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Abstract
Purpose We investigated genotoxic eVects of occupa-
tional exposure to lead acetate in pottery-glaze ceramic
workers.
Methods The study was carried out in 30 exposed work-
ers and 30 matched controls, to whom several biochemical
parameters—the blood lead (B-Pb; range: exposed, 41.68–
404.77; controls, 12–52) and cadmium (B-Cd) level, the
activity of delta-aminolevulinic acid dehydratase (ALAD),
erythrocyte protoporphyrin (EP), the level of vitamin B12

and folate in serum—were measured. The genotoxic eVects
were evaluated by the alkaline comet assay, the DNA diVu-
sion assay and micronucleus test in peripheral blood lym-
phocytes.
Results Subjects exposed to lead had signiWcantly higher
B-Pb level and, consequently, increased values of tail inten-
sity (TI), frequency of apoptotic and necrotic cells, and fre-
quency of micronuclei (MN). In contrast, their activity of
ALAD, the level of vitamin B12 and folate in serum were
signiWcantly lower compared to controls. Poisson regres-
sion analysis showed a signiWcant correlation of profession,
duration of exposure, smoking, level of cadmium in blood,

ALAD and EP with primary DNA damage. A majority of
primary damage repairs in a short period after exposure to a
genotoxic agent. In addition, the inXuence of gender and
level of vitamin B12 and folate in serum MN frequency in
exposed group was observed.
Conclusions In this study, DNA diVusion and micronu-
cleus test showed higher inXuence of tested parameters to
DNA damage. The results indicate a need for concomitant
use of at least two diVerent biomarkers of exposure when
estimating a genetic risk of lead exposure.

Keywords Ceramic workers · Lead exposure · Biological 
markers · Alkaline comet assay · Micronucleus assay

Introduction

Lead is an important environmental chemical contaminant
used since ancient times. It enters the environment from
natural and anthropogenic sources. It is used in a variety of
industrial processes. Increased risk for occupational lead
(Pb) exposure also occurs among pottery/ceramic industry
workers (ATSDR 1999). The major exposure pathways for
workers are inhalation and ingestion of Pb-bearing dust and
fumes. Occupational exposure can be evaluated by means
of biological monitoring.

Lead and its conjugated compounds are known genotoxic
agents aVecting the integrity of chromosomes. It is listed as a
human carcinogen on the basis of rodent tests (ARC 1994).
The most commonly used biomarker of body Pb burden is
the concentration of Pb in blood (B-Pb). It mainly reXects
current or recent Pb exposure level (Alessio et al. 1981;
Telinman et al. 1982, 1990). Additionally, measuring the
activity of delta-aminolevulinic acid dehydratase (ALAD) in
blood and the erythrocyte protoporphyrin (EP) concentration,
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biomarkers of Pb exposure and/or eVect, provides even more
accurate evaluation of long-term cumulative exposure to Pb
(Alessio et al. 1981). ALAD can be inhibited by Pb and is
one of the most sensitive indicators of B-Pb accumulation
(Schwartz et al. 1990; Wetmur 1994; Kelada et al. 2001).
The EP test is especially useful in the detection of mild
increases in B-Pb concentration under conditions of occupa-
tional exposure. The permissible limit for B-Pb in male Pb
workers set by the Occupational Safety and Health Adminis-
tration (OSHA) is 400 �g/L (1.93 �mol L¡1) (OSHA 2002).
However, adverse health eVects below this standard limit
have been increasingly evident (Murata et al. 2009; Mantere
et al. 1984; Hogstedt et al. 1983; Seppäläinen et al. 1983). Pb
can inhibit the activity of many enzymes and contributes to
oxidative stress, increases rate of DNA single- and double-
strand breaks, DNA–protein cross-links, induces micronuclei
formation, chromosomal aberrations and causes DNA dam-
age (Chen et al. 2006; Wosniak and Blasiak 2003; Silbergeld
et al. 2000; Hartwig 1994; Johnson 1998). Moreover, Pb can
enhance the genotoxicity of other DNA-damaging agents
(such as UV light, X-rays and certain chemicals) and thus
act as co-mutagen, predominantly by interfering with DNA
replication, Wdelity and repair processes (Johansson and
Pelliccari 1988; Hartwig et al. 1990; Vaglenov et al. 2001).

This study has been conducted to investigate the relation-
ship between lead acetate occupational exposure and
genotoxic eVects in glaze pottery ceramic workers. EP con-
centration and activity of ALAD in blood, biomarkers of Pb
exposure and/or eVect, were used in addition to B-Pb for bet-
ter evaluation of long-term cumulative Pb exposure. The
inXuence of serum folate (S-folate) and vitamin B12 (S-Vit
B12), as known factors of genome stability, was also included.
Folate, also known as vitamin B9, plays an important role in
DNA and RNA synthesis (Wagner 1995), production of red
blood cells (McKevith 2004) and maintenance of the nervous
system (MRC Vitamin Study Research Group 1991). Folate
functions as a co-enzyme in many of the reactions during the
metabolism of amino acids (Zing and Jones 1997). Beetstra
and co-workers found that folate deWciency increases chro-
mosome instability (Beetstra et al. 2005). Vitamin B12 or cya-
nocobalamine is an important co-factor in folate metabolism
(Swanson et al. 2001). It is essential for the normal DNA
synthesis, especially in erythrocyte development.

To determine the genotoxic risk, the alkaline comet
assay (ACA), DNA diVusion assay and the cytokinesis-
block micronucleus assay have been used. The alkaline
comet assay (ACA) enables an estimation of primary dam-
age of DNA. This highly sensitive method measures single-
strand breaks (SSBs) and alkali-labile sites (ALSs) (Singh
et al. 1988). The resulting image that is obtained resembles
a “comet” with a distinct head and a prominent tail. The
head is composed of intact DNA, while the tail consists of
damaged (single-strand or double-strand breaks) or broken

pieces of DNA. The extent of DNA liberated from the head
of the comet is directly proportional to the amount of DNA
damage. DNA diVusion assay is designed to quantify cell
death by apoptosis (Singh 2005). It detects small DNA
fragments from apoptotic cells. The diVused fragments are
detected by a Xuorescent dye, ethidium bromide.

Primary DNA lesions repair immediately after exposure
to genotoxic agent. The cytokinesis-block micronucleus
assay, as a comprehensive system for measuring DNA
damage and cytotoxicity, was performed to estimate a sta-
ble DNA damage. It was evaluated in binucleated lympho-
cytes and included detection of micronuclei, nucleoplasmic
bridges and nuclear buds (Fenech 2007).

Subjects and methods

Studied populations

The exposed group consisted of 30 workers exposed to
lead in ceramic industry (average working time, 6.28 §
1.18 years). Equal number of subjects with no occupational
exposure to lead was selected among clerks and newly
hired employees as the control group. The exposed and
control individuals were matched for age (range 18–57;
median: 34.5), smoking habit (18 smokers, 12 non-smok-
ers) and gender (16 women, 14 men). Each blood donor has
given a written consent before the investigation for volun-
tary participation in the study. The examinees were inter-
viewed about work-related exposure to mutagenic agents,
use of therapeutic drugs, recent vaccination, smoking and
drinking, and therapy-related exposure to ionizing radiation
or ultrasound. Subjects who had undergone radiotherapy or
chemotherapy, as well as those who had any serious viral
infection in the past year, were excluded from the study.
Peripheral blood samples were collected by venipuncture
under sterile conditions in heparinized vacutainers for
comet, DNA diVusion and MN assay, and in vacutainers
with EDTA for B-Pb and B-Cd measurements, while vacu-
tainers without an anticoagulant were used for blood sam-
ples for hematochemical analysis of folate and vitamin B12

plasma concentrations. All blood samples were randomly
coded and processed within 2 h following the blood sam-
pling. The research procedures used in the present study
were approved by the Ethics Committee of our Institute.

Methods

Biomarkers of Pb and Cd

The B-Pb and B-Cd measurements were performed by elec-
trothermal atomic absorption spectrometry (AAS) method
123
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with the Zeeman-eVect background correction (JurasoviT
and Telinman 1993). The accuracy of the measurements
was controlled daily by analyzing three reference blood
samples with certiWed B-Pb and B-Cd values (BCR No.
194–196, Community Bureau of Reference, Commission of
the European Communities, Brussels, Belgium) and by the
laboratory’s regular participation in the National External
Quality Assessment Scheme (NEQAS, Birmingham, UK).

EP was measured by spectroXuorimetric method
(Chislom and Brown 1975), and the accuracy was controlled
by regular participation in the erythrocyte protoporphyrin
proWciency-testing program (Pennsylvania Department of
Health, Bureau of Laboratories, Lionville, PA, USA).

ALAD activity was measured using the European stan-
dardized method (Berlin and Schaller, 1974).

Vitamin B12 and folate concentration

Serum folate and vitamin B12 were analyzed using the
competitive chemiluminescent immunoanalysis electro-
chemiluminescence immunoassay (ECLIA). Analyses were
performed in closed analysis system Elecsys 2010 (Roche
Diagnostics Elecsys 2010 Immunoassay System) following
the manufacturer’s instructions. All analyses were performed
in the Laboratory for clinical chemistry, Clinical hospital
“Sestre milosrdnice,” Zagreb. Referent values for vitamin
B12 was 211–911 ng L¡1 and for folate, 3.1–17.5 �g L¡1.

The alkaline comet assay

The alkaline version of the comet assay was performed
according to the method of Singh et al. (1988) with minor
modiWcations. Fully frosted microscope slides (Surghipath,
Richmond, IL, USA) were pre-coated with 1% of normal
melting point agarose (NMP) (Sigma). After solidiWcation,
this layer was removed and 300 �L of 0.6% NMP agarose
was pipetted onto the slides, covered with a cover slip and
placed on a metal tray over ice for 10 min to solidify. Ali-
quots of peripheral blood (V = 10 �L) were mixed with
100 �L of 0.5% low melting point (LMP) agarose (Sigma),
pipetted over the 0.6 % NMP agarose and placed on ice for
10 min to solidify. As a Wnal protective layer, 0.5% LMP
was used. Slides were placed in cold lysis solution (2.5 M
NaCl, 100 mM Na2EDTA, 10 mM Tris, pH 10 and 1%
sodium N-lauroyl sarcosinate, to which 10% of dimethyl-
sulphoxide (DMSO) and 1 % Triton X-100 have been
added immediately prior to use) during the night. After
lysis, the slides were placed in electrophoresis buVer
(300 mmol L¡1 NaOH and 1 mM Na2EDTA, pH 13) for
20 min to allow unwinding of the DNA. Electrophoresis
was conducted in the same buVer by applying an electric
current of 300 mA, at 25 V (1.06 V/cm) for 20 min using a
horizontal electrophoresis power tank (Life Technologies).

Finally, the slides were washed three times for 5 min with
neutralization buVer (0.4 M Tris, pH 7.5) and stained with
ethidium bromide (20 mg L¡1, Sigma). All steps of the
comet assay preceding electrophoresis were performed on
ice to prevent repair and eVects of metabolic processes.
Furthermore, to avoid possible position eVects during elec-
trophoresis, two parallel replicate slides per sample were
prepared, and each replicate was processed in a diVerent
electrophoretic run.

Image analysis was performed using an automatic digital
analysis system (Comet Assay II, Perceptive Instruments
Ltd., SuVolk, Halstead, UK) Wtted with Leitz Orthoplan
Xuorescence microscope equipped with an excitation Wlter
of 515–560 nm.

Nuclei were excited with green light, and the emitted red
spectrum was captured by 25£ immersion objective.
Images of 200 randomly selected nuclei were analyzed per
subject (100 nuclei per slide). Only cells that did not over-
lap and had a clear margin surrounding them were scored.
As a measure of DNA damage, tail length (TL), tail inten-
sity (TI) and tail moment (TM) were selected.

DNA diVusion assay

DNA diVusion assay was performed according to method
proposed by Singh (2000, 2005), which detects diVusion of
small DNA fragments from apoptotic cells in agarose.

Microgels were made in similar manner as for the comet
assay; cells were embedded in low melting agarose and
then lysed in a solution of high salt, detergents and alkali.
The DNA of the remaining nuclear region was precipitated
in microgels by ethanol and spermine. The precipitated
DNA and the DNA fragments that diVused in agarose were
visualized using ethidium bromide. In healthy cells, the
Xuorescence is conWned to the DNA of the remaining
nuclear region, that is, undamaged DNA is supercoiled and
does not diVuse very far from the remaining nuclear region.
In damaged cells, the alkali lysis treatment unwinds the
DNA releasing fragments that diVuse away from the center
of the remaining nuclear region, creating a halo surround-
ing a small compact origin. Therefore, apoptotic cells show
a circular gradient or granular DNA with a dense central
zone and a lighter and hazy outer zone. Cells with bigger,
poorly deWned nuclei and clear, deWned outer boundary of
DNA halo are considered as necrotic cells. For each sub-
ject, 2000 cells were analyzed using Xuorescence micro-
scope Leitz Orthoplan equipped with an excitation Wlter of
515–560 nm, under magniWcation 250£.

The cytochalasin B-blocked micronucleus assay (CBMN)

Standard lymphocyte culture procedure (Fenech and Morley,
1985) with small modiWcations was performed at the same
123
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day when blood samples were collected. Aliquots of
0.8 mL of whole blood per Xask were cultured in 8 mL
F-10 medium (Sigma) supplemented with 20% fetal bovine
serum (Gibco) and 0.2 mL of PHA-M (Biological Indus-
tries, Israel), with penicillin and streptomycin (Sigma). The
cytokinesis was stopped by adding cytochalasin B (Sigma)
(6 mg L¡1) 44th hour after the start of cultivation. Lympho-
cyte cultures continued to grow until 72 h. Each culture was
centrifuged at 800 rpm for 8 min, submitted to cool
110 mM KCl for 15 min at room temperature and Wxed
with freshly prepared Wxative (methanol/acetic acid (3:1).
For Wrst Wxation, Wxative was supplemented with 3 drops of
formaldehyde. Fixation step without formaldehyde was
repeated until the pellet was white and the resulting cells
were re-suspended in a small volume of Wxative solution. A
total of 1000 binucleated cells per sample with a well-pre-
served cytoplasm were analyzed for the micronuclei (MN),
nuclear buds (NB) and nucleoplasmic bridges (NPB) fre-
quency according to the criteria proposed by Fenech
(2000). Cell proliferation is expressed as nuclear division
index (NDI); NDI = (M1 + 2M2 + 3M3 + 4M4)/N (N = 1,000
binuclear cells per sample), where M1, M2, M3 and M4 indi-
cate the number of cells with one, two, three and four
nuclei, and N indicates the total number of cells analyzed
(Eastmond and Tucker 1989).

Data analysis

All samples were coded and blindly analyzed. Data were
analyzed using the Poisson regression (Frome and Du Frain
1986; Bonassi et al. 1997). Analyses were uni- and multi-
variate. Poisson regression analysis was done for all sub-
jects as well as for control and exposed subjects separately.
The associations between the frequency of micronuclei and
comet assay parameters (tail length, tail intensity and tail
moment) were considered as dependent variables, while
smoking, gender, years of exposure and age were consid-
ered as covariates. The level of signiWcance was set at
p < 0.05.

All analyses were performed using SAS 8.0 (SAS Insti-
tute Inc. 1999).

Results

Table 1 shows values of diVerent biomarkers measured in
lead-exposed and control groups. The diVerences between
the groups were analyzed by Poisson regression. The blood
lead level in exposed group was seven times higher than in
control. Consequently, ALAD activity was signiWcantly
lower in exposed group. On the other hand, blood Cd level
and erythrocyte protoporphyrin concentration showed no
signiWcant deviation from control values.

Levels of folate and vitamin B12 in serum showed sig-
niWcantly lower values in exposed group.

All three parameters of comet assay showed signiWcantly
higher values in exposed group, with the best results for tail
intensity. That is why we chose this parameter in further
analysis of results.

DNA diVusion assay showed signiWcant increase in
apoptotic and necrotic cells in exposed group.

CBMN assay resulted in signiWcantly higher values of
MN and NPB frequency in exposed group, while NB in
exposed group was insigniWcant compared to control. NDI
did not show diVerence in cell proliferation between the
two groups.

The associations between results of comet assay, DNA
diVusion assay and micronucleus assay as dependent vari-
ables with gender, age, smoking, vitamin supplementation
and years of exposure as covariates, and B-Pb, B-Cd,
ALAD, EP, S-folate and S-Vit B12 as independent variables
analyzed by Poisson regression analysis are presented in
Tables 2, 3, 4.

Univariate analysis showed signiWcant association
between primary DNA lesions detected by the comet assay
and occupational exposure, duration of exposure, smoking
and B-Cd (Table 2). In multivariate analysis, association of
TI with occupational exposure, age, duration of occupa-
tional exposure was observed. The levels of EP and ALAD
also inXuenced DNA damage, that is, ALAD raised the tail
intensity, while increase in EP caused signiWcant decrease
in tail intensity.

Table 3 shows the results of Poisson regression analysis
for the DNA diVusion test. Both uni- and multivariate anal-
ysis showed signiWcant association between the incidence
of apoptotic cells and occupational exposure (and also
duration of exposure). Smoking, vitamin supplementation,
as well as B-Pb, B-Cd, S-vit B12, S-folate and ALAD sig-
niWcantly correlated with apoptosis. The signiWcant associ-
ation between necrosis and occupational exposure was
obtained only by univariate analysis. Age, gender and S-folate
showed signiWcant association with necrosis in both uni-
and multivariate analysis. Multivariate analysis showed a
correlation between the incidence of necrotic cells and B-Pb,
B-Cd, S-Vit B12, S-folate, ALAD and EP.

Table 4 shows the results of Poisson regression analysis
for the frequency of MN, nuclear buds and nucleoplasmic
bridges. Occupational exposure to lead, age, smoking, B-Pb
and ALAD was statistically signiWcant predictors of the
MN, both by univariate and by multivariate analysis. Years
of exposure, gender, vitamin supplement, EP and S-folate
were signiWcantly associated with MN sole by univariate,
while B-Cd was associated with MN sole by multivariate
analysis.

Age, smoking, B-Cd, ALAD and EP show signiWcant
association with nuclear buds by univariate, and B-Cd and
123
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Table 1 Measured values of 
diVerent biomarkers in ceramic 
pottery workers and control 
group

Variable Ceramic pottery 
workers

Controls Parameter 
estimate

SE p

B-Pb (�g/L)

Mean § SE 220.4 § 17.75 30.37 § 2.45 1.9821 0.0424 <0.0001

(range) (41.68–404.77) (12–52)

Median 206.40 31.5

B-Cd

Mean § SE 2.13 § 0.46 1.91 § 0.75 0.1075 0.2045 0.5993

(range) (0.06–10.32) (0.1–14.5)

Median 1.23 0.43

ALAD

Mean § SE 29.50 § 2.70 59.38 § 2.36 ¡29.884 4.0165 <0.0001

(range) (10.05–69.09) (46.26–83.23)

Median 26.17 56.39

EP

Mean § SE 1.74 § 0.30 0.95 § 0.06 ¡0.2170 0.1131 0.0612

(range) (0.58–7.29) (0.68–1.57)

Median 1.01 0.91

S-Vitamin B12

Mean § SE 440.04 § 27.96 507.73 § 28.48 ¡0.1431 0.0125 <0.0001

(range) (237–810) (325–887)

Median 390 454

S-Folate

Mean § SE 6.44 § 0.46 8.34 § 0.67 ¡0.2591 0.1011 0.0103

(range) (2.6–12.4) (4–16.8)

Median 5.8 7.45

Tail lengtha

Mean § SE 16.66 § 1.20 14.10 § 0.20 0.1671 0.0661 0.0114

(range) (11.91–42.85) (12.45 § 17.15)

Median 14.37 13.94

Tail momenta

Mean § SE 0.55 § 0.16 0.21 § 0.02 0.9473 0.4679 0.0429

(range) (0.09–3.94) (0.05–0.7)

Median 0.25 0.19

Tail intensitya

Mean § SE 3.21 § 0.73 1.54 § 0.14 0.7331 0.1789 <0.0001

(range) (0.78–17.05) (0.37–3.46)

Median 1.91 1.36

Apoptosisb

Mean § SE 19.56 § 3.78 5.56 § 1.09 1.2585 0.1091 <0.0001

(range) (2–90) (1–18)

Median 14 4

Necrosisb

Mean § SE 3.30 § 1.04 2.06 § 0.52 0.4723 0.1956 0.0158

(range) (0–22) (0–6)

Median 1 1.5

Micronucleusc

Mean § SE 18.17 § 1.64 7.83 § 1.12 0.8412 0.0780 <0.0001

(range) (4–39) (1–24)

Median 19.5 6
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ALAD by multivariate analysis. Nuclear bridges are signiW-
cantly associated with exposure (and also duration of expo-
sure), smoking, B-Pb, ALAD and EP by univariate
analysis, while only B-Cd was shown to be signiWcant pre-
dictor for nuclear bridges by multivariate analysis.

Mitotic activity did not diVer between exposed and con-
trol groups. NDI values showed almost identical values
(mediancontrol = 2,21; medianexposed = 2,17).

Discussion

Human exposure to lead depends on a level of pollution in
living and working environment, as well as on life habits.
The level of B-Pb in the present study varied in pottery-
glaze workers, which is in agreement with other author’s
results (De Restrepo et al. 2000; Fracasso et al. 2002;
Dandevi et al. 2003; Palus et al. 2003; Minozzo et al.

2004). PopoviT et al. (2005) found a positive correlation
with age, bone Pb and alcohol consumption in women.
Multiple linear regression for exposed women conWrmed
B-Pb increase with bone Pb. Age is not a direct predictor of
blood Pb in exposed women. On the contrary, Shaik and
Jamil (2009) did not found correlation between age and
B-Pb. However, they showed that the duration of exposure
to lead caused a signiWcant increase in B-Pb. Hamurcu et al.
(2001) found that mean concentrations of B-Cd in lead
exposed workers were not signiWcantly diVerent compared
to controls.

As expected, a sevenfold increase in B-Pb level,
observed in the present study, resulted in genetic material
damage. The Wrst approach for the assessment of genetic
damage in our study was the alkaline comet assay. This
assay detects DNA single-strand breaks and alkali-labile
sites. The results of our study revealed a statistically signiW-
cant increase in the level of DNA damage in exposed group

Table 1 continued Variable Ceramic pottery 
workers

Controls Parameter 
estimate

SE p

Nuclear budsc

Mean § SE 2.87 § 0.55 2.33 § 0.44 0.2059 0.1610 0.2010

(range) (0–11) (0–11)

Median 2 2

Nucleopl. bridgesc

Mean § SE 2.33 § 0.53 1.07 § 0.23 0.7828 0.2134 0.0002

(range) (0–10) (0–4)

Median 1 1

NDI

Mean § SE 2.16 § 0.05 2.21 § 1.12 ¡0.0213 0.1896 0.9104

(range) (1.73–2.74) (1.8–2.63)

Median 2.17 2.21

The diVerences between groups 
are analyzed by Poisson regres-
sion

Bold values indicate p < 0.005
a A total of 200 cells per sample 
were analyzed (100 per 
duplicate slide)
b Apoptosis and necrosis mea-
sured by DNA diVusion assay
c A total of 1,000 binucleated 
cells/sample were analyzed

Table 2 Results of univariate 
and multivariate Poisson regres-
sion for the comet test (tail inten-
sity) in whole examined 
population

Tail intensity Univariate analysis Multivariate analysis

Parameter 
estimate

SE p Parameter 
estimate

SE p

Exposure to lead 0.7331 0.1784 <0.0001 0.9466 0.4472 0.0343

Age 0.0168 0.0091 0.0661 ¡0.0183 0.0147 0.02143

Gender (F) ¡0. 2062 0.1676 0.2185 0.3973 0.2969 0.1808

Years of exposure 0.0622 0.0116 <0.0001 0.1212 0.0230 <0.0001

Smoking (Y/N) ¡0.6959 0.1727 <0.0001 ¡0.4414 0.3826 0.2485

B-Pb 0.0007 0.0007 0.3254 0.0010 0.0029 0.7385

B-Cd ¡0.0863 0.0418 0.0393 0.0417 0.0666 0.5309

S-B12 0.0007 0.0006 0.2301 ¡0.0011 0.0011 0.2990

S-folate 0.0247 0.02767 0.3547 0.0537 0.0502 0.2847

ALAD 0.0003 0.0047 0.9537 0.0374 0.0161 0.0200

EP ¡0.1426 0.0893 0.1103 ¡0.4566 0.1471 0.0019
Bold values indicate p < 0.005
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compared with the controls. Results of Poisson regression
indicated that all three comet parameters were signiWcant
predictors of occupational exposure to lead. The results are
consistent with results of de Restrepo et al. (2000),
Fracasso et al. (2002), Zhijian et al. (2006) and Manikantan
et al. (2010). Basaran et al. (2003) also reported signiW-
cantly increased DNA damage in peripheral lymphocytes
of pottery workers, with stronger eVect in smokers. By con-
trast, Garcia-Leston et al. (2009, 2010) reported that,
although occupational exposure is related to higher blood
lead level, no increase in the comet assay parameters could
be observed in the exposed individuals.

The indicators of lead body burden as well as primary
DNA damage and apoptosis/necrosis occurrence may vary
due to duration of exposure. On the other hand, frequency
of micronuclei in blood lymphocytes is a more stable indi-
cator of chronic exposure to lead. The results of micronu-
cleus assay in the present study indicate a genotoxic
activity in pottery-glaze producers exposed to lead. The
MN frequency in exposed group was 2.32 times higher than
in control. The results support those from our previous
study in battery manufacturing workers (Kanuba et al.

2009). Vaglenov et al. (2001) observed a signiWcant corre-
lation between BNMN values and lead levels in workers
from a storage battery plant, concluding that exposure to
levels of lead higher than 1.20 �M may increase a genetic
risk. SigniWcant increase in MN in subjects occupationally
exposed to lead was also reported by Minozzo et al. (2004)
and Stoleski et al. (2008). On the contrary, HoVmann et al.
(1984) reported insigniWcant increase in MN in cultured
peripheral blood lymphocytes of car radiator repair workers
who were exposed to lead.

Evaluating a possible association between MN and
ALAD and EP as biomarkers of Pb exposure assuming that
they better reXect long-term cumulative Pb exposures to
humans, as compared to B-Pb, we observed a negative cor-
relation between ALAD and MN frequency, and positive
with nuclear bridges, while EP positively correlated with
all three parameters—MN, nuclear buds and nuclear
bridges. In our earlier study, in workers from battery manu-
facturing industry (Kanuba et al. 2009) we found negative
correlations between MN frequency and B-Cd, and ALAD
and EP in lead-exposed non-smokers. Ademuyiwa et al.
(2005) observed a highly signiWcant (p < 0.001) negative

Table 3 Results of univariate 
and multivariate Poisson regres-
sion for DNA diVusion assay 
parameters (Apoptosis and 
Necrosis) in whole examined 
population

Univariate analysis Multivariate analysis

Parameter 
estimate

SE p Parameter 
estimate

SE p

Apoptosis

Exposure to lead 1.2585 0.1091 <0.0001 1.4944 0.2063 <0.0001

Age 0.0285 0.0047 <0.0001 0.0415 0.0076 <0.0001

Gender (F) 0.2233 0.0801 0.0053 0.7227 0.1224 <0.0001

Years of exposure 0.0435 0.0056 <0.0001 0.0495 0.0118 <0.0001

Smoking ¡0.3763 0.0800 <0.0001 0.7821 0.1874 <0.0001

B-Pb 0.0020 0.0003 <0.0001 ¡0.0069 0.0009 <0.0001

B-Cd ¡0.0433 0.0213 0.0420 ¡0.1296 0.0394 0.0010

S-Vit B12 ¡0.0021 0.0004 <0.0001 ¡0.0031 0.0006 <0.0001

S-folate ¡0.0752 0.0167 <0.0001 0.0641 0.0279 0.0218

ALAD ¡0.0130 0.0022 <0.0001 ¡0.0301 0.0068 <0.0001

EP 0.0261 0.0273 0.3395 ¡0.1083 0.0571 0.0576

Necrosis

Exposure to lead 0.4723 0.1956 0.0158 0.8718 0.6160 0.1570

Age 0.0379 0.0105 0.0003 0.1221 0.0271 <0.0001

Gender (F) ¡0.7579 0.1927 <0.0001 ¡1.5198 0.3544 <0.0001

Years of exposure ¡0.0153 0.0162 0.3447 0.0101 0.0516 0.8454

Smoking 0.1625 0.1815 0.3706 1.5388 0.4645 0.0009

B-Pb ¡0.0006 0.0007 0.3999 ¡0.0108 0.0039 0.0055

B-Cd ¡0.0054 0.0432 0.9003 ¡0.2088 0.0465 <0.0001

S-Vit B12 0.0011 0.0007 0.1364 ¡0.0042 0.0021 0.0508

S-folate 0.1253 0.0300 <0.0001 0.3404 0.0864 <0.0001

ALAD 0.0071 0.0046 0.1246 ¡0.0383 0.0076 <0.0001

EP 0.0970 0.0531 0.0680 ¡0.02039 0.0628 0.0012
Bold values indicate p < 0.005
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correlation between ALAD activity and B-Pb levels on the
one hand and between ALAD activity and EP on the other
hand in Pb-exposed and control non-smokers.

Ergurhan-Ilhan et al. (2008), evaluating the level of oxi-
dative stress in subjects working in auto-repairer work-
shops, found no correlation between B-Pb and ALAD.
Mean B-Pb measured in exposed group was 79 �g L¡1. The
authors suggest that ALAD may not be a reliable param-
eter of Pb-induced oxidative stress for chronic low-level
exposure.

Evaluating folate and vitamin B12 status, we found a
negative correlation between S-folate and MN frequency in
whole examined population. Fenech et al. (1994a, 1997)
found a negative correlation between MN frequency and
Vit B12 status, and no signiWcant correlation between folate
status and MN frequency in normal healthy men.

Duration of exposure in this study was strongly corre-
lated with primary DNA damage both in whole studied
population and in exposed group. It also showed a strong
inXuence to a MN frequency. The results are in agreement

Table 4 Results of univariate 
and multivariate Poisson regres-
sion for cytochalasin B-blocked 
micronucleus assay parameters 
in examined population

Univariate analysis Multivariate analysis

Parameter 
estimate

SE p Parameter 
estimate

SE p

MN

Exposure to lead 0.8412 0.0780 <0.0001 0.6441 0.1859 0.0005

Age 0.0265 0.0039 <0.0001 0.0153 0.0066 0.0202

Gender (F) 0.1977 0.0726 0.0065 0.0545 0.1130 0.6298

Years of exposure 0.0478 0.0052 <0.0001 0.0039 0.0111 0.7268

Smoking ¡0.2879 0.0717 <0.0001 ¡0.4813 0.1531 0.0017

B-Pb 0.0027 0.0003 <.0001 0.0021 0.0010 0.0274

B-Cd ¡0.0194 0.0144 0.1766 0.0800 0.0259 0.0020

S-B12

S-folate ¡0.0392 0.0129 0.0023 0.0067 0.0212 0.7611

ALAD ¡0.0137 0.0127 <0.0001 0.0127 0.0063 0.0423

EP 0.1649 0.0212 <0.0001 ¡0.0073 0.0525 0.8899

Nuclear buds

Exposed group 0.2059 0.1610 0.2010 ¡0.6236 0.4022 0.1211

Age 0.0216 0.0087 0.0129 0.0240 0.0156 0.1229

Gender (F) 0.0206 0.1606 0.8978 0.1233 0.2310 0.5937

Years of exposure 0.0081 0.0140 0.5659 ¡0.0642 0.0298 0.0314

Smoking ¡0.3806 0.1608 0.0179 ¡0.2135 0.3251 0.5114

B-Pb ¡0.0000 0.0007 0.9962 ¡0.0023 0.0022 0.2968

B-Cd ¡0.1758 0.0504 0.0005 ¡0.1753 0.0868 0.0434

S-B12 ¡0.0004 0.0006 0.5087 ¡0.0000 0.0010 0.9930

S-folate ¡0.0434 0.0292 0.1373 ¡0.0755 0.0515 0.1430

ALAD 0.0041 0.0043 0.3464 ¡0.00378 0.0148 0.0108

EP 0.1480 0.0487 0.0024 0.0590 0.1405 0.6745

Nucleoplasmic bridges

Exposure to lead 0.7828 0.2134 0.0002 0.9716 0.5909 0.1001

Age ¡0.0004 0.0110 0.9737 0.0067 0.0211 0.7521

Gender (F) 0.1029 0.1994 0.6060 ¡0.2452 0.3521 0.4863

Years of exposure 0.0336 0.0154 0.0285 0.0361 0.0356 0.3109

Smoking 0.4487 0.2086 0.0315 0.2794 0.4826 0.5626

B-Pb 0.0025 0.0008 0.0029 0.0049 0.0030 0.1059

B-Cd 0.0450 0.0318 0.1577 0.1845 0.065 0.0045

S-B12 ¡0.0007 0.0008 0.3623 ¡0.0002 0.0015 0.9045

S-folate ¡0.0001 0.0341 0.9978 0.0668 0.0681 0.3270

ALAD ¡0.0099 0.0057 0.0802 0.0362 0.0186 0.0516

EP 0.1889 0.0574 0.0010 ¡0.1410 0.1904 0.4589
Bold values indicate p < 0.005
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with other authors’ results (Dandevi et al. 2003; Manikantan
et al. 2010). Pinto et al. (2000) reported that occupational
exposure time, but not the levels of lead, found in blood
was signiWcantly associated with cytogenetic damage.

Age and gender are the other confounding factors, which
possibly modulate the level of DNA damage. There are few
studies investigating the eVect of age of the study subjects
on comet assay parameters. Of these, only few studies
found a signiWcant correlation between age and the level of
DNA damage, whereas Grover et al. (2003) found a signiW-
cant eVect of this confounding factor only in control, but
not in exposed subjects. Our results showed age as signiW-
cant predictor of tail intensity in exposed group, while gen-
der did not show any inXuence to primary DNA damage.
Age appeared as signiWcant predictor of MN in both control
and exposed groups in this study, which is in agreement
with other authors’ results. An increase in incidence of MN
in humans with age was reported Fenech and Morley 1986;
Huber et al. 1983; Migliore et al. 1991. Many studies show
an increase in spontaneous incidence of MN with age
(Kaqimirova et al. 2006; Zijno et al. 2003, Thierens et al.
1996; Ganguly 1993), as well as an increased incidence
concerning exposure to diVerent physical or chemical
agents. It was also observed that older women have higher
MN levels than men (Fenech et al. 1994b; Barale et al.
1998; Bolognesi et al. 1999). Our results indicate gender as
one of the factors inXuencing MN frequency with higher
values in women. The results are in agreement with our
previous and other authors’ results (Rozgaj et al. 2001,
MiliT et al. 2008; Fenech and Bonassi 2011). Fenech et al.
(1994a, b) suggested higher frequency of MN in women as
result of possible loss of X chromosomes.

Surprisingly, smoking and B-Cd showed a negative cor-
relation with DNA damage, by the comet assay, but also by
DNA diVusion and micronucleus assay. Generally, data on
smoking inXuence to genetic damage are inconsistent.
Some investigators describe increased comets in leukocytes
of smokers (Betti et al. 1995; Palus et al. 1999), and others
did not Wnd a diVerence in smokers compared to non-smok-
ers (Collins et al. 1997; Hartmann et al. 1998). Dandevi
et al. (2003) found that cigarette smoking signiWcantly
increases the percentage of cells with comets among con-
trols. They observed a positive correlation of B-Pb with the
DNA damage in smokers and non-smokers. Fracasso et al.
(2002) and Manikantan et al. (2010) reported the lack of
smoking inXuence on the comet assay results in subjects
occupationally exposed to lead.

Statistical analysis of our results emphasizes a negative
correlation of smoking and micronuclei, nuclear buds and
nucleoplasmic bridges. Results are in agreement with some
other reports. Calderón-Ezquerro et al. (2010) reported sig-
niWcantly lower MN frequency in smokers compared to
non-smokers. Pinto et al. (2000) did not Wnd inXuence of

smoking or alcohol intake to cytogenetic damage in out-
door painters exposed to lead-containing pigments. In a
recent report of an international collaborative group
(Bonassi et al. 2003) on the study of the impact of smoking
on micronucleus frequency in human lymphocytes, a small
decrease in micronucleus frequencies in current smokers
and in former smokers compared to non-smokers was
described. A signiWcant increase in micronucleus frequen-
cies among smokers was found only in heavy smokers
(smoking 30 cigarettes or more per day) who were not
occupationally exposed to genotoxins. Some other studies
excerpt smoking as an inXuential factor on MN frequency
(MiliT et al. 2008; Huang et al. 2009). Considering the
eVects of smoking, the impact of passive smoking should
not be excluded. Zalata et al. (2007) reported DNA damage
in children exposed to environmental tobacco smoke
(ETS). The association between ETS and lung cancer has
been demonstrated (Zhou et al. 2006). According to the
results of Bermúdez et al. (1994), ETS particles, which are
smaller than mainstream particles, can reach more distal
alveolar spaces of the lung, causing DNA damage. Asoma-
ning et al. (2008) found that individuals Wrst exposed to
ETS before 25 years of age have a higher lung cancer risk
compared to those exposed in later years.

Apoptotic cells occurred 3.5 times and necrotic cells 1.6
times more often in exposed group compared to control.
Regression analysis of DNA diVusion assay parameters
excerpted exposure, years of exposure, age, gender and B-Pb
as signiWcant predictors of apoptosis. SigniWcantly negative
correlations were observed between smoking, vitamin sup-
plementation, B-Cd, ALAD and level of S-folates and S-B12.
While in control group only age showed signiWcant inXuence
to apoptosis and necrosis, all studied parameters signiWcantly
aVected both apoptosis and necrosis (with exception of EP
for necrosis).

Exposure to lead in that population examined in this
study did not inXuence mitotic activity. NDI of exposed
and control groups were almost identical (mediancontrol =
2,21; medianexposed = 2,17). Palus et al. (2003) reported
similar results. Assessing genotoxic eVects of lead in work-
ers in the recycling of automotive batteries, Minozzo et al.
(2004) showed signiWcantly higher NDI values in the con-
trol group. Some other authors reported (Forni et al. 1976;
Sarto et al. 1978; Al-Hakkak et al. 1986) that occupational
exposure to lead is associated with increased mitotic activ-
ity in peripheral blood lymphocytes, increased rate of
abnormal mitosis and increased incidence of chromosomal
aberrations at blood lead levels. Al-Hakkak et al. (1986)
showed that occupational exposure to lead is associated
with increased mitotic activity in peripheral blood lympho-
cytes, increased rate of abnormal mitosis and increased
incidence of chromosomal aberrations at blood lead levels
ranging from 220 to 890 �g L¡1.
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In conclusion, the present study indicates that pottery-
glaze producers exposed to lead show evidence of geno-
toxic activity in their lymphocytes. All three used tests
excerpted exposure to lead, duration of exposure, smoking
and B-Cd as predictors of DNA damage. Comet assay
appeared as a less sensitive test compared to DNA diVusion
and MN test, which might be due to a prompt repair of the
damage caused by a lead exposure. On the other hand, cyto-
genetic tests detect stable injury, which indicates cumula-
tive genetic material damage.
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