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Coal is a mixture of chemicals with the capacity of promoting biochemical changes that may lead to DNA
damage. In this study, the comet assay in peripheral blood cells, and the micronucleus test in blood smears
were used to evaluate potential genotoxic effects derived from exposure to coal mining activities on wild
populations of Mus musculus and Iguana iguana. Four locations from Colombia were evaluated: La Loma
and La Jagua de Ibirico, two municipalities located near coal mining elds at the Department of Cesar; and
Valledupar and Arjona, cities used as reference sites, both localized at least 100 and 200 km far from the

Ié?;rv,%riisihg mines, respectively. Compared to Valledupar and Arjona, animals collected in close proximity to coal mining
Comet assay areas showed highest percentages of DNA damage for both species, evidencing that living around coal mining
DNA damage elds may result in an increase of DNA lesions in blood cells of rodents and reptiles. The results for micronu-
Micronucleus test cleus test were con icting. Mice from Arjona had greater number of cells with micronucleus than those from
Genotoxicity the other studied locations, probably as a result of infection found by blood parasites. In summary, it was

Environmental monitoring demonstrated that animals living around coal mining areas have a greater chance of having DNA damage,

as measured by the comet assay, than those from sites far from the coal dust source.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Coal is a key mineral used as an energy source for many countries
(Bian et al., 2010). It is a complex mixture of chemicals that is not al-
ways homogeneous and depends on the source and rank of the coal
(Donbak et al., 2005). It is made of carbon, hydrogen, oxygen, nitro-
gen, inorganic minerals, quartz, trace metals, and other contaminants
(Castranova and Vallyathan, 2000). Many of the coal components are
mutagenic and carcinogenic (da Silva et al., 2000a); for instance,
quartz could be a prominent risk factor for lung cancer in coal miners
(Borm and Tran, 2002), and the International Agency for Research on
Cancer (IARC) classi ed it into IARC's Group 1 (carcinogenic to
humans), due to suf cient evidence for carcinogenicity in experimen-
tal animals and in humans (IARC, 2010). Heavy metals such as arse-
nic, cadmium, as well as, polycyclic aromatic hydrocarbons (PAHs),
present in coal, are also well recognized carcinogens (da Silva et al.,
20004, 2000b).

Coal dust extracts have also been reported to be cytotoxic and mu-
tagenic in mammalian systems (Ulker et al., 2008). Oxidative DNA
damage was observed to be signi cantly higher in lymphocytes of re-
tired coal miners than in controls (Shins et al., 1995). Besides, there
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was an increase in the frequencies of sister chromatid exchanges,
chromosomal aberrations, and micronucleus in underground coal
miners, indicating the genetic damage due to coal dust exposure
(Donbak et al., 2005).

Studies of genetic toxicology have given rise to a number of testing
procedures, designed to assess the effects of substance exposure on
genetic mechanisms and the consequent risk to organisms, including
humans (Krishna and Hayashi, 2000). One of the tools aimed to eval-
uate genotoxic effects in the biota is the neutral comet assay, an
electrophoresis-based method that is able to detect the actual
single-strand (SS) and double-strand (DS) breaks in individual cells
(Collins et al., 2008; Tice et al., 2000). This test has shown to be a sim-
ple, fast, and effective assay to detect DNA damage (Mitchelmore and
Chipman, 1998). It has been already used to assess environmental
genotoxicity in coal mining areas (Ledn et al., 2007) and for the detec-
tion of early biological effects of DNA damaging agents (Sasaki et al.,
1998) such as radiation, chemotherapeutic agents, and reactive oxy-
gen radicals, in both environmental and occupational settings
(Fairbairn et al., 1995; Moller et al., 2000). Another toxicity test wide-
ly used to measure genotoxicity is the micronucleus assay (MN) in
peripheral blood. This assay, when performed appropriately, detects
both clastogenicity (chromosome breakage) and aneugenicity (chro-
mosome lagging due to dysfunction of mitotic apparatus) (Krishna
and Hayashi, 2000).

Colombia is the country with the largest coal reserves in Latin
America. It has potential resources of 16,992 million tons (UPME,
2007), being the sixth largest exporter of coal in the world. Most
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coal reserves and mines (95%) are located in the Departments of
La Guajira and Cesar (UPME, 2005). There are several coal mines op-
erated by different companies in the Department of Cesar, and the
most important are located in the towns of La Loma and La Jagua de
Ibirico. In 2004, La Loma produced 38%, and La Jagua de Ibirico
about 10% of the total Colombian Atlantic Coast exports (UPME,
2006Db). For 2005, the coal mine in La Loma (Cesar) had the second
largest coal production in Colombia, which was estimated at 16.5 mil-
lion tons (UPME, 2006a).

The goal of this research was to evaluate the potential genotoxic
damage in peripheral blood cells of Mus musculus (mice) and Iguana
iguana (iguana) living near coal mining polluted areas at the Depart-
ment of Cesar, Colombia, using the neutral comet assay and the mi-
cronucleus test in blood smears.

2. Materials and methods
2.1. Study area

This study was performed between August 2010 and April 2011 in
different areas of the Departments of Cesar and Bolivar, at the north of
Colombia. Two towns located next to the most important coal mines
in the Department of Cesar were evaluated: La Jagua de Ibirico
(10°31'19” N, 73°18’56” W) and La Loma (10°23'58” N, 75°30'9”
W). The municipality of La Jagua de Ibirico is located in the central re-
gion of the department, at the foothills of the Colombian Andean
Eastern Mountain Range. Its land area is 728.9 km? with an average
altitude of 150 m.a.s.l. and an estimated population of 21,386 inhabi-
tants (DANE, 2005). The village of La Loma, located 28.74 km far from
La Jagua de Ibirico, has the second largest coal mine in the country.

Mice were also collected from two different reference sites: The
urban area of Valledupar (10°28’06” N, 73°15'04” W), the capital of
the Department of Cesar, approximately 100 km far from the coal
mining area (Fig. 1), and Arjona (10°15’17” N, 75°20'32"” W), a
small town at the Department of Bolivar, at least 200 km far from
the mines. The city of Valledupar covers an area of 4493 km?, with
169 m.a.s.l, and an expected population of 413,301 habitants in
2011 (DANE, 2009). Its average annual temperature is 28.4 °C, with
highs and lows of 22 °C and 34 °C, respectively (Ortega-Montero,
2007). The topography of the municipality of Arjona is slightly
undulating, with elevations not exceeding 200 m.a.s.l, and a calculat-
ed population of 67,325 inhabitants (DANE, 2009). The specimens of
I. iguana were captured only in 2011, in rural areas of La Loma and
near to the natural reserve Los Besotes, at the north of Valledupar
(10°34'26"N, 73°16'19"W).

2.2. Sampling methods

The specimen collection procedure was conducted with permis-
sion of CORPOCESAR, the environmental protection agency for the
Department of Cesar (Resolution No. 739, dated June 22, 2010). Char-
acteristics of collected specimens are shown in Table 1. M. musculus
specimens were collected by a capture-removal method using
Sherman live-capture traps (8x9x23 cm; Sherman Traps, Inc.,
Tallahassee, FL). These were placed inside houses between 04:00
and 06:00 pm and picked up the following day between 06:00 and
07:30 am. Iguanas were captured during early morning hours with
the help of local farmers.

The rodents were processed in the eld according to established bio-
safety guidelines (Mills et al., 1995). Mice were treated intraperitoneally
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Fig. 1. Map of Colombia showing the geographic localization of sampling areas. A. Arjona (Department of Bolivar). B. La Loma. La Jagua and Valledupar (Department of Cesar). C.

Satellite images of the coal mines.
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Table 1
Characteristics of collected specimens from sampling sites.

Study area Mus musculus Iguana iguana
2010 2011 2011
Male Female Total Male Female Total Male Female Total
Arjona Juvenile 1 1 2 1 3 4 *NA. N.A. N.A.
Adult 9 2 11 4 4 8 N.A. N.A. N.A.
Total 10 3 13 5 7 12 N.A. N.A. N.A.
Valledupar Juvenile 2 1 3 0 4 4 2 7 9
Adult 4 9 13 8 5 13 1 0 1
Total 6 10 16 8 9 17 3 7 10
La Jagua Juvenile 3 0 3 3 2 5 N.A. N.A. N.A.
Adult 3 2 5 2 2 4 N.A N.A N.A
Total 6 2 8 5 4 9 N.A N.A. N.A
La Loma Juvenile 3 0 3 2 3 5 3 2 5
Adult 3 5 8 5 8 13 4 2 6
Total 6 5 11 7 11 18 7 4 11
Total 28 20 48 25 31 56 10 11 21

* N.A. not available.

with sodium thiopental and iguanas with ketamine until a level of deep
anesthesia was attained. Blood samples were obtained from the caudal
vena cava and collected in tubes containing 3.8% sodium citrate, stored
at 4 °C and protected from light until processed. All samples were ana-
lyzed within 24 hours.

2.3. Comet assay

The neutral comet assay was performed following the method
proposed by Trevigen (Trevigen; Gaithersburg, MD) with some mod-
i cations (Yang et al., 2011). Blood samples were combined with 0.5%
low melting agarose in a 1:12.5 and 1:75 (v/v) ratio for mice and
iguanas, respectively. Then, 10 uL of the cell suspension were dis-
pensed into two-well Comet Slide™ (Trevigen; Gaithersburg, MD).
After gel solidi cation, slides were submerged in pre-cooled lysis so-
lution (2.5 M NaCl, 10 mM Tris base, 1% sodium dodecyl sulfate, 10%

dimethyl sulfoxide, and 1% Triton X-100) at 4 °C for 1 h. Once lysed
and rinsed, slides were equilibrated in prechilled neutral electropho-
resis buffer (1.0 M Tris base, 3.0 M sodium acetate) for 30 min at 4 °C,
and then electrophoresed at 300 mA for 60 min in darkness. Slides
were then immersed in DNA precipitation solution (1.5 M ammoni-
um acetate in absolute ethanol) for 30 min at room temperature, fol-
lowed by immersion in 70% ethanol for 30 min at room temperature.
Once dried, slides were stained for 30 min with SYBR Green and ob-
served under uorescence microscope equipped with a green Iter
of 540 nm.

At least, images of 1000 randomly selected cells from the two
wells were analyzed using a Nikon uorescence microscope. Based
on tail intensity and length, DNA damage was quanti ed by visual
classi cation of nucleoids into ve comet classes, from undamaged
(class 0), to maximum DNA damage (class 4) (Fig. 2), resulting in a
single DNA damage score for each specimen (Collins, 2004). Besides,

Fig. 2. Classi cation of blood cells in the comet assay. A. Class 0. no visible DNA migration from the nucleoid. B. Class 1. minimal DNA migration with an intact nucleoid. C. Class 2.
moderate DNA migration with reduction in the size of the nucleoid. D. Class 3. extensive DNA migration with only a remaining pinpoint nucleoid. E. Class 4. complete migration of

DNA into a comet tail with no visible nucleoid.
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the total score expressed as a genetic damage indicator (GDI) was cal-
culated multiplying the percentage of nucleoids in each class by the
corresponding factor (Azqueta et al., 2009), according to the formula:

GDI = [(%¥ nucleoids class 0) x 0] + [(¥ nucleoids class 1) x 1]
+ [(% nucleoids class 2) x 2] + [(¥ nucleoids class 3) x 3]
+ [(¥ nucleoids class 4) x 4].

In order to improve the reading of the expression of the DNA dam-
age extent (Cavas and Konen, 2007; Palus et al., 1999), the subtotal
frequency of nucleoids (F; 4 3+ 4) with medium, high, and complete
damaged DNA was calculated as the sum of cells in classes 2, 3, and 4.

2.4. Micronucleus in peripheral blood smears

Blood smears were made on clean glass slides and air-dried. At
least ve blood smears were prepared per animal. The slides were
stained using Wright-Giemsa stains (Schlegel and MacGregor,
1982), and the mean frequency of erythrocytes with MN in peripheral
blood smears was scored by random analysis of ve slides, examining
10 elds per slide, with approximately 2500 cells per slide.

2.5. Data analysis

Kruskal-Wallis test was used to compare means between sam-
pling sites, followed by the Dunn's Multiple Comparisons test. A P-
value<0.05 was set as statistically signi cant.
3. Results

DNA damage was assessed in peripheral blood cells of mice and
iguanas collected near coal mining areas and from reference sites, at
the north of Colombia.

3.1. Comet assay

The results of the comet assay performed in blood samples from
mice collected during 2010 and 2011 are shown in Table 2. In 2010,

Table 2
GDI and subtotal frequency of nucleoids from M. musculus blood scored for DNA dam-
age based on tail intensity and length.

Year  Capture area Sex N GDI£SD Fy134+4+£SD
2010 Arjona Male 10  1.06+0.46 0.09+0.11
Female 3  1.11+0.67 0.06+0.07
Total 13 1.07+048 0.09+0.10
Valledupar Male 6 1.62+1.04 0.38+£0.32
Female 10  2.56+2.06 0.38+0.40
Total 16  220+1.77 0.35+0.36
LajJagua de Ibirico  Male 6  22.78411.09" 5274294
Female 2  29.40+9.92 1127 +2.52
Total 8  2443+1055%"  677+3.85"*
La Loma Male 6 4515422055 1055+6.63%""
Female 5  50.89453.49"** 18.60+26.30"*"
Total 11 47.76+37.37%"" 13.03+17.45%"*
2011 Arjona Male 5 0374038 0.03 +0.05
Female 7 0264021 0.04+0.06
Total 12 031+028 0.04+0.05
Valledupar Male 8 3.394+3.07 0.85+0.79
Female 9 2274171 0.76 +0.65"
Total 17  2.80+243 0.81+0.69"
LaJagua de Ibirico Male 5  16.23+562" 1.64+0.56"
Female 4  17.96+7.94" 1.86+1.72"
Total 9  17.00+6.34%"* 1.74+1.13"
La Loma Male 7  638+437" 143+1.81"
Female 11 535+6.06" 1.15+1.62"
Total 18 5.75+535" 1.26+1.65"

* Signi cantly different (P<0.05) when compared to Arjona. ** Signi cantly different
(P<0.05) when compared to Valledupar.

mice from La Loma had the highest GDI and the highest F, ; 3 , 4 for
both male and female groups. Compared to Arjona, the extent of
DNA migration in peripheral blood leukocytes from male animals,
measured as GDI and F, ; 3 14, was statistically greater in La Jagua
de Ibirico. This difference was maintained when data for both sexes
were combined (Table 2). When independent data for each sex in an-
imals from La Jagua de Ibirico were compared to those from Valledu-
par, no statistical differences were observed. However, signi cant
differences were detected between these two sampling sites when
data were pooled.

In 2011, GDI data for each sex group from Arjona were signi cant-
ly different than those collected from both mining areas. This was not
observed when Valledupar was compared to these places. Regarding
La Jagua, statistical differences were found only when GDI pooled
data were compared with Valledupar. During this year, similar results
were obtained for F, 3 | 4, although Arjona presented signi cant dif-
ferences also with Valledupar (Table 2).

The results obtained for comet assay in blood cells of I. iguana are
shown in Table 3. GDI values obtained for male and female specimens
captured in La Loma were statistically different when compared to
those from Valledupar. Values for F, 3,4 presented differences
with Valledupar only for females (Table 3). When males and females
were pooled, results for both GDI and F, , 3, 4 were statistically dif-
ferent when comparing both sampling sites.

3.2. Micronucleus test in blood smears

Some images of micronuclei observed in blood samples from ex-
amined mice and iguanas are shown in Fig. 3. However, the results
of MN in blood smears showed that mice captured in areas affected
by coal mining (La Jagua de Ibirico and La Loma) had percentages of
MN similar to those obtained from Valledupar, for both sampling
years and sexes (Table 4). It was also noted the presence of protozoan
parasites in smears of some animals from Arjona.

The results of MN in peripheral blood smears of I iguana speci-
mens are also presented in Table 4. It is observed that blood cells
from iguanas collected from a site near a coal mine (La Loma) have
a tendency to present greater values for MN (Table 4) that those
from individuals not impacted by this activity (Valledupar). However,
this difference was not statistically signi cant.

4. Discussion

The results obtained for M. musculus and I. iguana showed a clear
relationship between their habitats and the frequency of DNA-
damaged blood cells. Mice (Table 2) and iguanas (Table 3) living
near coal mining operations, such as in La Loma and La Jagua de Ibir-
ico, exhibited a signi cantly greater extent of DNA damage, measured
as GDI and F, ;3. 4, compared to specimens from reference sites
(Fig. 4). It is interesting to mention that regarding these biomarkers,
the obtained pattern for males and females is similar to that seem
when data are pooled. In other words, the extent of the damage is in-
dependent from the sex of the animal. To the best of our knowledge,
this is the rst report on DNA damage assessed by the comet assay in

Table 3
GDI and subtotal frequency of nucleoids from I iguana blood scored for DNA damage
based on tail intensity and length.

Capture area Sex N GDI+SD Fy4+34+4£SD

Valledupar Male 3 0.4640.14 0.0340.03
Female 7 0.55+0.28 0.02+0.04
Total 10 0.53+0.24 0.02+0.04

La Loma Male 7 15.39+8.80™" 0.80+0.68
Female 4 273441258 0.68+0.33™*
Total 1 19.73 +11.42™ 0.76+0.56 "

** Signi cantly different (P<0.05) when compared to Valledupar.
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.

Fig. 3. Images of micronuclei observed in Mus musculus (A. B) and Iguana iguana (C. D) red blood cells. The micronuclei are shown by an arrow.

Table 4
Percentage of micronuclei found in M. musculus and I. iguana blood cells.
Species Year Capture area Sex N %MN 4 SD
Mus musculus 2010 Arjona Male 10 0.19+£0.07
Female 3 0.384-0.49
Total 13 0.234+0.23
Valledupar Male 6  007+003"
Female 10 0.06 +0.02
Total 16 0.07+0.03"
La Jagua de Ibirico Male 6 0.07+0.03"
Female 2 0.09+0.01
Total 8 0.084-0.03
La Loma Male 6  0.0640.02"
Female 5 0.06 £0.02
Total 11 0.06+0.02"
2011 Arjona Male 5 0.13+£0.07
Female 7 0.1940.49
Total 12 0.16+0.12
Valledupar Male 8 0.05£0.03"
Female 9 0.03+004"
Total 17 0.04+£004"
La Jagua de Ibirico Male 5 0.03+0.02*
Female 4 0.03 +£0.03
Total 9 003+002"
La Loma Male 7 0.064005"
Female 11  0.03+003"
Total 18 0.05+004"
Iguana iguana 2011 Valledupar Male 3 0.01+£0.02
Female 7 0.02+£0.05
Total 10 0.024+0.04
La Loma Male 7 0.10+0.11
Female 4 0.0340.03
Total 11 0.07 +0.09

* Signi cantly different (P<0.05) when compared to Arjona.

wild iguanas. Therefore, the information collected in this study, is a
useful baseline for future research.

The presence of DNA damage in cells from the biota of coal mining
areas is not surprising. Coal open-cast mining extraction is an activity
considered an important source of pollutants (Bian et al., 2010). Coal
itself has been described as the most signi cant pollutant of all fossil
fuels, containing a heterogeneous mixture of contaminants (Leffa
et al.,, 2010). Moreover, airborne coal particles as well as coal tailings
are rich in potentially toxic hydrocarbons and genotoxic metals,
among other contaminants (Celik et al., 2007), that ultimately may
lead to profound changes in cells, tissues, populations, and ecosys-
tems (Leffa et al., 2010).

Some of the DNA damaging agents can be breathed and therefore
increase the risks of health hazards (NIOSH, 1995). Coal ash residues
as well as dust from polluted areas by coal mining operations have
been shown to contain signi cant amounts of heavy metals (Bai
et al., 2004; Mugica et al.,, 2003; O'Shea, 2001; Tiwary, 2001), some
of which have been considered to possess carcinogenic properties, in-
cluding nickel, chromium, mercury, and cadmium. DNA lesions attrib-
utable to metal exposure are known to be driven by mechanisms
involving the generation of highly reactive oxygen species (Hartwig,
2000), and interference with DNA repair processes (Kasprzak,
1991). However, the molecular interactions that lead to tumor forma-
tion after exposure to metal mixtures remain poorly understood.

Contrasting GDI and F; , 3,4 data from mice collected in 2011
with those obtained in 2010, it is possible to observe differences in
the registered percentages for each one of the comet classes, being
2010 the year with greater DNA damage (Table 2).

It is interesting that in 2011, the sampling sites close to mine
showed statistical signi cance only with Arjona. These results seem
to be due to the wide distance between Arjona and sampling sites of
the Department of Cesar. The values generated for GDI and F; ;3 4
show that, after the rainy season occurred in 2011, the sampling
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Fig. 4. Bar chart showing the GDI scores of Mus musculus blood cells for 2010 (A). and
2011 (B); and Iguana iguana (C). *. Signi cantly different (P<0.05) when compared to
Arjona. **. Signi cantly different (P<0.05) when compared to Valledupar.

sites from the Department of Cesar behave similarly to each other
when compared to Arjona. This observation allows us to suggest that
samples from Arjona are a reliable control baseline group in this study.

Some authors have reported higher levels of DNA damage in sum-
mer than in winter (Verschaeve et al., 2007; Moller et al., 2002),
which may indicate a direct relationship between DNA damage and
increased intensity sunlight (Verschaeve et al., 2007), as well as
greater exposure to PAHs (Moller et al., 2002), as a result of the pho-
totoxicity of PAHs, which have been listed as photomutagenic (Yan
et al., 2004). The last two months of 2010 and the rst months of
2011, periods used for specimen collections, were particularly abun-
dant in heavy rains that triggered deadly oods and landslides; the
heaviest rainfall since records began in 1969 (World Meteorological
Organization, 2010). Water droplets can capture coal dust, and this
is an ef cient method to decrease respirable coal dust. In fact, water
spray has become a strategy for longwall mining machines during un-
derground mining operations (Kilau, 1993). Given the strong rainy
season that took place in late 2010 and early 2011 in Colombia, the
concentrations of genotoxic compounds could have decreased as a re-
sult of heavy precipitations.

Regarding MN data for mice and iguanas (Table 4), it may be stat-
ed that blood smear was not as sensitive as the comet assay to detect
genotoxic effects, as no difference was detected among the coal

polluted sampling sites and Valledupar (Fig. 5). The greater MN aver-
age found in blood cells of mice collected in Arjona (control site)
could had been the result of protozoa parasite infections, as it has
been previously reported (Dertinger et al., 2000). These negative re-
sults observed by MN assay in blood smear for both species, agree
with data from other authors, which did not detect a signi cant in-
crease of MN in mice exposed to coal dust (Ong et al., 1985; da Silva
et al., 2000a). Unde ned factors may also in uence the sensitivity of
this method (Speit and Schmid, 2006). Besides, the frequency of
micronuclei in reticulocytes may be low due to the ef ciency by
which the spleen sequesters and destroys these aberrant cells
(Dertinger et al., 2003). Some authors suggested that the in vivo
comet assay can compensate the limitations of the micronucleus
assay in blood smear (Sasaki et al., 1998).

5. Conclusion

Biota residing near coal mining activities in La Loma and La Jagua de
Ibirico, Cesar, Colombia, presents greater risk of DNA damage in blood
cells than those living far from these sites. Moreover, M. musculus and
I. iguana showed to be sensitive and suitable organisms to investigate
environmental genotoxicity derived from coal mining activities.
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Fig. 5. Percentage of blood cells with micronucleus found in Mus musculus in 2010
(A) and 2011 (B); and Iguana iguana (C). *. Signi cantly different (P<0.05) when com-
pared to Arjona. **. Signi cantly different (P<0.05) when compared to Valledupar.



214 M. Cabarcas-Montalvo et al. / Science of the Total Environment 416 (2012) 208-214

Acknowledgements

The authors wish to thank Department of Cesar, and the
University of Cartagena-Colciencias (Colombia) for their nancial sup-
port (Contract 1235/09 and Grant 110749326186, respectively), as
well as Leonor Cervantes, Tony Mufioz, Mayra Rivera and Liliana
Carranza for their expertise and the Biomedical Research Group at
the University of Sucre for providing the Sherman traps. Homer
Corrales-Aldana is sponsored by the “Virginia Gutierrez de Pineda”
Young Investigators Program of Colciencias-Universidad de Cartagena
(2010-2011).

References

Azqueta A, Shaposhnikov S, Collins AR. DNA oxidation: investigating its key role in en-
vironmental mutagenesis with the comet assay. Mutat Res-Gen Tox En 2009;674:
101-8.

Bai JF, Shi YH, Cui LP, Tang XY. The impact of heavy metals from coal mine-spoil heaps
on soil. ] Anhui Univ Sci Technol (Nat Sci) 2004;24:10-5.

Bian Z, Inyang HI, Daniels JL, Otto F, Struthers S. Environmental issues from coal mining
and their solutions. Min Sci Technol 2010;20:215-23.

Borm PJA, Tran L. From quartz hazard to quartz risk: the coal mines revisited. Ann
Occup Hyg 2002;46:25-32.

Castranova V, Vallyathan V. Silicosis and coal workers' pneumoconiosis. Environ Health
Perspect 2000;108:675-84.

Cavas T, Konen S. Detection of cytogenetic and DNA damage in peripheral erythrocytes
of gold sh (Carassius auratus) exposed to a glyphosate formulation using the mi-
cronucleus test and the comet assay. Mutagenesis 2007;22(4):263-8.

Celik M, Donbak L, Unal F, Yiizbasioglu D, Aksoy H, Yilmaz S. Cytogenetic damage in
workers from a coal- red power plant. Mutat Res 2007;627:158-63.

Collins AR. Comet assay for DNA damage and repair: principles, applications and limi-
tations. Mol Biotechnol 2004;26:249-61.

Collins AR, Oscoz AA, Brunborg G, Gaivao I, Giovannelli L, Kruszewski M, et al. The
comet assay: topical issues. Mutagenesis 2008;23:143-51.

Da Silva ], de Freitas TRO, Heuser V, Marinho JR, Bittencourt F, Cerski CTS, et al. Effects
of chronic exposure to coal in wild rodents (Ctenomys torquatus) evaluated by
multiple methods and tissues. Mutat Res 2000a;470:39-51.

Da Silva J, de Freitas TRO, Heuser V, Marinho JR, Erdtmann B. Genotoxicity biomonitor-
ing in coal regions using wild rodent Ctenomys torquatus by comet assay and mi-
cronucleus test. Environ Mol Mutagen 2000b;35:270-8.

DANE. Departamento Administrativo Nacional de Estadistica. Censo general 2005.
Nivel nacional. ISBN 978-958-624-072-7. Bogota — Colombia. [cited 2011 Jun 9].
Available from:http://www.dane.gov.co/censo/ les/libroCenso2005nacional.pdf
2005. [Internet].

DANE. Departamento Administrativo Nacional de Estadistica. Proyecciones nacionales y
departamentales de poblacién 2005-2020. Estudios postcensales No. 7. ISBN 978-
958-624-078-9. Bogota - Colombia. [cited 2011 Jun 9]. Available from:http://
www.colombiajoven.gov.co/Es/documentacion/Documents/Sistema%20Nacio-
nal%20de%20Informaci%C3%B3n%20de%20Juventud/7Proyecciones_poblacion.
pdf2009. [Internet].

Dertinger SD, Torous DK, Hall NE, Tometsko CR, Gasiewicz TA. Malaria-infected eryth-
rocytes serve as biological standards to ensure reliable and consistent scoring of
micronucleated erythrocytes by ow cytometry. Mutat Res 2000;464:195-200.

Dertinger SD, Chen Y, Miller RK, Brewer K], Smudzin T, Torous DK, et al. Micronucleated
CD71-positive reticulocytes: a blood-based endpoint of cytogenetic damage in
humans. Mutat Res 2003;542:77-87.

Donbak L, Rencuzogullar1 E, Yavuz A, Topaktas M. The genotoxic risk of underground
coal miners from Turkey. Mutat Res 2005;588:82-7.

Fairbairn DW, Olive PL, O'Neil KL. The comet assay: a comprehensive review. Mutat Res
1995;339:37-59.

Hartwig A. Recent advances in metal carcinogenicity. Pure Appl Chem 2000;72:
1007-14.

IARC. A review of human carcinogens. Monographs on the evaluation of the carcino-
genic risk of chemicals to humansGenova: IARC Pres; 2010.

Kasprzak KS. The role of oxidative damage in metal carcinogenicity. Chem Res Toxicol
1991;4:604-15.

Kilau HW. The wettability of coal and its relevance to the control of dust during coal
mining. ] Adhes Sci Technol 1993;7:649-67.

Krishna G, Hayashi M. In vivo rodent micronucleus assay: protocol, conduct and data
interpretation. Mutat Res 2000;455:155-66.

Leffa DD, Damiani AP, da Silva ], Zocche JJ, dos Santos CE, Bou eur LA, et al. Evaluation
of the genotoxic potential of the mineral coal tailings through the Helix aspersa
(Mtiller, 1774). Environ Contam Toxicol 2010;59:614-21.

Le6n G, Pérez LE, Linares JC, Hartmann A, Quintana M. Genotoxic effects in wild rodents
(Rattus rattus and Mus musculus) in an open coal mining area. Mutat Res
2007;630:42-9.

Mills JN, Childs ], Ksiazek G, Peters C. Methods for trapping and sampling small mam-
mals for virologic testing. Atlanta, Georgia: US Department of Health and Human
Services, Centers for Disease Control and Prevention; 1995. p. 14-32.

Mitchelmore CL, Chipman JK. DNA strand breakage in aquatic organisms and the po-
tential value of the comet assay in environmental monitoring. Mutat Res
1998;399:135-47.

Moller P, Knudsen LE, Loft S, Wallin H. The comet assay as a rapid test in biomonitoring
occupational exposure to DNA-damaging agents and effect of confounding factors.
Cancer Epidemiol Biomarkers Prev 2000;9:1005-15.

Moller P, Wallin H, Holst E, Knudsen LE. Sunlight-induced DNA damage in human
mononuclear cells. FASEB ] 2002;16:45-53.

Mugica V, Amador MA, Torres M, Figueroa ]J. Mercurio y metales t6xicos en cenizas
provenientes de procesos de combustién e incineracién. Rev Int Contam Ambient
2003;19:93-100.

NIOSH. Criteria for a recommended standard—occupational exposure to respirable coal
mine dust. DHHS (NIOSH) Publ; 1995. p. 95-106.

O'Shea TJ. Impacts of mine related contaminants on bats. In: Vories KC, Throgmorton D,
editors. Proceedings of bat conservation and mining: a technical interactive forum
held. St. Louis: U.S. Dept. of Interior, Of ce of Surface Mining; 2001. p. 205-16.

Ong T, Whong WZ, Xu J, Burchell B, Green FHY, Lewis T. Genotoxicity studies of rodents
exposed to coal dustand diesel emission particulates. Environ Res 1985;37:
399-409.

Ortega-Montero C. Valledupar. In: Hermelin M, editor. Entorno natural de 17 ciudades
de Colombia. Medellin: Ediciones Universidad Ea t; 2007. p. 333-42.

Palus J, Dziubaltowska E, Rydzynski K. DNA damage detected by the comet assay in the
white blood cells of workers in a wooden furniture plant. Mutat Res 1999;444:
61-74.

Sasaki YF, Saga A, Akasaka M, Ishibashi S, Yoshida K, Su YQ, et al. Detection of in vivo
genotoxicity of haloalkanes and haloalkenes carcinogenic to rodents by the alka-
line single cell gel electrophoresis comet assay in multiple mouse organs. Mutat
Res 1998;419:13-20.

Schlegel R, MacGregor JT. The persistence of micronuclei in peripheral blood erythro-
cytes: detection of chronic chromosome breakage in mice. Mutat Res 1982;104:
367-9.

Shins RPF, Schilderman PAEL, Borm PJA. Oxidative damage in peripheral blood lympho-
cytes of coal workers. Int Arch Occup Environ Health 1995;67:153-7.

Speit G, Schmid O. Local genotoxic effects of formaldehyde in humans measured by the
micronucleus test with exfoliated epithelial cells. Mutat Res 2006;613:1-9.

Tice RR, Agurell E, Anderson D, Burlinson B, Hartmann A, Kobayashi H, et al. Single cell
gel/comet assay: guidelines for in vitro and in vivo genetic toxicology testing. En-
viron Mol Mutagen 2000;35:206-21.

Tiwary RK. Environmental impact of coal mining on water regime and its management.
Water Air Soil Pollut 2001;132:185-99.

Ulker OC, Ustundag A, Duydu Y, Yucesoy B, Karakaya A. Cytogenetic monitoring of coal
workers and patients with coal workers' pneumoconiosis in Turkey. Environ Mol
Mutagen 2008;49:232-7.

UPME. Unidad de Planeacion Minero Energética. Informacion Sectorial y Potenciali-
dades del Carbén. [cited 2011 Jun 9]. Available from:http://www.upme.gov.co/
2005. [Internet].

UPME. Unidad de Planeacién Minero Energética. Boletin Estadistico de Energia y Minas
1999-2005. [cited 2011 Jun 9]. Available from:http://www.upme.gov.co/2006a.
[Internet].

UPME. Unidad de Planeacién Minero Energética. El Carb6n colombiano, fuente de ener-
gia para el mundo. [cited 2011 Jun 9]. Available from:http://www.upme.gov.co/
2006b. [Internet].

UPME. Unidad de Planeacién Minero Energética. Mercado nacional e internacional del
carb6n colombiano. [cited 2011 Jun 9]. Available from:http://www.upme.gov.co/
2007. [Internet].

Verschaeve L, Koppen G, Gorp UV, Schoeters G, Jacobs G, Zwijzen C. Seasonal variations
in spontaneous levels of DNA damage; implication in the risk assessment of envi-
ronmental chemicals. ] Appl Toxicol 2007;27:612-20.

World Meteorological Organization. WMO statement on the status of the global cli-
mate in 2010. Geneva, Switzerland: Chair, Publications Board; 2010.

Yan J, Wang L, Fu PP, Yu H. Photomutagenicity of 16 polycyclic aromatic hydrocarbons
from the US EPA priority pollutant list. Mutat Res 2004;557:99-108.

Yang ES, Nowsheen S, Wang T, Thotala DK, Xia F. Glycogen synthase kinase 3beta inhi-
bition enhances repair of DNA double-strand breaks in irradiated hippocampal
neurons. Neuro Oncol 2011;13(5):459-70.



http://www.upme.gov.co/
http://www.dane.gov.co/censo/files/libroCenso2005nacional.pdf
http://www.colombiajoven.gov.co/Es/documentacion/Documents/Sistema%20Nacional%20de%20Informaci%C3%B3n%20de%20Juventud/7Proyecciones_poblacion.pdf
http://www.colombiajoven.gov.co/Es/documentacion/Documents/Sistema%20Nacional%20de%20Informaci%C3%B3n%20de%20Juventud/7Proyecciones_poblacion.pdf
http://www.colombiajoven.gov.co/Es/documentacion/Documents/Sistema%20Nacional%20de%20Informaci%C3%B3n%20de%20Juventud/7Proyecciones_poblacion.pdf
http://www.colombiajoven.gov.co/Es/documentacion/Documents/Sistema%20Nacional%20de%20Informaci%C3%B3n%20de%20Juventud/7Proyecciones_poblacion.pdf
http://www.upme.gov.co/
http://www.upme.gov.co/
http://www.upme.gov.co/

	Genotoxic effects in blood cells of Mus musculus and Iguana iguana living near coal mining areas in Colombia
	1. Introduction
	2. Materials and methods
	2.1. Study area
	2.2. Sampling methods
	2.3. Comet assay
	2.4. Micronucleus in peripheral blood smears
	2.5. Data analysis

	3. Results
	3.1. Comet assay
	3.2. Micronucleus test in blood smears

	4. Discussion
	5. Conclusion
	Acknowledgements
	References


