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Chromosome aberrations and micronuclei in peripheral lymphocytes were studied in 29 male chloral-
kali workers previously exposed to mercury vapor and in two matched reference groups comprising
29 nitrate fertilizer workers and 29 customs and police officers. The study was performed using whole-
blood cultures with and without hydroxyurea and caffeine to inhibit deoxyribonucleic acid synthesis
and repair, respectively. No significant differences in the frequencies of chromosome aberrations and
micronuclei were observed. However, a nonsignificant increase in chromosome breaks and dicentrics
was found in the subgroups with high urinary mercury peak levels or high cumulative mercury expo-
sure. An increased prevalence of “high” scores of chromatid breaks in the inhibited cultures, exceed-
ing the 75th percentile of all of the subjects studied, was observed for the chloralkali workers when
compared with both reference groups. No evident cytogenetic effects were observed among the chlo-
ralkali workers with the methods used in the present study.
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Inhaled mercury vapor is oxidized to bivalent mer-
cury in the blood. However, prior to oxidation, ele-
mental mercury can penetrate into different tissues
through biological membranes (1) and persist for
many years after the cessation of exposure (2).

It has been reported that inorganic mercury inac-
tivates the mitotic spindle in dividing cells, ancuploi-
dy or polyploidy being the most evident genotoxic
effect (3). In human studies, micronucleus assay in-
dicated an accumulation of cytogenetic damage in
lymphocytes after exposure to mercury vapor (4) or
mercury fulminate (5). Previous studies on humans
during ongoing exposure to inorganic mercury com-
pounds showed conflicting results when other cy-
togenetic methods were used (6—9).

Exposure to mercury vapor may constitute a health
hazard to chloralkali workers. The aim of the present
investigation was to study potential genotoxic effects
of mercury vapor exposure among chloralkali work-
ers after the cessation of exposure. The chromosome
aberration method, with and without compounds in-
hibiting deoxyribonucleic acid (DNA) synthesis and
repair, and the micronucleus assay were applied.

Subjects and methods

Subjects

The present study was part of a comprehensive study
on possible adverse health effects in 77 male chlor-
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alkali workers previously exposed to mercury vapor.
A group of 53 male workers from a nitrate fertilizer
plant served as the referents. Details of the main
study design have been presented elsewhere (10).
Among these 77 workers, 30 highly exposed subjects
were selected, on the basis of a long duration or high
level of exposure. They were individually matched
with 30 referents among the 53 nitrate fertilizer
workers (reference group I). The matching criteria
were current smoking status (smoker/nonsmoker) and
age (5 years). Attempts were also made to match
the current consumption of tobacco as closely as pos-
sible in the matched pairs. The referents in group I
were employed in the same industrial complex where
the chloralkali plant was situated. An external ref-
erence group (reference group II), comprising male
customs and police officers, was also established ac-
cording to the same matching criteria. One subject
in reference group I withdrew from the study. There-
fore each of the three groups comprised 29 subjects.

Some characteristics of the subjects under study
are presented in tables 1 and 2. The prevalence of
infections, vaccinations, and X-ray examinations and
the use of drugs during the previous two years were
comparable in the groups and were thus not consid-
ered further. Two subjects in reference group II who
were initially identified as nonsmokers were found
to be smokers when the questionnaires were reeval-
uated after the statistical comparisons were per-
formed (See the Discussion.)

The current concentrations of mercury in whole
blood and urine, and selenium in whole blood and
urine were determined for the exposed subjects and
reference group I with atomic absorption spectrom-
etry (11). The accuracy and precision of the mea-
surements in whole blood were monitored by the use
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Table 1. Some characteristics of the subjects under study.

. Life-time Current use of

Smokl?’g)status Age (years) 4 obggége?t f’feg;_‘) consumption coffee Cur;:a{\tm.'-:)lﬁ?:ﬂ)use
Group 9 of tobacco (kg) (cups - d—)

Pres- past Never Mean M&  Range Mean Y& mange  Mean M& Range  Mean M€ Range Mean ME Range

ent dian 9 dian 9 dian o dian 4 dian 9
Exposed
(N =29) 16 9 5 48 48 31—65 403 10 0—150 767 62 0-—335 55 5 0-—12 04 02 0-20
Reference |
(N =29) 15 13 1 48 50 32—64 419 40 0—150 756 60 0—218 68 6 3—15 02 02 0-07
Reference Il
(N =29) 17 2 10 48 50 30—66 488 35 0—140 771 675 0—280 45 4 1—12 02 01 0-08

Table 2. Mercury and selenium concentrations in the blood and urine of the subjects at the time of the study. (ND = not deter-

mined)
Concentration in blood Concentration in urine
; Mercury Selenium
Group (n'\fn%f_ulrL) (Sr?:gln_'“l”ﬂ) (nmol - mmol (nmol - mmol
H creatinine™Y) creatinine™")

Mean Median Range Mean Median Range Mean Median Range Mean Median Range
Exposed
(N=29) 288 28 12—61 1.6 16 1.2-20 2.2 17 05—6.1 304 29 7—63
Reference |
(N=29) 279 26 17—50 1.6 1.6 14—-20 1.2 11 03—25 399 39 25-—56
Reference Il
(N =29) ND ND ND ND

of Seronorm® trace-element whole-blood quality as-
surance materials, batch 904, 905 and 906. The de-
tection limit of the method was 3 nmol - 1 ' for mer-
cury and 0.02 umol - I ! for selenium. Human-qual-
ity assurance urine, Seronorm® trace element, batch
108, was used for the quality control of the urine
analyses. The detection limit was 2 nmol - | ! for mer-
cury and 0.0005 pmol - I' for selenium. Selenium
was determined because it is known to interact with
inorganic mercury in the body (1—2). The current
concentrations were low for both the exposed sub-
jects and reference group I.

Exposure assessment
The chloralkali plant under study started production
in 1947 and was closed at the end of 1987. The study
was carried out in 1989. Biological monitoring of the
employees through the determination of urinary mer-
cury began in 1948. Results from 1434 urinary mer-
cury measurements performed during the time of ex-
posure were identified for the 29 exposed subjects.
On the basis of these results, an individual cumula-
tive “dose” estimate of urinary mercury was calcu-
lated as the sum of all individual mean annual uri-
nary mercury concentrations. Further details regard-
ing the biological monitoring of the workers and the
calculation of cumulative urinary mercury have been
given elsewhere (10).

The chloralkali workers had, on the average, been
exposed to mercury vapor for 11.8 (median 10.3,

376

range 1.7—36.2) years. Their mean annual urinary
mercury concentration was 611 (median 514, range
231—2921) nmol - 1", and the mean cumulative uri-
nary mercury concentration was 5827 (median 4843,
range 1979—17 229) nmol - | . Exposure had started
on the average 22.9 (median 21.0, range 8.0—41.0)
years prior to the study and ceased on an average of
9.9 (median 2.0, range 1.0—33.0) years prior to the
study. Seventeen subjects had urinary mercury con-
centrations that exceeded 1500 nmol -1, and for
nine subjects the urinary mercury concentration ex-
ceeded 3000 nmol - 1 ' at least once during their pe-
riod of exposure. Table 3 presents the distribution
of the cumulative urinary mercury concentrations and
the annual mean urinary mercury concentration in
relation to the number of years exposed.

Cytogenetic examinations

All of the blood samples were collected and proc-
essed on the same day for the matched triplets. For
the scoring of chromosome aberrations, whole blood
was cultured for 48—53 h in HamF 10% with L-
glutamin, supplemented with 20% fetal calf serum,
3% penicillin (5000 IU - ml 'Y/streptomycin (5000
pg - ml') (all from Flow Laboratories, Biggio, Swit-
zerland), and 0.8% phytohemagglutinin P-form (Dif-
co, Michigan, United States). For the conventional
cultures, 0.3 ug - ml ! Demekolcin® (Rikshospitalet,
Oslo, Norway) was added 3 h before the harvesting.
Inhibition of the DNA synthesis and repair was ac-



complished in parallel cultures with hydroxyurea
(Sigma, St Louis, United States) and caffeine (Sig-
ma) both at a 7.5 - 10 M concentration, added to-
gether with Demekolcin® 3 h prior to the harvesting,
as described previously (12). The preparations were
stained with Giemsa (Merck, Darmstadt, Germany),
and 100 mitoses for the conventional analysis and
50 mitoses for cultures for DNA synthesis and re-
pair inhibition were scored for aberrations such as
chromatid and chromosome breaks, exchanges, di-
centrics, rings, acentric fragments, marker chromo-
somes, gaps, and aneuploid cells. The aneuploid cells
included both hypo- and hyperdiploid cells. Aneu-
ploidy and gaps were not included in the cells with
aberrations. All of the counts have been given per
100 cells, except for dicentrics, for which the total
number for each group has been given.

For the micronucleus assay, whole blood was cul-
tured for 72 h in the same medium as described pre-
viously, the last 24 h with Cytochalasin B® (Sigma)
in a concentration of 3 pl - ml™' (13). The cells were
harvested and stained with Acridine Orange® (Merck)
(14). For each subject 1000 binucleated cells were
scored.

The scoring was equally divided between three
experienced scorers without knowledge of the expo-
sure status. One matched triplet was always scored
by the same person.

Statistical methods

The cytogenetic results of the exposed group were
compared with the results of the two reference groups
separately with the use of the nonparametric Wil-
coxon’s matched-pair signed rank test.

Spearman’s rank correlation was calculated to
study the univariate relationships between the cytoge-
netic variables and the exposure and life-style param-
eters. The level of significance was set at 5% (two-
tailed).

Cytogenetic scores exceeding the 75th percentile
among all of the subjects under study were regarded
as “high.” This cut point was chosen a priori to se-
cure an appropriate size for the study groups. If the
75th percentile included more than one value, the
next unique cut point lower than the 75th percentile
was chosen. Mantel-Haenszel’s test for odds ratio
(OR) with the 95% confidence interval was applied
in order to study the distribution of “high” cytoge-
netic scores among the participants.

The statistical analyses were carried out on a per-
sonal computer using BMDP statistical software, PC
90 version (BMDP Statistical Software, Inc, Los
Angeles, California).

Results

The results of the cytogenetic examinations made
with conventional methods are presented in table 4.
No significant differences were observed for any of
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Table 3. Distribution of the cumulative level of urinary mer-
cury and the annual individual mean urinary mercury concen-
tration of 29 chloralkali workers in relation to the time exposed.

Period exposed

10—14
1—9 years years =15 years
N % N % N %
Cumulative level of
urinary mercury
(nmol - I-7)
0—2999 6 207 2 6.9 0 0
3000—5999 7 241 2 6.9 2 6.9
=6000 1 3.4 3 103 6 207
Mean annual level of
urinary mercury
{(nmol - I-7)
0—399 3 103 4 1338 3 103
400—599 6 207 2 6.9 4 138
=600 5 17.2 1 3.4 1 3.4

the cytogenetic parameters when all of the exposed
subjects or all of the subjects for whom the expo-
sure had ceased within the last two years were com-
pared with the results of the two separate reference
groups. A statistically nonsignificant difference (P =
0.06) was observed for chromosome breaks and cells
with micronuclei among the workers with a cumu-
lative urinary mercury concentration of >5000
nmol - I'" when they were compared with reference
group II. The subjects with a urinary mercury peak
level of 21500 nmol - I also had a nonsignificant-
ly higher number of chromosome breaks, and more
cells with micronuclei than subjects in reference
group II (P = 0.05). However, reference group I had
an even higher number of cells with micronuclei than
the exposed subjects with a urinary mercury peak of
21500 nmol - 1! or a cumulative urinary mercury
value of 25000 nmol - I"'. The number of exposed
subjects with dicentric chromosomes was small, but
higher than in either reference group. A maximum
of one dicentric chromosome was observed per per-
son. No significant intergroup differences were ob-
served for chromatid and chromosome gaps, chro-
matid exchanges, rings, markers, and minutes (results
not presented).

The mean values for all of the cytogenetic param-
eters were increased in cultures used for the DNA
synthesis and repair inhibition when they were com-
pared with the results of the conventional cultures,
but no significant intergroup differences were ob-
served between the exposed subjects or selected sub-
groups of the exposed subjects and the matched ref-
erents (table 5). However, the prevalence of “high”
scores of chromatid breaks in the inhibited cultures
was significantly higher among the exposed subjects
than among either of the reference groups (table 6).

In the inhibited cultures the percentage of chro-
matid breaks among the exposed subjects and refer-
ence group I was 12.5 versus 8.7 for the smokers and
6.6 versus 4.6 for the nonsmokers, respectively. The
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Table 4. Results of the cytogenetic examination with conventional cell cultures for all of the exposed subjects and selected
subgroups compared with the two reference groups (aberrations per 100 cells, micronuclei per 1000 cells).

Chromatid Chromosome Cells with o Aneuploid Cells with
Group or Nu?fber breaks breaks aberrations Dt'r(fceg cells micronuclei
subgroup subjects (N2)

Mean Range Mean Range Mean Range Mean Range Mean Range
All subjects
Exposed group 29 066 0—4 059 0—4 41 07 4 245 0-—8 662 2-—28
Reference group ! 29 031 0-—2 052 0—-3 121 0—4 2 3.28 0—10 6.31 2—17
Reference group i 29 069 0—4 035 0-—2 138 0—4 2 272 0—7 541 0-17
Exposure cessation
<2 years prior
to the study
Exposed group 14 0.43 0—-2 043 0-2 100 0-—-2 2 200 0—6 8.07 3—28
Reference group | 14 029 0—1 064 0-3 121 0—4 1 3.00 0—10 579 2—17
Reference group ! 14 057 0-3 036 0-—2 121 0—4 1 2711 07 6.15 1—17
Peak level of
urinary mercury
=1500 nmol - I-!
at least once
Exposed group 17 059 0—4 094 0—4 171 0—7 3 288 0—8 588 3—16
Reference group | 17 023 01 052 0-3 124 0-3 1 359 0—10 6.82 2—15
Reference group Il 17 094 0—4 0.29 0-—2 176 0—4 2 3.06 0—7 489 0—17**
Cumulative level
of urinary mercury
=5000 nmol - I-1
Exposed group 13 069 0—4 100 0—4 200 0—7 3 292 0-8 6.23 3—16
Reference group | 13 0.15 0-—1 054 0-3 115 0-3 1 384 0—10 723 2-—15
Reference group It 13 108 0—4 0.15 0—1* 1.77 0—4 1 3.00 0-—7 500 0—17*

2 N =Number of subjects.

* P<0.10, ** P<0.05 in comparison with the exposed.

Table 5. Results of the cytogenetic examination for deoxyribonucleic acid synthesis and repair inhibition in cultures from all
of the exposed subjects and selected subgroups compared with the two reference groups (aberrations per 100 cells).

; Chromosome Cells with
Chromatid breaks A
Group or subgroup Number breaks aberrations
Mean Range Mean Range Mean Range
All subjects
Exposed group 29 9.7 0—36 3.0 0—30 9.8 0—24
Reference group | 29 6.7 0—24 2.4 0—8 8.5 0—22
Reference group Il 29 79 0—22 5.1 0—32 9.7 0—26
Exposure cessation <2 years
Exposed group 14 10.9 0—36 3.6 0—30 10.4 2—18
Reference group 1 14 7.7 2—18 24 0—8 9.7 2—22
Reference group !l 14 8.0 2—22 5.3 0—32 10.3 4—18
Peak level of urinary mercury
=1500 nmol - |=1
Exposed group 17 8.7 0—30 17 0—10 9.1 0—24
Reference group 1 17 5.8 0—24 26 0—6 7.9 0—22
Reference group Il 17 71 0—22 3.1 0—14 8.2 0—18
Cumulative level of urinary
mercury =5000 nmol - |-7
Exposed group 13 95 0—30 2.2 0—10 10.2 0—24
Reference group | 13 71 0—24 23 0—86 89 0—22
Reference group Il 13 7.9 0—22 35 0—14 9.1 0—18

mean current blood mercury and blood selenium lev-
els were comparable in these four subgroups, while
the urinary mercury levels among the exposed smok-
ers and nonsmokers was higher than among the ref-

erents (smokers: 2.3 versus 1.1 nmol - mmol crea- P =0.06).

tinine™', P = 0.02; nonsmokers: 2.2 versus 1.2 nmol -
mmol creatinine™, P = 0.01). The urinary selenium
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level was lower for the exposed smokers and non-
smokers than for their referents (smokers: 28.5 ver-
sus 39.8 nmol - mmol creatinine™', P = 0.02; non-
smokers: 32.5 versus 40.1 nmol - mmol creatinine™!,

No statistically significant association was ob-
served for any of the cytogenetic end points and the



Scand J Work Environ Health 1993, vol 19, no 6

Table 6. Number of subjects with “high” scores (cut off 75th percentile) among the exposed subjects and reference groups
| and 11, with the odds ratios and 95% confidence intervals for the exposed group in comparison with the two reference groups

separately.

Reference group |

Reference group Il

Faponad 95% 95%
roup o 5%
g(N) Number Odtqs confidence Number ?aﬂ?: confidence
ratio interval interval
Conventional cultures
Chromatid breaks 14 8 25 08—7.3 13 1.2 0.4-—-3.2
Chromosome breaks 1 12 0.9 0.3—25 7 1.9 0.6—6.0
Cells with micronuclei 8 10 0.7 0.2—22 7 11 0.3—3.6
Inhibited cultures
Chromatid breaks 14 5 45" 1.3—15.0 6 3.6%* 1.2—113
Chromosome breaks 9 11 0.7 03—2.2 16 0.4 0.1—1.1

*P=0.01, ** P=0.03.

exposure-rclated parameters (cumulative urinary
mercury concentration, current mercury concentra-
tion in the blood, urinary mercury concentration, and
time since cessation of exposure) or life-style param-
eters (current tobacco and alcohol consumption, age).
The exposed group and the two reference groups
were studied separately. Furthermore, no significant
correlations were found between any of the cytoge-
netic parameters scored in cultures with and with-
out DNA synthesis and repair inhibition.

Discussion

With regard to the comparability of the selected
groups in the present study, reference group I was
potentially exposed to low levels of nitrate-contain-
ing dust but, to our knowledge, not to known clas-
togenic agents. The subjects in reference group II
were not exposed to any chemical agents at work.
The consistency of the results in the two reference
groups varied, and a higher score was observed for
subjects in one of the reference groups than in the
exposed group for some of the studied parameters.
However, the figures were small and subject to high
random variability. The two excess smokers in ref-
erence group II could have led to an underestima-
tion of a difference with the exposed group, but they
had low scores for chromosome aberrations when
compared with the nonsmokers in the same reference
group.

No significant differences between the chloralka-
li workers previously exposed to mercury vapor and
the referents were observed for any of the studied
cytogenetic end points determined with convention-
al methods. For chromosome breaks and dicentrics,
however, a nonsignificant increase was observed for
the subgroups with the highest exposure in the
present study (table 4). Other cytogenetic studies
among workers no longer exposed to mercury vapor
are not known to us.

Previous studies on the effects of ongoing expo-
sure to inorganic mercury have shown conflicting

results (4—9). Verschaeve et al (6) observed an in-
creased prevalence of chromosome aberrations in 28
subjects exposed to various mercury compounds, but
the results were not confirmed in a later study (7).
Popescu et al (8) found an increase in chromosome
aberrations, but no increase in chromatid-type aber-
rations in four subjects with repeatedly high urinary
mercury concentrations reaching 890 pg - I (4450
nmol - I'). At the time of the cytogenetic analysis the
concentration varied between 100 and 420 ug - I
(500 and 2100 nmol - I"'). No smoking data were re-
ported in that study. Mabille et al (9) did not observe
any increased cytogenetic damage in 22 chloralkali
workers. Barregard et al (4) observed an association
between the number of micronuclei and cumulative
mercury dose indicators. An increased prevalence of
micronuclei was observed by Anwar & Gabal (5) in
workers exposed to mercury fulminate. If inorganic
mercury acts as a spindle poison in man, as shown
for eukaryotes (3), this might be one of the expla-
nations for an increased prevalence of micronuclei.
Although the prevalence of micronuclei in the
present study was significantly higher among the ex-
posed subjects with peak levels of urinary mercury
exceeding 1500 nmol - I' than among the matched
referents in reference group II, the highest prevalence
was observed for the subjects in reference group I
Furthermore, all of the exposed subjects had a higher
prevalence of cells with micronuclei than the selected
highly exposed subgroups. Therefore, the present re-
sults do not indicate any significant difference be-
tween the subgroups of exposed workers and the two
independent reference groups for any of the studied
cytogenetic end points either.

Increased cytogenetic damage, mainly of the chro-
matid type, was shown in the lymphocyte cultures
for DNA synthesis and repair inhibition in studies
with different types of in vitro mutagen treatment
compared with conventional cultures (15—17). In the
inhibited cultures in the present study the prevalence
of “high” scores of chromatid breaks (cut point: 75th
percentile) was significantly higher among the ex-
posed subjects than among either of the reference
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groups. When other cut points were used, the same,
but nonsignificant trends were observed.

Chromatid breaks may reflect ongoing exposure
to mutagens in addition to previous exposure. It was
shown for patients with testicular cancer that chro-
matid breaks disappeared from the peripheral lym-
phocyte population faster than any of the other ab-
erration types after the cessation of chemotherapy.
Furthermore no increase above the reference level
was detected after 19 months (18). The median for
cessation of exposure in the present study was 24
months. As judged by the current blood mercury con-
centration, no occupational exposure to mercury va-
por was occurring at the time of the blood sampling,
while the difference in the current urinary mercury
concentration between the exposed subjects and the
referents may reflect previous exposure. Kosta et al
(2) showed that substantial concentrations of mercury
were present in former mercury miners many years
after the cessation of mercury exposure. Tobacco
smoke was probably the most important current ex-
posure to mutagens for the subjects under study. An
increased prevalence of chromatid breaks in inhib-
ited cultures has been previously shown for smok-
ers when they were compared with nonsmokers (12).
In the present study the highest prevalence of chro-
matid breaks in the inhibited cultures was observed
among previously exposed smokers, followed by
smoking referents and exposed nonsmokers, while
the nonsmoking referents had the lowest prevalence.

The exposed workers in the present study had low-
er current concentrations of urinary selenium than
reference group 1. Selenium has been shown to coac-
cumulate with inorganic mercury in several tissues
in former mercury miners (2). Studies among chlo-
ralkali workers, both during ongoing (19, 20) and
previous mercury vapor exposure (11), showed re-
duced concentrations of urinary selenium when they
were compared with referents. The possible mecha-
nism of interaction between selenium and inorganic
mercury is not fully understood (1). However, sele-
nium at nutritional levels is antimutagenic in differ-
ent systems (21), and Morimoto et al (22) observed
that selenite prevented the induction of sister chro-
matid exchanges by methyl mercury in human whole
blood cultures. A high correlation between sister
chromatid exchanges and chromatid breaks in inhib-
ited cultures has been previously shown for smok-
ers (12). Whether the interaction of inorganic mer-
cury and selenium may lead to increased chromatid
breaks from current exposure to mutagenic agents,
such as smoking, is an interesting hypothesis which
should be evaluated in further studies.

The mechanism of bivalent mercury toxicity at the
cellular level is currently not well understood. An-
other possible mechanism of action could, howev-
er, be a lower level of DNA repair activity in tissues
containing bivalent mercury. Robison et al (23)
showed that the persistence of bivalent mercury in
Chinese hamster ovary cells in culture can inhibit
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DNA repair activity in cells at concentrations and
exposure times for which DNA single-strand breaks,
caused by bivalent mercury, could not be detected.
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