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ABSTRACT
Portugal is among the European Union countries most devastated by forest fires each year. In the last
three decades, more than 3.8 million hectares of forest were burned. Wildland firefighters are exposed
to a variety of hazards, including many toxic combustion products that may lead to deleterious health
effects. Epidemiological studies showed a positive association between firefighting and several chronic
diseases, including cancer. Results from biomonitoring studies in firefighters, particularly concerning
genotoxicity evaluation, constitute a valuable tool for investigating important occupational hazards.
Thus, the aim of this study was to assess genotoxicity in a group of wildland firefighters using the
comet assay for DNA damage and oxidative stress. Both parameters were increased in firefighters
compared to controls, but significance was only found for basal DNA damage. No significant influence
was found regarding major confounding variables on the genotoxic endpoints studied, with the
exception of age. Data obtained provide preliminary information on human health effects of wildland
firefighting exposure at genetic and molecular levels. These findings may also provide new important
data to serve as public awareness to the potential adverse health risks involving wildland firefighting.
Implementation of security and hygiene measures in this sector as well as good practices campaigns
may be crucial to decrease risk.

Introduction

During Portuguese summer season characterized
by hot and dry weather, the wildland is frequently
devastated by violent fires. For the last three dec-
ades, 3.8 million hectares of Portuguese forest were
consumed (Schmuck et al., 2014), and the total
forest area of the country is 3.2 million hectares
(ICNF, 2013). Regarding Europe, in 2013 alone,
Portuguese burned forest accounted for more than
50% of the burned area of the five southern
European countries combined, Spain, France,
Italy, Portugal, and Greece (Pereira et al., 2014).

The main line of defense against wildland fires is
firefighters. Portuguese wildland firefighting is sup-
ported by a human force of 30 000 firefighters, both
volunteer and professionals (INE, 2015). The con-
tinuous work of these individuals in dangerous

environments has raised concerns regarding health
consequences. Smoke exposure is one of the most
overlooked, yet important hazard encountered by
firefighters during their activities (Austin et al.,
2001; Leonard et al., 2007; Golka & Weistenhofer,
2008).

There is a general agreement on the importance
of wood smoke on human health (Zelikoff et al.,
2002; Miranda et al., 2010). Wildland fire smoke is
a complex mixture of numerous gaseous and par-
ticulate pollutants that interacts with the sur-
rounding environment (IARC, 2010; Miranda
et al., 2012). Compounds present in smoke com-
prise carbon monoxide, aldehydes, benzene, for-
maldehyde, benzopyrene and particulate matter
(PM) among many others (Austin et al., 2001;
Naeher et al., 2007; Golka & Weistenhofer, 2008;
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Oliveira et al., 2016). Many of these pollutants are
known to produce adverse health effects (Durán
et al., 2014; Elliott, 2014).

Firefighters constitute a population of particular
interest due to the intermittent nature of their
exposure and general work conditions. During
wildland firefighting activities, these individuals
have an enormous work load sometimes working
for several days and in physical demanding condi-
tions and locations (Budd et al., 1997; Ruby et al.,
2002). In Portugal, the use of personal protective
equipment (PPE) for wildland firefighting is regu-
lated (Order no. 3974/2013; Order no. 4958/2014)
and includes a structural helmet with eye protec-
tion, complete mask (with filter for particulate
matter), flash hood, gloves, boots and fire resistant
clothing. Nevertheless, during wildland forest fires,
there may be a general misuse of masks since these
add increased physiological demands and heat
stress upon the user. The use of masks also
increases the effort for communication and desire
to conserve air (IARC, 2010) which may explain
the lack of proper use.

The predominant symptoms reported by firefigh-
ters, immediately or a few hr after exposure, are eye
and respiratory irritation as well as shortness of breath
that develops into headaches, dizziness, and nausea
(Reinhardt & Ottmar, 2000). Long-term adverse
health effects noted in several epidemiological studies
include an elevated risk of cardiovascular diseases
(Fahy, 2005; Fahs et al., 2011), cancer (Golka &
Weistenhofer, 2008) and respiratory impairments
(Slaughter et al., 2004; Gaughan et al., 2008; Swiston
et al., 2008). Further, several smoke compounds are
classified by the International Agency for Research in
Cancer (IARC) as known (Group 1) or probable
(Group 2B) human carcinogens (IARC, 2010). Some
of Group 1 agents include benzene, vinyl chloride,
formaldehyde and PM with diameter below 2.5 µm;
Group 2B comprises black carbon and ethylbenzene
(Melius, 2000; Stefanidou et al., 2008).

Several in vitro experiments using human cell
lines demonstrated the ability of wood smoke
extract and derived components, namely PM to
induce oxidative stress (Adetona et al., 2016). In
general, an increase in lipid peroxidation (Leonard
et al., 2000), production of free radicals, DNA
damage levels (Corsini et al., 2013), and oxidized
base levels (Danielsen et al., 2009) was found.

Upregulation of antioxidant enzymes such as
heme oxygenase (HO-1) and superoxide dismutase
(Cu/Zn SOD) (Lee et al., 2008, Danielsen et al.,
2011) and depletion of endogenous antioxidant
capacity, namely reduction in glutathione (GSH)
(Liu et al., 2005) were also reported. In animal
models, after exposure to wood smoke, elevated
levels of thiobabituric acid reactive substances
(TBARS) were found in plasma and lung tissue
of male sheep (Park et al., 2004) and lung tissue
of rats (Dubick et al., 2002). Ramos et al (2013)
noted that short-term exposure to wood smoke in
guinea pigs induced alterations in oxidative/anti-
oxidant state and lung injury.

The majority of biomonitoring studies examin-
ing adverse of wood smoke exposure in humans
focused on systemic inflammation biomarkers and
impact on cardio-respiratory indicators (Naeher
et al., 2007; Hejl et al., 2013), but few investigators
assessed genotoxicity biomarkers. However, data
are available on oxidative damage to DNA
(Gaughan et al., 2014; Jensen et al., 2014) and to
lipids (Barregard et al., 2008). Results are not as
consistent as those reported for in vitro and in vivo
studies. The limited number of investigations and
varying scenarios of exposure evaluated such as
controlled exposure trials, household, and occupa-
tional settings may have contributed to the diver-
sity of findings.

Biomonitoring is any measurement reflecting
an interaction between a biological system and an
environmental agent, which may be chemical,
physical, or biological (Oliveira et al., 2014).
Biomonitoring provides an integrated measure
of the level of exposure to chemicals through
different pathways and exposure routes (Ahlborg
et al., 1994; Cooke, 2014). Biomarkers of effect
demonstrate the body’s response to exposure and
may be indicative of early subclinical changes,
which if sustained, may lead to pathological con-
sequences (Links et al., 1995). Genotoxicity eva-
luation constitutes a valuable tool for studying
important occupational hazards (Campos et al.,
2016). The comet assay or single gel electrophor-
esis is a valuable effect biomarker that quantifies
DNA damage in populations exposed to various
types of agents (Collins et al., 2014). This method
(1) is highly sensitive concomitant with its sim-
plicity and low cost, (2) offers more advantages
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than the classical cytogenetic assays, and (3) is
probably one of the most used assays for the
assessment of DNA damage and repair (Neri
et al., 2015). Comet assay sensitivity might also
be enhanced to measure a wide range of DNA
lesions such as those resulting in oxidative
damage by the introduction of lesion specific
repair enzymes (Collins, 2004). The lesions
detected by the classical alkaline comet assay
may be due to either oxidative or non-oxidative
DNA damage, while the measurement of enzyme-
specific sites resulting from the activity of base-
oxidized repair enzymes such as formamidopyr-
imidine DNA glycosylase (FPG) is considered to
be more specific toward dertermination of oxida-
tive DNA damage (Danielsen et al., 2009).

For most of the human genotoxicity assays,
lymphocytes are the preferred cells since these
are sentinel cells that may inform regarding events
occurring in target tissues (Costa et al., 2015).
However, the use of whole blood as a viable and
easier alternative in comet assay was recently
employed by several investigators (Al-Salmani
et al., 2011; Akor-Dewu et al., 2014). The main
advantages presented are avoidance of additional
DNA damage from lymphocyte-isolation steps and
loss of cells (Al-Salmani et al., 2011; Collins et al.,
2014). In this context, the aim of the present study
was to assess in whole blood of Portuguese wild-
land firefighters whether DNA damage and oxida-
tive stress occurred.

Material and methods

Study population

General characteristics of the studied population
are summarized in Table 1. In total, 123 subjects
were involved in the study, 60 volunteer firefigh-
ters from 12 fire departments located in the North
of Portugal with at least one-year experience, and
63 non-exposed control subjects, matched by age,
gender and smoking habits, working in adminis-
trative offices. For each subject, health conditions,
general medical history, and relevant individual
information were assessed by means of self-admi-
nistered questionnaire. Since the number of ex-
smokers (subjects that stop smoking for at least 2

years) was low (n = 4), two smoking habit groups
were established as non-smokers and smokers.

Only subjects with no history of chronic disease
and no history of occupational exposure to known
carcinogens were selected for this study. Firefighters
also provided information related to working prac-
tices, namely years of employment and hr of recent
exposure. Information related to use of personal
protective equipment (PPE) among firefighters was
also questioned. All participants were fully informed
regarding the aim of this investigation, and an
informed consent was signed. Ethical approval was
obtained from the Ethical Board of the National
Institute of Health Doutor Ricardo Jorge.

Blood sample collection

Venous blood samples were collected from each
subject in ethylenediamine tetra-acetic acid
(EDTA) containing tubes between June and
August of 2014. After collection samples were
coded and processed under blinded conditions,
samples were suspended in cryopreservation med-
ium of DMSO:RPMI (1:4, v/v) and frozen at −80°
C until transportation on dry-ice (1–2 h) for
comet assay procedure. Before the assay, the fro-
zen blood samples were rapidly thawed on ice and
washed twice (223g for 10 min) with 5 ml
Dulbecco’s Modified Eagle Medium (DMEM) sup-
plemented with 2% fetal bovine serum (FBS).

Alkaline comet assay

The alkaline comet assay was performed as described
by Singh et al. (1988) with minor modifications
(Costa et al. 2011). A medium-throughput version

Table 1. General Characteristics of the Study Population.
Respiratory pathology 63 60

Yes 2 (3.2%) 7 (11.7%)
No 61 (96.8%) 53 (88.3%)

Allergies 63 60
Yes 11 (17.5%) 3 (5.0%)
No 52 (82.5%) 57 (95.0%)

Medication intake 63 60
Yes 21 (33.3%) 9 (15.0%)
No 42 (66.7%) 51 (85.0%)

Years of activity a - 12.60 ± 8.2
Recent exposure (hours) a - 1.92 ± 2.67

a mean ± standard deviation.
No significant effects.

598 A. ABREU ET AL.



of the comet assay 12-Gel Comet Assay Unit ™

(Severn Biotech Ltd) was used. Briefly, 5 μl of cells
suspended on 0.6% (w/v) low melting point agarose
was dropped onto a frosted slide pre-coated with 1%
normal melting point agarose. Two mini-gels were
prepared for each subject in three slides (2x 3 slides),
one slide to assess basal DNA damage and two slides
to evaluate oxidized purines through enzymatic
repair activity. Gels were allowed to set for 2–5
min at 4°C and then immersed in cold lysis solution
(2.5 M NaCl, 100 mM Na2EDTA, 10 mM Tris-base,
0.25 M NaOH, pH 10; 1% Triton X100) for at least
60 min in the dark at 4°C. Slides were placed on a
horizontal electrophoresis tank, covered with cold
alkaline electrophoresis solution (1mM Na2EDTA,
300 mM NaOH, pH 13), and left for 20 min in the
dark to allow DNA unwinding. Electrophoresis was
carried out for 20 min at 30 V and 300 mA (1.2 V/
cm). Subsequently, slides were washed in PBS for 10
min and rinsed in distilled water for further 10 min.
Mini-gels were fixed by immersing slides in 70%
ethanol for 15 min and in 96% ethanol for further
15 min. Dried slides were stained with SYBR®Gold at
the dilution recommended by the manufacturer in a
bath with agitation. After 30 min, SYBR®Gold solu-
tion was removed, and slides were rinsed twice with
water, left to dry at room temperature and stored
until scoring. For scoring, one drop of water was put
onto each mini-gel and the slide covered with cover-
slip. Microscopic analyses were performed blindly by
a same reader on a Nikon Eclipse E400 Epi-fluores-
cence microscope (G2A filter, Nikon C-SH61). The
semi-automated image analysis system Comet Assay
IV (Perceptive Instruments, UK) was utilized for
image capture and analysis. A total of 150 cells
were scored for each subject. The % DNA in the
comet tail (%TDNA) was the DNA damage para-
meter utilized to describe comet formation.

FPG comet assay

The comet assay enzyme version was performed
as described by Azqueta and Collins (2013). FPG
(formamidopyrimidine DNA glycosylase) was
the enzyme selected to measure the amount of
DNA oxidized purines. Briefly, after lysis, slides
for enzyme treatment were washed three times
(5 min each) with buffer F (0.1 M KCl, 0.5 mM
Na2EDTA, 40 mM HEPES, 0.2 mg/mL BSA, pH

8). Gels were then incubated for 30 min at 37°C
with the enzyme or with buffer F alone. The next
steps, unwinding and electrophoresis were per-
formed according to the comet assay classical
version described above. Net FPG-sensitive
sites were calculated by subtracting the %
TDNA values for the slide incubated with buffer
from the score for the slide incubated with
enzyme.

Statistical analysis

A general assessment of the study population was
performed through univariate analysis. The distribu-
tion within the study groups of sociodemographic
and lifestyle factors was evaluated using the Student’s
t-test for continuous variables and Pearson’s chi-
square test for categorical variables. All results were
assessed for normal distribution using the
Kolmogorov–Smirnov goodness-of-fit test and gra-
phic evaluation (histograms, Q–Q plots, P–P plots).
Net-FPG was the only parameter that departed sig-
nificantly from normality, as no improvement was
achieved with transformation, the nonparametric test
Mann–Whitney U-test was applied to data. Basal
DNA damage was determined using the parametric
Student’s t-test. The influence of factors such as age,
gender, smoking habits, body mass index (BMI),
respiratory pathologies, allergies, medication intake,
and work-related variables (duration and recent
exposure) was evaluated by nonparametric and para-
metric tests. Only a small number of firefighters
responded to PPE use question, so due to the lack
of responsiveness/dubious answers, this variable was
not included in final statistical analyses. Kruskal-
Wallis and one-way analysis of variance (ANOVA)
were employed for variables with three or more
groups. Associations between variables were ana-
lyzed by Spearman’s rank correlation. A multivariate
analysis was also performed, and results confirmed
the findings from univariate analysis (data not
shown). The level of statistical significance was set
at 0.05. All analyses were performed using the IBM
SPSS Statistics V. 21 software ®.

Results

Univariate comparisons of effect endpoints by
study group are presented in Table 2. Both
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genotoxicity biomarkers were increased in firefigh-
ters compared to control subjects. Basal DNA
damage was significantly higher in peripheral
blood of firefighters compared to controls. With
respect to oxidative damage as measured by Net
FPG, no significance was found. A significant
positive correlation was noted between DNA
damage and Net-FPG, confirming the association
between these two endpoints. In human biomoni-
toring studies, it is important to assess the influ-
ence of major confounding factors such as gender,
age, and smoking habits. The effect of these vari-
ables on the DNA damage parameters is shown in
Table 2. Regarding gender and smoking habits, no
significant effect was detected in either of the end-
points examined. In order to study, the influence
of age the population was subdivided into three
groups: <29 years, 29–38 years, and >38 years. No
marked effect was found for controls in either
endpoints. However, for firefighters aged between
29 and 38 years, basal DNA damage was signifi-
cantly higher compared to younger ones, and no
significant effect was observed between other age

groups. No marked influence was detected con-
cerning other confounding factors including BMI,
medication intake and the presence of respiratory
disease and allergies. Work-related variables such
as years of activity (time of exposure) and hr
recent exposure were also studied. The hr spent
in recent firefighting activities exerted no marked
influence on genotoxic endpoints. To determine
the effect of years as firefighters, this variable was
categorized into three groups: <7 years, 7–15 years,
and >15 years. No significant influence was
observed for the endpoints studied. However,
regarding oxidative DNA damage (Net-FPG),
data demonstrated a numerical rise with increas-
ing years of firefighting activity (Figure 1).

Discussion

Data obtained in this study showed a significant
elevation in basal firefighter DNA damage com-
pared to controls. Net-FPG was also numerically
increased in firefighters; however, statistical signif-
icance was not reached. Our findings are in agree-
ment with available data supporting the induction
of oxidative stress and DNA damage in response
to wood smoke exposure as evidenced by both in
vivo human and human cell culture experiments
(Barregard et al., 2006; Adetona et al., 2013;
Corsini et al., 2013). Danielsen et al. (2008)
found no marked association between short-term
experimental exposure to wood smoke and oxida-
tive damage as measured by comet assay in per-
ipheral blood mononuclear cells of healthy human
volunteers. However, urinary levels of 8-oxoGua

Table 2. Univariate Comparisons of Effect Endpoints by Study
Group.

N
Controls

(mean ± SE) N
Firefighters
(mean ± SE)

Basal damage All 63 6.38 ± 0.42 60 11.23 ± 0.36*
Gender
Female 10 6.15 ± 0.98 10 10.43 ± 0.94
Male 53 6.40 ± 0.74 50 11.39 ± 0.38

Age
<29 19 7.06 ± 0.58 20 10.30 ± 0.60
29–38 20 6.24 ± 1.01 20 12.49 ± 0.60#

>38 24 5.90 ± 0.63 20 10.90 ± 0.64
Smoking
habits
Smoker 16 5.76 ± 1.04 16 11.27 ± 0.70
Non-smoker 47 6.76 ± 0.43 44 11.22 ± 0.42

Net FPG All 63 1.30 ± 0.16 60 2.90 ± 0.37
Gender
Female 10 1.57±0.48 10 2.07 ± 0.82
Male 53 1.50±0.17 50 2.58 ± 0.42

Age
<29 19 1.19 ± 0.18 20 2.23 ± 0.66
29–38 20 1.78 ± 0.34 20 2.67 ± 0.72
>38 24 1.54 ± 0.30 20 2.57 ± 0.59

Smoking
habits
Smoker 16 1.57 ± 0.40 16 2.95 ± 0.80
Non-smoker 47 1.49 ± 0.17 44 2.58 ± 0.42

SE-standard error deviation.
*p > 0.05, significantly different from control group.
#p > 0.05, significant difference with regard to age class <29 among
exposed individuals.
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Figure 1. Effect of duration of exposure (classes) on NET-FPG
parameter (n-number of firefighters).
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and expression levels of 8-oxoguanine glycosylase
(OGG1) base repair enzyme, which removes 8-
oxoGua from DNA, were elevated in some subjects
after exposure to wood smoke but not after expo-
sure to clean air. Danielsen et al (2008) suggested
that the lack of association might be attributed to
increased DNA repair activity after exposure to
wood smoke. Subsequently, Danielsen et al (2009;
2011) noted observed a concentration-dependent
rise in the formation of strand breaks and FPG
sites in human A549 lung and THP-1 monocytic
cell lines in response to wood smoke particles
exposure. Muala et al (2015) in a recent genotoxi-
city investigation of wood smoke particles demon-
strated that these particles produced death and
DNA damage in RAW264.7 macrophage cell line.
Other biomarkers of oxidative damage were tested
in human controlled exposure studies with posi-
tive results (Barregard et al., 2008) confirming that
the production of reactive species induced by
exposure to wood smoke may play a critical role
in the genotoxicity mediated by wood smoke and
its main components (Danielsen et al., 2011).

Despite these positive findings, to our knowl-
edge, only two apparent studies were available that
examined the genotoxic effects of exposure to
wood smoke in wildland firefighters. Adetona
et al. (2013) observed an overall increase in urin-
ary 8-oxo-dG level (unadjusted geometric mean)
in wildland firefighters compared to healthy indi-
viduals in occupational or general population.
Further, Gaughan et al. (2014) found among fire-
fighters a positive association between wood
smoke exposure, as measured by urinary levoglu-
cosan levels, and oxidative stress scores (average
z-score for urinary 8-isoprostane and 8-hydroxy-
2’-deoxyguanosine).

No significant differences were found in the
present study regarding possible confounders,
namely gender, smoking habits, BMI, medication
intake, and the presence of respiratory diseases or
allergies. Firefighters aged between 29 and 38 years
old displayed a significant elevation in basal DNA
damage compared to firefighters younger than 29
years of age. The influence of age on comet assay
parameters is not clear (Møller et al., 2000).
However, it is known a positive association
between age and effect biomarkers related to a
progressive rise in spontaneous chromosome

instability and loss of efficiency in DNA repair
mechanisms was indicated by Kirsh–Volders
et al. (2006). No other significant differences
were detected between age groups. Similar means
of basal DNA damage were found for younger and
older classes, since no significant differences were
noted in duration spent firefighting between age
groups. One possible explanation may involve the
work task and proximity to fire; however, no
information in this regard was collected to test
this hypothesis. Adetona et al. (2013) found that
subjects who had worked as wildland firefighters
for longer than two years had higher but steady
levels of urinary 8-oxo-dG. Although not signifi-
cant, a numerical rise in levels of Net-FPG with
exposure duration (years of activity) was detected
in 88% of the subjects enrolled that worked for
more than 2 years.

Between January and October of 2014, 1,062
fires occurred burning a total area of 19696 ha.
Comparing the values of 2014 with mean values of
the last 10 years (2004–2013), there was a 66%
decrease in number of fires and 82% less of
burnt area (ICNF, 2014). The summer of 2014
was one of the coldest since 1989 (IPMA, 2014),
and this atypical scenario in Portugal may have an
influence in the results obtained.

Our study has a few limitations: a) reduced
population; b) self-reporting questionnaire; c)
lack of information regarding detoxification mea-
sures after firefighting such as drinking milk; and
d) sampling time, period between exposure and
sampling may have allowed a small window to
DNA repair. To our knowledge, the present
study is the first in Portugal to report data on
levels of both basal and oxidative DNA damage
of wildland firefighters during fire season.

Conclusions

Data obtained in this study indicate that wildland
firefighting and wood smoke exposure are asso-
ciated with an increased level of DNA damage
suggesting a potential adverse health risk. In addi-
tion, firefighters displayed higher oxidative
damage compared to controls, namely as evi-
denced by higher oxidized purines (including 8-
oxo-dG) levels. However, these results need to be
carefully interpreted, mostly due to the limited size
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of our population. Hence, further studies with
larger populations are needed to confirm these
findings complemented with biomarkers of expo-
sure. Although the measurement of potential bio-
markers of exposure to wood smoke or its
metabolites may help to measure actual exposure,
effect biomarkers estimates also provide knowl-
edge on the potential impact of the exposure on
macromolecules such as DNA. Taken together,
these biomarkers provide information on com-
pound toxicity and underlying mechanisms. Data
from this study may offer the support needed to
implement effective measures in order to protect
firefighters health, including regular monitoring
and surveillance activities, such as medical surveil-
lance, good practice campaigns focused on a more
effective use of PPE, training programs, and imple-
mentation of written policies and procedures.
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