythrocyte GSH concentrations were significantly elevated in workers receiving 400 and 800 mg of NAC compared to those
in baseline by 5% and 6%, respectively. Erythrocyte G6PD activity was significantly elevated in workers receiving 200, 400, and 800 mg
of NAC compared to those in baseline by 24%, 14%, and 14%, respectively. By contrast, there were no significant differences in leukocyte
G6PD or leukocyte and erythrocyte glutathione reductase (GR) activities before and after treatment. Leukocyte GST activities decreased
significantly after treatment in workers receiving 200 mg of NAC by 34%, while LPS levels decreased significantly in workers receiving
200, 400, and 800 mg of NAC compared to those in baseline by 5%, 15%, and 13%, respectively. In conclusion, NAC decreases oxidative
stress in workers exposed to lead via stimulating GSH synthesis.
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Introduction

Lead-induced free radicals generation results in lipid
peroxidation, disruption of cell membrane, protein oxidation,
and oxidation of DNA and RNA. Therefore, it is suggested
that administration of various antioxidants can prevent or
diminish various toxic effects of lead.1 Because there is
no safe level of exposure to lead and complete control and
prevention over lead-exposure is still far from being achieved,
it is worth exploring whether antioxidants have the actual
potential to restore the impaired pro-oxidant/antioxidant
balance in lead poisoning.
Lead inactivates glutathione (GSH),1 which is a major thiol
antioxidant of the human body. This inactivation results in
the synthesis of GSH from cysteine via the gamma-glutamyl
cycle. However, this cycle is usually not effective in restoring the GSH supply.1,3 Because N-acetylcysteine (NAC)
provides a rate-limiting cysteine needed for GSH synthesis
and reduces the interactions of lead with thiol groups,5,6 it
is theoretically a good candidate for the treatment of lead
intoxication.
NAC is a thiol antioxidant that is rapidly absorbed following an oral dose. The plasma half-life of NAC is estimated to

The widespread usage of lead in different industries is due
to its unique properties, such as softness, high malleability,
ductility, low melting point and resistance to corrosion.
Lead interferes with a number of body functions and produces serious disorders, such as encephalopathy, anemia,
nephropathy and hypertension. Lead not only generates
reactive oxygen species (ROS), such as hydroperoxides,
singlet oxygen, and hydrogen peroxide, but also depletes the
antioxidant reserves.1,2 Lead has a strong affinity for thiol
groups. Because these groups are essential for the catalytic
activities of many enzymes, lead is able to disrupt the function of enzymatic pathways, such as the heme biosynthesis
pathway, and interfere with antioxidant enzymes.1,3,4
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be approximately 2.5 h.7 NAC undergoes quick deacylation
to cysteine, which is a rate-limiting precursor in the synthesis of intracellular reduced GSH.5 The effectiveness of NAC
as an antioxidant is attributed to its ability to reduce extracellular cystine to cysteine.8 Apart from being a source of thiol
groups, NAC can also act as a direct scavenger of reactive
oxygen species; however, the reactivity of NAC with superoxide anion and hydrogen peroxide is being discussed.7,9,10
The chelating properties of NAC are also controversial.5,11
Studies in vitro and in vivo on lead-exposed rats and
mice showed that NAC administration normalizes the GSH
level, decreases the level of the oxidized form of glutathione
(GSSG), and reduces oxidative stress biomarker levels.5,6,12–16
Therefore, it is worth exploring whether NAC administration would reverse the negative effects of lead-induced GSH
depletion in humans because there is no study in the available literature on this topic.
In light of this, in the present study, we investigated
whether treatment with NAC is able to restore erythrocyte
GSH content in workers occupationally exposed to lead.
We decided to also measure activities of GSH-related
enzymes and estimate the influence of NAC administration
on oxidative stress intensity.

Methods
Experimental design
The experimental protocol was approved by the Bioethics
Committee of the Medical University of Silesia in Katowice
(No. NN-6501-36/I/06).
The exposed population consisted of healthy male
employees of zinc and lead works located in Miasteczko
Śla˛skie, Poland. All of them were volunteers who were
recruited by a specialist of occupational medicine during
prophylactic medical examinations and provided informed
consent to the study. The mean concentration of lead in the
air at participants’ workplaces was 0.083  0.12 mg/m3. All
participants continued to work during the study. They were
wearing standard work clothes and dust masks.
Blood concentrations of lead (PbB) and zinc protoporphyrin (ZPP) served as markers of lead exposure. On average, the levels of PbB and ZPP were determined every three
months for the two years of observation prior entering the
study. Based on the obtained values, the mean level of lead
in the blood (PbBmean) and the mean level of zinc protoporphyrin in the blood (ZPPmean) were calculated.
The inclusion criteria were the following: occupational
exposure to lead (PbBmean  20 μg/dl and ZPPmean  2.5
μg/g Hb), lack of significant findings in physical examination, and no history of any chronic disease. Exclusion criteria
included contraindications for the administration of NAC.
The examined population was randomly divided into four
groups. At the beginning of the study, during prophylactic
medical examination, each participant of the study drew
a piece of paper with the group number from a bag. Participants of the study and investigators were not blinded to
the treatment group assignment. Workers in the first group
Copyright © Informa Healthcare USA, Inc. 2013

(reference group) were not administered with any antioxidants, drugs, vitamins or dietary supplements, while workers
in the remaining three groups were treated orally with NAC
(Fluimucil®, Medagro) at three different doses for 12 weeks
until the next prophylactic medical examination. Workers in
the NAC 200 group were administered with 200 mg of NAC
once a day, workers in the NAC 400 group were administered
with 200 mg of NAC twice a day, and workers in the NAC
800 group were administered with 400 mg of NAC twice
a day. At the end of the study, participants were asked to return
their empty pill boxes back to one of the study investigators
to assess compliance with treatment protocol.
The blood of all examined workers was drawn two times:
up to three days before prophylactic medical examination
at the beginning of the study and up to three days before
the next prophylactic medical examination after 12 weeks of
treatment or observation. The levels of PbB and ZPP were
determined in the collected blood samples. The erythrocyte
GSH and lipofuscin (LPS) levels and activities of glutathione reductase (GR), glutathione-S-transferase (GST) and of
glucose-6-phosphate dehydrogenase (G6PD) in the blood
cells were also determined.
Laboratory procedures
To obtain whole blood, erythrocytes and leukocytes, 14 ml
of blood was drawn by venipuncture into tubes containing an
ethylenediaminetetraacetic disodium acid (EDTA) solution
as an anticoagulant.
Immediately after blood sampling, 5 ml of whole blood
was centrifuged. The plasma supernatant was removed. The
sedimented erythrocytes were washed three times through
centrifugation with 0.9% sodium chloride solution. Subsequently, the erythrocytes were lysed with bidistilled water.
Finally, 10% (v/v) hemolysate was prepared. The levels of
hemoglobin, GSH and LPS and activities of GR and G6PD
were measured in the hemolysate.
To isolate the leukocytes, 3 ml of the whole blood was
layered over Histopaque-1077 (Sigma-Aldrich) in a 1:1 ratio
and centrifuged for 30 min. Leukocytes (1.5 ml) were collected from the interface and washed three times through
centrifugation with 0.9% sodium chloride solution. Finally,
the lysate of leukocytes was prepared in 1.5 ml of bidistilled
water. The protein level and the activities of GR, GST, and
G6PD were measured in this lysate.
PbB was analyzed in the whole blood by graphite furnace
atomic absorption spectrophotometry using Unicam 929 and
939OZ Atomic Absorption Spectrometers with GF90 and
GF90Z Graphite Furnaces. Data were displayed as microgram per deciliter.
The level of ZPP was measured using Aviv Biomedical
hematofluorometer model 206. The results were expressed
in microgram ZPP per gram of hemoglobin (μg/g Hb).
The levels of GSH and LPS in erythrocytes were indicated by Pawelski17 and Jain18, respectively. GSH concentrations were expressed as micromoles per gram of hemoglobin
(μmol/g Hb), while LPS concentrations were expressed as
relative units (RU) per gram of hemoglobin (the fluorescence
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of 0.1 mg/ml solution of quinidine sulfate in sulfuric acid is
equal to 100 RU).
The activities of G6PD and GR in erythrocytes and leukocytes were measured according to Richterich19 using a
Shimadzu UV-1700 spectrophotometer. G6PD activity was
expressed as micromoles of NADPH produced per minute
normalized to 1 gram of hemoglobin in erythrocytes (IU/g
Hb) and 1 gram of protein in leukocytes (IU/g P), whereas
the activity of GR was expressed as micromoles of NADPH
utilized per minute normalized to 1 gram of hemoglobin in
erythrocytes (IU/g Hb) and 1 gram of protein in leukocytes
(IU/g P). The activity of GST in leukocytes was measured
according to the kinetic method of Habig and Jakoby20 using
a Shimadzu UV-1700 spectrophotometer. The activity of
GST was expressed as micromoles of thioether produced per
minute normalized to 1 gram of protein (IU/g P).
Statistical analysis
Statistical analysis was performed using Statistica 9.1 PL
software. Shapiro–Wilk’s test was used to verify normality,
whereas Levene’s test was used to verify the homogeneity
of variances. Statistical comparisons between groups were
made using Student’s t-test, a t-test with separate variance
estimates, or a Mann–Whitney U-test. Dependent variables
were analyzed using Student’s t-test and Wilcoxon’s test.
An alpha value of p  0.05 was considered to be statistically
significant.

Results
At the beginning, the study consisted of 200 participants (50
subjects in each group). We further excluded three participants who had developed dyspepsia (one participant from the

NAC 400 group, two participants from the NAC 800 group)
and 26 participants who had not been taking NAC according to the study protocol or had not undergone the medical
examination after 12 weeks of treatment. This left 49 subjects
in the reference group, 40 subjects in the NAC 200 group, 44
subjects in the NAC 400 group, and 38 subjects in the NAC
800 group. Workers’ age ranged between 23 and 58 years,
and they were exposed to lead from 4 to 38 years.
There were no significant differences in age, years of
work, body mass index (BMI), or smoking habits among
the examined groups (Table 1). Similarly, there were no
differences in PbBmean or ZPPmean values calculated before
the treatment. However, the PbB levels measured before
treatment were significantly higher in the NAC 400 and NAC
800 groups compared to those in the reference group. After
12 weeks of treatment, the PbB levels decreased significantly
in all groups receiving NAC, while the PbB level in the reference group remained unaltered. The ZPP levels measured
at the beginning of the treatment were similar in all groups.
Treatment with NAC resulted in a significant decrease in
ZPP levels in the NAC 200 and NAC 400 groups compared
to the values before treatment. However, these alterations
were not significant compared to the slight decrease in
ZPP level (insignificant) observed in the reference group
(Table 1). Moreover, the changes in ZPP levels were
positively correlated with changes in G6PD activity in
leukocytes (data not shown).
Erythrocyte GSH concentrations were significantly
increased in the NAC 400 (by 5%) and NAC 800 (by 6%)
groups after treatment with NAC in comparison with values
at the beginning of the study. In the group of all patients
treated with NAC, the GSH level increased significantly by
4%. In the NAC 800 group, the observed increase was significant compared with that of the reference group. However,

Table 1. Demographic parameters, blood lead levels (PbB), and levels of zinc protoporphyrin in the blood (ZPP) of a Pb-exposed population
before and after 3 months of treatment with N-acetylcysteine (NAC) and observations in the control group.
Control group
n  49

age
years of work
BMI (kg/m2)
smoking habits
PbBmean (μg/dl)†
ZPPmean (μg/g Hb)‡
PbB (μg/dl) before¶
PbB (μg/dl) after§
p-value*
Δ PbB
ZPP (μg/g Hb) before||
ZPP (μg/g Hb) after#
p-value*
Δ ZPP

NAC-total
n  122

NAC-200
n  40

NAC-400
n  44

NAC-800
n  38

mean  SD

mean  SD

p value

mean  SD

p value

mean  SD

p value

mean  SD

p value

40.9  8.25
15.2  8.57
27.1  3.21
55%
42.9  6.3
7.96  4.00
44.1  9.3
43.2  8.7
0.981
 0.87  10.6
8.71  4.84
8.64  4.74
0.758
 0.07  4.08

42.5  8.66
18.1  9.46
27.0  3.61
52%
43.8  7.4
8.04  3.33
47.1  8.8
42.4  9.1
 0.001
 4.72  7.08
8.26  4.07
7.36  3.14
 0.001
 0.91  2.73

0.288
0.067
0.902
0.756
0.449
0.896
0.069
0.569

40.6  8.49
17.1  9.71
27.3  3.63
55%
41.7  7.41
7.63  3.54
44.97  9.28
40.42  9.13
 0.001
 4.55  6.61
8.51  4.86
7.41  3.40
0.038
 1.10  3.08

0.848
0.325
0.766
0.992
0.400
0.686
0.664
0.140

43.1  8.81
18.4  9.50
26.4  3.56
52%
44.9  7.61
8.34  3.20
47.87  8.49
43.49  10.12
 0.001
 4.38  7.44
8.27  3.84
7.24  3.00
0.005
 1.03  2.40

0.218
0.088
0.364
0.787
0.159
0.616
0.045
0.896

43.7  8.55
18.7  9.33
27.34  3.66
50%
44.73  6.77
8.11  3.29
48.46  8.38
43.14  7.40
 0.001
 5.32  7.28
8.00  3.46
7.43  3.08
0.120
 0.57  2.74

0.131
0.074
0.707
0.641
0.195
0.847
0.026
0.955

0.001
0.542
0.086
0.120

0.010
0.848
0.173
0.191

0.012
0.633
0.098
0.115

0.004
0.445
0.177
0.520

p value, comparison with the control group; p value*, comparison between obtained values before and after treatment.
†mean blood lead level before treatment, ‡mean blood zinc-protoporphyrin level before treatment, ¶blood lead level before treatment, §blood lead level after treatment, || blood zinc-protoporphyrin level before treatment, and # blood zinc-protoporphyrin level after treatment.
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Table 2. The activities of G6PD and glutathione GR and the concentration of GSH and LPS in erythrocytes (e) in a Pb-exposed population before
and after 3 months of treatment with N-acetylcysteine (NAC) and observations in the control group.
Control group
n  49
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mean  SD

NAC-total
n  122
mean  SD

p value

NAC-200
n  40
mean  SD

p value

NAC-400
n  44
mean  SD

p value

NAC-800
n  38
mean  SD

p value

GSH-e concentration
0.214
0.302
0.140
0.160
13.7  1.68
13.3  1.48
13.4  0.84
13.2  1.72
13.1  1.70
(μmol/g Hb) before
GSH-e concentration
0.785
0.468
0.932
0.906
13.8  2.16
13.8  2.06
13.6  1.70
13.8  2.24
13.9  2.21
(μmol/g Hb) after
0.467
0.001
0.003
p-value*
0.651
 0.001
Δ GSH-e
0.089
0.996
0.070
0.047
0.12  1.52
0.47  1.49
0.12  1.70
0.61  1.28
0.69  1.47
G6PD-e activity (IU/g Hb)
0.246
0.500
0.894
0.091
3.49  1.01
3.65  0.72
3.62  0.87
3.51  0.62
3.83  0.63
before
0.014
G6PD-e activity (IU/g Hb)
4.50  0.86  0.001
4.00  0.83
4.35  0.79  0.001
3.60  0.75
4.27  0.84  0.001
after
0.003
p-value*
0.560
 0.001
 0.001
 0.001
Δ G6PD-e
0.003
0.003
0.109
0.077
0.11  1.26
0.62  0.91
0.87  1.03
0.49  0.95
0.52  0.69
GR-e activity (IU/g Hb)
0.634
0.988
0.588
0.635
3.67  1.93
3.55  1.27
3.66  1.52
3.48  1.27
3.50  0.99
before
GR-e activity (IU/g Hb)
0.291
0.698
0.507
0.047
3.37  1.47
3.60  1.14
3.49  1.39
3.55  1.06
3.76  0.93
after
p-value*
0.635
0.390
0.697
0.657
0.115
Δ GR-e
0.178  0.17  1.52
0.729
0.284
0.105
 0.29  1.82
0.05  1.35
0.07  1.40
0.25  1.08
0.018
0.164
0.080
0.012
LPS-e concentration
2.41  0.42
2.47  0.58
2.56  0.55
2.27  0.50
2.48  0.52
(RU/g Hb) before
LPS-e concentration
0.001
0.071
0.001
0.015
2.46  0.49
2.21  0.45
2.29  0.40
2.11  0.50
2.23  0.43
(RU/g Hb) after
0.032
0.002
p-value*
0.001
 0.001
 0.001
Δ LPS-e
0.19  0.45  0.27  0.49  0.001  0.12  0.35  0.001  0.35  0.47  0.001  0.33  0.61  0.001
p value, in comparison with the control group; p value*, comparison between after and before treatment.

compared with the NAC 400 group and the reference group,
the observed changes in GSH levels showed a strong tendency to be significantly different (Table 2).
The activities of erythrocyte G6PD were significantly
increased in all groups receiving NAC in comparison with
values at the beginning of the study (by 24% in the NAC
200 group, by 14% in the NAC 400 and 800 groups, and
significantly by 17% in the group of all patients treated with
NAC) (Table 2).
There were no significant differences in G6PD activity in
leukocytes or GR activity in leukocytes and erythrocytes in
examined groups before and after treatment. The GST activity in leukocytes decreased significantly or showed a tendency toward a decrease after treatment in these groups (by
34% in the NAC 200 group, by 21% in the NAC 400 group,
by 22% in the NAC 800 group, and significantly by 24% in
the group of all patients treated with NAC). The observed
changes were also significant compared to the slight increase
in GST activity observed in the reference group (Tables 2
and 3).
The erythrocyte LPS level before treatment was significantly higher in the NAC 800 group than in the reference
group. After treatment, the LPS level decreased significantly
in all examined groups compared with that in the beginning
of the study (by 5% in the NAC 200 group, by 15% in the
NAC 400 group, by 13% in the NAC 800 group and significantly by 11% in the group of all patients treated with NAC)
and the reference group (Table 2).
Copyright © Informa Healthcare USA, Inc. 2013

Discussion
There have only been a few studies in vivo and in vitro on
animals that investigated the therapeutic effect of NAC in
lead poisoning. Therefore, the results of our findings in
humans are difficult to compare.
In the present study, NAC increased erythrocyte GSH
levels in a dose-dependent manner (a significant effect was
observed only after the administration of 400 and 800 mg).
The effect of NAC administration on LPS levels was also
dose dependent. Because LPS is formed by cross-linked
aggregates of oxidized proteins and lipids,21 its level reflects
oxidative damage to not only lipids, such as malondialdehyde (MDA), but also proteins. An increased level of LPS
by 259% was reported in our previous study22 conducted on
lead-exposed workers (mean PbB  40.53  2.47 μg/dl).
Considering the elevated GSH levels and decreased
LPS levels indicated after 12 weeks of NAC treatment, it is
possible to state that NAC reduces the intensity of leadinduced oxidative stress. The results of studies conducted
on animals support our study. In lead-exposed rats, NAC
administration restored depleted GSH content and decreased
elevated MDA and GSSG levels in the blood, lymphocytes,
liver, kidney, and brain.13–16
GSH is a tripeptide composed of glutamate, cysteine,
and glycine. GSH acts as an antioxidant because of the
thiol moiety of the cysteine residue. GSH primarily acts as
a direct scavenger of ROS in a non-enzymatic manner and
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Table 3. The activities of G6PD, GR, and GST in leukocytes (l) in a Pb-exposed population before and after 3 months of treatment with
N-acetylcysteine (NAC) and observations in the control group.
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Control group
n  49

NAC-total
n  122

NAC-200
n  40

mean  SD

mean  SD

p value

G6PD-l activity
43.4  11.3
(IU/g protein) before
G6PD-l activity
44.8  12.1
(IU/g protein) after
p-value*
0.594
Δ G6PD-l
1.42  11.6
GR-l activity
33.0  14.5
(IU/g protein) before
GR-l activity
34.8  21.4
(IU/g protein) after
p-value*
0.730
Δ GR-l
1.79  20.1
GST-l activity
10.17  1.89
(IU/g protein) before
GST-l activity
11.33  2.08
(IU/g protein) after
p-value*
0.124
Δ GST -l
1.16  2.87

39.4  14.1

0.307

42.2  15.9

mean  SD

NAC-400
n  44

NAC-800
n  38

p value

mean  SD

p value

44.9  12.7

0.743

38.4  13.9

0.225

38.1  14.8

0.225

0.553

40.4  13.8

0.366

43.8  18.7

0.855

41.3  13.6

0.404

0.265
3.52  18.6
29.7  13.0

0.675
0.376

0.470
 0.84  6.79
29.5  15.0

0.544
0.531

0.238
5.48  21.3
30.4  14.07

0.494
0.563

0.371
3.26  18.9
29.0  10.9

0.733
0.304

28.66  10.6

0.095

27.1  10.3

0.230

28.0  8.97

0.129

30.1  12.4

0.351

0.620
 1.19  16.2
10.18  7.28

0.534
0.998

0.875
 3.22  16.1
11.02  3.59

0.695
0.466  2.41  17.7
0.429 10.25  7.77

0.471
0.969

0.750
1.08  14.8
9.70  8.12

0.893
0.827

7.72  3.12

 0.001

8.05  3.51

0.002

7.55  2.92  0.001

 0.001
 2.26  7.03

0.007

0.084
0.003  2.20  7.29

0.039

7.30  2.66  0.001
0.009
 2.63  3.93

mean  SD

0.054
 2.15  7.99

p value

0.021

p value, in comparison with the control group; p value*, comparison between after and before treatment.

a co-factor for glutathione peroxidase (GPx), which reduces
hydrogen peroxide and other peroxide compounds. GPx
oxidizes GSH, resulting in the generation of glutathione
disulfide (GSSG). GSSG is reduced to GSH by GR. In this
reaction, NADPH serves as an electron donor. Consequently,
GR activity and the GSH/GSSG ratio are sensitive to cellular
NADPH levels.23 In mature erythrocytes, the main source of
NADPH is the pentose phosphate pathway, which generates
most of the extra-mitochondrial NADPH through the oxidation of glucose-6-phosphate by G6PD.24,25
Because thiol groups are essential for the catalytic activity of G6PD, it is reasonable to expect that its activity
decreases in lead poisoning. This hypothesis is supported
by a study by Lachant et al.,26 who investigated the influence of lead acetate on human erythrocyte metabolism in
vitro and suggested lead-induced reversible suppression of
pentose phosphate pathway function due to a decrease in
G6PD activity. By contrast, Gurer-Orhan et al.27 observed
significantly elevated G6PD activity in lead-exposed workers (mean PbB  54.6  17 μg/dl). In our previous study,28
significantly elevated G6PD activity in lead-exposed workers (mean PbB  40.6  6.7 μg/dl) was also reported. This
inconsistency may be because a decreased NADPH/NADP
ratio under lead-induced oxidative stress conditions may
elevate G6PD activity despite its lead-mediated direct
suppression.24,25,29 Therefore, it is possible to state that the
influence of lead on G6PD activity could be different and
most likely depends primarily on the lead concentration and
the duration of lead exposure.
In the present study, we showed that NAC administration
elevated G6PD activity in erythrocytes. One possible mechanism of this beneficial effect of applied treatment is that thiol
groups of NAC compete with thiol groups within G6PD to

bind to lead ions. As a result, the formation of lead–thiol
complexes within G6PD could be reduced.
At the same time, we observed no changes in G6PD activity in leukocytes. This difference between erythrocytes and
leukocytes is most likely caused by the fact that erythrocytes
have less diverse sources of NADPH24,25 and are more sensitive to oxidative stress. They are exposed to a higher concentration of oxygen and contain hemoglobin, which undergoes
auto-oxidation.30 Moreover, erythrocytes are exposed to
delta-aminolevulinic acid (ALA), which accumulates in lead
poisoning and acts as a pro-oxidant.11
In our previous study,31 we showed that GR activities
were unchanged in a similar group of lead-exposed workers
compared to the unexposed controls. Unaltered GR activity
after NAC administration, which was also shown in the present study, confirms the hypothesis that the influence of lead
poisoning on the activity of this enzyme is limited.
In addition to being a cofactor of GPx, GSH is involved
in the detoxification of numerous agents. The GST family of
enzymes catalyzes the formation of GSH–xenobiotic conjugates that are more water soluble than the parent compound
and easier to excrete.23 Some authors have indicated that
lead induces GST activity. Elevated GST activity in the rat
kidney was reported by Conterato et al.32 and Moser et al.33
Consistently, elevated GST activities were observed in the
rat brain34 and the liver, heart and brain of chick embryos.35
These animal studies are in accordance with our previous
research,36 in which we reported increased GST activity in
lead-exposed workers (PbB  25–45 μg/dl). Consistently,
Conterato et al.37 reported significantly increased GST activity in painters (mean PbB  5.4 μg/dl) and battery workers
(mean PbB  49.8 μg/dl). Other studies have indicated that
lead decreases GST activity in rats.38,39 Tsai et al.40 postulate
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that GSH depletion upregulates the expression of the pi class
of GST (GSTP). In that study, NAC and GSH monoethyl
ester were able to reverse the induction of GSTP. The findings of Tsai et al.40 are in accordance with the present study
because we showed that after NAC treatment, the activities
of leukocyte GST were significantly decreased or showed a
tendency toward lower values.
The results from this study need to be evaluated within
the context of its limitations. A major limitation was the
fact that subjects were all men. Besides, participants of the
study were not blinded to treatment. The next limitation
was the difficulty to verify that the NAC had been actually
taken by the workers in the doses stated. Furthermore, only
biochemical outcomes were measured.

Conclusions
The administration of NAC decreases oxidative stress in
workers exposed to lead in a dose-dependent manner. NAC
has antioxidant capacity for lead via stimulating GSH synthesis. The influence of NAC on GSH-related enzymes is
complex and results in increased NADPH production and
lower utilization of GSH by GST.
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