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Abstract
Levels of sister chromatid exchanges (SCEs), high-SCE
frequency cells (HFCs), DNA-protein cross-links (DPCs),
blood lead (BLL), and zinc protoporphyrin (ZPP) were
measured in peripheral blood from three groups. The
lead workers were divided into two groups: a high BLL
group (>15�g/dl) and a low BLL group (<15 �g/dl). The
control subjects were selected from an area that had not
been contaminated with lead and had normal BLL and
ZPP levels. In addition, exposure to airborne lead was
measured for 11 lead workers, and the time-weighted
average was shown to range from 0.19 to 10.32 mg/m3.
The BLL levels of 9 of 11 workers were >15 �g/dl, of
which, 3 exceeded current exposure limits (>40 �g/dl).
The BLL levels of all 11 controls were <15 �g/dl. The
average SCE and DPC values for the workers were 6.1
SCEs/cell and 1.9%, which were significantly higher (P <
0.01, Wilcoxon’s test) than the value of 5.2 SCEs/cell and
1.1% for the control subjects. Lead workers had
significantly higher BLL and ZPP levels than did the
controls. Statistically significant increases in DPCs, SCEs,
and HFCs were observed for the high-BLL group
compared with the control group. The results of this
study suggest that DPCs, SCEs, and HFCs are reliable
biomarkers for monitoring workers exposed to lead and
clearly indicate health effects from occupational exposure
to lead.

Introduction
Epidemiological studies have shown that human exposure to
lead compounds is associated with a higher incidence of renal
tumors and lung and stomach cancer (1–3). Lead(II) has been
shown to be a weak mutagen and possibly a carcinogen in
Chinese hamster V79 cells (4, 5). Exposure of cultured cells to

lead(II) in vitro at a toxic dose resulted in CAs3 and SCEs (6,
7). In several in vivo studies, the cytogenetic effects of lead
have been reported. Some studies showed an increased CA
and/or SCE frequency in lymphocytes from workers exposed to
lead (6, 8–10), whereas others reported negative results (11,
12). SCEs have potential long-term genotoxic consequences.
Previous studies using human cells dosed with lead in vitro
have suggested that lead ions decrease the fidelity of DNA
synthesis or repair (13, 14) and inhibit the activity of DNA
polymerase � and ligase (9). DNA impairment and genotoxic
effects may be magnified when repair is inhibited, as shown in
a study on UV-induced SCEs in cells exposed to different lead
ion levels (10). These studies indicate the necessity of consid-
ering the influence of DNA repair processes when assessing the
genotoxicity of lead compounds.

DPCs induced in treated cells may persist; their presence
can be easily detected at some time after removal of the geno-
toxic agent (15–17). Genotoxic compounds may induce poor
repair ability, which may result in the production of DNA-
protein complexes during DNA replication. The apparent low
capacity for repair makes this type of DNA damage a poten-
tially important lesion to use as a biomarker of exposure. Lead
compounds are cytotoxic to cultured cells at concentrations
where an insoluble precipitate is formed (18). Previous in vitro
studies have suggested that many heavy metals can produce
DPCs. The concentrations required for many of these agents to
cause this effect were extremely toxic to cells. Lead compounds
exhibit induced DPCs at 5 mM in vitro (19). In lead workers,
DPC formation in lymphocytes has not been identified to date.

Cytogenetic end points such as SCEs have been used in
conjunction with DNA adduct analyses to monitor human ex-
posure to harmful agents. Kriek et al. (20) have suggested that
there is a correlation between the cytogenetic end point and
DNA adduct. Therefore, in the present study, we evaluated
genotoxicity, using DPCs and SCEs as a measure of DNA
damage. This is the first report of the use of a DPC assay to
assess lead compounds for their capacity to induce genetic
damage in long-term lead workers.

Materials and Methods
Study Population. Each subject was interviewed by question-
naire to determine age, gender, medication, health status, oc-
cupational history, and smoking habits. All lead workers were
selected from a storage battery manufacturer in central Taiwan.
The workers were divided into a high-BLL group (BLL � 15
�g/dl; 23 subjects) and a low-BLL group (BLL � 15 �g/dl; 34
subjects). Control subjects were selected from an area that had
not been contaminated with lead, and had normal BLL and ZPP
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levels. Exposure to airborne lead was measured for 11 lead
workers, and the TWA was calculated (Table 1). Eleven control
subjects were matched for age and smoking habits with lead
workers.

Personal exposure monitoring for airborne lead was per-
formed during an 8-h work shift and carried out using personal
samplers (SKC Airchek Sampler Model 224-52) with battery-
powered pumps operated at 2.0 liters/min. Quantitative analysis
of airborne lead was performed by graphite furnace atomic
absorption spectrophotometry (Model 5100 AAS; Perkin-
Elmer).
Measurement of Biological Markers. Blood samples were
collected from all subjects and drawn into EDTA-containing
tubes. BLL was measured by graphite furnace atomic absorp-
tion spectrophotometry. ZPP was determined by hematofluo-
rimetry (Aviv/Model 206; Biomedical Inc.).

DPCs were detected by methods described in previous
studies (21–23) and are described briefly below. WBCs (2 �
106) were lysed in a 0.5% SDS-20 mM Tris-HCl (pH 7.5)
solution and stored at �70°C until analysis. Fluorescence was
measured at 450 nm with excitation at 360 nm on a Horfer
Model Fluorescence Spectrophotometer.

SCE levels were determined according to the procedures
described in previous studies (24–26). Whole blood from the
three groups was drawn into heparinized tubes, and analyses
were completed within 1 week. The cells were incubated in the
dark for 70 h at 37°C in the presence of 5.0 ml of RPMI 1640
with 15% fetal bovine serum, 3% phytohemagglutinin (Life
Technologies, Inc.), and 20 �M bromodeoxyuridine (Merck).
Two h before fixation, 2 � 10�7

M Colcemid was added. SCEs
were prepared according to conventional protocols and stained
using the fluorescence-Giemsa method. For the observation of

SCEs per cell, 30 second-division metaphases were scored per
sample. Exchanges at the centromere were not included in the
count. Analysis of the HFCs was performed according to Car-
rano and Moore (27). A HFC was defined as a cell with a
percentage of lymphocytes exhibiting an SCE score over the
median 95% value of the results from the 19 nonsmoking
control subjects. The cutoff value was 9 SCEs/cell.
Statistical Methods. SAS/pc� 6.04 statistics software (SAS/
STAT) was used for all data analyses. Mean values for BLL and
ZPP in exposed workers and controls were assessed by para-
metric tests. A t test was used to compare SCE levels and
percentages of DPCs and HFCs among lead workers and con-
trols. Multiple linear regression models were used to compare
lead workers and controls with regard to the percentage of
DPCs and SCE levels after adjustment for age, gender, and
smoking.

Results
The ages, smoking habits, biomarkers, and airborne lead levels
among 11 lead workers and 11 controls are shown in Table 1.
The TWA of exposure to lead ranged from 0.19 to 10.32
mg/m3. Some of these values exceed current exposure limits in
Taiwan. The average SCE and DPC value for workers was 6.08
SCEs/cell and 1.9%, which were significantly higher (P � 0.01,
Wilcoxon’s test) than the value of 5.16 SCEs/cell and 1.1% for
the control subjects. Three lead workers who smoked had
significantly increased BLL (57.8, 39.5, and 28.1 �g/dl, respec-
tively) and ZPP levels (231.2, 83.7, and 55.8 �g/dl, respective-
ly). The BLL levels for 9 of 11 workers were �15 �g/dl, of
which 3 exceeded the permissible limit in Taiwan (�40 �g/dl).
The BLL levels for all 11 controls were �15 �g/dl.

Table 1 Age, smoking habits, biomarkers, and airborne lead levels among 11 lead workers and 11 controls

Subjects
Age
(yrs)

Smoking
(pack-years)

BLL
(�g/dl)

ZPP
(mg/g HB)a

SCEs/
cellb

HFCsc/
30 cells

DPCsd

(%)

Lead exposure

Years TWA (�g/m3)

Lead workers
1 50 0 27.6 60.0 5.3 2 2.4 11 1.05
2 44 15 57.8 231.2 6.1 4 2.0 17 1.73
3 43 0 42.5 87.6 5.6 3 1.9 10 10.32
4 43 0 26.8 82.0 6.1 2 1.6 13 4.73
5 39 0 23.0 48.6 5.4 3 1.2 11 1.70
6 45 0 25.2 81.4 6.1 4 1.8 19 6.74
7 42 0 7.9 30.1 6.0 4 2.8 6 0.19
8 45 0 10.4 32.0 6.1 3 1.9 6 0.84
9 42 4 39.5 83.7 7.1 5 1.0 12 1.22

10 48 0 18.4 23.3 6.7 4 0.9 11 0.24
11 57 12.5 28.1 55.8 6.4 4 3.1 11 0.73

Controls
12 45 0 3.3 16.5 5.1 0 1.9
13 55 5 7.0 21.3 6.1 0 1.1
14 48 0 1.5 13.2 4.9 0 0.8
15 43 0 3.2 14.9 4.7 0 1.1
16 39 0 2.8 16.1 4.7 2 0.7
17 49 0 4.1 18.4 5.0 1 0.8
18 44 6.7 4.3 20.6 5.3 0 1.2
19 42 5 2.2 14.4 5.7 1 1.4
20 46 0 4.3 15.9 5.6 0 1.0
20 42 0 4.7 27.7 4.8 4 0.9
22 42 0 2.8 11.6 4.9 1 1.4

a HB, hemoglobin.
b Average of SCEs (6.1 � 0.5) for lead group (subjects 1–11) was significantly higher than for control group (5.2 � 0.5; Wilcoxon’s test, P � 0.01).
c HFCs, 5% of cells with a high frequency of SCEs.
d Average of DPCs (1.9 � 0.5) for lead group (subjects 1–11) was significantly higher than for control group (1.1 � 0.4; Wilcoxon’s test, P � 0.01).
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The demographic data, biological markers, and smoking
habits of all subjects are shown in Table 2. The high-BLL group
was significantly older than the control group. BLL and ZPP
levels were significantly higher among high-BLL workers com-
pared with low-BLL workers and controls. SCE levels and
percentages of DPCs and HFCs were significantly higher in the
high-BLL group for both smokers and nonsmokers compared
with the control group. SCE levels and percentages of DPCs
and HFCs in the low-BLL group were higher than in the control
group, but this was not significant. The percentage of HFCs was
highest in the high-BLL group (47.8%), followed by the
low-BLL group (23.5%) and controls (10%). There was a
similar trend for smokers and nonsmokers. Smokers had
higher levels of SCE and percentages of DPCs and HFCs
than did nonsmokers.

Multiple linear regression models were used to determine
the percentage of DPCs and SCE levels adjusted for age,
smoking habits, and BLL (Table 3). When the high- and low-
BLL groups were compared with the control group, smoking
habits and BLL were significantly associated with the percent-
age of DPCs and SCE levels. Age and gender did not correlate
with the percentage of DPCs and SCE levels. When smokers
and nonsmokers from all three groups were compared simul-
taneously, there were significant differences in SCE levels
among the groups. There was also a significant positive rela-

tionship between both the percentage of DPCs and SCE and
BLL levels.

Discussion
A number of studies have shown a positive correlation between
exposure to lead and chromosome lesions (11, 12). Popenoe and
Schmaeler (9) argued that low lead ion concentrations (10�5

M)
could inhibit the function of human DNA polymerase. In an in
vitro study, Loeb and Mildvan (28) added lead chlorine into the
fluid with cells. They found that lead oxide disrupted DNA syn-
thesis by increasing the frequency of DNA synthesis error, thus
undermining the accuracy of RNA synthesis. Montaldi (7) asserted
that the covalent binding of lead ions and DNA, chromosomal
protein, DNA polymerase, or substrate nucleotide precursors
might jeopardize DNA replication and repair or expression of
genes. Hartwig et al. (10) suggested that lead may inhibit DNA
repair; they postulated that the mechanism might involve the
interaction of lead and repair enzymes (e.g., polymerase or ligase)
or calcium-regulated interference and that these effects were re-
lated to DNA synthesis and repair. In an animal study on rat livers
and kidneys, Morimura et al. (29) found that lead could influence
the transcription of glutathione S-transferase P, and the activation
of glutathione S-transferase P increased risk of liver and kidney
cancers. Their data indicated that exposure to low concentrations

Table 2 Demographic data, biomarkers, and smoking habits among the three groups

Lead workers

Control groupHigh BLL
(BLL �15 �g/dl)

Low BLL
(BLL �15 �g/dl)

Number of subjects 23 34 30
Age (years) 46.9 �9.9a 42.41 �9.11 40.23 � 5.43
Work duration (years) 14.7 � 6.4 16.28 � 9.27
Gender

M (%) 16 (69.6) 21 (61.8) 19 (63.3)
F (%) 7 (30.4) 13 (38.2) 11 (36.7)

Smoking (%) 6 (26.1) 6 (17.7) 11 (36.7)
Blood lead (� SD), �g/dl 32.5 � 14.5b 9.3 � 2.9d 4.2 � 1.4
ZPP (� SD), �g/dl 111.4 � 101.2b 36.6 � 14.6e 19.4 � 5.2
SCEs (� SD) 6.1 � 0.7a 5.5 � 0.7 5.2 � 0.5

Smoking 6.4 � 0.5a 5.8 � 0.4 5.7 � 0.3
Nonsmoking 5.9 � 0.7a 5.5 � 0.7 4.9 � 0.4

HFCs (%) 11 (47.8)a 8 (23.5) 3 (10.0)
Smoking 4 (66.7)c 1 (16.7) 2 (18.2)
Nonsmoking 7 (41.2)a 7 (25.0) 1 (5.3)

DPCs (%) 1.5 � 0.6a 1.2 � 0.5 1.0 � 0.3
Smoking 1.8 � 0.7c 1.2 � 0.4 1.0 � 0.2
Nonsmoking 1.4 � 0.5a 1.1 � 0.5 1.0 � 0.3

a–c High-BLL vs. control group: a P � 0.05; b P � 0.001; c P � 0.01.
d,e Low-BLL vs. control group: d P � 0.001; e P � 0.01.

Table 3 Factors affecting the DPC percentages and SCE levels using multiple linear regression models

Variables
DPCs (%) SCE level

� SE P � SE P

Intercept 0.74 0.25 �0.01 5.41 0.32 �0.001
Lead exposure

High-BLL/control group 0.37 0.23 �0.01 1.15 0.29 �0.01
Low-BLL/control group 0.24 0.12 �0.05 0.49 0.15 �0.01

Age (years) 0.01 0.01 0.16 �0.01 0.01 0.39
Gender (female � 0) �0.27 0.11 0.12 �0.22 0.14 0.13
Smoking/nonsmoking 0.12 0.12 �0.01 0.68 0.15 �0.01
BLL (�g/dl) 0.01 0.01 �0.05 0.01 0.01 �0.05
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of lead could induce DNA damage and increase incidences of
malignant tumors.

In this study, the SCE method was used as a biomarker of
cytogenetic damage because of its sensitivity to low levels of
genotoxic agents (30). DPCs also represent potentially important
lesions induced by certain genotoxic agents, including heavy met-
als (19), chemicals (23), UV light, and X-rays (31). When these
lesions are induced at noncytotoxic levels that lead to mutations,
they are relatively persistent in cells and not readily repaired (16,
17, 31). Therefore, a detection method for DPCs may be more
sensitive when combined with SCE detection. Previous studies
have revealed wide variations in terms of SCE levels and CA
levels in workers exposed to lead at the workplace. Workers
exposed to lead compounds showed increases in SCE and CA
levels (6, 8–10). The present study showed that average SCE
values in high-BLL workers were significantly higher than those in
the control group. Some studies did not reveal any effect of lead
exposure on chromosome aberrations or SCE levels in workers
(11, 12). However, the results of the present study showed that
there was an association. Smoking has been shown to cause a
significant increase in SCE levels (25, 26, 32); our data were
consistent with these findings. The percentage of HFCs was also
used as a sensitive biomarker for genotoxicity. HFCs were defined
as cells that displayed a proportion of SCEs/cell above the 95th
percentile of the distribution of SCEs/cell in nonsmoking control
subjects. Our previous studies revealed a significantly higher HFC
rate among smoking chromium workers than among controls (26).
The differences in the percentage of HFCs among high-BLL
workers, low-BLL workers, and the control group were �37.8%
and 13.5% in this study. There was a similar trend for DPCs in that
the highest percentage of DPCs was in the high-BLL group,
followed by the low-BLL group and the control group.

Most studies on the genetic effects of occupational or
environmental exposure to lead have emphasized CA levels in
peripheral lymphocytes of subjects with BLL levels �20 �g/dl
(33). In the present study, high-BLL workers had mean BLL
levels of 32.5 �g/dl; these levels have been shown to produce
cytogenetic damage in lymphocytes, detectable as SCEs and
DNA-protein cross-linking. The increase in SCE levels and
percentages of DPCs appeared to be dependent on BLL level.
Moreover, lead compounds are capable of inducing chromo-
somal impairment in a number of cells and appear to influence
the percentage of DPCs and SCE levels.

In conclusion, cytogenetic end points (such as SCEs and
DPCs) may be used as indicators of chromosome damage and
have been shown to be suitable biomarkers for exposure to lead.
It is necessary to periodically monitor the exposure of long-
term lead workers to lead by assessing their biomarkers, and it
is important to reduce worker exposure to lead in the work-
place.
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