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Abstract 

In recent decades, wildfires have become more frequent and intense, partly due to climate 

change. Wildland fires release harmful pollutants into the environment, posing significant 

health risks, particularly for those directly exposed, such as firefighters. Epidemiological 

studies have increasingly associated this occupation with various health risks. In 2022, after 

a re-evaluation, the International Agency for Research on Cancer (IARC) of the World 

Health Organization (WHO) classified firefighting occupational exposure as carcinogenic to 

humans (Group 1). Despite this classification, there is still a substantial need for 

biomonitoring studies, particularly those involving wildland firefighters. The current PhD 

study, Bio4FOX, aimed to address this gap by exploring the biological mechanisms 

associated with wildland firefighters’ occupational exposure and identifying a set of 

biomarkers for monitoring Portuguese wildland firefighters.  

A group of 225 wildland firefighters was recruited from 14 fire stations in the northeastern 

region of Portugal. This longitudinal study was conducted at two assessment time points: 

Phase I – before the wildfire season (baseline), and Phase II – following exposure to a real 

wildfire event, during the wildfire season. Biological samples, namely blood, urine, and 

buccal cells, were collected at both time points. In addition, during Phase I, data on 

particulate matter (PM) fractions, specifically PM2.5 and PM10, were collected both indoors 

and outdoors in fire stations, during firefighters’ regular activities (e.g., rest areas, living 

rooms, garage). Data on individual characteristics, occupational factors, lifestyle, and health 

status were assessed via a comprehensive questionnaire. Moreover, in Phase II, a short, 

self-administered questionnaire was used to collect information on firefighters’ participation 

in the wildfire event after combat, including details such as duration of fire and exposure, 

as well as reported symptoms. 

In Phase I, a preliminary characterisation of firefighters’ occupational exposure, at fire 

stations, was performed. The biological impact of estimated inhaled doses of PM10 and 

PM2.5 was investigated in a subgroup of 80 wildland firefighters using the Buccal 

Micronucleus Cytome (BMCyt) assay, a cytogenetic technique that evaluates the frequency 

of micronuclei (MN), a biomarker of chromosomal damage and genome instability. The use 

of MN frequency in epithelial cells, such as buccal or urothelial cells has become particularly 

interesting in biomonitoring studies due to its minimally invasive character and correlation 

with MN frequency in lymphocytes, a well-established early cancer risk biomarker. Results 

showed that concentrations of both PM10 and PM2.5 (indoor and outdoor) were below 
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regulatory thresholds, and no significant correlation was observed between inhaled doses 

of PM10 and PM2.5 and respective BMCyt assay endpoints.  

During Phase II, the biological mechanisms induced by occupational exposure to real 

wildfire events were investigated in paired firefighters who participated in both study phases 

(n=59). Inflammatory biomarkers [i.e. interleukin-6 (IL-6), interleukin-8 (IL-8], tumour 

necrosis factor α (TNF-α) and high-sensitivity C-reactive protein (hs-CRP)] were analysed 

in blood. Systemic genotoxicity was evaluated in blood via comet assay, both primary DNA 

damage and oxidative DNA damage (oxidised purines), as well as phosphorylated histone 

H2Ax (γH2Ax) via flow cytometry. Cytogenetic alterations in local contact tissues, namely 

buccal (inhalation) and urothelial cells (excretion), were evaluated through MN assay. Both 

levels of pro-inflammatory biomarkers IL-6 and IL-8 were significantly increased after 

wildfire combat. Moreover, the increase in IL-8 post-exposure levels was significantly 

associated with wildfire combat exposure duration (>12 hours). Mean plasma hs-CRP 

concentrations in both study phases were above 3.0 mg/L, suggesting an increased risk of 

cardiovascular diseases/events. Comet assay endpoints were significantly higher after 

occupational exposure to a wildfire event compared to baseline levels; no significant effect 

was observed for γH2Ax. Exposure duration (hours) and breathing difficulties were 

significantly associated with increased primary and oxidative DNA damage, 

correspondingly. Both endpoints were increased, although only the frequency of MN in 

urothelial cells reached statistical significance, more than doubling in Phase II compared to 

baseline levels. The relationship between the studied endpoints and dose biomarkers, 

namely, urinary hydroxylated polycyclic aromatic hydrocarbon metabolites (OHPAHs) and 

urinary metal levels, was also explored. A significant positive correlation was identified 

between post-exposure urinary 2-hydroxyfluorene (2-OHFlu) levels - an OHPAH byproduct 

- and IL-8 and oxidative DNA damage. Although γH2Ax levels did not significantly differ 

between study phases, a significant positive correlation was observed between post-

exposure γH2Ax levels and urinary 2-OHFlu concentrations. Furthermore, MN frequency in 

urothelial cells was significantly associated with total OHPAHs levels, suggesting MN in this 

tissue as a suitable early-effect biomarker for monitoring firefighters' occupational exposure. 

Regarding metals in urine, post-exposure cesium (Cs) levels were significantly associated 

with increased primary and oxidative DNA damage.  

Bio4FOX provides novel data on the biological effects of wildland firefighting exposure 

following real wildfire scenarios, offering insights into biological mechanisms and potential 

health risks. Furthermore, a set of suitable biomarkers for monitoring wildland firefighters’ 

occupational exposure was identified. These endpoints demonstrated potential in effectively 

reflecting both acute and chronic effects associated with exposure. Preventive measures, 
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such as decontamination protocols, among others, are essential to reduce exposure to 

harmful pollutants. In conclusion, the findings of the present study can inform health 

surveillance programmes and guide policy development to mitigate occupational health 

risks in this essential workforce. Additionally, it also offers guidelines that might help 

firefighting command in making local strategic and operational decisions to implement 

preventive measures that protect the health of their teams. 

 

Keywords: wildland firefighters; firefighting; occupational exposure; health effects; 

pollutants; smoke exposure; biomarkers; inflammation; genotoxicity biomarkers; DNA 

damage; biological effects 
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Resumo 

Os incêndios florestais têm aumentado nas últimas décadas, em parte devido às alterações 

climáticas. A exposição aos poluentes libertados por estes eventos constitui um fator de 

risco para diversos grupos da população, nomeadamente para os bombeiros que se 

encontram na linha da frente no combate aos incêndios. Recentemente, alguns estudos 

epidemiológicos têm explorado a associação entre esta ocupação e os respetivos riscos 

para a saúde. Em 2022, após uma reavaliação, a Agência Internacional de Investigação 

do Cancro (IARC) da Organização Mundial da Saúde (OMS), classificou a exposição 

ocupacional dos bombeiros como carcinogénica para humanos (Grupo 1). No entanto, são 

ainda poucos os estudos de biomonitorização neste grupo ocupacional, particularmente no 

que concerne aos bombeiros florestais. Assim, este estudo (Bio4FOX), teve como principal 

objetivo identificar os mecanismos biológicos subjacentes à exposição ocupacional dos 

bombeiros florestais e identificar biomarcadores adequados para monitorizar a exposição 

em bombeiros florestais portugueses.  

Para o efeito, foi recrutado um grupo de 225 bombeiros florestais pertencentes a 14 

corporações de bombeiros da região nordeste de Portugal. Os participantes foram 

estudados em dois momentos distintos da sua atividade: Fase I – antes da época de 

incêndios e Fase II – após o combate a um incêndio florestal, durante a época de incêndios. 

Em ambas as fases do estudo foram recolhidas amostras biológicas, especificamente 

sangue, urina e células da mucosa bucal. Na Fase I, foi ainda realizada uma avaliação da 

concentração de material particulado (PM) no ar interior e exterior dos quartéis, incluindo 

áreas de descanso, salas de estar e garagens. Os dados sobre as características 

individuais, ocupacionais, estilos de vida e estados de saúde foram obtidos através de um 

questionário autoadministrado. Foi ainda aplicado um segundo questionário, mais curto, 

durante a Fase II, para recolha de informações sobre o combate ao incêndio, 

nomeadamente a duração do fogo, o tempo de exposição no terreno e a sintomatologia 

reportada.  

Na Fase I, foi realizada uma caraterização preliminar da exposição ocupacional dos 

bombeiros nos respetivos quartéis, com o objetivo de avaliar o impacto biológico das doses 

inaladas estimadas de PM10 e PM2.5 num subgrupo de 80 bombeiros. O indicador 

biológico utilizado foi a frequência de micronúcleos (MN) na mucosa bucal, avaliado através 

do ensaio Buccal Micronucleus Cytome (BMCyt) assay que permitiu a análise da 

instabilidade genética e do dano cromossómico nas células deste tecido de primeiro 

contacto. A utilização deste biomarcador em células epiteliais, como as células bucais ou 
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uroteliais, é particularmente relevante em estudos de biomonitorização, devido ao seu 

caráter pouco invasivo e à sua correlação com a frequência de MN em linfócitos, um 

biomarcador precoce do risco de cancro. Verificou-se que as concentrações de PM10 e 

PM2.5 (tanto no ar interior como no ar exterior dos quartéis) estavam abaixo dos limites 

regulamentares, tanto nacionais como internacionais, não se tendo observado associação 

entre as doses inaladas de PM10 e PM2.5 e a frequência de MN ou outros parâmetros 

citogenéticos avaliados pelo ensaio BMCyt.  

Na Fase II, foram investigados os mecanismos biológicos induzidos pela exposição 

ocupacional a incêndios florestais nos bombeiros que participaram em ambas as fases do 

estudo (n=59). No sangue, foram avaliados parâmetros imunológicos [interleucina-6 (IL-6), 

interleucina-8 (IL-8), fator de necrose tumoral alfa (TNF-α) e proteína C reativa de alta 

sensibilidade (hs-CRP)], bem como de dano no ADN, incluindo o dano primário e oxidativo, 

avaliados através do ensaio do cometa, e a fosforilação da histona H2AX (γH2AX). Foram 

também analisadas alterações citogenéticas em tecidos-alvo, nomeadamente em células 

bucais (inalação) e uroteliais (excreção), através do ensaio de MN. A exposição ao 

combate a incêndio florestal aumentou significativamente os níveis séricos de IL-8 e IL-6. 

Os níveis séricos de IL-8 foram superiores em bombeiros que reportaram ter estado mais 

tempo no combate ao incêndio (>12 horas). A média dos níveis de hs-CRP, no plasma, 

mostraram-se acima de 3.0 mg/L em ambas as fases do estudo, indicando um maior risco 

de doenças cardiovasculares. Ambos os biomarcadores avaliados pelo ensaio do cometa 

revelaram um aumento significativo após a exposição ao combate a incêndio, 

comparativamente com níveis obtidos na Fase I. A duração da exposição e as dificuldades 

respiratórias reportadas durante o combate a incêndios estiveram associadas a níveis 

elevados do dano primário no ADN. Verificou-se ainda, um aumento da frequência de MN 

em células bucais e uroteliais durante a época de incêndios, embora esse aumento só 

tenha atingido significância estatística nas células uroteliais, onde a frequência de MN mais 

do que duplicou em relação à Fase I. Neste estudo, avaliou-se também a possível 

associação entre os biomarcadores de efeito e os biomarcadores de dose, nomeadamente 

os metabolitos hidroxilados de hidrocarbonetos aromáticos policíclicos (OHPAHs) e metais 

presentes na urina, na Fase II. Observou-se uma correlação positiva significativa entre os 

níveis urinários de 2-hidroxifluoreno (2-OHFlu), os níveis séricos de IL-8 e de dano 

oxidativo no ADN. Foi também observada uma correlação positiva significativa entre os 

níveis de γH2Ax e os níveis urinários de 2-OHFlu e entre os OHPAHs totais na urina e a 

frequência de MN nas células uroteliais. No que concerne aos metais na urina, encontrou-

se uma associação significativamente positiva entre os níveis de césio (Cs) e o aumento 

de dano primário e oxidativo do ADN.  
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Face ao exposto, o presente estudo fornece dados sobre os efeitos biológicos resultantes 

da exposição ao combate a incêndios florestais, bem como sobre os mecanismos 

biológicos subjacentes e os potenciais riscos para a saúde. Além disso, sugere um conjunto 

de biomarcadores úteis para a vigilância da exposição ocupacional dos bombeiros 

florestais, os quais demonstraram ter potencial para refletir as alterações biológicas 

associadas à exposição a incêndios florestais. Em suma, os resultados deste estudo 

sublinham a necessidade de implementar medidas preventivas, como procedimentos de 

descontaminação, e reforçam a importância de programas de vigilância da saúde e de 

políticas públicas, fundamentadas em evidências científicas, que visem mitigar os riscos 

para a saúde ocupacional dos bombeiros florestais. Este estudo apresenta orientações que 

poderão ser úteis para a tomada de decisões estratégicas e operacionais, com o objetivo 

de implementar medidas preventivas capazes de proteger a saúde e segurança dos 

bombeiros. 

 

Palavras-chave: bombeiros florestais; combate a incêndio; exposição ocupacional; efeitos 

na saúde; exposição a fumo; biomarcadores; inflamação; biomarcadores genotoxicidade; 

dano no ADN; efeitos biológicos 
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Thesis Structure 

This thesis is organised into six different chapters: 

 

Chapter I – State of the Art 

This chapter includes the content of two book chapters published during the PhD divided 

into two different sections: 

General Introduction: This first part introduces the burden of disease among firefighters in 

general, emphasising the importance of biomonitoring studies to assess occupational 

exposures. It also highlights the lack of studies focused on wildland firefighters. 

Wildland Firefighters: This section characterises the wildland firefighters’ occupation and 

the associated risks, with a particular focus on the growing challenges posed by the 

increasing frequency of wildfires due to climate change. It underscores the urgent need for 

biomonitoring studies to better understand and mitigate the health risks faced by this 

workforce. 

 

Chapter II – Thesis Main Goals 

This chapter outlines the general and specific objectives of the thesis. 

 

Chapter III – Study Population 

This chapter briefly describes the study population included in this study. 

 

Chapter IV – Original Research 

This chapter is divided into two main sections:  

Characterisation of Firefighters’ Occupational Exposure at Fire Stations, Before Wildfire 

Season: This section includes an original published paper that characterises the 

occupational exposure of firefighters at fire stations before the wildfire season (baseline). 

Investigating the Exposure-Induced Biological Mechanisms Associated with Wildland 

Firefighting Occupational Exposure: This section includes three original research papers 

(two published, and one submitted) that explore the biological effects of wildland firefighting 

occupational exposure. The first paper discusses the systemic inflammatory response, 

while the other two focus on DNA damage and genomic instability, respectively. 
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Chapter V – General Discussion 

This chapter is divided into four sections: 

Summary of Main Findings: This section synthesises the main findings obtained in the four 

original research papers. 

Integrated Discussion: This part provides an overall and integrated discussion of the results 

obtained throughout the thesis. It also addresses the main strengths and limitations of the 

study. 

Recommendations to the Sector: This section offers practical recommendations for the 

sector. 

Chapter VI – Final Remarks and Future Perspectives 

This chapter presents the key take-home messages from the research project, discusses 

the need for future studies, and highlights the relevance of the present study for advancing 

the knowledge in the field. 
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CHAPTER I. 

State of the art  
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A. GENERAL INTRODUCTION 

 

A.1. Firefighters’ Burden of Disease 

Firefighters play a crucial role in the community, protecting lives, goods, and the 

environment (1). The demanding nature of their activity exposes them to a variety of 

hazards, including chemical, physical, biological, and psychosocial risks (1). Such 

exposures may result in acute or long-term health effects.  

Annually, around 70.000 firefighters worldwide are injured or lose their lives during 

firefighting activities (2). Cardiac events have been identified as an important cause of death 

among firefighters (3, 4). In the United States of America (USA), for instance, sudden 

cardiac events (e.g., heart attack) are the leading cause of fatalities among firefighters on 

duty (5). These events have been associated with different factors such as high 

temperatures, physical exertion, dehydration, stress (6), and pre-existing health conditions 

(e.g., hypertension, diabetes, cholesterol) (7). For example, Fahs et al. (8), found a 

correlation between short-term firefighting activities and adverse cardiovascular outcomes, 

noting increased arterial stiffness and vasodilation after three hours of firefighting. 

Additionally, fatalities in the field may also result from other type of incidents, such as 

entrapments, vehicle collisions (9), internal trauma, and asphyxia (5). In addition to the 

immediate risks that firefighters encounter in the field, long-term adverse health outcomes 

have also been identified, including respiratory disorders (e.g., asthma, chronic obstructive 

pulmonary disease) (10) and cardiovascular outcomes (8, 11-14). Also, elevated core body 

temperature, due to exposure to high temperatures and physically challenging activities (15, 

16), may trigger cardiovascular events in firefighters who are particularly susceptible (17). 

The prevalence of health effects has been directly correlated with the duration of firefighting 

careers, with those serving longer periods having an increased risk of developing adverse 

cardiovascular outcomes (18). Semmens et al. (18) found that firefighters with more years 

of service are more likely to develop cardiovascular outcomes (e.g., hypertension and 

arrhythmia) compared to those with fewer years in the profession. Indeed, exposure to 

cardiotoxic-inducing agents, such as particulate matter (PM) from fire smoke, has been 

considered an important risk factor for vascular diseases (19). Both short- and long-term 

exposure to these pollutants has been associated with cardiovascular and respiratory 

morbidity (20). PM with smaller diameter is particularly harmful to human health due to its 

increased ability to penetrate the lungs and enter the bloodstream (20, 21). PM2.5 (particles 

with aerodynamic diameter of 2.5 µm or less), for example, enters the human body through 
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inhalation reaching the lungs and bloodstream, causing adverse health effects in the 

cardiovascular, respiratory, immune, and nervous systems (22).  

Further long-term health effects related to occupational firefighting exposure have been 

described (1, 23), including a higher incidence of miscarriage among female firefighters 

(24), and increased vulnerability to mental health problems due to high levels of stress and 

exposure to traumatic events (23). These adverse outcomes in firefighters have been 

associated with a higher risk of substance abuse (25), depression (26), post-traumatic 

stress disorders (27), sleep disturbance (28), and even suicidal behaviours (29).  

Other significant long-term health effects have been associated with firefighters’ 

occupational exposure, including cancer (1). Cancer is one of the leading causes of death 

globally (30). Carcinogenesis is a multistage process that involves modification and 

mutation of genes that regulate normal cellular function (31, 32). Although genetic 

predisposition may play a role in carcinogenesis, a wide range of environmental and 

occupational factors also contribute to the development of cancer (1). In fact, the World 

Health Organization (WHO) estimate that 90% of all cancers are caused by environmental 

and lifestyle factors, which provides major opportunities for prevention (33).  

Firefighters are exposed to a wide range of harmful substances, many of them classified by 

the International Agency for Research on Cancer (IARC) as known (e.g., benzene, 

benzo[a]pyrene, formaldehyde, and PM2.5) or probable/possible (e.g., acetaldehyde, 

benzofuran, ethylbenzene, furan, black carbon and styrene) human carcinogens (34). In 

addition, several epidemiological studies have consistently shown an increased incidence 

of various types of cancer among firefighters (35-37), such as melanoma, leukaemia (38), 

colon, rectum, testis, bladder, thyroid, pleura (36), laryngeal and hypopharyngeal (39). 

Thus, recently, in June 2022, IARC re-evaluated occupational exposure as a firefighter and 

listed it as carcinogenic to humans (Group 1) based on sufficient evidence for cancer in 

humans (1, 40).  

Despite the IARC’s classification and substantial epidemiological evidence linking 

firefighting to adverse health outcomes, research on monitoring firefighters' occupational 

exposure remains limited. This highlights the need for comprehensive studies to 

characterise these exposures and to inform science-based, targeted interventions and 

protective measures to mitigate associated health risks.  

The research gap is even more pronounced for wildland firefighters, as most existing 

studies focus on structural firefighters. Although studies in this area are particularly 

challenging, the increasing frequency and severity of wildland fires underscore the urgent 

need for exposure assessments among this workforce. 
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A.2. Human Exposure Assessment: A Crucial Tool 

Exposure assessment plays a central role in the identification, evaluation, and control of 

occupational risks. Human monitoring is a crucial approach to identify potential signals of 

exposure to toxic compounds and to predict certain health risks (41). This approach involves 

a routine evaluation and interpretation of environmental and/or biological parameters to 

identify possible health risks before the occurrence of a disease (41). The exposure can be 

assessed by measuring the concentration of any chemical agent in environmental samples, 

such as air (environmental monitoring) and/or by measuring biological endpoints (biological 

monitoring), called biomarkers or biological indicators. Generally, these two methods are 

used simultaneously, since they provide different but complementary information (42).  

 

→ Environmental Monitoring 

Environmental monitoring refers to the quantification of certain pollutant(s) or 

contaminant(s) in the occupational environment and aims to estimate the hazard level to 

which individuals are exposed, comparing measured concentrations with established 

reference values (43). These measurements can be conducted during a single task as well 

as during an entire work shift. However, environmental monitoring represents only a 

snapshot of exposure in time, not taking into consideration variations over time and other 

factors that may have a substantial influence on compound uptake, such as individual 

characteristics or other contextual factors such as the use of personal protective equipment 

(PPE). 

Monitoring firefighters’ exposure during fire combat is particularly challenging due to the 

dynamics and hazardous nature of the environment, including the variability in the fire 

location, intensity, and unpredictable weather conditions. In this context, biological 

monitoring constitutes an important tool that helps to overcome these difficulties. 

 

→ Biological Monitoring 

Biological Monitoring, also known as biomonitoring, has been extensively used to assess 

chemical exposure resulting from different exposure routes (e.g., inhalation, ingestion, and 

dermal absorption) and through different pathways (absorption, distribution, metabolism, 

and excretion). Biological monitoring provides measurable data on the individual levels of 

the internal dose resulting from the exposure to a xenobiotic (biomarkers of exposure) (43), 

the effects caused by the interaction with cellular/molecular components (biomarkers of 

effect), and the potential susceptibility related to acquired factors (e.g., diet) or genetic 

predispositions (biomarkers of susceptibility) (43).  
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The main purpose of biomonitoring is not only to characterise exposure but also to guide 

the development of preventive measures to reduce the risk of both short- and long-term 

adverse health outcomes in exposed populations, particularly, in susceptible groups such 

as children, older adults, pregnant women and workers. 

Biomarkers act as intermediates between exposure and clinical outcomes, representing a 

sequence of events that begin with the exposure and end with the clinical outcome, the 

known concept of a “continuum of biological events” (Figure 1) (43, 44). These biomarkers 

are essential in occupational studies because they not only signal exposure to a compound 

but may also provide data to assess the risk of potential adverse health effects associated 

with such exposures (45). According to the International Program of Chemical Safety, 

biomarkers can be categorised as: biomarkers of exposure, biomarkers of effect and 

biomarkers of susceptibility (46).  

 

Figure 1 - Diagram illustrating the cascade of events from exposure to clinical disease, showing the 

relationships among exposure, effect and susceptibility biomarkers. Adapted from Costa and 

Esteves (43).  

Biomarker of exposure is the substance itself, its metabolites or the product of an 

interaction between a chemical and its target molecule or cell that is measured in a 

compartment within an organism (43). Their presence usually only indicates that an 

exposure has occurred. A biomarker of exposure can be defined as a biomarker of internal 

dose when the amount of a substance or its metabolites is quantified in a biological tissue 

or fluid (e.g., t, t-muconic acid in the urine, lead in the blood) or as a biomarker of biologically 

effective dose when it concerns the interactions between the chemical or its metabolites 

with target cellular macromolecules (e.g. DNA-adducts or protein-adducts) (43).  
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A biomarker of effect is defined as a measurable biochemical, physiological, behavioural, 

or other alteration in an organism that, depending upon the magnitude, can be associated 

with a possible health impairment or disease (46). It may represent an event that can be 

correlated with, and possibly predictive of, a deleterious health effect (47). Effect biomarkers 

are extensively used in occupational studies to evaluate the genotoxic potential of 

hazardous chemicals. The measurements of biomarkers of effect generally reflect events 

that take place at the latter end of the continuum between exposure and disease 

manifestation. They are not chemical specific, and therefore the association with exposure 

must be established by an independent measure, such as environmental monitoring or 

simultaneous measurement of a biomarker of exposure, such as the internal dose. An effect 

biomarker may either indicate early processes that precede disease or predict the 

development and presence of disease (by altered structure and/or function) (48). In terms 

of prevention, it is considered ideal if the biomarker can detect reversible biological 

alterations.  

Cytogenetic endpoints such as micronuclei (MN) frequency or chromosomal aberrations 

have long been applied in the surveillance of human genotoxic exposure and early effects 

of hazardous compounds (49). The relevance of cytogenetic alterations as potential early 

cancer risk biomarkers has been supported by various epidemiological studies (50, 51). MN 

frequency, for instance, is a well-established biomarker used extensively in human 

biomonitoring studies to assess genomic instability. The relevance of this assay is further 

supported by epidemiologic data linking the increased frequency of MN in lymphocytes to 

cancer risk (52). Moreover, evidence of a strong positive correlation between MN frequency 

in lymphocytes and MN frequency in exfoliated cells, namely buccal cells, suggests that the 

application of this MN frequency in such local tissues may also serve as a potential indicator 

of cancer risk (53, 54). The use of this type of biological matrices in human biomonitoring 

studies is particularly relevant due to its minimally invasive character, and especially 

because most cancers are of epithelial origin (55). 

The single-cell gel electrophoresis assay or comet assay has also been proven to be a 

sensitive tool in human biomonitoring studies for the detection of different levels of DNA 

damage at the individual cell level (56). The simultaneous use of comet assay and 

cytogenetic tests allows a comparison of the presence of DNA strand breaks (due to both 

acute and chronic exposure), and of chromosome damage (due to clastogenic and 

aneugenic events), respectively (57, 58).  

Biomarkers of susceptibility indicate the inherent or acquired ability of an organism to 

respond to a specific agent(s) (59). This class of biomarkers help to understand the 
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individual variations between biomarkers of exposure and biomarkers of effect. These 

differences may arise from genetic (e.g., polymorphisms that may lead to different 

capacities to detoxify or repair the DNA) or non-genetic factors (e.g., lifestyle, and age). 

These factors are independent of exposure but may help identify those individuals in a 

population who are more susceptible or at risk (45). 

Each class of biomarkers provides different information, and it has a set of advantages and 

disadvantages, concerning its relevance, sensitivity, specificity, reliability, practicality, and 

analytical complexity (60). The basic principles of biomarker-based exposure assessment 

are illustrated in the figure above (Figure 1). 

 

A.3. Firefighters’ Exposure Assessment 

As stated herein, the challenging and dynamic conditions inherent to firefighting make real-

time monitoring extremely difficult.  As a result, most of the existing data on firefighters' 

exposure originates from biomonitoring studies. 

 

→ Evaluating the Exposure 

As with any biomarker of dose, a biomarker of smoke exposure should exhibit adequate 

sensitivity, specificity, and robustness (61). Some compounds found in human biological 

samples have been proposed as adequate biomarkers of smoke exposure, namely 

polycyclic aromatic hydrocarbons (PAHs) metabolites (1, 62).  

PAHs are largely emitted during incomplete combustion processes of organic materials 

(63). Over 100 different PAHs have been identified, from which 16 species have been 

classified as priority pollutants (34). PAHs are a major concern, being some classified by 

IARC as known (i.e., benzo[a]pyrene), probable (e.g., dibenz[a,h]anthracene, 

dibenzo[a,l]pyrene) or possible human carcinogenic (e.g., chrysene, benzo[b]fluoranthene, 

benzo[k]fluoranthene, benz[a]anthracene) (34). PAHs and their metabolites can be 

quantified in different biological matrices, such as blood, urine, and skin (64). Additionally, 

the metabolism of some PAHs may produce reactive intermediates that can bind to cellular 

macromolecules (DNA and proteins), generating PAHs adducts (65), such as 

benzo[a]pyrene diol epoxide (BPDE) (66). These adducts are considered key indicators for 

assessing exposure to PAHs and are linked to mutagenesis and carcinogenesis (66). 

Currently, the most used and validated biomarkers for assessing PAHs exposure are 

hydroxylated PAHs metabolites (OHPAHs) in urine (67, 68). PAHs are metabolised in the 
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liver and mostly excreted through urine mainly as their glucuronide conjugates. Among the 

existent urinary OHPAHs metabolites, some are frequently measured due its prevalence 

and sensivity, including 1-hydroxypyrene (1-OHPyr), 1-hydroxynaphthalene (1-OHNaph), 

1-hydroxyacenaphthene (1-OHAce), 1-hydroxyphenanthrene (1-OHPhen), and 2-

hydroxyfluorene (2-OHFlu) (64).  

Among wildland firefighters, Oliveira et al. (69), found significantly higher levels of urinary 

total OHPAHs post-shift, up to 340% higher, in those actively involved in firefighting 

activities compared to non-exposed firefighters. The metabolites that contributed most to 

the increase were 1-OHNaph and 1-OHAce, followed by 2-OHFlu, 1-OHPhen, and 1-OHPyr 

(69).  

Despite OHPAHs being the most used biomarkers for monitoring firefighters' occupational 

exposure, other biomarkers have been identified (1), such as carboxyhaemoglobin (blood), 

methoxyphenols (urine) and levoglucosan (urine), however, their application has been 

limited and therefore remains inconclusive (1). Carboxyhaemoglobin, for example, is 

formed when carbon monoxide (CO) binds to haemoglobin, impairing oxygen transport to 

vital organs, and causing hypoxia (62). Its potential application has been debated, with 

some authors suggesting that carboxyhaemoglobin is only suitable for application when 

exposure levels to CO are high (62, 70). Methoxyphenols, another potential biomarker of 

wildland smoke exposure, result from the pyrolysis of wood lignin. Associations were found 

between the exposure to woodsmoke among wildland firefighters and the levels of this 

biomarker in urine (71). Fernando et al. (72) used a set of methoxyphenols to determine the 

effect of woodsmoke exposure among firefighters. These compounds were identified as 

sensitive markers of smoke exposure, as their levels were significantly higher (p<0.05) in 

urine samples collected 24 hours post-exposure (72). Similarly to carboxyhaemoglobin, this 

biomarker is considered suitable for high-exposure woodsmoke scenarios (1). 

Levoglucosan, a byproduct of cellulose pyrolysis, has been proposed as another potential 

biomarker for woodsmoke exposure (1, 73). However, the feasibility of using levoglucosan 

as a urinary biomarker is limited by inconsistencies in post-shift increases observed in some 

studies (72). Naeher et al. (73), for example, analysed urine samples from wildland 

firefighters before and after their work shifts and verified that post-shift concentrations were 

not consistently higher than pre-shift levels. The lack of biomonitoring studies using these 

types of smoke biomarkers (e.g., carboxyhaemoglobin, methoxyphenols, levoglucosan) 

hampers the ability to establish them as effective tools to monitor smoke exposure among 

wildland firefighters. 
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Less-invasive biological matrices, such as exhaled air have been investigated to assess 

biomarkers of smoke exposure (1). Zhou et al. (74) for example, measured exhaled carbon 

monoxide and nitric oxide using a hand-held, battery-operated meter and a Nano Coulomb 

Nitric Oxide Analyser, respectively. They found an association between elevated levels of 

exhaled carbon monoxide and nitric oxide and increased urinary PAH metabolites (74). 

Other tools have been used in screening strategies to identify metabolites in exhaled air, 

such as the electronic nose (e-nose) (75). E-nose allows the analysis of the volatile organic 

compounds (VOC) profile in exhaled air (75). Breath monitoring has several advantages 

especially in occupational settings, because is a simple and non-invasive tool to measure 

the extent of chemical exposures. It allows for real-time assessment, providing rapid 

feedback on individual levels of exposure, which is crucial for safeguarding workers' health, 

and ensuring a secure and safe workplace.  

 

→ From the Exposure to the Biological Effect 

During a wildfire, some of the chemicals released are free radicals. Once absorbed and 

metabolised, these radicals can generate reactive oxygen species (ROS) (76-78), which, if 

not neutralised by the body's antioxidant system, may react with proteins, lipids and DNA, 

leading to oxidative stress (79-81). Oxidative DNA damage is one of the most significant 

types of genetic damage caused by exogenous substances in humans (82) and is 

associated with the development of several diseases, including cancer (1). Gaughan et al. 

(83), for example, observed a positive association between predictors of arterial stiffness 

and biomarkers of oxidative stress, specifically lipid peroxidation (urinary 8-isoprostane) 

and oxidative DNA damage (urinary 8-hydroxy-2′-deoxyguanosine). A study conducted in 

Portugal (84) found higher levels of primary DNA damage and oxidative DNA damage, 

evaluated by comet assay, in blood samples of wildland firefighters exposed to woodsmoke 

when compared to non-exposed individuals. Similar results were observed by Andersen et 

al. (85) following a 3-day firefighting course. In their study, the authors found that primary 

DNA damage was positively associated with urinary excretion of 1-OHPyr, as well as with 

dermal exposure to pyrene and the concentration of total PAHs (85), suggesting that 

parameters measured through the comet assay can be suitable biomarkers for monitoring 

occupational exposure in firefighters.  

Another mechanism of action triggered by smoke inhalation is inflammation (1). The initial 

response of the innate immune system includes the release of pro-inflammatory cytokines, 

such as interleukin-6 (IL-6), interleukin-8 (IL-8), and tumour necrosis factor α (TNF-α), which 

are critical for initiating the acute inflammatory response (86). Previous human 

biomonitoring studies have shown that individuals exposed to woodsmoke exhibited an 
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increased pro-inflammatory response (87, 88), consistent with in vitro studies (92-94). 

Elevated levels of pro-inflammatory biomarkers, such as blood serum IL-6 and IL-8, were 

found after smoke exposure (92-94).  

Although human biomonitoring studies are crucial for assessing health risks, up to date, 

there are still limited studies investigating the biological mechanisms associated with 

firefighters’ occupational exposures (1). This gap is even more pronounced among wildland 

firefighters, particularly those evaluating biological effects following real-world scenarios of 

wildfire occupational exposure (1).  

 

B. WILDLAND FIREFIGHTERS 

 

B.1. Wildland Fires: Dealing With a New Era 

Fire has always played an important role in shaping ecosystems serving as an essential 

component for ecological balance (95). Human ancestors started to use fire intentionally 

around 1.500.000 years ago for hunting, protection or cooking, helping their survival (96). 

The ability to control and use fire marked a transformative step in human evolution, 

influencing social structures, tool innovation, and even brain development. While fire can 

be a beneficial tool, when uncontrolled, it poses a significant threat to wildlife habitats, 

property, and human lives.  

A “wildfire”, “forest fire”, “bushfire”, “wildland fire” or “rural fire” (the term varies within 

countries) can be defined as an unplanned, uncontrolled, and unpredictable fire event that 

occurs in nature (97, 98). Globally, only 4% of forest fires occur due to natural causes (e.g., 

storms or lightning) (99), being the most part caused by direct (e.g., land clearing practices, 

slash-and-burn activities, or arson) or indirect human action (e.g., discarded cigarettes, 

accidental ignitions or unattended bonfires) (99). 

Wildfires’ dynamics may be influenced by numerous factors namely the type and amount of 

vegetation, the climate, the topography, and the weather conditions (102). The regions most 

affected by wildfires include the coniferous forests of California, the eucalyptus forests of 

Australia, the African savannahs, the dry forests of South Asia, and the temperate forests, 

shrublands, and woodlands of the Mediterranean region (100).  

By the early 20th century, improvement in firefighting activities together with fire prevention 

actions, fire suppression policies, and changes in agricultural practices, contributed to a 

decrease in fire occurrences and burned area in temperate regions (e.g., temperate forests 
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of Europe) (101, 102). However, by the end of the century, there was a shift, with a 

significant increase of burned areas in tropical forests driven by deforestation for agricultural 

and livestock expansion, and in some temperate forests (e.g., North America and Europe) 

(101). In the USA, for example, the annual area burned by wildfires increased from 

approximately 1.000.000 hectares (1985-2000) to 2.000.000 hectares (2001-2016) (103). 

Similarly, Europe experienced an average of 65.000 wildland fires every year, burning 

approximately 500.000 hectares of wildland and forest areas (106), with over 85% of the 

areas affected located in the Mediterranean region (104). Portugal, for instance, with a 

forest area of 3.200.000 hectares is one of the European countries most affected by 

wildfires (105). In fact, over the last 3 decades, more than 3.800.000 hectares were 

consumed by wildfires (105), showing the country's vulnerability to this threat. 

As previously mentioned, weather and climate play a key role in wildfire dynamics. Climate 

has been warming in the last decades with prolonged periods of dry weather.  

Consequently, extended and more frequent drought periods have increased the likelihood 

of wildfire among dry-climate forests (106-108). Wildfire activity and this type of 

phenomenon are predicted to increase in several regions of the globe due to the 

progressive increase in temperature and a pronounced decrease in precipitation patterns 

caused by climate change (109). The inevitability of global warming, with decreasing 

precipitation levels and prolonged dry seasons (110), has contributed to the increase in both 

frequency and severity of wildland fires (111, 112). As pointed out by the United Nations 

Intergovernmental Panel on Climate Change there is a “greater likelihood of injury, disease, 

and death due to more intense heat waves and fires” (113). Furthermore, the rising number 

of people working and/or living in areas close to forests increases the risk of serious damage 

to livelihoods or loss of human lives (100, 114).  

The growing threat of wildfires highlights the urgent need for improved prevention strategies 

and fire management practices. Effective wildfire response relies heavily on well-trained 

and healthy firefighters, who serve as the backbone of fire suppression efforts (115, 116). 

Although firefighter is considered one of the most dangerous occupations in the world, little 

is known about the related health risks. In the coming years, the predicted increase in 

wildland fires, both in number and intensity, will demand greater physical and psychological 

endurance from this workforce, making it essential to address the health the issue of risks 

associated with wildland firefighter exposure (117).  
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B.2. Wildland Fires: A Major Source of Pollutant Exposure 

Wildfires occurrence depends on three elements: heat or an ignition source, oxygen, and 

fuel (e.g., biomass). Wood, the predominant biomass in forests, is mainly composed of two 

polymers, cellulose, and lignin, and small amounts of low-molecular-weight compounds 

such as resins, waxes, sugars, and inorganic salts (118). During combustion, the polymers 

break apart producing a variety of solid, liquid, and volatile compounds. The incomplete 

combustion of forest fuel results in a very complex mixture of gaseous and particles, 

commonly referred to as smoke (119).  

Biomass combustion occurs through a sequence of phases: ignition, flaming and 

smouldering (120). Each phase is characterised by distinct physical and chemical 

processes resulting in different emissions influenced by factors such as oxygen availability, 

temperature, and fuel composition (120). At the initial stage (ignition) of a wildfire, a complex 

mixture of products, including VOCs, are released forming a flammable mixture upon 

contact with air (121). During the flaming combustion (1127°C), this mixture ignites, and 

most of the black (or elemental) carbon particles and highly oxidised gases such as carbon 

dioxide, nitrogen oxide (NOx) and sulphur dioxide (SO2) are emitted (121). The following 

phase, smouldering, occurs between 527°C and 727°C. It is a slow, low-temperature, 

flameless form of combustion that substantially increases the conversion of fuel into toxic 

compounds (121). During this phase, CO, amines, nitriles, methyl halides (i.e., CH3Cl, 

CH3Br, and CH3I), non-methane organic compounds (NMHC), methane (CH4) and 

ammonia (NH3) are released (121-124).  

As smoke interacts with the atmosphere some intermediate chemicals are produced, mostly 

in the form of carbon, hydrogen and oxygen free radicals (77). In addition to these 

chemicals, smoke emissions also include PM (solid or/and liquid particles) which can be 

classified as either primary particles, directly released during combustion or secondary 

particles, formed through atmospheric interactions. These interactions often involve 

photochemical reactions driven by UV radiation from sunlight, transforming smoke 

pollutants, such as VOCs into secondary particles that contribute to PM (20, 122, 124). 

PM10 (aerodynamic diameter of 10 µm or less) and PM2.5 are the most described in the 

literature (20), being PM2.5 the one more frequently associated with forest biomass burning 

(125). The composition and size of emitted particles depend on various factors, including 

fuel type and combustion phase of release (126). Moreover, PM has adsorbent properties 

acting as a vehicle for toxic combustion compounds such as PAHs (127). PAHs include 

compounds such as pyrene, benzo[a]pyrene, fluorene, and phenanthrene, among others 
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(63). Some of the pollutants referred above have been linked to adverse health effects 

(128), and some are classified carcinogenic to humans (Group 1) by IARC (34). 

Exposure to wildfire smoke has been linked to adverse health effects in the general 

population, including increased all-cause mortality and various comorbidities, such as 

respiratory and cardiovascular diseases (129, 130). The risk of these health outcomes is 

particularly high for vulnerable groups, such as children, older adults, individuals with pre-

existing health conditions, and those directly exposed to woodsmoke, including wildland 

firefighters (131-135).  

Although the risks associated with woodsmoke exposure are documented, studies on the 

health effects of wildfire smoke exposure among wildland firefighters remains limited (1).  

 

B.3. Wildland Firefighters: A Brief Contextualization 

The first fire brigade, called “Vigiles”, was created in 24 B.C. under the rule of Emperor 

Augustus and consisted of approximately 600 conscripts that patrolled the streets of Rome 

checking for crimes and fires (136). By 60 A.D., Emperor Nero expanded this workforce to 

7.000 men, assigning them additional responsibilities, including fire prevention and building 

inspection activities (137). In 1666 (17th century), after the Great Fire of London that 

destroyed nearly 80% of the city, insurance companies formed the first private fire brigades 

(138).  

Over the centuries, firefighting systems were adjusted according to the reality and 

respective needs of different countries and populations. Currently, there are around 

16.000.000 firefighters worldwide, 91% of whom are males and 9% females. Most are 

volunteers, although some countries, such as Italy, Greece, Israel, and Singapore, only 

have professional firefighting forces (2). Others, like the United States, have a considerable 

number of volunteer firefighters compared to professionals, although mostly are located in 

small towns and rural areas, while larger urban areas are primarily served by professional 

firefighters (full-time firefighters) (137). In sum, fire departments can be comprised of 

professional firefighters, volunteer firefighters, or a combination of both. And generally, each 

fire department is responsible for a designated geographic area to ensure a rapid response 

time (137).  

Their work involves intense physical activities, high temperatures, and exposure to 

hazardous conditions, requiring significant endurance and resilience. Compared to urban 

or structural firefighters, wildland firefighters face other unique challenges. They respond to 

several wildfire occurrences per year often remaining at the fire scene for extended periods 
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- ranging from days to weeks - under hostile and unpredictable conditions, while working 

multiple shifts and with minimal rest time (139). The increasing frequency and intensity of 

wildfires worldwide demand a higher number of wildland firefighters engaged in fire 

suppression activities (3). Thus, it is essential to look for appropriate occupational health 

and safety measures to protect these individuals, given the research on long-term health 

effects is limited and prevention measures are seldom mentioned. 

 

B.4. Wildland Firefighters' Occupational Exposure 

Wildland firefighters are at greater risk due to the nature of their work, being considered one 

of the most dangerous occupations in the world (140). Common tasks include trekking, 

chainsaw work, and brush removal (34) while carrying a considerable number of heavy 

equipment and tools (e.g., rakes, axes, shovels, fire hoses) through remote and difficult 

terrains (15, 34). In addition, wildland firefighters face high temperatures, high levels of 

noise (e.g., sirens, diesel engines) (141), and high levels of stress, particularly when they 

confront life-threatening situations or when they need to deal with injuries or fatalities (15).  

The common hazards that wildland firefighters face on the fire line can include burning 

over/entrapment, heat-related outcomes, injuries, mental stress, fatigue, dehydration, and 

smoke inhalation (3, 142). Firefighters are highly exposed to harmful pollutants in the form 

of gases and particles (15). As stated herein, the wildfire smoke is a complex mixture 

containing hundreds of hazardous gases and particles, such as CO, nitrogen dioxide, PAH, 

aldehydes, and metals (118). In addition, wildland firefighters may be also exposed to other 

pollutants such as diesel exhaust since they may be working near vehicles on the ground 

(143).  

Wildland firefighters can be exposed to woodsmoke pollutants through different exposure 

routes (Figure 2), namely inhalation, ingestion, and dermal absorption (144).  

Inhalation is the main exposure pathway for several harmful compounds (e.g., CO, NO2, 

SO2, formaldehyde, acrolein, ketones and benzo(a)pyrene) that are present in smoke 

(146). The fraction of pollutants inhaled is proportional to the volume of air inspired and 

expired, increasing with the physical effort (147). The typical respiratory protection used by 

wildland firefighters is a cotton bandana which offers very little protection due to its poor 

filtration efficiency, which does not prevent the inhalation of hazardous compounds, such 

as PAHs and PM (118, 146, 148). Furthermore, the use of a self-contained breathing 

apparatus (SCBA) - equipment supplied with fresh air - usually used in other contexts (e.g., 
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urban firefighting), is not feasible with wildland firefighting activities due to its weight and 

limited capacity for use (15-30 minutes) (34, 148, 149). 

 

Figure 2 - Firefighters' Routes of Exposure. Retrieved from Esteves et al. (145). 

 

Wildland firefighters might also be exposed to smoke toxicants (e.g., PAHs) via ingestion 

due to the lack of appropriate PPE (unprotected mouth) or even due to inadequate practices 

such as eating, drinking, and/or smoking with contaminated hands/gloves during or after 

firefighting activities (146). Moreover, contaminants that enter the upper respiratory tract 

may be carried via saliva into the digestive system (147).  

Another route of exposure to pollutants is through the skin, commonly referred to as dermal 

absorption (146). Previous research has demonstrated that some pollutants, such as PAHs 

and VOCs, can either accumulate on the skin’s surface (150) or even penetrate the 

firefighting protective ensemble (151), allowing dermal absorption of those contaminants. 

In addition, exposure to high temperatures compromises the skin barrier facilitating the 

dermal absorption of toxic compounds (146, 152). In fact, absorption increases by 400% for 

each 5°C rise in skin temperature (147).  

Furthermore, the risk of exposure may be enhanced by the inadequate use of PPE or by 

inefficient decontamination procedures after fire suppression activities (139, 151).  PPE 

typically comprises protective clothing, respiratory protection, a helmet, a neck shroud, a 

protective hood, gloves, goggles, and boots (153). However, some individuals may be 

reluctant to wear PPE as it can induce heat, add physiological stress and hinder 

communication with other crew members (34). Moreover, the use of more heat-resistant 

clothing may encourage firefighters to get closer to fire, exposing them to higher levels of 

combustion products (154). 
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The risk of exposure to pollutants occurs not only during firefighting and other fire operations 

(e.g., prescribed burning) but also in their return to the fire station via diesel exhaust and 

contaminated post-fire gear and/or other equipment. The inefficient decontamination 

procedures of PPE or other equipment used during firefighting also favour cross-

contamination in fire stations (e.g., rooms, bedrooms, offices, and garages) compromising 

the indoor air quality where firefighters spend long periods of their shift (155, 156). A recent 

study published by Rogula-Kozlowska et al. (150) verified high levels of VOCs (benzene, 

toluene, ethylbenzene, xylene, and styrene) both in the changing room and in the garage 

of the fire station, suggesting that the major sources of indoor air pollution in these settings 

were contaminated by the PPE or other equipment used during firefighting. This may result 

from an insufficient awareness of safety procedures, established behavioural patterns, or 

constraints imposed by logistical conditions (157). It is important to note that, in some cases, 

fire stations are old buildings with inadequate ventilation systems promoting the dispersion 

of pollutants within indoor environments (139). Moreover, exposure to hazardous pollutants 

can also occur in other occupational contexts, such as during fire training activities or from 

exhaust emissions released by fire service vehicles (e.g., at fire stations during 

maintenance tasks), further contributing to the overall exposure of firefighters (158). 

It is important to emphasise that wildland firefighters often begin their careers at a young 

age and dedicate many years to the profession, which means they are subject to prolonged 

and repeated exposure to hazardous pollutants. This exposure can result in cumulative 

damage over time and potentially lead to long-term health effects (157).  

 

B.5. Firefighters – Portuguese Reality  

Portugal has around 27.000 firefighters, with 81% being male and 19% female, distributed 

across 465 fire stations. Of these 63% are volunteers and 37% are professionals, aged 

between 26 and 50 years old and holding secondary school degrees (159). In a recent 

Portuguese study, 80% of a group of wildland firefighters reported being exposed to smoke, 

gases, and particles during their activities (160). These findings are particularly concerning 

taking into account their long careers (averaging 16 years) and extended work hours, with 

the majority claiming to work more than 10 hours/day (160). 

As mentioned herein, Portugal is among the European countries most affected by wildfires 

(115). On average 3% of the Portuguese forests burn annually (161), corresponding to 

around 100.000 hectares. However, this trend has been increasing through the years (161); 
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from 2008 to 2017, for example, the annual burned area ranged from 18.000 hectares to 

500.000 hectares (161).  

The demographic shift of the population moving from rural to urban areas, the highly 

fragmented and unmanaged private forested lands, the typically evergreen and drought-

resistant vegetation, the high number of human-cause ignitions (negligence or intentional) 

and the climate changes (high temperatures and decreasing precipitation levels), all 

contribute for the increased risk of forest fires in Portugal (115, 162, 163).  

The European Union Joint Research Centre (EU-IJR) forecasts for Southern European 

countries including Portugal an increase in forest fire danger (Figure 3) (164). The country 

has already experienced severe heat waves, storms, and droughts (161). During the 

extreme wildfires of 2017, Portugal registered a record total burned area of 500.000 

hectares, 120 fatalities including firefighters (165), and numerous injured. The recent events 

and the numbers revealed the need for enhanced fire prevention and management 

strategies in Portugal. 

 

Figure 3 - Historical and future trends of Forest fire danger in Europe (164). 

Despite the growing threat of wildfires, the number of Portuguese firefighters, both 

professional and volunteers, has dropped 33% over the past decade (Figure 4) (115, 166). 
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Figure 4 - Number of Portuguese Firefighters over the years. Retrieved from Esteves et al. 

(145). 

This decline highlights the urgency of retaining experienced personnel and attracting 

younger recruits, creating attractive remuneration conditions (e.g., higher wages) and 

improving occupational health and safety conditions (115). Surveillance programmes based 

on biological and environmental monitoring could provide the required insights into potential 

occupational risks and their impact on firefighters’ health and safety. 
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A. MAIN GOALS 

The current PHD study, “Bio4FOX – Biomonitoring Firefighters’ Occupational Exposure”, 

aims to address the existing knowledge gaps by investigating the potential biological 

mechanisms associated with wildland firefighting occupational exposure and identifying a 

comprehensive set of biomarkers suitable for the surveillance of Portuguese wildland 

firefighters. 

To achieve this goal, a longitudinal study, with a pre-post study design, was carried out 

comprising a group of Portuguese wildland firefighters studied at two distinct time-points of 

their occupational exposure/activity: Phase I - before the wildfire season (baseline levels); 

and Phase II - after exposure to a real wildfire event, during the wildfire season. 

Considering our main research aims four specific goals were established, including: 

 

1. To characterise wildland firefighters’ occupational exposure at fire stations, 

before the wildfire season. This characterisation envisaged the estimation of inhaled 

doses of particulate matter (PM10 and PM2.5, indoor and outdoor) and the associated 

biological impact, specifically on effect biomarkers. In addition, we examined the 

association between effect biomarkers and sociodemographic, occupational, and 

lifestyle factors. (Paper I) 

 

2. To investigate the systemic inflammatory response associated with wildland 

firefighters' occupational exposure. To address this objective, we analysed the 

response of systemic inflammatory biomarkers, namely serum IL-6, IL-8 and TNF-α and 

plasma high-sensitivity C-reactive protein (hs-CRP), following wildland firefighting 

occupational exposure. Additionally, we examined the potential contribution of urinary 

OHPAHs, a validated smoke exposure biomarker, and other relevant factors (e.g., 

exposure duration) to the observed inflammatory responses. (Paper II) 

 

3. To assess the effects of occupational exposure to wildland firefighting on 

systemic DNA damage. This study comprehended the evaluation of primary and 

oxidative DNA damage and phosphorylated histone H2Ax (γH2AX) levels following 

firefighting occupational exposure to a real wildfire event. Furthermore, we assessed the 

association between some occupational exposure biomarkers and other occupational-

related variables (e.g., exposure duration) on these effect biomarkers. (Paper III) 
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4. To evaluate the impact of occupational exposure to wildland firefighting on 

cytogenetic alterations of locally targeted tissues. This study specifically investigates 

the impact of firefighting exposure on wildland firefighters' epithelial tissues, namely 

buccal cells and urothelial cells, using the micronucleus assay, an early-effect biomarker. 

Additionally, this research explores the relationship between urinary levels of total 

OHPAHs and the observed molecular and cellular endpoints. (Paper IV) 

 

Bio4FOX study is part of a larger project entitled BioFirEx “A panel of (bio)markers for the 

surveillance of firefighter's health and safety” (FCT Ref PCIF/SSO/0017/2018). Our 

collective data seeks to provide insights that could inform protective policies, support the 

development of recommendations and preventive measures to safeguard firefighters' 

health and serve as the basis for future studies.  
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A. STUDY POPULATION 

Bio4FOX comprised a group of wildland firefighters recruited from 14 fire stations located 

in the northeastern region of Portugal. The region is characterised by mountainous terrain, 

diverse vegetation, including forests, shrubs, agricultural fields, and a Mediterranean 

climate with hot and dry summers (1). These conditions have historically made this region 

particularly vulnerable to wildfires (1). The presence of firefighter units dedicated to wildland 

firefighting has allowed the study to focus on wildland firefighters. 

The criteria for inclusion in the study included, being a firefighter, healthy, and actively 

participating in wildland firefighting activities. Exclusion criteria included, being a firefighter 

for less than one year and/or receiving palliative care and/or with oncologic disease history.  

The initial group consisted of a convenience sample of approximately 275 firefighters. Of 

these, around 225 wildland firefighters were recruited (Appendix III – Flow Chart of Study 

Population), resulting in an adherence rate of more than 80%. During Phase II - wildfire 

season, 63 wildland firefighters were actively involved in wildfire suppression activities. 

Paired assessments (n=59) i.e., individuals followed in Phase I and Phase II, were critical 

to understanding changes between pre- and during wildfire season, after participation in a 

real wildfire event, allowing robust longitudinal analysis of exposure and biological impacts 

over time.   

All subjects were fully informed about the objectives of the study (Appendix IV – Information 

to the participant). An informative leaflet outlining the aims of the study was distributed to 

all firefighters (Appendix V – Informative leaflet). Firefighters were informed about the 

confidentiality and protection of data, as well as the possibility of leaving the study at any 

moment. Participation in the study was voluntary, and no financial compensation was 

offered. Volunteers who agreed to participate in the study signed an informed consent form 

prior to enrolment in the study (Appendix VI – Informed consent). A Comprehensive 

Questionnaire (Appendix VII – Questionnaire A) and a Short- Questionnaire (Appendix 

VIII – Questionnaire B) were designed to be self-administered in Phase I (pre-wildfire 

season) and Phase II (wildfire season), respectively.  The comprehensive questionnaire 

aimed to collect information on socio-demographic factors, characterisation of the activity 

as a firefighter, health status, lifestyle (e.g., diet, physical activity) and relevant exposures 

(occupational and non-occupational). Subjects involved in wildland firefighting activities 

(Phase II) filled out a short questionnaire to characterise the wildfire occurrence, their 

exposure duration (hours), if existing, symptoms related to the acute smoke exposure, such 

as nose and throat irritation, difficulty in breathing, and nausea, among others.  



                                                                                                                                 Chapter III. Study Population                                    
                                                                                                                                                         

 

Filipa C. Esteves                                                          42 

 

The research was conducted in compliance with ethical guidelines as outlined in the 

Declaration of Helsinki and the Oviedo Convention. Ethical approval was granted by the 

Ethics Committee of the University of Porto, Portugal (Reference number 92/CEUP/202). 
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Original Research 

 

 

 

 

 

 

 

This chapter comprises the main outcomes of the PhD study divided into two main 

sections:  

A. Characterisation of Firefighters’ Occupational Exposure at Fire Stations, Before 

Wildfire Season 

A.1. In this section, an original research paper, which has been published, presents 

preliminary data on the characterisation of firefighters' occupational exposure at fire 

stations before the wildfire season (baseline) (Paper I) 

 

B. Investigating the Exposure-Induced Biological Mechanisms Associated with       

Wildland Firefighting Occupational Exposure   

This section explores the biological impact associated with wildland firefighters' occupational 

exposure to a real wildfire event. Different biological mechanisms were assessed, including 

inflammatory response, genotoxicity/oxidative stress, and genetic/chromosomal instability. 

The following studies were performed:  

B.1. “Impact of Occupational Exposure to Wildfire Events on Systemic Inflammatory 

Biomarkers in Portuguese Wildland Firefighters” (Paper II)  

B.2. “Occupational Exposure to Wildland Firefighting and Its Effects on Systemic DNA 

Damage” (Paper III)  

B.3. “Micronucleus Assay in Buccal and Urothelial Cells in Wildfire-Exposed Firefighters” 

(Paper IV) 
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A.   

FIREFIGHTERS’ OCCUPATIONAL EXPOSURE IN PREPARATION FOR WILDFIRE 

SEASON: ADDRESSING BIOLOGICAL IMPACT  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



                                                                                                                                                         

 

Filipa C. Esteves                                                          46 

 

 

 

 

 

 



                                                                                                                                                   
                                                                                                                                                         
                                                                                                                                               

 

Filipa C. Esteves                                                          47 

 

A. 1. Firefighters’ Occupational Exposure in Preparation for 
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 Esteves, F., Slezakova, K., Madureira, J., Vaz, J., Fernandes, A., Morais, S., Pereira, 

M.C., Teixeira, J.P. & Costa, S. (2024). Firefighters’ Occupational Exposure in Preparation 

for Wildfire Season: Addressing Biological Impact. Toxics, 12(3), 201. 

https://doi.org/10.3390/toxics12030201 

 

 

 

 

 

 

 

The PhD candidate was responsible for the conceptualization and writing of the 

manuscript. 

 

 

https://doi.org/10.3390/toxics12030201~


                                                                                                                                                   
 

Filipa C. Esteves                                                          48 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



                                                                                                                                                   
 

                                                                                                                                Chapter IV Original Research                                   
                                                                                                                                                         

Filipa C. Esteves                                                          49 

 

 



                                                                                                                                                   
 

                                                                                                                                Chapter IV Original Research                                   
                                                                                                                                                         

Filipa C. Esteves                                                          50 

 

 



                                                                                                                                                   
 

                                                                                                                                Chapter IV Original Research                                   
                                                                                                                                                         

Filipa C. Esteves                                                          51 

 

 



                                                                                                                                                   
 

                                                                                                                                Chapter IV Original Research                                   
                                                                                                                                                         

Filipa C. Esteves                                                          52 

 

 



                                                                                                                                                   
 

                                                                                                                                Chapter IV Original Research                                   
                                                                                                                                                         

Filipa C. Esteves                                                          53 

 

 



                                                                                                                                                   
 

                                                                                                                                Chapter IV Original Research                                   
                                                                                                                                                         

Filipa C. Esteves                                                          54 

 

 



                                                                                                                                                   
 

                                                                                                                                Chapter IV Original Research                                   
                                                                                                                                                         

Filipa C. Esteves                                                          55 

 

 



                                                                                                                                                   
 

                                                                                                                                Chapter IV Original Research                                   
                                                                                                                                                         

Filipa C. Esteves                                                          56 

 

 



                                                                                                                                                   
 

                                                                                                                                Chapter IV Original Research                                   
                                                                                                                                                         

Filipa C. Esteves                                                          57 

 

 



                                                                                                                                                   
 

                                                                                                                                Chapter IV Original Research                                   
                                                                                                                                                         

Filipa C. Esteves                                                          58 

 

 



                                                                                                                                                   
 

                                                                                                                                Chapter IV Original Research                                   
                                                                                                                                                         

Filipa C. Esteves                                                          59 

 

 



                                                                                                                                                   
 

                                                                                                                                Chapter IV Original Research                                   
                                                                                                                                                         

Filipa C. Esteves                                                          60 

 

 



                                                                                                                                                   
 

                                                                                                                                Chapter IV Original Research                                   
                                                                                                                                                         

Filipa C. Esteves                                                          61 

 

 



                                                                                                                                                   
 

                                                                                                                                Chapter IV Original Research                                   
                                                                                                                                                         

Filipa C. Esteves                                                          62 

 

 



                                                                                                                                                   
 

                                                                                                                                Chapter IV Original Research                                   
                                                                                                                                                         

Filipa C. Esteves                                                          63 

 

  



                                                                                                                                                   
 

                                                                                                                                Chapter IV Original Research                                   
                                                                                                                                                         

Filipa C. Esteves                                                          64 

 

 



                                                                                                                                                   
 

                                                                                                                                Chapter IV Original Research                                   
                                                                                                                                                         

Filipa C. Esteves                                                          65 
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Abstract 

Firefighting is classified as carcinogenic to humans, however mechanistic studies 

addressing the biological effects of firefighting exposure remain limited. This gap, 

particularly evident among wildland firefighters, highlights the need for molecular 

epidemiological studies unveiling these effects. Micronuclei (MN) are early biomarkers of 

genomic instability widely used in human populations exposed to genotoxic agents, 

including harmful pollutants. MN assays in non-invasive, locally targeted epithelial tissues, 

such as buccal cells and urothelial cells, are of particular interest for monitoring occupational 

exposure in firefighters, as many cancers originate in epithelial tissues. This study aimed to 

longitudinally evaluate genomic instability (e.g., MN frequency) and other cellular endpoints, 

in buccal and urothelial cells of a group of wildland firefighters, actively involved in real 

mailto:joao.teixeira@insa.min-saude.pt
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wildfire scenarios. Additionally, we sought to assess the contribution of total urinary 

hydroxylated polycyclic aromatic hydrocarbons (ΣOHPAHs) in the studied endpoints.  

A group of 59 wildland firefighters (mean age: 35.5 ± 9.0 years) from five fire stations in 

northern Portugal were followed at two time-points: before wildfire baseline (Phase I), and 

during wildfire season when firefighters engaged in wildland fire-combat activities (Phase 

II). Information on sociodemographic (e.g., age, sex), lifestyle (e.g., smoking), occupational 

(e.g., years of service) and diet were collected via a self-administered questionnaire. Buccal 

mucosa cells and urine samples were collected for the application of the Buccal Mucosa 

Cytome (BMCyt) assay and MN assay in urothelial cells, respectively.  

The risk of MN formation in urothelial cells was more than two times higher during the 

wildfire season compared to baseline levels (FR: 2.13, 95% CI: 1.99–2.27, p=0.01). The 

frequency of binucleated (BN) buccal cells also increased by more than twofold during the 

wildfire season (FR: 2.20, 95% CI: 1.60–2.99, p<0.01). Additionally, although not 

statistically significant, MN‰ in buccal cells increased by 35% during the wildfire season 

(FR: 1.35, 95% CI: 0.76–2.40, p > 0.05). Urinary ΣOHPAHs exhibited a significant positive 

association with MN‰ in urothelial cells, with a 4% increase in MN frequency for each unit 

increase in ΣOHPAHs (FR=1.04, 95% CI: 1.01–1.07, p < 0.05). 

This study provides the first evaluation of MN frequency in different surrogate tissues of 

wildland firefighters involved in wildland fire-combat activities, offering novel insights into 

the mechanistic effects of wildfire exposure on human health. The results highlight the 

potential of MN assay in urothelial cells as a valuable tool for early detection of occupational 

DNA damage, with broader implications for improving firefighter safety and public health 

policies. 

 

Keywords: Micronucleus, chromosomal damage, DNA damage, buccal cells, BMCyt, 

firefighters, wildfire smoke 

 

1. Introduction 

Wildfires are among the most concerning natural disasters due to their potential destructive 

effects on ecosystems, property, and human lives (1). Wildland firefighters provide vital 

services to the community, protecting the environment, heritage and human life (2). During 

their work, wildland firefighters are exposed to various occupational hazards such as heat 

stress, physical and psychological stressors, and inhalation of smoke pollutants (1). Wildfire 

smoke contains several harmful pollutants including polycyclic aromatic hydrocarbons 
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(PAHs), which are known carcinogens (3). PAHs are classified as probable (Group 2A) or 

possible (Group 2B) human carcinogens by the International Agency for Research on 

Cancer (IARC) (4). Through the years, epidemiological studies have reported an increased 

risk of cancer mortality among firefighters (5), however mechanistic studies exploring the 

underlying biological mechanisms remain limited (5). Molecular epidemiology enables the 

evaluation of biological effects associated with environmental and occupational exposures 

(6, 7). Micronuclei (MN) are among the most widely used biomarkers for genomic instability 

(8). MN arise from chromosome fragments or whole chromosomes that failed to be 

incorporated into daughter cells nuclei during mitosis, serving as indicators of genotoxicity 

(9, 10). They reflect structural and numerical chromosomal aberrations and are formed as 

a consequence of exposure to occupational, environmental and lifestyle genotoxins (11, 

12). It is well known that chromosomal damage plays an important role in the aetiology of 

human cancer (13) and other diseases (14). MN in lymphocytes is a well-established and 

validated biomarker for the prediction of cancer in humans (15, 16). However, the traditional 

MN assay in lymphocytes is an invasive method that requires the collection of blood. 

Therefore, the evaluation of genotoxic endpoints in rapidly dividing epithelial cells appears 

as a suitable alternative for the assessment of MN (9). Furthermore, the positive significant 

strong correlation between MN frequency in lymphocytes and MN in exfoliated cells, namely 

buccal cells, can be interpreted as an indication that MN in such local tissues may also 

serve as predictive markers for cancer and a potential alternative to this type of assessment 

(12, 17). The application of MN in these tissues is particularly interesting because up to 

90% of all cancers are of epithelial origin (18). 

Assessing MN in strategic local-exposed tissues to monitor firefighters’ occupational 

exposure is of utmost pertinence. The most important route for exposure to smoke air-

contaminants among wildland firefighters is inhalation (19); the mouth is an organ directly 

involved in the inhalation of pollutants since humans are also mouth-breathers, and 

therefore buccal mucosa is directly exposed to airborne contaminants during wildfire 

combat (20). Thus, buccal mucosa provides a barrier to potential carcinogens (21, 22), 

being a very sensitive and suitable tissue to monitor early genotoxic events as a result of 

carcinogens that enter the body via ingestion and inhalation (23). (24-26). MN in buccal 

cells is an optimal approach to use in wildland firefighters, even more because they are 

exposed to highly toxic atmospheres in the wildfire scene breathing high concentrations of 

pollutants. The Buccal Micronucleus Cytome (BMCyt) assay is a minimally invasive 

cytological and cytogenetic technique for measuring genomic instability (MN and nuclear 

buds), cell death (condensed chromatin, karyorrhexis, pyknotic and karyolitic cells), 

proliferative activity (basal cell frequency) and cytokinetic defects (binucleated cells 
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frequency) (27, 28). The BMCyt assay has been widely applied in human biomonitoring 

studies to assess environmental and occupational exposure to genotoxic agents (29). This 

technique is particularly interesting because buccal cells are collected by a minimally 

invasive procedure.  

In addition to the first-local tissue of exposure to air pollutants (buccal cells), it is important 

to investigate local-excretion tissues, such as the urothelium, which is exposed to 

carcinogenic metabolites of smoke, including hydroxylated PAHs (OHPAHs). Monitoring 

genotoxic effects in urothelial cells, through MN assay in urothelial cells, is promising for 

early detection of cancer, particularly bladder cancer (30), a type of cancer highly prevalent 

among firefighters (5). Despite IARC has classified firefighting as carcinogenic to humans 

(5), very few molecular epidemiological studies have investigated the biological effects, at 

molecular and cellular levels, of firefighting occupational exposure (5), making this gap 

particularly evident among wildland firefighters (5). 

In this line, this work aimed to longitudinally evaluate genomic instability and other cellular 

endpoints, in buccal and urothelial cells, of a group of wildland firefighters at two distinct 

time-points of their activity: before and during the wildfire season, when firefighters are 

actively exposed to fire-combat activities. Additionally, we sought to assess the contribution 

of total urinary PAHs to the observed changes (Phase II/Phase I) in the studied endpoints. 

To the best of the authors’ knowledge, this is the first study integrating MN assay in 

urothelial cells to evaluate firefighters’ occupational exposure and the first investigating the 

association between urinary OHPAHs and MN assay endpoints, in wildland firefighters.  

 

2. Material and Methods 

2.1. Study population 

The study population comprised fifty-nine healthy wildland firefighters from five fire stations 

located in the northern region of Portugal. Participants were required to be actively engaged 

in firefighting activities and have at least one year of experience as firefighters. A pre-post 

study design was used, with participants serving as their controls at two-time-points of their 

activity: Phase I (baseline) – before the wildfire season, when participants were located at 

the fire station and had not recently been involved in firefighting activities; Phase II 

(exposure) – during the wildfire season when firefighters were actively engaged in wildfire 

combat activities. Data collection occurred over two phases, between 2021 and 2023. All 

participants signed an informed consent form, after being fully briefed on the study’s 

objectives, procedures for data collection and biological sample collection, confidentiality of 

data, and their right to withdraw from the study at any time without consequence. In Phase 
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I, participants completed a comprehensive questionnaire that included questions on 

sociodemographic characteristics (e.g., sex, age), lifestyle factors (e.g., smoking), 

occupational details (e.g., years of service) and diet. Biological samples, specifically urine 

and buccal cells, were collected in both phases of the study.  

This study was conducted in accordance with the Declaration of Helsinki and received 

approval from the Ethics Committee of the University of Porto (reference number 

92/CEUP/2020).  

 

2.2. Biological sample collection  

In Phase I, before wildfire season, urine and buccal cells were collected at the fire station, 

during the firefighters’ shift (morning period). In Phase II, during participation in wildland 

fire-combat activities, biological samples were collected at the fire station, when firefighters 

returned from wildfire-combat activities.  

For urine sampling, firefighters were asked to collect a spot urine sample into a 100 mL 

sterile plastic container. The urine samples were transported to the laboratory under 

refrigerated conditions (4°C) for processing for the MN assay in urothelial cells, as well as 

to be stored at -20°C for further analysis of urinary OHPAHs.  

The protocol for buccal cell collection, followed methods described by Thomas et al. (18) 

and Costa et al. (31), with minor modifications. Firefighters were asked to rinse the mouth 

with tap water to remove unwanted debris. A sample from each cheek was collected using 

two separate cytobrush (Deltalab) - one for each cheek - which were gently but firmly rotated 

against the inside of the cheek wall in a circular motion, not touching in mouth or teeth, in a 

circular motion for 30 seconds. Buccal cells were collected into two 15mL Falcon tubes 

labelled LC (left cheek) and RC (right cheek), each containing 10 mL Buffer solution (0.01M 

Tris-HCl, 0.1M EDTA, 0.02M NaCl, pH7). Samples were transported in refrigerated 

conditions (4◦C) to the laboratory processed on the same day for the BMCyt assay.  

 

2.3. Urinary OHPAHs Analysis  

Quantification of urinary OHPAHs, in urine samples collected both in Phase I and II, was 

performed by Barros et al. (32) using solid-phase extraction and high-performance liquid 

chromatography with a fluorescence detector. Total OHPAHs (ΣOHPAHs) comprised the 

sum of the following OHPAHs metabolites: 1-hydroxynaphthalene (1-OHNaph), 1-

hydroxyacenaphthene (1-OHAce), 2-hydroxyfluorene (2-OHFlu), 1-hydroxyphenanthrene 

(1-OHPhen) and 1-hydroxypyrene (1-OHPyr). Concentrations of OHPAHs were normalised 

to creatinine levels (μmol/mol creatinine).  
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2.4.  Buccal Micronucleus Cytome Assay  

2.4.1.  Exfoliated buccal cells fixation  

At the laboratory, exfoliated buccal cells, embedded in Buffer solution, were centrifuged for 

10 min at 501 rcf. Supernatant was carefully removed, the cell pellet was resuspended, and 

cells were centrifuged once again with 10 mL of buccal cell buffer for 10 minutes. This step 

was repeated one more time. After the third wash, the supernatant was discarded, cell pellet 

was resuspended in 5 mL of fixative solution ethanol: glacial acetic acid (3:1, v/v) and stored 

at -20°C to be further processed for the slide preparation for BMCyt assay.  

 

2.4.2.  Slide preparation, staining procedure and scoring 

The protocol for slide preparation, staining, and scoring was adapted from methods 

described elsewhere (18, 31). Buccal cell suspension in fixative solution was centrifuged 

for 10 min at 501 rcf. After discarding the supernatant, the cell pellet of each sample was 

resuspended, and buccal cells were dropped into clear coded pre-cleaned slides. Slides 

were able to dry overnight in a horizontal position. In the next day, fixed slides followed the 

staining process. The air-dried fixed slides were submerged for 1 min each in a Coplin jar 

with 50% (v/v) and then 20% (v/v) ethanol sequentially, and then into a Coplin jar containing 

deionised water for 2 min. Slides were immersed in a Copplin jar containing 5 M HCL, for 

30 minutes, and then rinsed in running tap water for 3 min. Slides were stained with Schiff’s 

reagent (Merck) in the dark, at room temperature, for 90-120 minutes. Slides were rapidly 

dipped in deionised water and counterstained for 20 sec in 0.2% (w/v) with Fast Green 

(Merck). The Feulgen-Fast Green staining method minimizes false-positive results, often 

observed with non-specific DNA stains. This specificity enhances the reliability and 

comparability of the results, making it a valuable tool for accurate assessment of 

chromosomal and nuclear integrity in cytogenetic analyses (28). Slides were immersed 3x 

in absolute ethanol and let to air dry. Slides were covered with coverslips (Manzel-Gläser), 

mounted with Entellan®, and kept in the dark to dry until microscope scoring. Stained coded 

slides were blindly analysed by a single trained operator on a Nikon Eclipse E400 attached 

to an epi-fluorescence illuminator Nikon C-SHG1 power supply for HG 100W, under 400x 

magnification. Cells containing MN or other nuclear abnormalities were confirmed under 

fluorescence microscopy using a G-2A filter. Only cells that were not clumping or 

overlapping were chosen. Scoring was performed according to criteria proposed by Thomas 

et al. (18) and Bolognesi et al. (27) criteria. The frequency of basal cells, binucleated cells 

and cells undergoing death (i.e., condensed chromatin, karyorrhectic cells, karyolitic cells, 

and pycnotic cells) was determined in 1000 cells, whereas the genomic instability (i.e., MN 
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frequency) and gene amplification biomarkers, namely nuclear buds (NBUDs), were scored 

in 2000 differentiated cells (18) per individual.  

 

2.5. Micronucleus assay in urothelial cells  

2.5.1.  Urothelial cells fixation  

Once in the laboratory, urine samples were separated into two 15 mL Falcon tubes and 

centrifuged at 939 rcf for 20 minutes. The obtained cell pellet was washed twice with 10 mL 

of 0.9% NaCl and centrifuged at 782 rcf for 10 minutes. The supernatant was carefully 

removed leaving around 0.5 mL to ensure no cell loss, particularly in urine from males (30). 

The cell pellet was then resuspended with 5 mL of fixative solution (methanol: glacial acid 

acetic, 3:1) and stored at -20°C to be further prepared for MN assay in urothelial cells.  

 

2.5.2.  Slide preparation, staining procedure and scoring 

Urine cells for micronucleus test were treated according to methods reported by previous 

studies (30, 33, 34) with slight modifications. Fixed urine-derived cells were centrifuged at 

782 rcf for 15 min was conducted. After discarding supernatant, the cell pellet of each 

sample was resuspended, and urothelial cells were dropped into pre-cleaned slides; urine 

samples from males typically contain fewer cells, and as a result, require to be concentrated 

in a smaller volume of fixative solution (34). The cell suspension was dropped on pre-

cleaned labelled slides that were left horizontally overnight to dry.  

The staining procedure followed the same steps described for exfoliated buccal cells. 

Scoring criteria were performed as suggested by Thomas et al. (18). Only urothelial cells 

with typical morphology were analysed, excluding squamous cells from female urine 

samples. 

 

2.6. Statistical analysis  

The software Statistical Package for the Social Sciences (SPSS), version 29 for Windows 

was used for the statistical analysis of data collected. Descriptive statistics was performed 

using frequency distribution, central trend and dispersion measures. The results of MN 

cytome experiments were presented as the frequency of a specific anomaly per 1000 cells 

(‰), as suggested in the literature (11). The normality of variables was verified through the 

Kolmogorov-Smirnov Test and the distribution of graphical graphs. The studied endpoints 

did not follow a normal distribution and therefore non-parametric tests were used. The effect 

of potential confounders for MN frequencies i.e. age, sex, smoking, consumption of alcohol 
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(11), and diet (e.g., vegetables, coffee consumption) (20), were studied. Subjects were 

classified as current smokers or non-smokers (i.e., individuals who reported never having 

smoked or having quit smoking at least one year prior). Body mass index (BMI) [weight (kg) 

× height (m)−2] and respective BMI categories (i.e., underweight, normal weight, overweight, 

and obese) were calculated and classified according to the World Health Organization (35). 

Differences between independent variables with two groups were checked through the 

Man-Whitney Test, whereas the Kruskal-Wallis Test (with Bonferroni adjustment) was used 

for variables with more than two groups. Correlations were checked by the Spearman 

correlation T-test. For paired samples, differences were tested using the Wilcoxon test. 

Frequency ratios (FR) (Phase II/Phase I) were calculated for studied endpoints. The 

association of ΣOHPAHs on the variation (⧍) of studied endpoints was investigated using 

linear regression analysis [⧍ = log (levels Phase II) – log (levels Phase I)]. To interpret the 

results by ratio, biological endpoints were log-transformed. The level of statistical 

significance established for α was 5%.  

 

3. Results  

The characteristics of the study group are described in Table 1. The study sample involved 

59 wildland firefighters, aged between 20.0 and 55.0 years (mean 35.5 ± 9.0), with 46 (78%) 

males and 13 (22%) females. Regarding the BMI classification, most firefighters (50.8%) 

were classified as overweight, with a higher prevalence among male firefighters.  

 

Table 1 - General characteristics of the study population (n = 59), stratified by sex.  

Study participant 
characteristics 

Male 
(n=46) 

Female 
(n=13) 

Wildland 
Firefighters 

(n=59) 
    

Individual characteristics    
      

 Age (years) a 35.6 ± 9.3 (20.0–55.0) 35.1 ± 8.0 (21.0–45.0) 35.5 ± 9.00 (20.0–55.0) 
      

 Body Mass Index (BMI) (kg m-2) a 26.7 ± 3.3 (19.4–35.9) 26.0 ± 8.0 (21.2–33.0) 26.5 ± 3.3 (19.4–35.9) 

 
 

Normal weight, n (%) 17 (37.0%) 5 (38.5%) 22 (37.3%) 

 Overweight, n (%)  23 (50.0%) 7 (53.8%) 30 (50.8%) 

 Obesity, n (%) 6 (13.0%) 1 (7.7%) 7 (11.9%) 
      

Lifestyle-related    

 Smoking habits    

  Non-current smoker 19 (41.3%) 8 (61.5%) 27 (45.8%) 

  Current smoker 27 (58.7%) 5 (38.5%) 32 (54.2%) 
     

Occupational-related    

 Years of service a 16.1 ± 9.4 (3.0–34.0) 14.8 ± 6.7 (7.0–28.0) 15.9 ± 8.9 (3.0–34.0) 
      

 Permanent Intervention Teams    

  No, n (%) 21 (45.7%) 11 (91.7%) 32 (55.2%) 

  Yes, n (%) 25 (54.3%) 1 (8.3%) 26 (44.8%) 
     

a Mean ± SD (standard deviation), (median, min-max) 
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Concerning smoking habits, 27 (45.8%) firefighters were non-current smokers, while 32 

(54.2%) were current smokers. In terms of occupational characteristics, the firefighters 

reported a mean of 15.9 ± 8.9 years of service as a firefighter with values ranging from 3.0 

to 34.0 years. Among male firefighters, more than half (54.3%) reported being part of a 

permanent intervention team.  

Regarding the variation on the studied biological endpoints within study phases (Phase II 

/Phase I), buccal BN cells ‰ revealed an FR of 2.20 (95% CI: 1.60–2.99, p < 0.01), 

suggesting that frequencies obtained during the wildfire season were more than double the 

baseline levels, indicating a substantial increase in cytokinetic defects. Similarly, the 

frequency of MN in urothelial cells showed a significant increase with an FR of 2.13 (95% 

CI: 1.99–2.27, p=0.01), reflecting a 72% higher risk of genomic instability during the wildfire 

season compared to baseline levels. Additionally, the frequency of buccal MN increased by 

35% during Phase II with an FR of 1.35 (95% CI: 0.76–2.40, p>0.05), despite not reaching 

statistical significance, indicating a trend toward increased genomic instability during the 

wildfire season.  

 

Figure 1 - Frequency ratios (FR) of biological endpoints showing a significant positive variation 

within study phases (i.e. Buccal BN cells and MN in urothelial cells), along with FR of MN in buccal 

cells.  * and ** indicate the statistical significance of post/pre-exposure ratios, with p-values < 0.05 

and < 0.01, respectively. 
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In addition, we also aimed to investigate the possible contribution of urinary ΣOHPAHs for 

the variation ⧍ observed in the referred effect biomarkers (i.e., BN‰ in buccal cells, MN‰ 

in urothelial cells and MN‰ in buccal cells) (Table 3).  

Urinary ΣOHPAHs showed a significant positive association with ⧍ MN ‰ in urothelial cells 

(FR = 1.04, 95% CI: 1.01–1.07, p < 0.05), indicating a 4% increase in MN frequency per 

each unit increase in ΣOHPAHs. No significant associations were observed between 

ΣOHPAHs and ⧍ BN ‰ in buccal cells (FR = 1.01, 95% CI: 0.99–1.02, p > 0.05) or ⧍ MN 

‰ buccal cells (FR = 1.00, 95% CI: 0.99–1.01, p > 0.05), suggesting that these biomarkers 

may be influenced more by other factors unrelated to systemic PAHs absorption.  

 

Table 3 – Frequency ratio and 95% confidence intervals (CI) for variation (⧍) in effect biomarkers 

from Phase I (baseline) to Phase II (wildfire season). Contribution of urinary ΣOHPAHs levels to the 

observed variation. 

 

 

 

 

 

 

a FR, Frequency Ratio: 95% CI, 95% confidence interval. *Significance level <0.05; **Significance level <0.01. 

In this study, we observed no effect of demographic factors (sex, BMI, age), lifestyle factors 

(smoking habits, alcohol consumption), and diet (consumption of vegetables, fruit, tea or 

coffee), on studied endpoints (Table S1 and S2, respectively – Supplementary material), 

but we observed that wildland firefighters with less than 10 years of service (as a firefighter) 

had significantly lower levels of BN urothelial cells than those with more than 20 years of 

service (mean ± S.E., 1.31 ± 0.79 vs. 4.56 ± 1.33; p < 0.01) (Table S2 – Supplementary 

material). 

 

4. Discussion 

Micronuclei are considered valuable biomarkers for diagnosing and prognosing various 

cancers and other diseases (11). The minimal invasiveness of cell collection, low cost, ease 

of storage, simple slide preparation, and ability to detect genotoxic effects make the MN 

 ⧍ BN ‰  
Buccal cells 

⧍ MN ‰  
Urothelial cells 

⧍ MN ‰  
Buccal cells 

 FRa (95% CI) FRa (95% CI) FRa (95% CI) 
    

Exposure (Phase II)    
    No Ref Ref Ref 
    Yes 2.20 (1.60-2.99) ** 2.13 (1.99-2.27) * 1.35 (0.76-2.40) 
    

Urinary PAHs  
(µmol/mol creatinine) 

   

   ΣOHPAHs 1.01 (0.99-1.02) 1.04 (1.01-1.07) * 1.00 (0.99-1.01) 
    



 
 

                                                                                                                                Chapter IV Original Research                                   
                                                                                                                                                       
                                                                                                                                                     

Filipa C. Esteves                                                          113 

  

assay in epithelial cells, such as buccal mucosa and urothelial cells, particularly well-suited 

for human biomonitoring studies (12). The buccal mucosa is the first site of contact with 

hazardous compounds (31), while urothelial cells reflect the final site of exposure to 

hazardous substances excreted by the body (33).  

In the present study, we observed an increase in MN frequency in both urothelial and buccal 

cells during the wildfire season among wildland firefighters, although statistical significance 

was only reached for MN in urothelial cells. To date, only two human biomonitoring studies 

assessed MN frequency among firefighters (28, 36), one focusing on wildland firefighters 

(20) and the other on structural firefighters (i.e., urban settings) (36). Esteves et al. (28) 

assessed MN frequency, along with other cellular endpoints, in exfoliated buccal cells of a 

group of Portuguese wildland firefighters (n=172) during their regular activities at the fire 

station in the pre-wildfire season. The author found no significant impact of estimated 

inhaled doses of PM10 and PM2.5, measured both in indoor and outdoor fire stations, on 

biological endpoints (28). In the study involving structural firefighters, Ray et al. (2005) 

observed increased MN frequency in buccal cells of Indian municipal firefighters (n=47), 

compared to a matched control group of office workers (n=40) (36). 

In addition to the aforementioned, we observed a significant association between urinary 

ΣOHPAHs and increased MN frequency in urothelial cells among wildland firefighters. To 

our knowledge, this is the first biomonitoring study assessing the association of urinary 

ΣOHPAHs and MN in urothelial cells frequency in firefighters. Indeed, most occupational 

studies on PAHs exposure and MN frequency have been focused on lymphocytes (37-41), 

describing a positive effect of PAHs exposure on MN formation. In a meta-analysis, for 

instance, Wang et al. (37) reported higher MN frequencies in peripheral blood lymphocytes 

from PAHs-exposed groups (e.g., cook ovens, chimney sweeping) compared to their 

respective controls. Similarly, Holmén et al. (39), Cao et al. (40) and Leng et al. (41) 

observed significantly higher MN frequencies in lymphocytes of PAHs-exposed workers 

(e.g., chimney sweeps, barbecue restaurant and coke oven workers). In addition to human 

biomonitoring studies, in vitro research has also established a positive link between PAHs 

exposure to MN formation (42, 43). Zhong et al. (42) detected MN formation in rat lung cells 

exposed to dibenz[a,h]anthracene, and Takam et al. (43) found increased MN frequencies 

in human epithelial lung cells (A549) exposed to PAHs than untreated cells.  

Given these findings, our study highlights the importance of incorporating urinary ΣOHPAHs 

as a biomarker for assessing MN formation in urothelial cells, particularly in occupations 

with high PAH exposure such as firefighting. Occupational exposure to PAHs has been 

strongly linked to an increased risk of cancer, particularly bladder cancer (5). Therefore, 

incorporating the MN assay in urothelial cells, in occupational studies involving firefighters 
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is of utmost interest, particularly because MN frequency in urothelial cells is a potential early 

cancer risk biomarker. Previous studies have shown significantly higher MN frequencies in 

urothelial cells of bladder cancer patients, and a positive correlation between MN 

frequencies and tumour grade, suggesting that MN frequency could serve as both an early 

detection marker and a predictor of cancer progression (44). Our findings support, from a 

mechanistic perspective, the existing evidence on the increased cancer risk markers among 

firefighters, reinforcing the potential of MN frequency as an effective biomarker for 

occupational health monitoring.  

The application of MN assay in epithelial cells, using either urothelial or buccal cells, is of 

particular interest because it allows the assessment of additional biomarkers beyond 

genomic instability (18). The results from our study revealed a significant increase in 

binucleated buccal cells among wildland firefighters during the wildfire season, compared 

to levels observed before the season (baseline). The literature suggests that an elevated 

binucleated cell ratio may indicate a high rate of aneuploidy (abnormal chromosome 

number), which is associated with an increased risk of cancer and neurodegenerative 

diseases (45, 46). Although the biological meaning of cellular anomalies, other than MN, 

assessed by BMCyt, is not yet fully understood, some studies have suggested an 

association between specific cell types or nuclear anomalies and adverse health outcomes 

(46, 47). We also found an association between the frequency of urothelial binucleated cells 

and years of service as a firefighter. Specifically, we observed that wildland firefighters with 

more than 20 years of service had a significantly higher frequency of urothelial binucleated 

cells compared to those with less than 10 years of service. These findings suggest that a 

prolonged career as a wildland firefighter may contribute to increased cellular damage, as 

reflected in the elevated frequency of binucleated urothelial cells in firefighters with longer 

service. Binucleated cells in urine cells are considered a marker of genomic instability, 

resulting from either cytokinesis failure or cytokinesis arrest (48). In a study described herein 

by Ray et al. (36), the authors also found a significant association between an effect 

biomarker (i.e. MN frequency in buccal cells) and years of service as a firefighter. 

Specifically, they observed that firefighters with longer careers (≥ 20 years) had higher MN 

frequency in buccal cells compared to those with shorter careers (< 20 years) (36). These 

results highlight the importance of using effect biomarkers to study the impact of cumulative 

or long-term exposures, such as firefighters’ career length, at the cellular and molecular 

level.  

The results of the present study should be interpreted considering some limitations.  The 

voluntary nature of participant recruitment introduces the possibility of selection bias, while 

self-reported data may be subject to information bias, potentially leading to over- or 
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underestimation. Additionally, MN in epithelial cells, such as buccal and urothelial cells, may 

take up to three weeks to peak due to cell turnover from the basal to surface layers (11, 

18), which could result in an underestimation of the genotoxic effects. 

Despite these limitations, the study offers several strengths. Our study brings novel 

mechanistic information regarding firefighters’ occupational exposure, particularly 

concerning wildland firefighter exposure to real fire events. It employs a pre-post design in 

which individuals serve as their controls, improving the reliability of the results. This is the 

first study investigating the frequency of MN and other cellular endpoints in the urothelial 

cells of firefighters, regardless of the type of firefighter. Moreover, is the first study assessing 

MN frequencies in buccal cells of wildland firefighters at two different time-points of their 

activity (before and during fire season), as well as the first investigating the effect of urinary 

ΣOHPAHs on MN frequency in urothelial cells, specifically on wildland firefighters. 

 

5. Conclusion 

Warmer and drier weather, mostly driven by climate change, have increased the frequency 

and intensity of wildfires across the globe. As a result, wildfires are expected to engage 

more firefighters in the coming years, thereby increasing the number of these professionals 

in firefighting activities, and consequently, their subsequent occupational burden of disease.  

Our study confirms the potentiality of the MN assay in urothelial exfoliated cells to be used 

in the surveillance of occupational groups at higher risk of developing bladder cancer, 

particularly wildland firefighters. The use of MN assay on local-tissue wildland firefighters 

monitoring occupational exposures is highly relevant to understanding biological 

mechanisms that are associated with long-term exposures. This is a useful effect biomarker 

to evaluate genotoxicity and early cancer risk associated with harmful human exposures.  

Decontamination measures to reduce firefighters’ exposure to woodsmoke air contaminants 

should be the overarching aim to implement in this sector. Periodic medical examinations 

of firefighters are essential for the early detection of adverse health effects.  
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Supplementary Material - Paper IV 

 

Table S1 - BMCyt assay endpoints within groups of studied self-reported variables (n=59). 

   
DNA damage Cell Death  

Cytokinetic 

Defects 

Proliferation 

Activity 

   MN‰ NBUD‰ KYL‰ CC ‰ KHC‰ PIC‰ BN‰ Basal ‰ 

   Mean ± 

SE 

Mean ± 

SE 

Mean ± 

SE 

Mean ± 

SE 

Mean ± 

SE 

Mean ± 

SE 
Mean ± SE Mean ± SE 

Individual characteristics:         

 Sex (n)         

  Female (13) 0.31±0.12 0.00±0.00 0.62±0.46 0.15±0.15 0.08±0.08 0.08±0.08 1.15±0.37 12.00±2.71 

  Male (45) 0.42±0.09 0.03±0.02 1.40±0.61 0.00±0.00 0.24±0.11 0.09±0.05 0.82±0.23 14.13±1.88 

 BMI (n)         

    Normal (22) 0.25±0.08 0.00±0.00 1.68±0.98 0.00±0.00 0.09±0.06 0.05±0.04 0.55±0.19 15.45±2.99 

    Pre-obesity (30) 0.46±0.12 0.02±0.02 0.76±0.48 0.07±0.07 0.17±0.09 1.10±0.35 1.10±0.35 13.28±2.10 

    Obesity (7) 0.57±0.23 0.14±0.14 1.71±1.71 0.00±0.00 0.71±0.56 1.14±0.40 1.14±0.40 9.57±2.61 

 Age (n)         

  <32 years (21) 0.28±0.09 0.05±0.05 1.24±0.78 1.24±0.78 0.19±0.09 0.10±0.46 1.52±0.46 10.48±2.00 

  32-44 years (29) 0.36±0.10 0.02±0.02 0.24±0.21 0.07±0.07 0.21±0.14 0.59±0.18 0.59±0.18 14.79±2.42 

  >44 years (8) 0.81±0.27 0.00±0.00 4.75±2.48 0.00±0.00 0.25±0.25 0.38±0.18 0.38±0.18 17.88±4.97 

Lifestyle characterisation:         

 Smoking habits (n)         

  Never-smoker (14) 0.50±0.18 0.04±0.04 2.57±1.46 0.00±0.00 0.00±0.00 0.07±0.07 0.43±0.17 13.29±3.14 

  Current smoker (32) 0.33±0.08 0.00±0.00 1.09±0.58 0.00±0.00 0.34±0.15 0.06±0.04 1.16±0.34 13.47±1.75 

  Ex-smoker (12) 0.46±0.19 0.08±0.08 0.00±0.00 0.17±0.17 0.08±0.08 0.08±0.08 0.75±0.22 14.58±5.06 

 Alcohol daily intake (n)         

  Yes (15) 0.44±0.09 0.01±0.01 1.63±0.64 0.00±0.00 0.14±0.06 0.09±0.06 0.88±0.24 14.44±1.91 

  No (43) 0.27±0.08 0.07±0.07 0.07±0.07 0.13±0.13 0.40±0.27 0.07±0.07 0.93±0.34 11.40±2.66 

Occupational-related:         

 Years of service (as a firefighter)
 
         

      <10 years of service (19) 0.55±0.15 0.08±0.06 0.95±0.69 0.00±0.00 0.16±0.09 0.00±0.00 1.32±0.46 10.00±2.15 

      ≥10 - 20 years of service 

(19) 
0.34±0.13 0.00±0.00 0.79±0.63 0.11±0.10 0.32±0.22 0.11±0.07 0.68±0.30 13.21±2.38 

      >20 years of service (18) 0.33±0.09 0.00±0.00 2.11±1.21 0.00±0.00 0.17±0.12 0.17±0.12 0.67±0.26 18.22±3.63 

 Permanent Intervention Teams (n)         

  No (31) 0.42±0.11 0.00±0.00 2.26±0.86 0.06±0.06 0.29±0.15 0.13±0.08 0.90±0.20 15.84±2.10 

  Yes (26) 0.38±0.10 0.06±0.04 0.04±0.04 0.00±0.00 0.12±0.06 0.05±0.04 0.92±0.38 11.54±2.38 

Diet:         

 Vegetable consumption (n)         

    Never (5) 0.40±0.24 0.00±0.00 0.00±0.00 0.00±0.00 0.00±0.00 0.00±0.00 0.60±0.40 11.40±5.43 

    Daily (29) 0.36±0.10 0.03±0.03 2.17±0.91 0.07±0.07 0.31±0.16 0.07±0.05 0.66±0.14 15.14±2.66 

    Weekly (20) 0.45±0.14 0.02±0.02 0.35±0.30 0.00±0.00 0.15±0.08 0.10±0.10 1.25±0.47 11.60±1.86 

 Fruit intake (n)         

  No (2) 0.50±0.50 0.50±0.00 0.00±0.00 0.00±0.00 0.00±0.00 0.00±0.00 0.00±0.00 0.50±0.50 

  Yes (56) 0.39±0.07 0.03±0.02 1.27±0.49 0.04±0.04 0.21±0.09 0.09±0.05 0.93±0.20 14.13±1.60 

 Tea intake (n)         

  No (34) 0.39±0.10 0.01±0.01 1.29±0.69 0.00±0.00 0.21±0.12 0.09±0.05 1.06±0.32 12.65±1.85 

  Yes (24) 0.39±0.10 0.04±0.04 1.13±0.65 0.08±0.08 0.21±0.10 0.08±0.08 0.67±0.15 15.08±2.79 

 Coffee intake (n)         

    No (5) 0.60±0.29 0.00±0.00 0.20±0.20 0.00±0.00 0.20±0.20 0.00±0.00 1.00±0.45 10.20±3.99 

    Yes (53) 0.38±0.07 0.03±0.02 1.32±0.52 0.04±0.04 0.21±0.09 0.09±0.05 0.89±0.21 13.98±1.69 

Kruskal-Wallis (independent variables with three groups) and Mann-Whitney (independent variables with two 

groups) test; n refers to the number of individuals per group. 
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Table S2 - MN assay endpoints within groups of studied self-reported variables (n=59). 

  
DNA damage Cell Death  

Cytokinetic 

Defects 

Proliferation 

Activity 

  MN‰ NBUD‰ KYL‰ CC ‰ KHC‰ PIC‰ BN‰ Basal ‰ 

  Mean ± 

SE 

Mean ± 

SE 

Mean ± 

SE 

Mean ± 

SE 

Mean ± 

SE 

Mean ± 

SE 
Mean ± SE Mean ± SE 

Individual 

characteristics: 
  

      

Sex (n)         

 Female (11) 0.27±0.10  0.04±0.04  0.00±0.00  0.00±0.00  0.18±0.18  0.00±0.00  1.45±0.47  18.27±6.50  

 Male (39) 0.29±0.12  0.04±0.03  0.18±0.08  0.00±0.00  0.18±0.10  0.03±0.03  2.72±0.68  14.00±2.25  

BMI (n)         

   Normal (20) 0.12±0.05  0.00±0.00  0.10±0.10  0.00±0.00  0.00±0.00  2.20±0.76  2.20±0.76  11.65±1.64  

   Pre-obesity (26) 0.44±0.17  0.08±0.04  0.19±0.10  0.00±0.00  0.35±0.16  2.92±0.87  2.92±0.87  14.58±3.24  

   Obesity (4) 0.13±0.13  0.00±0.00  0.00±0.00  0.00±0.00  0.00±0.00  0.50±0.28  0.50±0.29  33.75±15.34  

Age (n)         

 <32 years (20) 0.17±0.07  0.00±0.00  0.10±0.07  0.00±0.00  0.20±0.16  1.35±0.64  1.35±0.64  18.60±4.93  

 32-44 years (22) 0.27±0.16  0.07±0.05  0.23±0.13  0.00±0.00  0.14±0.10  2.09±0.54  2.09±0.54  13.50±2.18  

 >44 years (8) 0.62±0.35  0.06±0.06  0.00±0.00  0.00±0.00  0.25±0.25  6.12±2.35  6.12±2.35  9.75±2.48  

Lifestyle 

characterisation: 
        

Smoking habits (n)         

 Never-smoker (13) 0.35±0.23  0.04±0.04  0.08±0.08  0.00±0.00  0.15±0.15  0.00±0.00  1.77±0.75  9.61±1.74  

 Current smoker (26) 0.25±0.14  0.04±0.04  0.15±0.09  0.00±0.00  0.27±0.14  0.04±0.04  3.19±0.95  13.96±3.07  

 Ex-smoker (11) 0.32±0.10  0.05±0.05  0.18±0.18  0.00±0.00  0.00±0.00  0.00±0.00  1.45±0.47  23.54±6.39  

Alcohol daily intake (n)         

 No (36) 0.28±0.10  0.03±0.03  0.11±0.07  0.00±0.00  0.17±0.10  0.00±0.00  2.67±0.71  12.36±2.12  

 Yes (14) 0.32±0.22  0.07±0.05  0.21±0.15  0.00±0.00  0.21±0.15  0.07±0.07  1.86±0.68  21.57±5.64  

Occupational-related:         

Years of service 

(as a firefighter
 
(n) 

        

 <10 years (16) 0.19±0.08  0.00±0.00  0.06±0.06  0.00±0.00  0.25±0.19  0.00±0.00  1.31±0.79  16.75±4.55  

 ≥10 - 20 years (17) 0.12±0.05  0.03±0.03  0.12±0.08  0.00±0.00  0.12±0.12  0.06±0.06  1.53±0.42  12.47±2.78  

  > 20 years (16) 0.59±0.27  0.09±0.07  0.25±0.17  0.00±0.00  0.19±0.14  0.00±0.00  4.56±1.33* 11.75±1.82  

Permanent Intervention 

Teams (n) 

        

 No (28) 0.30±0.13 0.02±0.02 0.11±0.06 0.00±0.00  0.09±0.09 0.04±0.04 2.68±0.81 13.53±3.01 

 Yes (22) 0.27±0.14 0.02±0.02 0.18±0.12 0.00±0.00  0.09±0.09 2.14±0.71 2.14±0.71 16.73±3.39 

Diet:         

Vegetable consumption 

(n) 
       

 

 Never (4) 0.00±0.00  0.00±0.00 0.00±0.00  0.00±0.00  0.25±0.25 0.00±0.00  1.50±0.87  10.75±1.70  

 Daily (25) 0.26±0.06  0.02±0.02  0.20±0.12  0.00±0.00  0.08±0.08  0.00±0.00  3.00±0.92  17.72±3.31  

 Weekly (17) 0.06±0.04  0.00±0.00  0.12±0.08  0.00±0.00 0.18±0.18  0.06±0.06  0.94±0.28  12.82±4.29  

Fruit intake (n)         

 No (3) 0.00±0.00  0.00±0.00 0.33±0.33  0.00±0.00  0.00±0.00  0.00±0.00  1.00±0.58  8.33±1.85  

 Yes (47) 0.31±0.10  0.04±0.02  0.13±0.06  0.00±0.00  0.19±0.09  0.02±0.02  2.53±0.58  15.36±2.37  

Tea intake (n)         

 No (30) 0.37±0.15  0.05±0.04  0.03±0.03  0.00±0.00  1.93±0.55  0.00±0.00  1.93±0.55  12.37±1.64  

 Yes (20) 0.17±0.05  0.02±0.02  0.30±0.15  0.00±0.00  3.20±1.08  0.05±0.05  3.20±1.08  18.80±4.99  

Coffee intake (n)         

 No (6) 0.17±0.10  0.00±0.00  0.17±0.17  0.00±0.00  0.50±0.50  0.00±0.0  0.50±0.34  28.00±12.18  

 Yes (44) 0.31±0.11  0.04±0.03  0.14±0.07  0.00±0.00  0.14±0.07  0.02±0.02  2.70±0.61  13.16±1.88  

 

Kruskal-Wallis (independent variables with three groups) and Mann-Whitney (independent variables with two 

groups) test; Multiple comparisons were performed according to Bonferroni adjustment; bold values represent 

statistically significant differences within groups (p<0.05); n refers to the number of individuals per each group. 
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A. SUMMARY OF MAIN FINDINGS 

This discussion section synthesises the main findings presented in Chapter IV, which 

include data resulting from the baseline characterisation of firefighters’ occupational 

exposure at fire stations (Chapter IV, Section A.1.), as well as from the evaluation of pre- 

vs post-exposure changes in biological mechanisms triggered by wildland firefighting 

(Chapter IV, Section B.1., B.2. And B.3.). Together, these insights contribute to a broad 

understanding of the occupational health risks faced by wildland firefighters and therefore, 

to the creation of a list of recommendations to safeguard the health and safety of these 

professionals. 

 

A. Characterisation of firefighters’ occupational exposure at fire stations, 

before the wildfire season (baseline)  

Before the wildfire season, firefighters perform a range preparatory activities at the fire 

station, such as maintenance of equipment and vehicles to ensure preparedness for the 

wildfire season (1). During these activities, firefighters may be exposed to harmful 

pollutants, including PM2.5 and PM10 (1, 2). Considering the time that these professionals 

spend at the fire station during the off-season, the inhaled doses of PM10 and PM2.5 among 

firefighters were estimated, along with their association with effect endpoints measured 

through the BMCyt assay. In this preliminary characterisation, it was observed that indoor 

PM10 and PM2.5 concentrations in fire stations were below the levels set in Portuguese 

Law No.138-G/2021 (PM10=50 µgm-3 and PM2.5=25 µgm-3) for indoor air quality in public 

buildings (3). The outdoor PM10 and PM2.5 levels were in accordance with the 

recommendations proposed by WHO (45 and 15 µgm-3, correspondingly) (4). No 

association between inhaled PM doses and MN frequency in buccal cells was found. In this 

first study, the influence of self-reported variables on biological endpoints was also explored. 

The elevated cell death endpoints (e.g., karyolitic cells) among full-time firefighters in 

Permanent Intervention Teams highlighted the potential cumulative impact of their regular 

exposure to various occupational stressors. While no association was found between MN 

frequency and age, gender or smoking, significant differences were observed in other 

cellular endpoints and some self-reported variables. For instance, pre-obese firefighters had 

increased cell death markers, aligning with previous findings that link higher BMI to 

cytogenetic damage (5, 6). Dietary factors also emerged as important key factors to cellular 

maintenance: regular vegetable consumption was associated with reduced cell death 



 
 

                                                                                                                              Chapter V. General Discussion                                   
                                                                                                                                                                                                                                                                                                                                                                                                                                                                        

Filipa C. Esteves                                                          126 

  

endpoints. These findings underscore the importance of a healthy lifestyle, to reduce the 

burden of genotoxic risks among firefighters. Results obtained in this study allowed for the 

characterisation of wildland firefighters’ occupational exposure at fire stations, before the 

wildfire season, as a respective baseline. 

 

B. Investigating the exposure-induced biological mechanisms associated 

with wildland firefighting occupational exposure  

→ Inflammatory Response  

The inhalation of wildfire smoke has been previously linked to an inflammatory response 

(7), which is a key mechanism associated with the increased risk of several diseases such 

as cardiovascular (8, 9), respiratory (10), and cancer (10-14). Thus, the second objective of 

Bio4FOX was to explore the influence of firefighting occupational exposure on the acute 

inflammatory response through the assessment of pro-inflammatory cytokines. A significant 

increase in both serum IL-6 and serum IL-8 levels was observed following wildfire combat, 

whereas no significant differences were found for TNF-α (pre- vs post-exposure). A positive 

association was found between the exposure duration (hours) and IL-8 levels. A significant 

association between urinary 2-OHFlu levels and increased IL-8 levels was also found, 

suggesting IL-8 could serve as a potential biomarker for monitoring firefighting occupational 

exposure. Additionally, hs-CRP - a clinical biomarker – was used to investigate the levels 

of acute inflammatory responses particularly related to cardiovascular risk, strongly 

associated with this occupation (16). The mean plasma hs-CRP levels were above 3.0 mg/L 

in both study phases, indicating a high risk for cardiovascular disease (17-19). To the best 

of our knowledge, this was the first study assessing hs-CRP among wildland firefighters 

enrolled in fire combat in real wildfire scenarios. Our findings support the association 

between firefighting and increased cardiovascular risk, consistent with epidemiological 

studies that report a high incidence of cardiovascular events/diseases (e.g., heart stroke, 

arrythmias) among firefighters (16). 

 

→ DNA Damage  

In the third manuscript, the impact of wildland firefighting on genotoxicity biomarkers was 

investigated, specifically assessing primary DNA damage, oxidative DNA damage, and 

γH2AX. The evaluation of these biomarkers was particularly relevant given that no previous 

longitudinal studies have assessed primary DNA damage, oxidative DNA damage or γH2AX 
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among wildland firefighters exposed to real wildfire events. Our findings revealed a 

significant increase in both primary and oxidative DNA damage following fire combat 

activities, consistent with the results of previous cross-sectional studies (20, 21). However, 

no significant differences were observed in yH2Ax levels (pre- vs post-exposure). The 

contribution of urinary PAHs and urinary metal(loid)s to the observed changes (post- vs 

baseline levels) in primary and oxidative DNA damage was also investigated. A significant 

contribution of urinary 2-OHFlu, a PAH metabolite, to oxidative DNA damage was observed, 

a finding that aligns with a cross-sectional study conducted by Oliveira et al. (22). 

Additionally, a positive correlation was found between urinary 2-OHFlu and γH2AX. Results 

obtained in this third study also showed that post-exposure levels of urinary Cs significantly 

correlated with increased levels of primary and oxidative DNA damage. Although the data 

on Cs toxicity in humans is limited, in vivo studies have shown that Cs could induce 

genotoxicity (23), damaging effects on skeletal and cardiac striated muscle tissues (24). 

Findings obtained suggest that exposure to metals present in wildfire smoke pollutants 

could also be linked to an increased risk of adverse cardiovascular outcomes. So far, this 

was the first study investigating the impact of wildfire smoke-derived metals on blood 

genotoxicity or oxidative biomarkers. Finally, we observed a correlation between the 

duration of wildfire combat activities and primary DNA damage.  Additionally, firefighters 

reporting breathing difficulties during firefighting activities exhibited higher primary DNA 

damage levels compared to those who did not report such issues, suggesting that 

respiratory strain during firefighting may negatively impact genotoxic outcomes. Thus, 

results from this third study suggest that both primary DNA and oxidative DNA damage may 

serve as potential biomarkers for monitoring wildland firefighters’ occupational exposure. 

 

→ Cytogenetic alterations 

Occupational exposure as a firefighter is classified as carcinogenic, though the underlying 

mechanisms remain poorly understood, particularly in wildland firefighters. MN is 

considered one of the most valuable biomarkers for assessing chromosomal damage, being 

considered a potential early cancer risk biomarker (25-27). Their assessment of minimally 

invasive biological matrices is particularly useful for human biomonitoring studies. Thus, the 

MN frequency in local-exposed tissues was studied, specifically in buccal cells (due to their 

direct exposure to pollutants) and urothelial cells (as the final site of exposure where 

important smoke pollutant metabolites are excreted). Results obtained showed an increase 

in MN frequency in both buccal and urothelial cells during the wildfire season, although a 

significant increase was only found in urothelial cells. In addition, we observed a significant 

positive contribution of total urinary OHPAH for MN frequency in urothelial cells. To our 
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knowledge, this was the first time that the frequency of MN in urothelial cells has been used 

to monitor the occupational exposure of wildland firefighters. These findings suggest that 

MN frequency in urothelial cells may serve as a useful biomarker for monitoring genetic 

effects associated with wildland firefighting exposure. The findings obtained in this study, 

are of great importance, as MN formation in urothelial cells has been linked to an increased 

risk of bladder cancer in exposed populations (28), and, in turn, firefighters have been 

shown to have an elevated risk of developing bladder cancer (11). Thus, results obtained 

demonstrate that MN in urothelial cells could serve as an effective tool for monitoring the 

health of wildland firefighters, especially considering the non-invasive nature of the sampling 

procedure. Moreover, the application of MN assays in epithelial cells allows for the 

evaluation of other cellular abnormalities (29); in this study, it was observed an increase in 

BN cells in buccal cells following firefighting exposure, as well as an elevated BN frequency 

in urothelial cells among firefighters with more years of service, compared with those with 

fewer years. BN cells have been associated with an increased risk of cancer and 

neurodegenerative diseases (30, 31). Therefore, analysing additional endpoints, beyond 

MN frequency, could provide further insights into the biological mechanisms underlying 

firefighters’ occupational exposure and its health implications. 

 

 B. INTEGRATED DISCUSSION  

This PhD study contributes with original data on the biological mechanisms associated with 

wildland firefighters’ occupational exposure. It characterises firefighters’ exposure both 

during the Pre-fire season, at fire stations, and following exposure to real wildfire events, 

assessing a range of biomarkers related to inflammation, genotoxicity/oxidative stress, and 

genetic/chromosomal instability. Additionally, the study investigates the impact of harmful 

occupational pollutants on these effect biomarkers.   

Before the wildfire season, outdoor and indoor PM10 and PM2.5 concentrations in fire 

stations were below the respective regulatory thresholds, with no significant correlation 

observed between inhaled doses to PM10 and PM2.5 and BMCyt assay endpoints. 

However, the long-term, cumulative exposure to these pollutants, even at lower 

concentrations, should not be neglected, as it may contribute to potential adverse health 

effects, particularly given the extended periods firefighters spend in these work 

environments (11). Therefore, it is important to have a set of measures to guarantee a 

healthy building environment, such as efficient ventilation systems and decontamination 

procedures (PPE, equipment/vehicles) to avoid cross-contamination within spaces. Regular 
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air quality monitoring is also crucial to guarantee safe exposure levels and protect 

firefighters’ health.  

During Phase II, the biological impact of firefighting occupational exposure to real scenarios 

of wildfire-combat activities was investigated. The significantly higher levels of serum IL-6 

and IL-8 after wildfire combat activities indicate an acute biological response potentially 

driven by occupational stressors, including exposure to wildfire smoke pollutants (32). 

These findings are consistent with previous studies that also observed increased levels of 

serum IL-6 and IL-8 pro-inflammatory cytokines after exposure to wildland firefighting 

activities (11, 33, 34). Additionally, the consistently elevated plasma hs-CRP levels in both 

study phases support the potential heightened cardiovascular risk among firefighters (11), 

suggesting its potential as a clinical biomarker for monitoring cardiovascular risk in this 

occupational group.   

Primary DNA damage and oxidative DNA damage were significantly associated with 

firefighting occupational exposure, consolidating our hypothesis regarding the adverse 

biological impact of firefighting on DNA. Firefighters face multiple risk factors during their 

activities that may contribute to DNA damage, such as exposure to harmful pollutants (many 

of which are carcinogenic), high levels of physical and mental stress, and elevated 

temperatures (11). The increased levels of oxidative DNA damage might be associated with 

DNA lesions caused by oxidative stress due to the imbalance between the body's 

antioxidant defence systems and ROS production, including free radicals, associated with 

smoke pollutants, and physical exertion related to the nature of this occupation.  

Cytogenetic alterations in tissues associated with primary exposure routes to pollutants 

were evaluated via MN assay. MN assay is an early-cancer risk biomarker, so, the 

evaluation in non-invasive matrices can be of paramount importance by either contributing 

to the research of the biological mechanisms underlining cancer in this occupation or 

exploring the applicability of new tools for clinical surveillance of wildland firefighters. The 

significantly higher frequency of MN observed in urothelial cells during the wildfire season 

provides strong evidence of genetic damage, emphasising the potential increased risk of 

cancer associated with firefighting (11). An increase in MN frequency in buccal cells was 

observed, although it did not reach statistical significance. This may be explained by the 

use of PPE, such as cotton bandanas, which can partially mitigate exposure. MN formation 

in urothelial cells likely reflects cumulative systemic exposure via multiple pathways, 

including nasal and oral inhalation, accidental ingestion, and dermal absorption of 

carcinogenic and genotoxic substances. These findings may suggest the critical importance 

of effective PPE and the need for strategies to address the diverse exposure routes and 

associated risks encountered by wildland firefighters. 
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Regarding the association between studied endpoints and urinary OHPAH, our results show 

that urinary 2-OHFlu levels were significantly associated with oxidative DNA damage levels 

measured in blood. The positive correlation between urinary 2-OHFlu levels and γH2AX 

further supports the link between PAHs-exposure and DNA damage, in this case, double-

strand breaks. This type of DNA damage, when not properly repaired, has been linked with 

genomic instability and carcinogenesis processes (35). In addition, urinary 2-OHFlu was 

also associated with increased serum IL-8 levels, which is also known to be triggered by 

oxidative stress and exposure to wildfire pollutants (11). It also suggests that exposure to 

some PAHs, such as fluorene, may play a significant role in driving inflammation and 

oxidative stress which is consistent with previous findings (21).  

The association between wildfire smoke-released PAHs and effect biomarkers was also 

further confirmed by the significant positive association of MN frequency in urothelial cells 

with urinary total OHPAHs. The implications of this result are far-reaching, emphasising the 

contribution of PAHs to adverse health effects, and reinforcing its potential role in 

carcinogenic compounds (11, 36). Urothelial cells, as part of the urinary system, are in 

contact with PAH metabolites since they are concentrated in urine before excretion. As a 

result, these metabolites can induce MN formation in these cells; this finding supports the 

evaluation of IARC, regarding the carcinogenicity of firefighting occupational exposure 

based on evidence for bladder cancer in firefighters (11). Thus, monitoring MN in urothelial 

cells may serve as an important and sensitive tool to assess and track firefighters' 

occupational exposure to hazardous pollutants. Additionally, the potential biological effects 

of occupational exposure to other wildfire smoke pollutants, such as metals, should be 

further explored, as findings obtained in Bio4FOX study, suggest cesium may contribute to 

DNA damage. 

The longer a firefighter is exposed to hazardous conditions, the greater the burden of 

adverse health effects such as inflammation and DNA damage, increasing the risk for long-

term consequences (11). Among existing occupations, this is an evident challenge in 

wildland firefighters, where the professionals may spend several hours, even consecutive 

days or weeks, in the wildfire scene (15). To minimise cumulative exposure and its adverse 

effects, it is crucial to adequate work-shift patterns to ensure firefighters have sufficient time 

for rest and recovery between periods of intensive exposure.  

In Bio4FOX study, it was possible to observe that, before wildfire season, members from 

Permanent Intervention Teams (full-time, contracted firefighters) exhibited higher cellular 

damage, as well as higher serum IL-8 levels. The full-time nature of their work, characterised 

by potential continuous firefighters’ occupational exposures to harmful contaminants, high 

commitment and stressful nature of their work may justify the elevated biological impact, 
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compared with other colleagues, and volunteers. These findings reinforce the need for 

monitoring and targeted health interventions for full-time firefighters. Implementing 

strategies to minimize occupational risks, including regular health check-ups, protective 

measures, and adjustments to work shifts, is essential.  

It is important to recognise that firefighter health is influenced not only by occupational 

exposure but also by lifestyle factors that can either exacerbate or mitigate the biological 

effects induced by their work environment. Therefore, the adoption of a healthy lifestyle is 

critical for safeguarding firefighters' health. Some of the findings addressed in Bio4FOX 

confirmed that a diet rich in vegetables could have potential benefits for cellular health. 

Given the elevated risk of oxidative stress associated with this occupation, a diet enriched 

with antioxidants may provide additional protective effects. Conversely, it was observed that 

a higher BMI was associated with increased cellular damage (condensed chromatin), 

suggesting that overweight or obesity may exacerbate the biological impacts of firefighting. 

These results underline the importance of maintaining a healthy lifestyle in the maintenance 

of firefighters' overall health and well-being. Adopting these strategies not only contributes 

to the mitigation of adverse effects but also improves the wildland firefighters' physical 

preparation required for the highly demanding nature of their work. 

Overall, the data produced within this PhD study provide new insights into how wildland 

firefighters' occupational exposures trigger a cascade of biological processes that may 

contribute to adverse health outcomes. Some of the potential underlying biological 

mechanisms were identified. The increased inflammatory response and elevated DNA 

damage levels act as early indicators of potential health risks, while the elevated frequency 

of micronuclei in urothelial cells further highlights the potential carcinogenic risk of exposure 

to pollutants during wildland firefighting. The cumulative effect of these exposures over time, 

coupled with individual risk factors such as obesity and poor diet, may contribute to the 

development of chronic diseases including cancer. The findings of this study emphasise the 

need for targeted interventions to mitigate the health risks associated with wildland 

firefighting. Surveillance health programmes comprising a panel of biomarkers, including 

the ones identified by the present study, might be of utmost relevance for assessing 

firefighters' health and enabling the early detection of potential adverse health risks. 

Moreover, public health interventions should prioritise the mitigation of exposure through 

the implementation of measures/policies in the sector.  

The Bio4FOX study has strengths and limitations, some of which have already been 

discussed previously in Chapter IV. However, some of the main points are summarised 

below.  
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Strengths 

The research presented in this thesis provides novel and original insights into the 

assessment of wildland firefighters' occupational exposure, offering mechanistic data that 

bridges a critical scientific gap in understanding the adverse health effects among wildland 

firefighters. Contrary to most studies, this work considered exposure to real wildfire events 

contributing to more realistic data. Furthermore, this thesis provides a range of biological 

data, including inflammation, genotoxicity, and genetic instability in wildland firefighters, 

which adds to a broad understanding of the health risks faced by this group. The 

identification of specific harmful pollutants, such as PAHs, associated with DNA damage 

biomarkers, offers important insights into the pollutants linked to the observed health risks. 

By accounting for lifestyle, occupational, environmental, and health-related factors, this 

study ensured a more robust and accurate evaluation of the impact of firefighting exposure 

on biomarker levels. Importantly, the pre- and post-exposure study design, where 

participants served as their own controls, also strengthens the study’s robustness by 

providing temporal insights into the relationship between exposure and outcome. In sum, 

the results of this thesis allowed for the formulation of a comprehensive list of 

recommendations, including the need for regular monitoring and preventive measures to 

reduce exposure to harmful pollutants, which is of great relevance to improving firefighter 

health and safety.  

 

Limitations 

Some of the limitations include self-reported information (e.g., health history, symptoms, 

lifestyle factors) collected through questionnaires, which may be subject to recall bias. The 

time window between exposure and biological sampling may have contributed to an 

underestimation of exposure levels. Additionally, the results for effect biomarkers may have 

been underestimated due to the challenges in capturing the peak effect for each biomarker, 

given the dynamic nature of biomarker responses. In future studies, a more frequent or 

repeated sampling strategy may provide more precise data on biomarker fluctuations during 

peak exposure periods. The unpredictable nature of wildfires and the transient nature of 

volunteer firefighters limited the ability to track a larger number of firefighters in the wildfire 

season. Firefighters may be exposed to various other risk factors, making it difficult to 

attribute observed biomarker changes solely to firefighting exposure. These factors should 

be considered when interpreting the findings. Despite these limitations, this thesis provides 

valuable insights into the health risks faced by wildland firefighters, which could inform future 

research and health interventions aimed at protecting their well-being. 
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C. LIST OF RECOMMENDATIONS  

Benjamin Franklin, the founder of the first volunteer fire brigade in the USA, once stated “An 

ounce of prevention is worth a pounce of cure” (37). This principle resonates universally, 

highlighting the critical importance of protecting firefighters from occupational health risks. 

It also emphasises that reducing these risks is a shared responsibility that involves multiple 

parties, parts or stakeholders. 

Based on our findings, a set of guidelines listed below was developed to provide practical 

recommendations for mitigating the identified risks. These guidelines published in Esteves 

et al. (15), are intended for firefighters, fire chiefs, and supervisors, as well as, for health 

and safety professionals, policymakers, regulatory authorities, and researchers, ensuring a 

comprehensive approach to improving occupational safety and health of wildland 

firefighters. This approach aims to enhance accessibility and ensure clear understanding 

among local stakeholders and practitioners in the field of firefighter health and safety. 

 

List of Recommendations to the Sector 

• Fire stations should have a set of standard guidelines that incorporate safe practices 

and policies to protect firefighters’ safety and health. All staff should be trained in 

implementing such procedures and most importantly, guarantee that firefighters are 

aware of the occupational risks that they face and the importance of adopting 

preventive measures to reduce or eliminate occupational risks.  

• Firefighters must know how to correctly use PPE. Equally important is guaranteeing 

proper maintenance through regular cleaning and inspection of PPE, repairing or 

replacing it when necessary. 

• During fire suppression activities in the field, firefighters should avoid eating, drinking, 

or smoking with contaminated hands. When necessary, they must do so in a suitable 

environment with washed hands (e.g., water and soap or cleansing wipes) so that 

contaminants do not enter via ingestion. 

• Decontamination procedures after exposure to fire pollutants are extremely important, 

including decontamination of firefighting personnel as well as of the contaminated 

PPE/equipment/vehicles. 

• The decontamination of PPE and equipment should be cleaned in loco whenever 

possible; if not, contaminated PPE should be stored in proper containers/bags and 

transported separately from firefighters i.e., outside the vehicle cab.  
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• Firefighters should change to clean and dry clothes before returning to the fire station 

to reduce skin exposure to contaminants, or else take off the undergarment as soon 

as possible on return to the fire station.  

• After fire suppression activities, it is crucial to wash exposed skin areas (e.g., hands, 

neck, face) with soap and water. When this is not feasible, firefighters may use 

cleansing wipes on exposed skin parts (e.g., neck and hands) to reduce the number 

of contaminants (e.g., PAHs). 

• It is important to be aware that some particles and other contaminants might remain 

on the skin, and as long a contaminant is present on the skin more time is available 

to be absorbed. As such, showering with soap and shampoo should occur as soon as 

possible when returning to the fire station.  

• Personal decontamination should be a priority when returning to the fire station from 

a fire, thus having available showers in the facilities is crucial.  

• Contaminated PPE/clothing must be cleaned/laundered after every fire event, if 

possible, in a specifically designated area “contaminated zone” of the fire station to 

prevent cross-contamination. During these procedures, it is important to protect areas 

of exposed skin (e.g., gloves) and airways (e.g., face mask).  

• PPE, work tools and vehicles should also be cleaned and decontaminated regularly. 

• Construction of fire stations must be designed considering a specific layout (based on 

the circuit of “contaminated” and “clean” areas) and proper engineering measures to 

guarantee a clean airflow within spaces.  

• The implementation of efficient ventilation systems must be a concern, particularly in 

the areas of the fire station where contaminated material is handled.  

• The air quality of fire stations should be regularly monitored to guarantee safe 

exposure levels to air pollutants. Preventing contamination will keep firefighters and 

other fire station personnel protected from smoke-related contaminants.  

• The development and implementation of well-designed fitness programmes that 

encourage physical activity and a balanced diet (e.g., water, fruits, vegetables, whole 

grains, and low-fat foods) are critical for the promotion of health and well-being among 

these individuals. 

• Regular health screening should be provided to firefighters to early detect any adverse 

health events. Understanding the impacts of wildland fires on firefighters’ health can 

help to design mitigation strategies and efficient policies to protect their health.  



 
 

                                                                                                                              Chapter V. General Discussion                                   
                                                                                                                                                                                                                                                                                                                                                                                                                                                                        

Filipa C. Esteves                                                          135 

  

D. REFERENCES 

1. Bott RC, Kirk KM, Logan MB, Reid DA. Diesel particulate matter and polycyclic 

aromatic hydrocarbons in fire stations. Environmental Science: Processes & Impacts. 

2017;19(10):1320-6. 

2. Esteves F, Madureira J, Teixeira JP, Costa S. The Role of Biomarkers in the 

Assessment of Potential Health Risks of Wildland Firefighters’ Occupational Exposure: An 

Overview. In: Marta Madalena Marques de Oliveira SBM, Francisca Pinto Lisboa Martins 

Rodrigues, editor. “Essential Guide to Occupational Exposure”. Safety and Risk in Society. 

New York, United States: Nova Science Publishers, Inc.; 2022. 

3. Portaria n.º 138-G/2021, 138-G/2021 (2021). 

4. World Health Organization. WHO global air quality guidelines: particulate matter 

(PM2. 5 and PM10), ozone, nitrogen dioxide, sulfur dioxide and carbon monoxide: executive 

summary. 2021. 

5. Idolo A, Grassi T, Bagordo F, Panico A, De Giorgi M, Serio F, et al. Micronuclei in 

exfoliated buccal cells of children living in a cluster area of Salento (Southern Italy) with a 

high incidence of lung cancer: the IMP. AIR study. International journal of environmental 

research and public health. 2018;15(8):1659. 

6. Ernst B, Setayesh T, Nersesyan A, Kundi M, Fenech M, Bolognesi C, et al. 

Investigations concerning the impact of consumption of hot beverages on acute cytotoxic 

and genotoxic effects in oral mucosa cells. Scientific Reports. 2021;11(1):1-10. 

7. Gianniou N, Giannakopoulou C, Dima E, Kardara M, Katsaounou P, Tsakatikas A, 

et al. Acute effects of smoke exposure on airway and systemic inflammation in forest 

firefighters. Journal of asthma and allergy. 2018;11:81. 

8. Guarner V, Rubio-Ruiz ME. Low-grade systemic inflammation connects aging, 

metabolic syndrome and cardiovascular disease. Aging and health-a systems biology 

perspective. 2015;40:99-106. 

9. Kim S, Lee H, Shin D, Ku B, Oh J, Cho B, et al. Cardiovascular risk in fire academy 

instructors during live-fire simulation activity. Annals of Burns and Fire Disasters. 

2018;31(4):313. 

10. Orysiak J, Młynarczyk M, Piec R, Jakubiak A. Lifestyle and environmental factors 

may induce airway and systemic inflammation in firefighters. Environmental Science and 

Pollution Research. 2022;29(49):73741-68. 



 
 

                                                                                                                              Chapter V. General Discussion                                   
                                                                                                                                                                                                                                                                                                                                                                                                                                                                        

Filipa C. Esteves                                                          136 

  

11. International Agency for Research on Cancer (IARC). Occupational Exposure as a 

Firefighter. 2023. 1-730 p. 

12. Chen L, Deng H, Cui H, Fang J, Zuo Z, Deng J, et al. Inflammatory responses and 

inflammation-associated diseases in organs. Oncotarget. 2018;9(6):7204. 

13. Singh A, Liu C, Putman B, Zeig-Owens R, Hall CB, Schwartz T, et al. Predictors of 

asthma/COPD overlap in FDNY firefighters with World Trade Center dust exposure: a 

longitudinal study. Chest. 2018;154(6):1301-10. 

14. Greten FR, Grivennikov SI. Inflammation and cancer: triggers, mechanisms, and 

consequences. Immunity. 2019;51(1):27-41. 

15. Esteves F, Madureira J, Teixeira JP, Costa S. Wildland Firefighters: A Crucial 

Weapon for Forest Fire Management. Which Health Risks Do They Face?  Fire Hazards: 

Socio-economic and Regional Issues: Springer International Publishing Cham; 2024. p. 

107-21. 

16. Fahy RF. US firefighter fatalities due to sudden cardiac death, 1995-2004: National 

Fire Protection Association Quincy, MA; 2005. 

17. Li Y, Zhong X, Cheng G, Zhao C, Zhang L, Hong Y, et al. Hs-CRP and all-cause, 

cardiovascular, and cancer mortality risk: a meta-analysis. Atherosclerosis. 2017;259:75-

82. 

18. Ridker PM. C-reactive protein: a simple test to help predict risk of heart attack and 

stroke. Circulation. 2003;108(12):e81-e5. 

19. Cushman M, Ballantyne CM, Cooper GR, Pfeiffer C, Grundy SM, Labarthe DR, et 

al. National Academy of Clinical Biochemistry Laboratory Medicine Practice guidelines: 

emerging biomarkers for primary prevention of cardiovascular disease. Clin Chem. 

2009;55:378. 

20. Abreu A, Costa C, Pinho e Silva S, Morais S, do Carmo Pereira M, Fernandes A, et 

al. Wood smoke exposure of Portuguese wildland firefighters: DNA and oxidative damage 

evaluation. Journal of Toxicology and Environmental Health, Part A. 2017;80(13-15):596-

604. 

21. Oliveira M, Costa S, Vaz J, Fernandes A, Slezakova K, Delerue-Matos C, et al. 

Firefighters exposure to fire emissions: Impact on levels of biomarkers of exposure to 

polycyclic aromatic hydrocarbons and genotoxic/oxidative-effects. Journal of hazardous 

materials. 2020;383:121179. 



 
 

                                                                                                                              Chapter V. General Discussion                                   
                                                                                                                                                                                                                                                                                                                                                                                                                                                                        

Filipa C. Esteves                                                          137 

  

22. Oliveira M, Slezakova K, Alves MJ, Fernandes A, Teixeira JP, Delerue-Matos C, et 

al. Polycyclic aromatic hydrocarbons at fire stations: firefighters’ exposure monitoring and 

biomonitoring, and assessment of the contribution to total internal dose. Journal of 

hazardous materials. 2017;323:184-94. 

23. Santos-Mello R, Schmidt T, Neuhauss E, Almeida A. Induction of micronuclei by 

CsCl in vivo and in vitro. Mutation Research/Genetic Toxicology and Environmental 

Mutagenesis. 1999;446(2):239-44. 

24. Yermishev O. Ecological and toxicological features of the effect of stable cesium on 

striated muscle tissue (myocardium and skeletal muscles) of mammals. Regulatory 

Mechanisms in Biosystems. 2023;14(3):415-23. 

25. Bonassi S, El-Zein R, Bolognesi C, Fenech M. Micronuclei frequency in peripheral 

blood lymphocytes and cancer risk: evidence from human studies. Mutagenesis. 

2011;26(1):93-100. 

26. Bonassi S, Znaor A, Ceppi M, Lando C, Chang WP, Holland N, et al. An increased 

micronucleus frequency in peripheral blood lymphocytes predicts the risk of cancer in 

humans. Carcinogenesis. 2007;28(3):625-31. 

27. Espinoza F, Cecchini L, Morote J, Marcos R, Pastor S. Micronuclei frequency in 

urothelial cells of bladder cancer patients, as a biomarker of prognosis. Environmental and 

molecular mutagenesis. 2019;60(2):168-73. 

28. Fortin F, Anghel T, Brochu P, Lemieux N. Optimizing urothelial cell preparation for 

the human urinary micronucleus assay. Toxicology in vitro. 2010;24(6):1821-7. 

29. Thomas P, Holland N, Bolognesi C, Kirsch-Volders M, Bonassi S, Zeiger E, et al. 

Buccal micronucleus cytome assay. Nature protocols. 2009;4(6):825. 

30. Migliore L, Coppede F, Fenech M, Thomas P. Association of micronucleus 

frequency with neurodegenerative diseases. Mutagenesis. 2011;26(1):85-92. 

31. Thomas P, Hecker J, Faunt J, Fenech M. Buccal micronucleus cytome biomarkers 

may be associated with Alzheimer's disease. Mutagenesis. 2007;22(6):371-9. 

32. Abbas A. Cellular and molecular immunology. HBJ International Edition. 1991:226-

42. 

33. Ghio AJ, Soukup JM, Case M, Dailey LA, Richards J, Berntsen J, et al. Exposure to 

wood smoke particles produces inflammation in healthy volunteers. Occupational and 

environmental medicine. 2012;69(3):170-5. 



 
 

                                                                                                                              Chapter V. General Discussion                                   
                                                                                                                                                                                                                                                                                                                                                                                                                                                                        

Filipa C. Esteves                                                          138 

  

34. Danielsen PH, Bräuner EV, Barregard L, Sällsten G, Wallin M, Olinski R, et al. 

Oxidatively damaged DNA and its repair after experimental exposure to wood smoke in 

healthy humans. Mutation Research/Fundamental and Molecular Mechanisms of 

Mutagenesis. 2008;642(1-2):37-42. 

35. Bonner WM, Redon CE, Dickey JS, Nakamura AJ, Sedelnikova OA, Solier S, et al. 

γH2AX and cancer. Nature Reviews Cancer. 2008;8(12):957-67. 

36. Jameson CW. Polycyclic aromatic hydrocarbons and associated occupational 

exposures. 2021. 

37. Chiefs IAoF. Fundamentals of fire fighter skills: Jones & Bartlett Learning; 2008



 
 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        

Filipa C. Esteves                                                          139 

  

 

 

 

CHAPTER VI. 

Final Remarks and Future 

Perspectives 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                

Filipa C. Esteves                                                          140 

  

 

 

 

 

 

 



 
 

                                                                                            Chapter VI. Final Remarks and Future Perspectives                                   
 

Filipa C. Esteves                                                          141 

  

FINAL REMARKS AND FUTURE PERSPECTIVES 

The characterisation of occupational exposure and health risks among Portuguese 

firefighters is of paramount importance, particularly because Portugal is one of the 

European countries more affected by forest fires. This study contributes with valuable data 

to a comprehensive risk assessment of Portuguese wildland firefighters' exposure, 

enhancing our understanding of the biological mechanisms associated with their exposure 

to real wildfire combat. By generating a set of breakthrough data, our findings significantly 

enhance the knowledge of the occupational health risks faced by this workforce. 

Nevertheless, further research is needed to confirm our results and expand the generated 

knowledge. Applying longitudinal assessments to other regions/countries, would allow the 

comparison of results and contribute to strength the body of evidence regarding wildland 

firefighters’ occupational risks. Cohort studies, particularly those with long-term follow-up, 

would be important to identify causal relationships between wildland firefighters’ 

occupational exposures and the development of chronic diseases (e.g., cancer, respiratory 

conditions, and cardiovascular outcomes).  

Subgroup analyses examining sex- and age-specific responses, as well as differences 

between seasonal and different types of firefighters (e.g., volunteers, permanent wildland 

firefighters), would enable more tailored interventions for different groups. Furthermore, 

future studies combining biomonitoring with functional health assessments (e.g., lung 

function) and real-time monitoring tools, such as wearable sensors to monitor environmental 

(e.g., CO, PM, temperature) and physiological (e.g., heart rate, oxygen saturation, body 

temperature) parameters would provide more precise and robust data on both the exposure 

and health outcomes. The resulting data could help design more effective PPE and 

equipment to better safeguard wildland firefighters from occupational hazards. Moreover, 

assessing both airborne pollutants (e.g., PM) in fire stations during the wildfire season and 

biomarkers of effect, would offer valuable insights into the risks wildland firefighters face 

upon returning to the station, facilitating targeted improvements in decontamination 

protocols. Another aspect to be considered is the impact of occupational stress and extreme 

working conditions on firefighters' mental health and its interplay with health risks. 

These future directions may contribute to a more comprehensive understanding of the 

health impacts of firefighting, ultimately informing evidence-based public health strategies 

to safeguard the health and safety of firefighters. This research, while specific to Portugal, 

has global implications, particularly given the growing frequency and intensity of wildfires 

linked to climate change. Addressing these risks through science-based policy development 

is essential for promoting the health and safety of firefighters worldwide. 
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Overall, the integrated approach employed in the present PhD study has generated original 

data that can serve as a basis for future research and policy development. Moreover, it 

provides practical recommendations that aim to enhance the health and safety of wildland 

firefighters, reducing occupational risks and protecting both their health and the 

communities they serve. This set of recommendations has not only a direct societal impact 

but also aligns with broader public health goals, contributing to the well-being of this crucial 

workforce and the community, in general.  
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Appendix I – Published Book Chapter entitled “Wildland Firefighters: A Crucial 

Weapon for Forest Fire Management. Which Health Risks Do They Face” 
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Appendix II – Published Book Chapter entitled “The Role of Biomarkers in the 

Assessment of Potential Health Risks of Wildland Firefighters’ Occupational 

Exposure: An Overview” 

Reprinted with kind permission of Nova Science Publishers, Inc., In an “Essential Guide to Occupational 

Exposure”, “The Role of Biomarkers in the Assessment of Potential Health Risks of Wildland Firefighters’ 

Occupational Exposure: An Overview.”, pp47-79, copyright © 2022. Filipa Esteves, Joana Madureira, João 

Paulo Teixeira, Solange Costa. 
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Appendix III – Flow Chart of the Study Population 
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Appendix IV – Information to the Participant 
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Appendix V – Informative Leaflet 
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Appendix VI – Informed Consent. 
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Appendix VII – Questionnaire A. 

 

Um painel de (bio)marcadores para a 

vigilância da saúde e da segurança do 

bombeiro 

 

 

 

 

 

 

 

 

Questionário Individual 

 

 

 
Financiamento 
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Caro Participante, 

Este questionário serve para recolher dados sobre estilos de vida, história ocupacional, 

exposição ambiental e ocupacional, história clínica e sintomatologia, dados de bem-estar 

e capacidade de trabalho. 

Leia com cuidado todas as perguntas. Quando terminar o preenchimento do questionário 

verifique, por favor, se respondeu a todas as perguntas. 

 

Muito obrigada pela sua cooperação. 

 

 

 

Entidades Participantes 

 

  
 

 

 

 

Instruções para o preenchimento do questionário 

• Este questionário vai ser submetido a leitura ótica. Por favor use uma esferográfica ou caneta 

de tinta azul ou preta. 

• Para algumas questões apresentamos várias respostas possíveis. Por favor assinale a 

resposta que melhor se adeque. Assinale apenas uma opção, salvo indicação em contrário. 

• Em algumas perguntas pedimos-lhes para especificar um número ou data (por exemplo, “Qual 

é a sua data de nascimento?  -  -  (dia-mês-ano)”). Por favor escreva os 

números ou datas no(s) espaço(s) indicado(s). 

• Noutras perguntas pedimos-lhe para escrever a resposta em palavras (por exemplo, “Qual é a 

sua profissão? ”. Por favor escreva de forma clara, se possível em letras 

maiúsculas e uma letra por cada quadrado. 

• Exemplo de preenchimento: 

 

 

 

 

 

• No caso de se enganar, coloque um círculo à volta da resposta errada e assinale a resposta 

correta. 
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Appendix VIII – Questionnaire B. 



 
   
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


