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Coal is the largest fossil fuel source used for the
generation of energy. However, coal extraction
and its use constitute important pollution factors;
thus, risk characterization and estimation are
extremely important for the safety of coal workers
and the environment. Candiota is located to the
southeast of the state of Rio Grande do Sul and
has the largest coal reserves in Brazil, and the larg-
est thermal power complex in the state. In the
open-cast mines, the coal miners are constantly
exposed to coal dust. The human buccal micronu-
cleus cytome (BMCyt) assay has been used widely
to investigate biomarkers for DNA damage, cell
death, and basal cell frequency in buccal cells.
The aim of this study was to assess whether pro-
longed exposure to coal dust could lead to an
increase in genomic instability, cell death, and fre-

quency of basal cells using the BMCyt assay. In
the analysis of epithelial cells, the exposed group
(n 5 41) presented with a significantly higher fre-
quency of basal cells, micronuclei in basal and dif-
ferentiated cells, and binucleated cells compared
to the non-exposed group (n 5 29). The exposed
group showed a significantly lower frequency of
condensed chromatin cells than the non-exposed
group. However, we found no correlation between
DNA damage and metal concentration in the
blood of mine workers. DNA damage observed in
the mine workers may be a consequence of oxida-
tive damage resulting from exposure to coal resi-
due mixtures. In addition, our findings confirm that
the BMCyt assay can be used to identify occupa-
tional risk. Environ. Mol. Mutagen. 54:65–71,
2013. VVC 2012 Wiley Periodicals, Inc.
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INTRODUCTION

Coal is the largest fossil fuel source used for the genera-

tion of energy. However, coal extraction and its use consti-

tute important pollution factors; thus, risk characterization

and estimation are extremely important for the safety of

coal workers and the environment. Candiota, which has

the largest coal reserves in Brazil, is situated in the south-

east of the state of Rio Grande do Sul (RS), approximately

400 km from Porto Alegre and 50 km from the Uruguayan

border. The coal from the open-cast mines in this area is

used locally to generate electricity at the largest thermal

power complex in the state. During coal extraction, large

quantities of coal dust particles are emitted, contributing

to environmental pollution. Coal residues consist of a mix-

ture of substances, including carbon, hydrogen, nitrogen,

oxygen, sulfur, small mineral particles, and inorganic com-

pounds in the ash [Chen et al., 2005].

Coal miners are constantly exposed to coal dust; this

exposure increases their risk of developing several dis-

eases, e.g., pneumoconiosis, progressive massive fibrosis,
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bronchitis, loss of lung function, emphysema, and even

stomach, liver, and lung cancer [Rockette, 1977; Schins

et al., 1995; Une et al., 1995; Beckman and Ames, 1997;

Schins and Borm, 1999; Skowronek and Zemla, 2003].

Studies of coal miners using chromosomal aberration,

micronucleus, and sister chromatid exchange assays have

revealed higher levels of DNA and chromosomal damage

with respect to control subjects [Sram et al., 1985; Don-

bak et al., 2005; Leon-Mejia et al., 2011].

A wide range of methods is currently used for the

detection of the early biological effects of DNA-damaging

agents in occupational settings. In recent years, the human

buccal micronucleus cytome (BMCyt) assay has been

used increasingly to investigate biomarkers for DNA dam-

age, cell death, and basal cell frequency in buccal cells

[Holland et al., 2008]. Its growing use may be explained

by the relative technical simplicity of the assay and the

variety of complementary toxicological endpoints that are

evaluated [Bonassi et al., 2011].

In the present study, we used the BMCyt assay to

assess whether prolonged exposure to coal dust leads to

an increase in genomic instability, cell death, and the fre-

quency of basal cells.

METHODS

Study Population and Sample Collection

This study was approved by the Committee on Research Ethics at

Universidade Federal do Rio Grande do Sul (N. 2007978), and written

informed consent was obtained from each individual before the research

began.

Subjects from Candiota and Bagé were sampled from March 2009 to

March 2012. Candiota is the city where the coal mine is situated, and

Bagé is a neighboring city. This study involved a total of 70 individuals,

29 non-exposed subjects and 41 that were occupationally exposed to

coal. The workers were from a Candiota open-cast coal mine, where

they were involved with coal extraction and coal transport until its ar-

rival at the storage centers; all of the workers were exposed to large

quantities of coal dust. All workers reported using some kind of protec-

tion during the workday, e.g., gloves, breathing masks, glasses, water-

proof boots, etc. The non-exposed group consisted of individuals from

Candiota and Bagé with no known exposure to genotoxic agents, includ-

ing coal, radiation, and chemicals.

Buccal cell samples were obtained by gently rubbing the inside of the

cheeks (right and left side) with a cytobrush, which was then immersed

in 5 mL of cold saline (0.9% [wt/vol] aqueous NaCl) in a conical tube

and transported under refrigeration to the laboratory (BMCyt assay).

Blood samples were collected by venipuncture using vacutainers with

Ethylenediamine tetraacetic acid (EDTA) and processed as quickly as

possible; the blood samples were transported to the laboratory at or

below 88C and processed (chemical analysis).

All individuals in the study were asked to answer a Portuguese-lan-

guage version of a questionnaire from the International Commission for

Protection against Environmental Mutagens and Carcinogens [Carrano

and Natarajan, 1988] and to participate in a face-to-face interview, which

included standard demographic data (age, gender, etc.) and questions

concerning medical issues (exposure to X-rays, vaccinations, medication,

etc.), life style (smoking, coffee and alcohol consumption, diet, etc.), and

occupation (number of working hours per day, protective measures

adopted). In all groups, individuals who smoked more than 20 cigarettes

per day were considered as smokers and removed from our sample

[Hoffmann et al., 2005].

BMCyt Assay

Buccal cell samples in cold saline were centrifuged at 1,500 rpm for 8

min, and the sedimented buccal cells were washed twice with saline and

once with Carnoy’s fixative (methanol and glacial acetic acid 3:1) under

the same centrifugation conditions. The cell suspensions were dropped

onto slides and allowed to air dry. The slides were stained with 2%

Giemsa solution for 10 min, rinsed in distilled water, and air dried. For

each individual, the frequency of the various cell types in the assay is

represented as the number of cells in 2,000, as suggested by Thomas

et al. [2009].

Chemical Analysis

The trace element content of total blood from the coal miners and

non-exposed group was analyzed by Particle-Induced X-ray Emission

(PIXE) [Johansson et al., 1995; dos Santos et al., 2010], as were soil

samples from Candiota (geographic coordinates: 318 340 11.7@ S/538 410

46.9@ W) and Bagé (318 190 53@ S/548 060 25@ W). This technique identi-

fies the multi-elemental composition of a sample by the X-rays emitted

when a proton beam interacts with the atoms of the sample.

The blood samples were maintained at 48C until sample preparation,

when the samples were dried at 378C for 48 h. Soil samples at a depth

of 20 cm were collected using a spade from five random locations in

July 2010; gravel, stones, and plant material were removed from the

samples. The subsamples were homogenized in order to form a compos-

ite sample for each sampling area. Approximately 500 g to 1 kg of

surface soil was collected using stainless steel spatulas, placed in a

glass container protected from light, and maintained at 48C until sample

preparation.

Briefly, the dried blood and soil samples were homogenized and

pressed into thick pellets for PIXE analysis. The experiments were

carried out at the Ion Implantation Laboratory of the Physics Institute,

Federal University of Rio Grande do Sul. A 3 MV Tandetron accelerator

provided a 2 MeV proton beam with an average current of 3 nA and 0.5

nA for the blood and soil samples irradiation, respectively. The samples

were irradiated for 400 s (blood) and 600 s (soil). During the experi-

ments, the pressure inside the reaction chamber was keep at approxi-

mately 1026 mbar. The X-rays produced by the samples were detected

using a Si(Li) detector with an energy resolution of approximately 150

eV at 5.9 keV. The PIXE system was calibrated using a range of refer-

ence materials, including apple leaves, bovine liver, fish muscle, and

buffalo river sediment, among others. The present study used bovine

liver and buffalo river sediment from the National Institute of Standards

and Technology (reference materials 1577b and 8704, respectively). The

standardization procedure adopted was as described by Johansson et al.

[1995] and included all experimental parameters important for the PIXE

spectra quantification. The spectra were fitted and the elemental concen-

trations were obtained using the GUPIXWIN software package [Camp-

bell et al., 2000]. The data are expressed as parts per million (mg/kg).

Statistical Analysis

The normality of the variables was evaluated by the Kolmogorov–

Smirnov test. Students’ t-test was used to compare the demographic

characteristics of the study populations. Statistical analysis of the differ-

ences in the parameters measured by the BMCyt assay was carried out

using the non-parametric Mann–Whitney U test. Correlations between

different variables were determined by Spearman’s rank correlation test,

when applicable. The critical level for rejection of the null hypothesis
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was considered to be a 2-tailed P-value of 5%. The analyses were per-

formed using GraphPad Prism version 5.00 for Windows software.

RESULTS

No significant difference in average age was detected

between the non-exposed (46.69 6 18.11 years) and

exposed groups (36.86 6 14.00 years) (t-test). The mean

exposure time for the exposed group was 13.83 6 8.12

years (length of employment in coal mines).

The results of the BMCyt assay are presented in Table

I. The evaluation of epithelial cells revealed a higher fre-

quency of basal cells in the coal dust-exposed individuals

than in the non-exposed group (P < 0.001, Mann–Whit-

ney U test). The exposed group presented with a signifi-

cantly higher number of micronuclei in basal (P < 0.001)

and differentiated cells (P < 0.001), and binucleated cells

(P < 0.05) as compared with the non-exposed group. The

exposed group had a significantly lower frequency of cells

with condensed chromatin than the non-exposed group

(P < 0.001). No correlation was found between age and

exposure time in relation to the parameters tested by the

BMCyt assay (data not shown).

Table II presents the cross-correlation analysis between

the biomarkers of the BMCyt assay for all individuals in

this study. Basal cells showed a positive correlation with

micronuclei in basal cells (r5 0.512, P < 0.001) and differ-

entiated cells (r5 0.722, P < 0.001), binucleated cells (r5
0.352, P 5 0.003), and karyorrhectic cells (r 5 0.266, P 5

0.026). Differentiated cells with micronuclei showed a posi-

tive correlation with micronuclei in basal cells (r 5 0.519,

P < 0.001), binucleated cells (r 5 0.327, P 5 0.006), and

karyorrhectic cells (r 5 0.331, P < 0.001). Karyolytic cells

had a positive correlation with karyorrhectic cells (r 5

0.188, P 5 0.024). Condensed chromatin cells showed a

negative correlation with basal cells (r 5 20.654, P <
0.001) and micronuclei in basal cells (r 5 20.302, P 5

0.011) and differentiated cells (r520.498, P < 0.001).

The results of the chemical analyses performed via the

PIXE technique to characterize the metal content in blood

and soil samples are shown in Tables III and IV, respec-

tively. All of the trace elements detected in the samples

are listed in the tables. No significant difference was

observed between the blood samples from the coal work-

ers and the non-exposed group. Among the metals, the

most common were magnesium, aluminum, copper, and

zinc. Phosphorous, sulfur, and lead were significantly

higher in soil from Candiota than Bagé (P < 0.001).
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TABLE I. BMCyt Assay for Cells Collected from the
Non-Exposed and Exposed Groups (Mean 6 Standard
Deviation)

Parameters Non-Exposed Exposed

Basal cells

Normal 1.00 6 1.31 14.34 6 6.73***

MN 0.03 6 0.19 0.51 6 0.78***

Differentiated cells

DNA damage MN 0.21 6 0.41 3.10 6 2.22***

Nuclear buds 6.93 6 3.46 7.66 6 3.39

Binucleated

cells

10.79 6 3.67 13.26 6 4.90*

Cell death Condensed

chromatin

11.79 6 3.53 5.73 6 3.62***

Karyorrhectic

cells

10.00 6 2.42 10.80 6 4.98

pyknotic cells 8.45 6 2.98 8.46 6 3.23

Karyolytic cells 13.07 6 3.00 13.12 6 4.45

*Data significant in relation to the non-exposed group at P < 0.05;
***P < 0.001 (Mann–Whitney U test).

TABLE II. Cross-Correlation Between the Biomarkers of the BMCyt Assay for the Combined Groups

Basal

cells

MN in

basal cells

MN in

differentiated

cells

nuclear

buds

Binucleated

cells

Condensed

chromatin

karyorrhectic

cells

Pyknotic

cells

MN in basal

cells

Spearman correlation 0.512

Sig. (2-tailed) 0.000

MN in

differentiated

cells

Spearman correlation 0.722 0.519

Sig. (2-tailed) 0.000 0.000

Nuclear buds Spearman correlation NS NS NS

Sig. (2-tailed)

Binucleated cells Spearman correlation 0.352 NS 0.327 NS

Sig. (2-tailed) 0.003 0.006

Condensed

chromatin

Spearman correlation 20.654 20.302 20.498 NS NS

Sig. (2-tailed) 0.000 0.011 0.000

Karyorrhectic

cells

Spearman correlation 0.266 NS 0.331 NS NS NS

Sig. (2-tailed) 0.026 0.000

Pyknotic cells Spearman correlation NS NS NS NS NS NS NS

Sig. (2-tailed)

Karyolytic cells Spearman correlation NS NS NS NS NS NS 0.188 NS

Sig. (2-tailed) 0.024

MN: micronuclei; NS: not significant.
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DISCUSSION

Mineral coal production in RS, the southern state of

Brazil, exceeds 32 3 109 tons, representing approximately

89% of the Brazilian reserves. This region produces 38%

of the country’s coal. Open-cast coal mine workers are

potentially exposed to coal dust containing quartz, trace

metals, inorganic minerals, and organic aromatic com-

pounds [Leon et al., 2007]. There are only a few studies

on the occupational hazard effects (genotoxicity) for coal

miners; in RS, genotoxic endpoints related to open-cast

coal extraction have only been evaluated in rodent popu-

lations [da Silva et al., 2000].

In this study, the BMCyt assay was used to investigate

biomarkers for DNA damage, cell death, and regenerative

potential in the buccal cells of non-exposed and coal

dust-exposed groups. This study is the first to use the

BMCyt assay to evaluate all possible endpoints in coal

miners. Kumar et al. [2011] utilized buccal cells to ana-

lyze the genotoxic effects of coal dust only in relation to

the frequency of micronuclei in differentiated cells.

Results obtained from buccal cells revealed significant

increases in micronuclei and binucleated cells in differen-

tiated cells and in micronuclei in basal cells among the

coal workers. In our study, there was no correlation

between age and time of service in relation to the BMCyt

parameters. Biomonitoring studies of the peripheral lym-

phocytes of coal workers demonstrated increased adduct

formation and increases of non-cellular and cellular sour-

ces of reactive oxygen species (ROS), which can induce

oxidative DNA damage [Schins et al., 1995; Schoket

et al., 1999; Donbak et al., 2005; Celik et al., 2007;

Leon-Mejia et al., 2011]. Other studies using different

assays have also demonstrated higher levels of DNA dam-

age in individuals exposed to coal. In buccal cells, Kumar

et al. [2011] observed higher frequencies of micronuclei

in individuals exposed to coal. Micronuclei are formed

mainly from chromatids or chromosome fragments, which

remain excluded from the main cell nucleus following mi-

tosis [Holland et al., 2008], indicating an increased risk of

cancer [He et al., 2000]. Buccal cells are in constant con-

tact with the environment, which suggests that the oral

epithelium is an important target site for the toxicants in

coal dust; therefore, our results revealed higher genotoxic-

ity in coal workers (higher frequency of micronuclei in

differentiated and basal cells) compared with the unex-

posed group due to the coal workers’ exposure to coal

dust.

Binucleated cells were also found to be more frequent

in the exposed group. The precise significance of these

cells is not known, but they may be indicative of the fail-

ure of cytokinesis. As shown in a study using the BMCyt

assay to study Down syndrome [Thomas et al., 2008], the

binucleated/mononucleated cell ratio could be an impor-

tant biomarker for identifying individuals with cytokinesis

failure caused by higher than normal rates of aneuploidy.

Aneuploidy stands out as a consistent marker of malig-

nancy [Sanchez-Siles et al., 2011].

The cell death analyses revealed a lower frequency of

cells with condensed chromatin in the exposed group. An

increased percentage of cells with condensed chromatin

cells occurs in the pre-keratinization process [Pindborg

et al., 1980] and represents cytotoxicity [Thomas et al.,

2008]. Thus, it is believed that the increase of this cell

type in unexposed individuals must have occurred at ran-

dom.

In this study, the exposed group demonstrated higher

frequencies of basal cells compared with the non-exposed

group. The proportion of basal cells in buccal cells is an

indication of the regenerative capacity of this tissue

[Thomas et al., 2009]. It has been postulated that repeated

exposure to cytotoxic agents can result in chronic cell

injury, compensatory cell proliferation (regenerative

capacity), hyperplasia, and ultimately tumor development

[Swenberg, 1993; Mally and Chipman, 2002]. In concord-

ance, the results of the cross-correlation study suggest a

significant positive relationship between basal cells with

micronuclei and differentiated cells with micronuclei,

binucleated cells, and karyorrhectic cells. The positive

Environmental and Molecular Mutagenesis. DOI 10.1002/em

TABLE III. Elemental Composition of Blood Samples by PIXE
Analysis (Results in mg/kg)

Heavy metal Non-Exposed Exposed

Magnesium 144.2 6 76.7 177.7 6 86.3

Aluminum 110.4 6 51.7 125.1 6 37.3

Sulfur 5,597 6 695.9 5,206 6 581.4

Potassium 6,462 6 2,920 5,910 6 3,286

Iron 2,312 6 504.9 2,003 6 438.3

Copper 4.90 6 1.81 5.20 6 1.07

Zinc 40.34 6 7.0 42.4 6 9.84

TABLE IV. Elemental Composition of Soil Samples by PIXE
Analysis (Results in mg/kg)

Element Non-Exposed Exposed

Magnesium 1,365 6 448.1 1,623 6 231.1

Aluminum 42,640 6 4,841 69,650 6 2,003

Silicon 415,000 6 45,950 289,600 6 4,083

Phosphorus 155.1 6 16.26 282.0 6 203.5***

Sulfur 104.6 6 18.75 286.8 6 12.87***

Potassium 12,230 6 1,767 7,133 6 585.8

Calcium 1,416 6 139.6 1,049 6 7.78

Titanium 6,080 6 2,077 7,855 6 284.5

Chromium 31.68 6 14.86 57.22 6 14.73

Manganese 753.4 6 126.8 616.0 6 84.31

Iron 15,450 6 2,035 51,640 6 6,815

Copper 55.07 6 10.11 72.90 6 20.07

Zinc 21.40 6 3.92 49.95 6 18.05

Zirconium 143.7 6 61.41 536.0 6 238.7

Lead 22.77 6 10.54 61.98 6 0.12***

***P < 0.001 in relation to the non-exposed group. Mann–Whitney

U test.
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correlation between basal cells and karyorrhectic cells

suggests that the latter are derived directly from basal

cells, similar to the observations of Thomas et al. [2008].

These cytogenetic alterations in coal mine workers cells

may be due to oxidative damage.

The primary target cells of inhaled coal dust particles

are macrophages and epithelial cells. Activated macro-

phages (phagocytosis toxicity) produce excessive amounts

of ROS and cytokines. ROS are believed to play a major

role in the primary genotoxicity of particles, which may

be derived from their surface properties, the presence of

transition metals, intracellular iron mobilization, and/or

lipid peroxidation [Schins, 2002]. In vitro studies have led

to the identification of the primary genotoxic properties of

particles, whereas recent in vivo studies provide further

support for the correlation between particle-induced lung

inflammation and secondary genotoxicity. The formation

of ROS from inflammatory cells is considered to be a bio-

marker for the genotoxicity of non-fibrous particles (coal

dust). Previously, some authors observed the increased

formation of 8-OHdG in peripheral blood lymphocytes

and altered antioxidant capacity in the serum and red

blood cells of coal miners [Schins et al., 1995; Schins and

Borm, 1999]. When there is excessive production of

ROS, or when there are insufficient in vivo defense mech-

anisms, oxidative stress may occur. This stress may result

in DNA damage, lipid peroxidation, protein modification,

membrane disruption, and mitochondrial damage [Zhai

et al., 2002]; all of these modifications are capable of

inducing cytogenetic damage.

Our analyses of blood samples revealed no significant

difference in metal concentrations between the exposed

and non-exposed groups using PIXE. However, higher

concentrations of magnesium, aluminum, copper, and zinc

were observed in the cells from coal miners than in those

from non-exposed individuals. In addition, soil samples

from Candiota demonstrated significant increases of phos-

phorous, sulfur, and lead. In general, metal genotoxicity

is caused by indirect mechanisms. Recently, Beyersmann

and Hartwig [2008] described three predominant mecha-

nisms of metal genotoxicity: (1) interference with cellular

redox regulation and induction of oxidative stress, which

may cause oxidative DNA damage or trigger signaling

cascades that lead to the stimulation of cell growth; (2)

inhibition of major DNA repair systems that results in

genomic instability and the accumulation of critical muta-

tions; and (3) deregulation of cell proliferation by the

induction of signaling pathways or the inactivation of

growth controls, e.g., tumor suppressor genes. Our results

from the BMCyt assay provided support for the occur-

rence of all of these mechanisms.

Despite the significant differences in metal concentra-

tions in soil samples, we found no significant differences

in metals between exposed and non-exposed blood meas-

urements. This result can be due to synergistic and antag-

onistic effects that can be expected from inorganic and or-

ganic contaminants in the organism, leading to different

unpredicted biological effects. A very important point to

be considered when discussing metal presence in blood

samples is the interaction among inorganic elements in bi-

ological organisms. Shi and Wang [2004] suggested that

previous exposure to one element may affect the bioaccu-

mulation of other elements. This kind of interaction might

have influenced the absorption of inorganic elements by

the mine workers.

Finally, DNA damage in the mine workers may be a

consequence of oxidative damage resulting from exposure

to coal residue mixtures containing metals and polycyclic

aromatic hydrocarbons (PAH) [Pahlich, 1975]. Da Silva

et al. [2000] and Dallarosa et al. [2005] demonstrated that

environmental samples from Candiota had a high concen-

tration of hydrocarbons. All technological processes asso-

ciated with an open fire or temperatures between 4008C
and 6008C, which may lead to the production of PAH,

should be considered potentially hazardous [Sram et al.,

1985]. PAH can induce DNA lesions as single-strand

breaks via DNA repair mechanisms [Brescia et al., 1999;

Pavanello et al., 2005]; electrophilic metabolites that co-

valently interact with DNA [Singh et al., 2007] can form

adducts with purines, especially with guanine, after meta-

bolic activation by the P450 enzymatic complex [Baird

et al., 2005].

Occupational hazard effects in coal miners, in relation

to DNA damage, were observed when compared with a

non-exposed group. Because of the complex nature of

coal mining environments, it is difficult to relate geno-

toxic effects to a specific agent or compound. The DNA

damage observed in the mine workers may be a conse-

quence of oxidative damage resulting from their exposure

to coal residue mixtures, including metals. Our results

also confirmed that the BMCyt assay could be used to

assess biomarkers for occupational exposure.
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