& frontiers

@ Check for updates

OPEN ACCESS

EDITED BY

Azubuike Chukwuka,

National Environmental Standards and
Regulations Enforcement Agency (NESREA),
Nigeria

REVIEWED BY

Pramita Sharma,

University of Burdwan, India
Rabindranath Majumder,
Tamralipta Mahavidyalaya, India

*CORRESPONDENCE
Simone Morais
sbma@isep.ipp.pt

RECEIVED 14 November 2023
ACCEPTED 23 February 2024
PUBLISHED 06 March 2024

CITATION

Barros B, Paiva AM, Oliveira M, Alves S,
Esteves F, Fernandes A, Vaz J, Slezakova K,
Costa S, Teixeira JP and Morais S (2024)
Baseline data and associations between
urinary biomarkers of polycyclic aromatic
hydrocarbons, blood pressure, hemogram,
and lifestyle among wildland firefighters.
Front. Public Health 12:1338435.

doi: 10.3389/fpubh.2024.1338435

COPYRIGHT
© 2024 Barros, Paiva, Oliveira, Alves, Esteves,

Fernandes, Vaz, Slezakova, Costa, Teixeira and

Morais. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Public Health

Frontiers in Public Health

TYPE Original Research
PUBLISHED 06 March 2024
pol 10.3389/fpubh.2024.1338435

Baseline data and associations
between urinary biomarkers of
polycyclic aromatic
hydrocarbons, blood pressure,
hemogram, and lifestyle among
wildland firefighters

Bela Barros?, Ana Margarida Paiva?’, Marta Oliveira?, Sara Alves?,
Filipa Esteves®#5, Adilia Fernandes?, Josiana Vaz®’,

Klara Slezakova?®, Solange Costa*®, Jodo Paulo Teixeira®® and
Simone Morais*

'REQUIMTE/LAQYV, Instituto Superior de Engenharia do Porto, Instituto Politécnico do Porto, Porto,
Portugal, ?Instituto Politécnico de Braganga, UICISA: E, Unidade de Investigagdo em Ciéncias da
Saude: Enfermagem, Instituto Politécnico de Braganca Campus de Santa Apoldnia, Braganga,
Portugal, *Environmental Health Department, National Institute of Health Dr. Ricardo Jorge, Porto,
Portugal, *Department of Public Health and Forensic Sciences, and Medical School, Faculty of
Medicine, University of Porto, Porto, Portugal, >EPIUnit — Instituto de Saude Publica da Universidade
do Porto, Porto, Portugal, CIMO, Instituto Politécnico de Braganga, Braganca, Centro de
Investigacdo de Montanha Campus Santa Apoldnia, Bragancga, Portugal, ’SusTEC, Instituto Politécnico
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Introduction: Available literature has found an association between firefighting
and pathologic pathways leading to cardiorespiratory diseases, which have
been linked with exposure to polycyclic aromatic hydrocarbons (PAHs). PAHs
are highlighted as priority pollutants by the European Human Biomonitoring
Initiative in occupational and non-occupational contexts.

Methods: This cross-sectional study is the first to simultaneously characterize
six creatinine-adjusted PAHs metabolites (OHPAHS) in urine, blood pressure,
cardiac frequency, and hemogram parameters among wildland firefighters
without occupational exposure to fire emissions (> 7days), while exploring
several variables retrieved via questionnaires.

Results: Overall, baseline levels for total OHPAHs levels were 2 to 23-times
superior to the general population, whereas individual metabolites remained
belowthegeneralpopulation medianrange (exceptforl-hydroxynaphthalene+1-
hydroxyacenaphtene). Exposure to gaseous pollutants and/or particulate matter
during work-shift was associated with a 3.5-fold increase in total OHPAHs
levels. Firefighters who smoke presented 3-times higher total concentration
of OHPAHs than non-smokers (p<0.001); non-smoker females presented
2-fold lower total OHPAHSs (p = 0.049) than males. 1-hydroxypyrene was below
the recommended occupational biological exposure value (2.5pg/L), and the
metabolite of carcinogenic PAH (benzo(a)pyrene) was not detected. Blood
pressure was above 120/80 mmHg in 71% of subjects. Firefighters from the
permanent intervention team presented significantly increased systolic pressure
than those who performed other functions (p = 0.034). Tobacco consumption
was significantly associated with higher basophils (p = 0.01-0.02) and hematocrit
(p=0.03). No association between OHPAHs and blood pressure was found.
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OHPAHs concentrations were positively correlated with monocyte, basophils,
large immune cells, atypical lymphocytes, and mean corpuscular volume,
which were stronger among smokers. Nevertheless, inverse associations were
observed between fluorene and pyrene metabolites with neutrophils and
eosinophils, respectively, in non-smokers. Hemogram was negatively affected
by overworking and lower physical activity.

Conclusion: This study suggests possible associations between urinary PAHs
metabolites and health parameters in firefighters, that should be further assessed

in larger groups.

KEYWORDS

firefighters health, biomonitoring, biomarkers of exposure, smoking, hydroxylated
polycyclic aromatic hydrocarbons, biomarkers of effect

1 Introduction

The International Agency for Research on Cancer (IARC) has
classified the occupational exposure as a firefighter as carcinogenic to
humans (Group 1) (1, 2). Hazards include heat, noise, and exposure
to fire emissions composed of a vast list of harmful pollutants (i.e.,
particulate matter (PM), polycyclic aromatic hydrocarbons (PAHs),
and other volatile organic compounds (e.g., benzene), heavy metals,
phthalates, perfluoroalkyl acids, organophosphorus insecticides,
dioxins, flame retardants, etc.) (3, 4). Fire hazards can vary by country
due to different types of burnt vegetation and materials, climate,
forest area, construction materials, urbanization, and protective and
preventive measures, which influence firefighters’ exposure. Research
has been emphasizing the importance of PAHs exposure due to their
ubiquity, inherent toxicity, and because they are among the most
abundant pollutants formed during wildfires, being of particulate
relevance for wildland firefighters exposome (5, 6). IARC has
classified some PAHs as known, probably, and possibly carcinogenic
to humans (7). Also, the U.S. Environmental Protection Agency
(USEPA) has included 16 PAHs in the list of priority pollutants (8).
Exposure to PAHs has been associated with respiratory (9, 10) and
cardiovascular problems (11-13). Available epidemiological studies
have identified oxidative stress, systemic inflammation, hypertension,
and atherosclerosis as the main pathological pathways involved in
cardiorespiratory toxicological effects of PAHs (9, 13, 14). Apart from
exposure during fire combat, PAHs have been identified in the air of
the fire stations, off-gassing from stored personal protective
equipment (PPE), dirty tools, and vehicles (15-17). Jackobsen et al.
(18) suggested that a higher number of diesel-fueled vehicles at
Norwegian fire stations, regular live fire training, and synthetic
firefighting foams have contributed to increased carcinogenic
exposure among firefighters. Moreover, lifestyle habits such as diet
(e.g., grilled, barbecued, and smoked meat), tobacco consumption,
second-hand smoking, cooking, and traffic pollution also contribute
to the total PAHs exposure burden (19-21). Once absorbed by the
human body via inhalation, ingestion, or/and dermal contact, PAHs
are distributed, metabolized, and mainly excreted through urine and
feces (22). Biomonitoring is a useful tool to assess occupational
exposure to pollutants, and urinary hydroxylated PAH metabolites
(OHPAHEs) are the most important biomarkers in the context of
wildland firefighting (23). Moreover, the Initiative “Human

Frontiers in Public Health

Biomonitoring for Europe (HBM4EU)” has acknowledged PAHs as
priority substances that need to be characterized in occupational and
non-occupational biomonitoring studies of the European population
(24). Therefore, to support the development of legislation and health-
based guidance values for human biomonitoring, it is of utmost
importance to characterize PAHs biomarkers. Besides hazardous
exposure, firefighters are also under physical and mental stressors
such as strenuous exercise under elevated temperatures, long work-
shifts, anxiety, and sleep disturbance, which can further increase their
susceptibility to disease development (25).

Associations between OHPAHs and blood cell alterations, e.g.,
sister chromatid exchange, have been reported for North American
wildland firefighters [United States of America (USA) (26)]. DNA
damage was reported in Portuguese wildland firefighters (27) and
brain alterations in the South Korean firefighter’s cohort (28).
Moreover, hypertension (South Korea), inflammation [United
Kingdom (UK) and USA], and cardiovascular disease (CVD)
development (Canada, Denmark, USA, and South Korea) have been
linked with firefighting activity (29-36). Besides being important
biomarkers of disease diagnosis, hematological parameters can also
be used for occupational health assessment (37-39). There is
currently no information about the simultaneous evaluation of these
three parameters, i.e., urinary OHPAHs, blood pressure, and
hematologic status in firefighters, or their possible correlations.
Furthermore, since male subjects are predominant in wildland
firefighters, health effects in women have been poorly characterized.

Portugal is among the European countries most affected by
wildfires, with over 10,000 forest fires registered in 2022 (40, 41).
Current research on Portuguese firefighters is mainly related to
exposure during fire combat activities (17, 42, 43). Additionally,
PM-bound PAHs have been found at fire stations at higher levels than
outdoors due to inadequate layout, building materials, internal
ventilation profile, parking of firefighting vehicles in closed garages
with direct access to the main buildings, and storage of contaminated
PPE and tools without proper cleaning procedures or air-extraction
systems, which all contribute to occupational exposure at the
headquarters (16, 44, 45).

Thus, this study characterizes the baseline levels (i.e., with no
recent participation in firefighting activities) of OHPAHs in
Portuguese wildland firefighters and provides a general assessment of
their current health status (including blood pressure, cardiac
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frequency, and hematologic parameters) and lifestyle choices that can
influence their performance and health risks. Statistical associations
between the studied (bio)markers and these characteristics were
explored while subgrouping by smoking status and exploring
gender differences.

2 Materials and methods
2.1 Study population

This cross-sectional study characterized firefighters from the
Northern region of Portugal, one of the most affected by large and
intense wildfires (additional information in Supplementary
material S1.1). Firefighters from all the cities and towns of this region
(i.e., Alfandega da Fé, Braganca, Carrazeda de Ansides, Freixo de
Espada a Cinta, Izeda, Macedo de Cavaleiros, Miranda do Douro,
Mirandela, Mogadouro, Torre de Dona Chama, Vila Flor, Vimioso,
and Vinhais) were enrolled in the study (Figure 1), which was carried
out in accordance with the Declaration of Helsinki (approved protocol
- Report Nr. 92/CEUP/2020 - by the Ethics Committee of the
University of Porto). The subjects signed an informed consent and
completed a structured questionnaire [adapted from World Health
Organization (46)] self-reporting biometric characteristics (age,
gender, weight, height), lifestyle (smoking, alcohol, diet within the last
week, and physical activity), clinical information (medication, and
existence of diagnosed diseases/health symptoms), firefighter
information (years of service, career categories, signed off work leaves
due to fire suppression, job tasks, mean work hours, etc.), and
environmental/occupational exposure. Firefighters who acknowledged
being diagnosed with neoplasia, respiratory or cardiovascular disease
and having participated in firefighting activities within the last week
were excluded. Given the importance of smoking on the urinary

10.3389/fpubh.2024.1338435

OHPAH levels, individuals were further organized into two groups: S
(current smokers), and NS (non-smokers). Since there was a low
participation of female firefighters, no further subdivision was made.

2.2 Sampling

Biological sample collection was performed during the
pre-fire season (July 2021 and June 2022), i.e., during a period
when firefighters had not been involved in fire combat activities
for at least 7 days. Each firefighter collected a spot urine sample
into a sterilized polycarbonate container. A health professional
collected the blood samples following WHO guidelines (47).
Transportation of collected samples was operated as requested by
WHO specifications (48). Transportation and manipulation of
blood samples were done on the same day of collection within
3-4h after venipuncture, whereas urine samples were stored at
—20°C until analysis.

The blood pressure measurement was executed following the
regulations published by the Portuguese National Health Service (49)
at the fire station in a calm and welcoming environment to ensure the
correct performance of this practice. The participants were asked to
be seated and relaxed for at least 5 min, to have previously emptied
their bladder and refrained from smoking or ingesting stimulant
drinks such as coffee in the last hour. Eating before the blood pressure
measurement was not controlled.

2.3 Urinalysis of OHPAHSs

biomarkers  of PAHs
[1-hydroxynaphthalene ~ (1-OHNaph), 1-hydroxyacenaphtene
(1-OHAce), 2-hydroxyfluorene (2-OHFlu), 1-hydroxyphenanthrene

Six  urinary exposure  to
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FIGURE 1

Bubble chart displaying the geographic distribution of firefighters for each enrolled fire station from the Braganca district (Northern of Portugal).
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(1-OHPhe), 1-hydroxypyrene (1-OHPyr), and 3-hydroxybenzo(a)
pyrene (3-OHBaP)] were determined. Their extraction and
quantification were performed by solid-phase extraction and high-
performance liquid chromatography with fluorescence detector based
on previous studies (27). The limits of detection (LODs) varied from
0.018 (1-OHPyr) to 9.59 pg/L urine (1-OHNaph+1-OHAce) whereas
the respective limits of quantification (LOQs) varied from 0.06
(1-OHPyr) to 31.96 (1-OHNaph+1-OHAce) pg/L urine (50). Daily
blanks and standards were analyzed to check for inter- and intra-day
instrument performance. Intra-day precision was assessed through
the calculation of the relative standard deviation (RSD) of triplicate
urine samples injections (range: 0.1-9.6%) while inter-day precision
(reproducibility) was checked every day distributed over 1 month
(RSD varied 5-23%). Methodology validation yielded a recovery of
70.0-117.0% (27). Concentrations of OHPAHs were normalized with
creatinine levels (pmol/mol creatinine), determined by the Jaffe
colorimetric method (51).

2.4 Hemogram

The determined (analyzer PentraES60, Horiba Medical
Diagnostics, Montpellier, France) hematological parameters were
as follows: red blood count (RBC; cells x10%/uL), hemoglobin
(HGB; g/dL), hematocrit (HCT;%), mean corpuscular volume
(MCV; fL), mean corpuscular hemoglobin (MCH; pg), mean
corpuscular hemoglobin concentration (MCHC; g/dL), red cell
distribution width (RDW; %); platelet count (PLT; cells x10°/pL)
and mean platelet volume (MPV; fL), plateletcrit (PCT; %), platelet
distribution width (PDW;%); white blood count (WBC; cells x10°/
pL), and differentiated cells percentage (%) and count (cells x10%/
pL): neutrophils (NEU), lymphocytes (LYM), monocytes (MON),
eosinophils (EOS), basophils (BAS), atypical lymphocytes (ALY),
and large immature cells (LIC).

TABLE 1 Characteristics of the Portuguese firefighters.

10.3389/fpubh.2024.1338435

2.5 Statistical methods

The statistical software SPSS (IBM statistics 29) was used.
Whenever the concentration of a OHPAH was below its LOD, the
concentration was replaced by its LOD divided by \/ 2 for statistical
purposes (52). Since normal distribution was not observed by
Kolmogorov-Smirnov test (p <0.05) for most (bio) markers, statistical
differences were verified by the non-parametric Mann-Whitney U
test for independent samples (or independent-samples Kruskal-Wallis
Test for more than two categories). However, a normal distribution
(Kolmogorov-Smirnov test, p >0.05) was observed for body mass
index (BMI), heart beats per minute, LYM (percentage and count),
MON (count), RBC, HCT, PLT, PCT, and PDW for which independent
samples t tests were applied. Differences and possible correlations of
individual and total concentration of OHPAHs (XOHPAHSs), blood
pressure and hemogram within groups (NS versus S) and across
categorical variables retrieved from the self-reported questionnaire
data were explored by Spearman’s rank correlation test. Statistical
significance was defined as p<0.05 (two-tailed). For those
physiological levels that have different guideline values according to
gender, results were shown separately for RBC, HGB, HCT and
compared accordingly with their respective reference values available
for each gender. Non-parametric tests, i.e., Mann-Whitney U test,
were used to avoid sample size effects. The significance of the p-value
was also set below 0.05, which reduces the likelihood of observing
significant differences due to random chance.

3 Results
3.1 Study population

The enrolled 135 firefighters (median of 36.1 years old) were
mainly male (86.7%) and presented 1 to 43 years of service (Table 1).

Non-smoker (n =76)

Age (years), mean +SD (median, min.-max.)

38.1+11.3 (38.0, 20-65)

Smoker (n =59)

33.4+10.1 (32.0, 19-60)

Total (n = 135)

36.1+11.0 (36.0, 19-65)

BMI (kg/m?), mean + SD (median, min.-max.)

27.4+3.8 (26.7,18.5-38.7)

27.2+4.4(27.3,189-41.3)  27.3+4.0 (26.7, 18.5-41.3)

Female (%) 13.2 13.6 13.3
Male (%) 86.8 86.4 86.7
Number of smoked cigarettes per day, mean + SD (median, min.-max.) n.a. 15.7+8.9 (15.0, 1-50) n.a.
Number of years as a smoker, mean = SD (median, min.-max.) n.a. 15.9+10.4 (13, 2-45) n.a.

Years of service as a firefighter, mean + SD (median, min.-max.)

16.0+£9.9 (14.3,2-39)

14.2+10.6 (9.0, 1-43) 15.2+£10.2 (12.0, 1-43)

Work demands (yes, %):

Mental 2.7 52 3.8

Physics 13.5 10.3 12.1

Both 83.8 84.5 84.1
Having a health problem during the last month (yes, %):

Cough (many times) 6.8 5.1 6.1

Phlegm (most days) 5.5 20.3 121

Wheezing or chest tightness while breathing 4.1 6.9 5.3

Max., maximum; Min., minimum; n.a., not applicable; SD, standard deviation.
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The NS group was composed of 76 subjects (56.3%, 66 males and  their activity as being both physically and mentally demanding
10 females), whereas 59 individuals (43.7%, 51 males and 8 females) ~ (Table 1). Only 12.2% of subjects reported having a health problem
were included in the S group. Firefighters smoked a mean of  during the last year, and 2.3% in the last 2 months. Few firefighters
15.7 £ 8.9 cigarettes per day (females tended to smoke less: median  reported having cough, phlegm, wheezing, or chest tightness while
10 cigarettes a day; p=0.093), with a median smoking duration of ~ breathing (5.1-12.1%), feeling more tired than other people of the
15.9years (Table 1). Among NS, females presented significantly =~ same age (13.1%), and feeling shortness of breath while climbing a
shorter firefighter careers than males, i.e., 8 versus 16.5years of  ladder (5.3%) within the last month. Also, 12.4% of the study
service (p=0.045). The age range was similar, i.e., 20-65years old ~ population reported taking chronic medication (Supplementary
for NS and 19-60 years old for the S group; there were no significant ~ Table S1).
differences in the years of service (NS: 16.0+9.9, S: 14.2+10.6;
p=0.160) and mean BMI (NS: 27.4+3.8kg/m* [females had
non-significant lower BMI: 24.7 versus 28.6 (males), p>0.05], S: 3.2 Urinary biomarkers of exposure to PAHs
27.2+4.4kg/m% p=0.879) (Table 1). Moreover, 68.8% of firefighters
were overweight (>25kg/m?*). Regarding physical activity, 22.6% of To decrease inter-individual variation due to urine dilution or
firefighters acknowledged not practicing exercise, 30.5% practicing  differences in hydration status, creatinine adjusted levels of OHPAHs
sometimes a year, 38.3% weekly, and 8.6% daily (Supplementary  (umol/mol creatinine) are presented in Figure 2A; unadjusted levels
Table S1). (png/L) can be found in Supplementary Table S2. No differences were
Concerning firefighter hierarchical position and related activities, ~ observed in creatinine according to smoking status (p=0.175). All
most individuals were 3rd grade firefighters (51.3%), followed by 2nd ~ urinary OHPAHs were detected in 90-97% of samples, except for
grade (18.8%), subchief (12.8%), 1st grade (10.3%), chief (4.3%),and ~ 3-OHBaP - metabolite of the marker of exposure to carcinogenic
other (2.5%). Most firefighters spend more than 8 h per day at the fire  PAHs (7).
station (84.2%), performing a maximum of six different tasks (i.e., YOHPAHs in the S group reached a median value of 23.40 pmol/
permanent intervention team (35.0%), driver (30.9%), paramedic ~ mol creatinine, significantly higher (p<0.001) than in the NS group
(29.3%), administrative board, commander, rescue, diver, telephone  (7.87 pmol/mol creatinine) (Figure 2). In this study, 45.8% of subjects
operator, stock management, or other) (Supplementary Table S1). In  smoked more than 20 tobacco cigarettes per day. Moreover, moderate
this study, during their work-shift, subjects reported to be exposed to  to strong positive significant correlations (r=0.366-0.999; p<0.001-
air pollution (gaseous pollutants and/or PM - 87.2%) and solvents ~ 0.004) were obtained between all urinary metabolites and the
(28.6%) on a weekly and/or daily basis (Supplementary Table S1). Few =~ XOHPAHs within the S group (Figure 3A); this was not observed for
subjects lived near (~ 500 m) a factory (3.1%), industrial area (5.7%),  all OHPAHs in NS, nor when all firefighters were included (Figure 3B),
or (~ 200m) a farming area in which pesticides were used (27.3%) NS females presented 2-fold lower urinary concentrations of
(Supplementary Table S1). Moreover, 84% of the subjects identified =~ XOHPAHSs (p=0.049) than NS males.

A
p <0.001 p <0.001 p=0.037 p <0.001 p <0.001
80.00 . o 1.60 80.00
70.00 8 1.40 . e 7000| ¢ ;
2 60.00 ° g 1.20 ° ° 2 60.00 °
£ . g o £
= 50.00 . = 1.00 ° 8 < 50.00 o
2 e 8 I
= 40.00 = 080 ° s = 40.00
% 30.00 T % 0.60 % 30.00
g g ¢ °
= 20.00 = x = 0.40 8 . ; R R SL 20.00 x
. 8
10.00 0.20 § ° g . S 10.00
0.00 — | 0.00 == = == 0.00 —1 '
1-OHNaph+1-OHAce 2-OHFlu 1-OHPhe 1-OHPyr Y~OHPAHs
[] Non-Smoker [ Smoker [] All firefighters x mean; — median; 0 25-75%; _L_ range.
B
1-OHNaph+1-OHAce M 2-OHFlu 1-OHPhe M 1-OHPyr
FIGURE 2
Individual and total concentrations of urinary PAH metabolites (XOHPAHSs) detected in firefighters (data expressed as pmol/mol creatinine) (A) and
distribution (%) of the different OHPAHs (B) Statistical significance set at p < 0.05 using the Mann-Whitney U test for independent samples.
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FIGURE 3
Spearman's rank correlation found between population characteristics, blood pressure, cardiac frequency, and the determined urinary and blood (bio)
markers in (A) non-smoker and smoker individuals; and (B) all firefighters. 1-OHNaph+1-OHAce: 1-hydroxynaphthalene+1-hydroxyacenaphtene; 2-OHFlu:
2-hydroxyfluorene; 1-OHPhe: 1-hydroxyphenanthrene; 1-OHPyr: 1-hydrpxypyrene; ALY: Atypical lymphocytes; BAS: Basophils; EOS: Eosinophils; fL:
femtoliter; HBG: Hemoglobin; LIC: Large immature cells; LYM: Lymphocytes; MCH: Mean corpuscular hemoglobin; MCV: Mean corpuscular volume;
MON: Monocytes; MPV: Mean platelet volume; n.a.: Not available; NEU: Neutrophils; PCT: Plateletcrit; PLT: Platelet count; RDW: Red blood cell distribution
range; WBC: White Blood Cell count. *Correlation is significant at the 0.05 level (2-tailed); **Correlation is significant at the 0.01 level (2-tailed).

The most abundant OHPAHSs (Figure 2B) were 1-OHNaph+1-
OHAce (98.7%), followed by 2-OHFlu (0.7%), 1-OHPhe (0.4%), and
1-OHPyr (0.2%). Urinary PAHS biomarkers were 3-, 6-, and 2-fold

higher in the S group than in the NS group for 1-OHNaph+1-OHAce,
2-OHFlu, 1-OHPyr, respectively (p<0.001; Figure 2A). 1-OHPhe
median concentration had the lowest difference in the S group
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compared to the NS group (40%), but it still reached statistical
significance (0.07 versus 0.05pmol/mol creatinine, p=0.037;
Figure 2A). Urinary 2-OHFlu (r=0.379, p=0.003) and 1-OHPyr
(r=0.359, p=0.006) were significantly correlated with the number of
smoked cigarettes per day (Figure 3A). Regarding gender differences,
only 1-OHNaph+1-OHAce metabolite was borderline significantly
lower in females in comparison to males (4.16 versus 8.57 pmol/mol
creatinine; p=0.053) within the NS group; no significant differences
were observed for the other exposure biomarkers. Urinary 1-OHPyr
was inversely correlated with BMI in all firefighters (r=-0.187;
p=0.030), especially in the S group (r=-0.336; p=0.009).
Interestingly, BMI was also negatively correlated with the number of
cigarettes smoked per day (r=—0.216; p=0.042).

The XOHPAHs was 3.5-fold higher in firefighters who
acknowledged exposure to gaseous pollutants and/or PM during their
work-shift in comparison to the ones who did not (p=0.006;
Supplementary Table S3). No differences in individual or CXOHPAHs
were found between subjects who indicated additional exposure to
smoke in the 5-10km surrounding their workplace and those who did
not. However, for subjects who reported additional exposure within
5-10km, differences in urinary 1-OHPyr concentrations were
observed among firefighters from different fire stations (p=0.034;
Supplementary Figure S1). Subjects from the Braganga fire station
presented 5-times higher median 1-OHPyr levels than those from
Carrazeda de Ansides (Supplementary Figure S1). However, based on
the information gathered from the questionnaires, no significant
associations were found (data not shown) with any of the variables
representing potential sources of exposure (type of diet, heating use,
candle lighting, and pesticide use).

3.3 Blood parameters

Blood pressure, cardiac frequency, hemogram parameters, and
their respective reference values (considered normal for the
Portuguese population) are displayed in Table 2.

Opverall, median diastolic and systolic blood pressure were 134 and
85mmHg, respectively. No differences were observed by gender. Blood
pressure in firefighters exceeded the 120 and 80 mmHg guidelines for
optimal blood pressure set by the Portuguese Hypertension Society (53).
Among all subjects, 28% could be considered hypertensive. However,
71% of firefighters presented values higher than the considered optimal
blood pressure; of these, 39% showed values corresponding to
hypertension (>140/90mmHg). On the other hand, the median
heartbeat was 71 beats/min for all firefighters, and only 18% presented
a cardiac frequency below the normal range (60-100 heartbeats/min)
(58); only 3% exceeded 100 beats/min (Table 2); no differences by
gender (p>0.05). No significant differences were found in systolic or
diastolic pressure, and cardiac frequency between S and NS firefighters
(p 20.09; Table 2). Still, there was an almost 2-fold higher frequency of
individuals with hypertensive measures (>140/90 mmHg) in the S than
in the NS group (36% versus 19%; Table 2). A significant positive
correlation between systolic pressure and duration of smoking (in years)
was found (r=0.419; p=0.017; Figure 3A), Additional significant
positive correlations were found within the S group (Figure 3A), i.e., (i)
age and systolic pressure (r=0.416; p=0.016); and (ii) both systolic and
diastolic pressure with years of service (r=0.426, p=0.013; and r=0.357;
p=0.041, respectively). Firefighters who were part of the permanent
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intervention team showed a 5% increase in systolic pressure in
comparison to those who were not (p=0.036; Figure 4), no significant
differences were found for other variables retrieved from the
questionnaires (p>0.05).

Regarding hemogram parameters, the measured WBCs were
within the normal range for the Portuguese population (55) for both
NS and S groups (Table 2). However, the median percentage for the
different leucocyte types was predominantly near (LYM) or slightly
above the upper normal limit (MON and BAS), principally for
smokers. An inversion was observed for the percentage of NEU since
median levels were near the minimum normal percentage (Table 2).
Female NS firefighters presented higher number of LYM (+30.6%,
p=0.005) and lower MON percentage (—5.3%, p=0.034) at baseline.
Women firefighters who smoke presented higher ALY (+28.6%,
p=0.037) than men. Even so, the median ALY percentage in the
Portuguese firefighters were normal (0.90%; Table 2), and 61% of
firefighters presented optimal ALY values. As for LIC, median
percentage was below the recommended level (1%), but 12% of
firefighters presented LIC above this percentage (LIC maximum of
2.60%). Nevertheless, the median number of LIC [0.05 (0.01-
0.20) x 10*/pL] was below the reference values, i.e., 1.0 x 10°/uL (57).
No other differences by gender were observed.

The maximum LYM concentration of 5.22x 10°/L in the S group
was above the set reference limit (Table 2). Moreover, besides smokers
presenting a significantly higher BAS than non-smokers (28% higher
BAS percentage, p=0.01, and 40% BAS count, p=0.02; Table 2), there
was also a significant correlation between BAS count and the number
of smoked cigarettes per day (r=0.281; p=0.044; Figure 3A). Although
non-significant, there were also higher median leucocyte type counts
in the S group in comparison to the NS, i.e., 3.82x10°/L versus
3.65x 10°/L for NEU, 2.50 x 10°/L versus 2.32x 10°/L for LYM, and
0.59x 10°/L versus 5.40x10%/L for MON, respectively (Table 2).
Firefighters who reported having exposure to smoke (within 5-10km
radius from their workplace) presented significantly higher NEU
(+5.2%; p=0.026) and lower LYM (—7.2%; p=0.036) percentage than
those who did not (Figures 5A,B). These associations were stronger
among non-smokers (NEU: +10.1%, p=0.011; LYM: —12.1%,
p=0.017; Figures 5A,B). A 16% reduction in LYM count was observed
in firefighters who practice physical activity weekly versus sometimes/
year (p=0.006; Supplementary Table S3). Moreover, spending more
than 10h a day at the fire station decreased NEU (7%, p=0.038) and
increased LYM (11%, p=0.022), when compared to spending 8-9h
(Supplementary Table S3). Lastly, subjects who were drivers had a
significantly decreased percentage of MON (7%, p=0.032) and ALY
(10% p=0.021) (Supplementary Table S3).

Median levels were within the normal range for RBC, HGB, HCT,
MCYV, MCH, MCHC, RDW, PLT, MPV, PCT, and PDW (Table 2); no
significant differences by gender were observed. Despite being within
normal, irrespectively of gender, HCT percentage was significantly
higher in the S group than in the NS group (48.10% versus 46.85%,
p=0.03) while RBC and HBG were borderline non-significant among
these subgroups (p=0.05 and p=0.07, respectively; Table 2). A
significantly negative correlation between RDW and years of service
(r=-0.313, p=0.025; Figure 3A) was found within the S group.

Work environment characteristics such as exposure to smoke, PM,
and/or gaseous pollutants during firefighters' work-shifts were
associated with a slight decrease in MCHC (1%; p=0.011;
Supplementary Table S3). Moreover, reporting solvent exposure during
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TABLE 2 Blood pressure, cardiac frequency, and hemogram characteristics of the studied Portuguese firefighters [data presented as median (minimum-
maximum)] and p value of statistical tests for distribution differences between non-smoker and smoker firefighters (Independent-samples Mann—
Whitney U test, unless indicated otherwise).

Non-smoker Smoker p value Total Reference range
Blood pressure (53)
Systolic (mmHg) 129.5 (114-170) 135 (109-209) 0.09 134 (109-209) 120
Diastolic (mmHg) 85 (69-113) 85 (70-128) 0.63 85 (69-128) 80
Cardiac frequency
Beats per minute 69.5 (49-113) 73 (53-100) 0.61% 71 (49-113) 60-100
Hemogram 1 (54);8 (55); ¥ (56); §: (57)
WBC (x10°/L) 7.20 (4.40-15.50) 7.20 (4.40-12.70) 0.59 7.20 (4.40-15.50) 4.5-11.0x10°/L {
NEU (%) 55.40 (32.80-70.60) 54.60 (29.70-68.00) 0.42 54.90 (29.70-70.60) 54-62% 1
NEU (x10°/L) 3.65 (1.97-10.98) 3.82(1.69-7.82) 0.69 3.78 (1.69-10.98) 1.5-8.0x 10°/L §
LYM (%) 33.10 (20.40-54.40) 33.20 (19.30-56.80) 0.51% 33.20 (19.30-56.80) 25-33%
LYM (x10°/L) 2.32(1.30-4.13) 2.50 (1.33-5.22) 0.21% 2.43 (1.30-5.22) 0.8-4.0x10°/L §
MON (%) 7.45 (4.00-13.90) 8.00 (5.40-11.10) 0.19 7.60 (4.00-13.90) 3-7% 1
MON (x10°/L) 0.54 (0.32-1.10) 0.59 (0.33-1.00) 0.12% 0.55 (0.32-1.10) <12x10°/L 8
EOS (%) 2.20 (0.70-9.70) 2.30 (1.00-7.10) 0.58 2.20 (0.70-9.70) 1-3% 1
EOS (x10°/L) 0.16 (0.05-0.72) 0.17 (0.07-0.49) 0.52 0.17 (0.05-0.72) <0.3x10°/L §
BAS (%) 0.70 (0.30-3.10) 0.90 (0.40-10.60) 0.01 0.80 (0.30-10.60) <0.75% 1
BAS (x10°/L) 0.05 (0.01-0.19) 0.07 (0.02-1.24) 0.02 0.05 (0.01-1.24) <0.3x10°/L §
ALY (%) 0.90 (0.07-3.40) 1.00 (0.50-2.50) 0.11 0.90 (0.07-3.40) na
ALY (x10°/L) 0.07 (0.03-0.80) 0.07 (0.04-0.25) 0.22 0.07 (0.03-0.80) na
LIC (%) 0.70 (0.30-2.60) 0.80 (0.30-1.40) 0.42 0.80 (0.30-2.60) n.a.
LIC (x10°/uL) 0.05 (0.02-0.20) 0.05 (0.01-0.18) 0.46 0.05 (0.01-0.20) 1.0x10°/pL§
RBC (x10™/L) 5.03 (4.07-6.05) 5.20 (4.26-6.37) 0.05% 5.06 (4.07-6.37)
Male 5.01 (4.07-6.05) 5.16 (4.26-5.98) 0.17% 5.05 (4.07-6.05) 4.3-59x10%/L {
Female 5.06 (4.14-5.46) 5.39 (4.77-6.37) 0.08% 5.11 (4.14-6.37) 3.5-5.5x10"%/L {
HGB (mmol/L) * 9.74 (7.76-1.92) 9.99 (8.19-12.85) 0.07 9.87 (7.76-12.85)
Male 9.62 (7.76-11.92) 9.99 (8.19-10.92) 0.09 9.81 (7.76-11.92) 8.38-10.86 mmol/L {
Female 9.90 (7.88-10.74) 10.18 (9.12-12.85) 0.36 9.93 (7.88-12.85) 7.45-9.93 mmol/L {
HCT (%) 46.85 (37.00-54.70) 48.10 (39.00-61.80) 0.03%* 47.50 (37.00-61.80)
Male 46.75 (37.00-54.70) 47.95 (39.00-54.10) 0.09%* 47.45 (37.00-54.70) 41-53% 1
Female 47.25 (38.10-49.30) 48.70 (44.10-61.80) 0.12% 47.60 (38.10-61.80) 36-46% 1
MCYV (fL) 93.00 (73.00-103.00) 93.00 (75.00-100.00) 0.70 93.00 (73.00-103.00) 80-1001L
MCH (fmol) ® 1.94 (1.43-2.20) 1.92 (1.43-2.14) 0.61 1.93 (1.43-2.20) 1.55-2.17 fmol {
MCHC (mmol/L) * 20.98 (19.05-21.97) 20.98 (18.99-21.53) 0.89 20.98 (18.99-21.97) 19.25-22.36 mmol/L {
RDW (%) 10.90 (9.80-5.60) 10.90 (9.70-13.10) 0.38 10.90 (9.70-15.60) 11.5-14.5% 1
PLT (x10"/L) 2.23(0.54-3.46) 2.30 (1.13-3.56) 0.30% 2.24 (0.54-3.56) 1.5-4.0x 10"/L {
MPV (fL) 9.10 (7.70-11.30) 9.10 (7.70-11.60) 0.45 9.10 (7.70-11.60) 6.5-12.4fL§
PCT (%) 0.20 (0.05-0.31) 0.21 (0.10-0.30) 0.44* 0.21 (0.05-0.31) 0.10-0.50% ¥
PDW (%) 16.15 (11.00-21.30) 16.00 (11.80-22.50) 0.39% 16.00 (11.00-22.50) 10.0-18.0% ¥

* p value obtained by t-test for Equality of Means (significance <0.05); ¥, these recommended values are set for Brazilian Portuguese general population; %, percentage; ALY, atypical
lymphocytes; BAS, basophils; EOS, eosinophils; fL, femtoliter; HBG, hemoglobin; HCT, hematocrit; LIC, large immature cells; LYM, lymphocytes; MCH, mean corpuscular hemoglobin;
MCHC, mean corpuscular hemoglobin concentration; MCV, mean corpuscular volume; MON, monocytes; MPV, mean platelet volume; n.a., not available; NEU, neutrophils; PCT, plateletcrit;
PDW, platelet distribution width; PLT, platelet count; RBC, red blood cell count; RDW, red blood cell distribution range; WBC, white blood cell count. p value is a result from Independent-

Samples Mann-Whitney U Test (significance <0.05, in bold).

“Data were converted from g/dL to mmol/L.
"Data were converted from pg to fmol.
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FIGURE 4

Systolic pressure distribution in Portuguese firefighters based on their
inclusion in the permanent intervention team (No versus Yes) (data
expressed as mmHg). Statistical significance set at p < 0.05 using the
Mann-Whitney U test for independent samples.

the work-shift was associated with a decreased HGB (4%; p=0.009) and
increased PCT (10%; p=0.027) (Supplementary Table S3). Being a
driver was associated with a 7% decrease in HGB, a 5% reduction in
HCT, and a 11% increase in PCT (p <0.021; Supplementary Table S3).
Significant differences in MCV (fL) and MCH (fmol) were only
observed in NS firefighters who reported having exposure to smoke/air
pollutants within a 5-10km radius from work in comparison to those
who were not exposed (MCV: +2.2%, p=0.013; MCH: +3.7%, p=0.035;
Figures 5C,D). Regarding lifestyle characteristics, firefighters who
exercise weekly presented significantly lower PLT count (—13%,
p=0.005) and PCT (—12%, p=0.006) than those who exercise only
sometimes a year, while the latter presented significantly reduced PDW
(—8%, p=0.005) and higher PLT count (+15%, p=0.019) than
firefighters who do not exercise (Supplementary Table S3). Additionally,
BMI was positively correlated with PLT count in the S group (r=0.291,
p=0.034; Figure 3A), MPV in the NS group (r=0.245, p=0.044;
Figure 3A), and PCT in all firefighters (r=0.213, p=0.009; Figure 3B).

3.4 Correlations between biomarkers of
exposure and health (bio)markers

No associations were found between PAH metabolites (individual
or Y OHPAHs) with blood pressure parameters (Figure 3).
Considering hemogram parameters, a positive correlation between
1-OHNaph+1-OHAce and MON was found in non-smokers
(Figure 3A) and all firefighters (Figure 3B), and because these urinary
metabolites were the main contributors to XOHPAHs, the latter was
also correlated with MON (Figure 3). For the other PAH metabolites,
moderate positive correlations were found for all firefighters: (i)
2-OHFlu with MON and BAS (0.199<r< 0.297; p <0.029) and (ii)
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1-OHPyr with MON, BAS, ALY, and MCV (0.188<r<0.309;
p<0.039) (Figure 3B). These correlations were positive and
predominantly significant in the S group (0.283 <r< 0.384; p <0.042
except for 1-OHNaph+1-OHAce and XOHPAHS, p>0.05; Figure 3A).
1-OHPhe was correlated with MON (r=0.341; p=0.013) and ALY
(r=0.310; p=0.024) for smokers only (Figure 3A). However, 2-OHFlu,
1-OHPhe, and 1-OHPyr were not correlated with any immunologic
parameter in the NS group. On the other hand, an inverse correlation
was observed for NEU and EOS and 2-OHFlu and 1-OHPyr,
respectively, only in the NS group.

Interestingly, there were negative correlations between systolic
pressure and MON and LIC in the S group, and systolic pressure with
RDW without subgrouping (Figure 3), whereas diastolic pressure was
negatively correlated with RDW in the NS group. Regarding cardiac
frequency, the results displayed a positive correlation with MON and
BAS in the NS and S groups, respectively (Figure 3A).

4 Discussion
4.1 Study population

This study characterizes firefighters contributing for a baseline
profile of these workers without any exposure to fire combat activities.
The frequency of smokers in Portuguese firefighters (47.3%) is
comparable with the ones reported for USA firefighters in the last
decades, i.e., 41.6-51.3% of smokers (59-61). The frequency of
overweight firefighters (68.8%) is higher than what was observed for
the general Portuguese population (55.9%) and the northern
Portuguese population (58.6%) in 2019 (62). Available literature
suggests an association between weight gain and working as a
firefighter, specifically an increase of 0.5-1.5kg per year (63, 64).
Accordingly, 10years of service could represent a weight augment of
5 to 15kg. In fact, more than 60% of our study population had more
than 10years of service, which could help explain the high frequency
of overweight individuals. However, these data should be considered
with caution since recent studies have highlighted that the percentage
of body fat is a better measurement of obesity than BMI (65, 66)
mainly because weight can reflect a higher muscle mass rather than
body adipocyte mass, thus leading to possible misclassification of
obesity. Moreover, the self-reported low physical activity in most of
the subjects (Table 1) is concerning because sedentarism has also been
linked to higher cardiovascular risk among firefighters (11, 67).

4.2 Urinary biomarkers of exposure to
PAHs

This study characterizes firefighters who did not participate in fire
combat activities within the last week. This period was selected based
on urinary excretion half-lives of 6-35h (1-OHPyr via inhalation) and
2.3-23.5h (1-OHNaph, 2-OHFlu, 1-OHPhe, and 1-OHPyr via
ingestion), and 13h (1-OHPyr via dermal contact) (3, 68, 69) yet
inhalation and dermal route data is still limited to 1-OHPyr, and
information regarding excretion rates based on all routes of exposure
and possible chemical interactions in mixed exposures is lacking. The
non-detection of 3-OHBaP has been previously observed since it is
mainly excreted through feces (70). The median ZOHPAHS is 2 to
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Hemogram parameters among firefighters who have acknowledged exposure to smoke/air pollutants in a 5-10 km radius from their workplace
(No versus Yes). (A) Neutrophils (%); (B) Lymphocytes (%); (C) Mean corpuscular volume (fL); (D) Mean corpuscular hemoglobin (fmol). *Significant
differences between "No" and "Yes" within the non-smoker group for (a) p = 0.011; (b) p = 0.017; (c) p = 0.013; (d) p = 0.035. Statistical significance set
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at p < 0.05 using the Mann-Whitney U test for independent samples.
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14-times higher than the range of mean/median concentrations that
have been reported for firefighters not exposed to fire emissions [0.95-
6.96 pmol/mol creatinine; (69)]. For smokers, there is a known
contribution from tobacco consumption to urinary OHPAHs (71-73).
The significantly higher levels in smokers (Figure 2) could be related
to the number and type of cigarettes smoked per day, since significant
correlations between OHPAH and number of smoked cigarettes a day
were also found, highlighting a common and prevalent route of
exposure to PAHs in the S group. Regardless of smoking status,
firefighters presented 5-8 times higher median creatinine adjusted
YOHPAHs than non-occupationally exposed Italian population (74—
77), whereas non-adjusted median values (ug/L) were 11 to 23-times
higher than those for the Slovenian and Italian population (74, 78).
The identified sources of exposure in these studies were diet, biomass-
burning emissions from heating systems during winter, living near
busy roads or near a waste-to-energy incinerator (74, 78). On the
other hand, in the present study, subjects did not use biomass-burning
heating systems during sample collection, nor was the fire station
located near incineration centers, suggesting other potential sources
of PAHs exposure for this population. As for other countries,
Portuguese firefighters displayed ZOHPAHs concentrations that were
2-fold above those reported by the USA National Health and Nutrition
Examination Survey (NHANES: 2009-2016) (79), and 2-times below
the ZOHPAHs reported for the urban Wuhan-Zhuhai cohort in China
(80). The latter populations were from heavily polluted cities (81),
which helps explaining the high metabolite concentrations found
in Chinese.
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The sequence of most abundant OHPAHs (Figure 2B) is similar
to what has been previously described in Portuguese and USA
firefighters (27, 82-85). The significant difference found in individual
OHPAH:s according to smoking status (Figure 2) reflect the impact of
smoking on urinary levels of these compounds. Moreover, the
unequally significant distribution of 2-OHFlu concentrations between
the NS and S groups (Figure 2B) suggests that tobacco smoke is a main
source of fluorene exposure in the characterized Portuguese
firefighters. The correlations found between 2-OHFlu and 1-OHPyr
with smoked cigarettes per day, support the hypothesis that these two
compounds are among the most selective biomarkers of tobacco
consumption. These results are in accordance with Helen et al. (72),
who also suggested that hydroxyfluorenes and 1-OHPyr may have
discriminant power regarding smokers and non-smokers. Since no
differences were observed in creatinine levels by smoking status, an
influence of PAHs exposure in creatinine levels in association with
cigarette smoking was not observed. Nevertheless, ongoing research
has conflicting results concerning the influence on estimated
glomerular filtration rate in smokers (86), thus further studies should
aim to understand the impact of PAHs exposure in glomerular
filtration rate and if impacts urinary creatinine clearance. In
comparison to the general population, individual 2-OHFlu, 1-OHPhe,
and 1-OHPyr (pmol/mol creatinine) in the Portuguese population
[2-OHFlu: 0.13-0.16; 1-OHPhe: 0.06-0.08; 1-OHPyr: 0.04-0.06;
(87)], the USA NHANES [2-OHFlu: 0.16; 1-OHPhe: 0.07; 1-OHPyr:
0.07; (79)], Italy [2-OHFlu: 0.07-0.11; 1-OHPhe: 0.05-0.10; 1-OHPyr:
0.02-0.04; (74-77)], and Germany [l1-OHPyr: median range
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0.16-0.38; (88)] were higher than those determined in the
characterized Portuguese firefighters (median for all firefighters:
2-OHFlu: 0.05; 1-OHPhe: 0.06; 1-OHPyr: 0.02; Figure 2A).
1-OHPyr, considered the biomarker of exposure to PAHs, has an
occupational biological exposure index of 2.5pg/L proposed by the
American Conference of Governmental Industrial Hygienists (89) and
the guidance level of 1.0 pmol/mol creatinine for coke oven workers
with a pyrene/benzo(a)pyrene ratio equal to 2.5 (90) which, adjusted for
the studied firefighters, would be equivalent to approximately 0.59 pmol/
mol creatinine. These values were not surpassed in this study (maximum
1.63pg/L; 2A;
Supplementary Table S2, respectively), suggesting that most firefighters

of 0.35pmol/mol creatinine and Figure
should not experience any adverse health effects from pyrene/PAHs-
related exposure. Moreover, median levels for 1-OHPyr (0.02 pmol/mol
creatinine) were below those reported for firefighters from Denmark,
German Sweden, and USA, at baseline level before exposure to fire
emissions, i.e., 0.03 to 0.72 pmol/mol creatinine (69, 88). The inverse
association between 1-OHPyr and BMI (Figure 3) was also observed in
other studies due to the potential effects of nicotine on appetite
reduction and/or augmented metabolic rate among smokers (91-95).
Multiple sources of PAHs have been identified at fire stations
including, vehicle exhaust in unventilated garages, dust, and
off-gassing compounds from contaminated PPE and tools (44, 45, 83,
96). A recent UK survey (>10,000 subjects) has revealed that only one
third of firefighters cleaned their PPE after use, and both cleaned and
contaminated gear were often stored together (97). Even though
cleaning and storage practices were not included in this study’s
questionnaire, they are important to characterize possible sources of
(air and surface) PAHs contamination at fire stations. On the other
hand, a study conducted in 2014 (during the pre-fire season) has
identified traffic emissions, lubricant oil use, and both fuel and
biomass combustions as main sources of PAHs at Portuguese fire
stations, which promoted lung cancer risks that exceeded 9 to 44-times
the WHO-based guideline (98). For chronic PAHs inhalation,
minimal risks levels for humans have only been reported for
naphthalene [0.0007 ppm; (99)] by the Agency for Toxic Substances
and Disease Registry and, based on studies on coke-oven workers,
WHO has estimated the unit risk of genotoxic carcinogenicity for
benzo(a)pyrene (has an indicator of ambient air PAHs) to
be 8.7x107° per ng/m’. Available European legislation established
1 ng/m’ benzo(a)pyrene as the annual mean target value for human
health protection (100). A previous study by Oliveira et al. (83) has
quantified PM-bound PAHs at Portuguese fire stations from the same
district. The reported values ranged from 46.4 to 428 ng/m’ for total
PM-bound PAHs in the personal breathing air zone of Portuguese
firefighters, which air concentrations correlated with the sum of
urinary PAHS’ metabolites (r=0.367-0.886). Occupational limits for
total PAHs in the air has been set at 100 and 200 pg/m? by the National
Institute for Occupational Safety and Health (101) and the North
American Occupational Safety and Health Administration,
respectively (102), the median levels in the personal air of Portuguese
firefighters did not surpass both limits (83). In the present study, the
main contributors to XOHPAHs were 1-OHNaph+1-OHAce, which
parent compounds have been identified as the most abundant in
indoor air at Portuguese fire stations (98). Moreover, at Polish fire
stations, the highest naphthalene and acenaphthene air concentrations
were found in the garage and changing rooms areas (103). Indeed, the
combustion of diesel and gasoline, and the evaporation/sublimation
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of, crude oil, petroleum products, pest repellent, deodorant, and air
fresheners have been identified as sources of naphthalene (104).
Therefore, even without involvement in firefighting activities over the
last week, firefighters’ exposures to air pollution and solvents during
their work-shift on a weekly and/or daily basis (Supplementary Table S1)
could have influenced the levels of urinary OHPAHs concentrations.
The observation of 3.5-fold higher XOHPAHSs in firefighters who
acknowledge exposure to PM and/or gaseous pollutants during their
work-shift (Supplementary Table S3) agrees with previous studies that
reported fire station contamination and firefighters’ exposure to PAHs
at their headquarters (without fire combat) in Australia, Portugal, and
the USA (44, 83, 105). Therefore, suggesting that there must be other
significant sources of exposure to PAHs at Portuguese fire stations.
There is only a single ground air monitoring station within the
Braganga district (Portugal) that quantifies outdoor benzo(a)pyrene,
which data were not available during the campaign days (100). No
difference in individual or ZOHPAHs was observed in firefighters
with and without additional exposure to smoke in 5-10km from their
workplace. However, Braganga firefighters had 5-times higher median
1-OHPyr than de
(Supplementary Figure S1). Despite the Portuguese inland districts

levels those from Carrazeda Ansides
such as Braganga having less intense traffic than those on the coastline
(106, 107), the city of Braganga has a higher population density and
far more trafficked roads (i.e., inside 2 km radius from the fire station
there are four national roads and one main itinerary) than Carrazeda
de Ansides. Indeed, some studies have identified an increase in PM,,
and PM,; air concentrations in Braganga due to traffic pollution
(108, 109).

Other sources of PAHs, e.g., diet (grilled/barbecued food, smoked
meat), open burning, candle lighting, and house insecticides use (19, 21,
23) can influence the levels of biomarkers of exposure. Despite
Portuguese people having a Mediterranean diet (110), the Northern
region is known for increased smoked meat production and
consumption. No differences were observed for OHPAHs according to
diet choices, heating use, candle lighting, or pesticide use. Although
cooking activities were not evaluated in this survey, a study has shown
a9-fold increment in XOHPAHs measured in Portuguese workers who
performed grilling activities for 4.6 +2.2h in restaurants compared to
non-exposed workers (0.2-42.3 versus 0.097-1.66 pmol/mol creatinine),
suggesting that it might also be a possible source of PAHs exposure (111).

4.3 Blood parameters

The European Society of Cardiology and the European Society of
Hypertension have classified hypertension as a blood pressure measure
at the physician’s office that is above 140/90 mmHg (53). The frequency
of hypertensive firefighters (28%) was lower than the 35-40% prevalence
found for the Portuguese population (112), yet, within those with higher
blood pressure (> 120/80), 39% presented a pressure > 140/90 mmHg.
It is important to notice that having one-time measured blood
pressure > 140/90 mmHg is not indicative of a hypertension diagnosis,
but suggests an increased risk of hypertension, thus representing an
important risk factor for cardiovascular disease development in the
studied population. Available literature has described a higher
prevalence of hypertension among males (113). No differences were
observed by gender in firefighters; this observation could be due to the
age of female firefighters (median 39 years old), which could indicate a
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higher number of female subjects in their late 30s. At this age,
hypertensive disorders related to pregnancy and female hormonal
alterations (e.g., pre-menopausal state) that interact with the renin-
angiotensin-aldosterone system can be associated with higher blood
pressure (113). An augmented proportion of individuals with high
blood pressure has also been reported among firefighters worldwide
(USA, Canada, France, and South Africa), i.e., frequency of 11-69% (31,
114-116).

Smoking has been recognized as a risk factor for cardiovascular
disease (53, 117, 118). However, no differences were observed between
NS and S yet, the latter group presented a higher frequency of
hypertensive subjects. Also, a significant correlation between blood
pressure and years as a smoker was found, which has also been
previously observed for non-occupational populations (118, 119).
Moreover, moderate significant correlations were found within the S
group, i.e., systolic pressure with age, and both systolic and diastolic
pressure with years of service (Figure 3A). Therefore, these results are
suggestive of an association between age, smoking duration, years of
service, and blood pressure, which could cumulatively contribute to
an increased risk for hypertension development in smoking firefighters.

The activities of a firefighter are predominantly stressful and can
influence their physiological parameters (120, 121). The intervention
team replies to any emergency call, e.g., accidents, fires, or disaster
occurrences. It is possible that the permanent team members could
experience higher stress levels due to the unpredictability of their
workday, which could explain the higher systolic pressure found for
firefighters from this team (Figure 4), yet more studies are needed to
characterize this relationship.

The determined number of white blood cells (Table 2) is comparable
with previously published data for UK firefighters and fire service
instructors before exposure to fire combat training, i.e., 7.20x10°/L
versus 5.7-7.1 x 10°/L for WBGC, 3.78 x 10°/L versus 3.1-4.1 x 10°/L for
NEU, 0.55x 10°/L versus 5.0-6.0 x 10%/L for MON, 0.17 x 10°/L versus
1.0-2.0x 10%/L for EOS, and 0.05x 10°/L versus 3.0-8.0x 107/L for BAS,
respectively (34, 122). Concerning LYM, the number of cells was slightly
higher in this study than in the range found in other UK studies for
firefighters and fire service instructors [2.43x 10°/L versus 1.7-2.1x 10°/L;
(34, 122)]. However, these values remain in the normal range established
for LYM count [<5.0x10°/L; (123)]. Interestingly, Watt et al. (122)
reported leucocyte counts for control subjects with no heat exposure that
were below those found in fire service instructors both pre- and post-
exposure, suggesting a more active immune system in workers in
comparison to controls, both at the baseline and after fire instruction
drills. NS female firefighters had higher number LYM and lower MON
percentage than NS male. Garcia-Dabrio et al. (124) also observed higher
LYM (CD3+ and CD4+) in Spanish healthy women in comparison to
males while Varghese et al. (125) reported higher MON activity/
recruitment in males in comparison to females. Smoking tobacco has
been reported to be associated with elevated counts of NEU, LYM, MON,
and/or BAS (126-130). The significantly higher BAS in S in comparison
to NS firefighters support the association between smoking habits and
mild basophilia among the studied population. Augmented ALY is an
indicator of recent immune activity (usually towards a viral infection);
values below 12% are normal, whereas optimal ones are below 1% (131).
Since in this study women generally smoked less than men, the
significance of having higher ALY among female smokers in comparison
to males needs further study. Similarly, an increase in LIC is suggestive
of recent development of viral infections and/or inflammation; in normal
conditions, there are less than 1% of LIC in the whole blood (132, 133);
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only 12% of firefighters surpassed this percentage, yet median LIC
number was within its recommended level (Table 2).

On the other hand, decreased indoor air quality due to higher air
PM concentration has been highlighted as a potential factor for
increased systemic inflammation (134). The observation of higher NEU
and lower LYM among those who acknowledged having exposure to
smoke (5-10km radius from their workplace) suggests the contribution
of an additional source of exposure, especially on the NS group
(Figure 5). BAS are also important for allergenic responses, which can
be associated with increased air pollution originated from urban traffic
(135-137); higher BAS were observed in firefighters from Braganca,
Mirandela and Vinhais that acknowledged exposure to smoke (5-10km
radius from their workplace; Supplementary Figure S2). As mentioned
previously, within the district and, in comparison to Carrazeda de
Ansiaes, Braganga is a bigger city with higher road traffic. Similarly,
Mirandela has an aeroclub, an industrial zone, and a highway, two
national and one municipal roads within 2-4km of the Mirandela fire
station, which contributes to air pollution in the city (138). Regarding
Vinhais, there is only a national road, which could mean that there
might be other sources of health relevant agents in this fire station in
comparison to Carrazeda de Ansides and thus further studies are
needed. Moreover, there seems to be a cumulative effect of smoking
habits and other environmental exposures at the fire stations that might
be related to the increase of blood BAS in firefighters.

Besides relevant exposure to exogenous agents, endogenous
characteristics and lifestyle can contribute to altered immunological
parameters (67, 71, 139). Less active firefighters presented lower LYM
than those that are more active (Supplementary Table S3). Recurrent
exercise has been associated with a decrease in LYM due to the migration
of these differentiated cells out of blood during the recovery phase (140).
Moreover, more hours of work were associated with lower NEU and
higher LYM among firefighters (Supplementary Table S3). The NEU are
the first line of defense against pathogens as part of the innate immune
response, while LYM will appear later on as part of the adaptative
immune response previously triggered by NEU activity (141). Stress
conditions can upregulate adaptative immunity while recruiting innate
response cell out of the blood stream (142). An altered distribution of
leucocyte subsets was observed in students who endured acute academic
stress (143). Furthermore, one of the causes of chronic stress is sleep
deprivation, which can also alter the body’s defense mechanisms (142).
Night work-shifts were also associated with increased LYM in health
workers (144). Consequently, firefighters who spend more hours at work
can present cumulative stress and sleep pattern disruption/sleep
deprivation due to night-shifts (145). Therefore, stress/sleep disruption
could be a possible trigger for blood cell count alterations, yet to the best
of the authors’ knowledge, there are no studies that have explored the
impact of working hours on hematological parameters in this
occupational context. On the other hand, regarding firefighters’ function,
most drivers were non-smokers (56%) and physically active (69%),
which could be one of the reasons why they displayed a lower percentage
of MON and ALY. However, future studies need to better characterize
the impact of job function on firefighters’ health.

Concerning the erythrocyte and platelets in firefighters blood
(Table 2), the available literature has reported similar mean values
before exposure to fire combat training for South Korean fire service
instructors, i.e., 4.9 x 10'?/L for RBC, 9.5-9.6 mmol/L for HGB, 45.2—
46.3+1.7% for HCT, 92.9-94.5fL for MCV, 1.94-1.95 fmol for MCH,
and 2.42x 10"/L for PLT (146), and in UK firefighters, i.e., 2.09 x 10"'/L
for PLT (34).
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Tobacco consumption can stimulate the production of red blood
cells. Smoking is associated with the inhalation of carbon monoxide
(CO). Once hemoglobin adsorbs CO, an irreversible reaction occurs,
and erythrocytes can no longer transport oxygen. Thus, the renewal of
these cells is stimulated and a consequent rise in their number can
be observed in smokers (126) and corroborate the significant higher
HCT, borderline non-significant higher RBC and HBG that was found
in this study (Table 2). On the other hand, a reduction in the percentage
of RDW by itself among smokers with less years of service (Figure 3A)
does not have clinical significance. It must be crossed with other
hemogram parameters, and depending on the results, the RDW could
be used for differential anemia diagnosis (147). Smoking has been
associated with higher RDW (147), yet, it is possible that smoking
firefighters with a higher number of years of service (moderate/strong
intercorrelation of smoking duration with years of service, and number
of smoked cigarettes/day; Figure 3A), might produce more macrocytic
RBCs, thus their size is more similar, and consequently, the subjects
present a lower RDW with the increased number of years of service.

Trace smoke from fossil fuel vehicles exhaust (e.g., in closed
garages), PPE storage rooms, and common areas with tobacco smoke
may contain CO, which can irreversibly react with hemoglobin, thus
a possible reason for the slight decrease in MCHC found for
firefighters who acknowledged exposure to PM and/or gaseous
pollutants during their work-shift (Supplementary Table S3). Also
subjects who self-reported exposure to solvents had lower HGB and
higher PCT, which was also observed for firefighters who were drivers
(Supplementary Table S3). Similar findings have been observed in
Pakistani auto-repair workers exposed to aromatic solvents (148). In
fact, at fire stations, the lack of engine exhaust hoods in the garages
can contribute to higher air levels of benzene, ethylbenzene, toluene,
and xylene (149). Since some of the characterized Portuguese fire
stations have a direct connection between the garage and the common
areas inside the building, it is possible that the differences in HGB and
PLTs are related to exposure to emissions from the heavy motor
vehicles that can also cross-contaminate the air inside the
headquarters. On the other hand, decreased indoor air quality can
have hematopoietic effects (134). The finding of higher MCV and
MCH in NS firefighters who self-report exposure to smoke within a
5-10km radius from work (Figures 5C,D) suggests a possible
association between decreased air quality due to smoke at the fire
station surroundings and its contribution to larger red blood cells with
a higher content of hemoglobin protein in firefighters.

Acute, strenuous exercise provided by a low frequency activity can
lead to platelet activation, while regular physical activity can decrease/
prevent platelet activation and favorably modulate platelet function
(130, 150, 151). This could help to explain the findings of lower PCT
and PLT firefighters
(Supplementary Table S3), corroborating the positive correlations that
were found between BMI and PLT (S group), MPV (NS group), and
PCT (all firefighters) (Figure 3). A higher BMI has been related with
platelet activation, thus, an associated inflammation and increased
thrombosis risk (152-154). Therefore, these findings indicate that the
characterized firefighters could benefit from including regular exercise

among who  exercise  weekly

in their routine to reduce cardiovascular disease risk. Accordingly,
Durand et al. (155) reported that vigorous physical activity can reduce
cardiometabolic profile parameters such as blood cholesterol-HDL
ratio, triglycerides, glucose, and HDL increments in USA firefighters.
Moreover, a recent study performed in male BALB/c mice observed
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that exercise can positively impact inflammatory cytokines and
modulate gene expression related with REDOX imbalance induced by
PAHs exposure (156).

4.4 Correlations between biomarkers of
exposure and health (bio)markers

The lack of association between individual or Y OHPAHs and
higher blood pressure contrast with recent studies that reported
significant correlations for in USA, Chinese, and South Korean
petrochemical industry workers, coke oven workers, and chimney
sweeps (12, 157). However, in this study, firefighters were not exposed
to fire emissions for at least 1 week before sample collection, thus,
lower metabolites concentrations were expected. Despite that, it is
possible that the workers mentioned have far greater exposures at their
workplace than firefighters have at their headquarters. A recent meta-
analysis gathered information from available studies on the general
population, which showed an overall meta-association between
individual OHPAHs and blood pressure. However, after trim and fill
analysis, no association was found (157). Also, subgroup analysis
revealed an important contribution of USA and Asian ethnicity to the
previous positive relationship found between urinary OHPAHs and
blood pressure (157). Moreover, the high percentage of smokers and
overweight subjects may pose some limitations to the obtained results
in firefighters because a higher BMI, lower physical activity, and
tobacco smoking are known risk factors for hypertension development.

Recent studies have associated PAHs exposure with inflammatory
processes (21, 157-160). The obtained correlations found for 2-OHFlu
(with MON and BAS) and 1-OHPyr (MON, BAS, ALY, and MCV)
suggest a possible contribution from cigarette smoke exposure.
Smoking is a recognized risk factor for cardiovascular disease
development, whose mechanisms are mainly related with
inflammation through increased leucocyte count and mutagenic
alterations (127, 129, 151, 159, 161, 162). The negative correlations of
NEU with 2-OHFlu and EOS with 1-OHPyr only in the NS group
suggest that (without tobacco consumption as a variable for increased
inflammation) there can be a possible smoking-independent negative
impact of the two respective PAHs (fluorene and pyrene) on the first
line of immune defense (NEU) and allergenic pathways (EOS). A
recent study has identified a relationship between years of service as a
firefighter and increased leucocyte epigenetic age (162). Since there
were significantly older firefighters in the NS than in the S group and
a strong correlation between years of service and age, it is plausible
that these results (NEU and EOS) can also be age-related in the NS
group. On the other hand, being a smoker, along with occupational
exposure to air pollutants synergistically increases individual
susceptibility to higher cardio-respiratory health effects, this is mainly
through overstimulation of oxidative stress and inflammatory
processes in the body caused by chronic exposure to toxic compounds,
including PAHs (27, 72, 86, 161).

Inflammation has been associated with increased values of blood
immune cell counts (163, 164), and a recent review reported that
activated macrophages (matured MON) and regulatory T cells can
have a protective role against hypertension (165). The inverse
correlations between blood pressure parameters and MON, LIC, and
RDW values could reflect a latent immune response state in firefighters
with increased blood pressure. Thus, suggesting a decreased presence
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of MON (migrated and transformed into macrophages), the cells with
the biggest size, while other WBCs have similar sizes, therefore
culminating in a reduced LIC and RDW. Elevated heart rate itself has
been independently associated with augmented immune cell count
and inflammation biomarkers (166-168), corroborating the
correlations found in this study; i.e., cardiac frequency with MON (NS
group) and BAS (S group). Once more, there seems to be a cumulative
contribution of smoking status to these associations. Tobacco
consumption has been previously associated with hypertension,
increased cardiac frequency, and immune cell counts (118, 119, 129,
169). All routes, i.e., respiratory, dermal, and gastrointestinal, can
be responsible for cardiovascular effects of PAHs exposure (14).
However, inhalation is the major concern among firefighters at fire
combat scenarios. Nevertheless, the other routes cannot be overlooked,
especially because dermal contact has been identified as a potential
source of PAHs in firefighting occupational context and the
gastronomic culture of these Portuguese firefighters includes smoked/
processed meat, expanding their exposome.

5 Conclusion

This study provided evidence of high exposure to PAHs in
Portuguese firefighters without exposure to fire combat activities
during the last week, by assessing the urinary levels of six OHPAHs
while evaluating health status based on blood pressure, cardiac
frequency, and hemogram parameters. Therefore, it contributes to
an occupational exposure-based input for PAHs biomonitoring and
supports ongoing efforts to track and mitigate PAHs exposure to
reduce inherent health risks for the European population. Overall
creatinine-corrected XOHPAHSs levels varied from 1.20x10™" to
78.20 pmol/mol creatinine, which were significantly higher in
smokers. Subjects who acknowledged having exposure to PM and/
or gaseous pollutants during their work-shift at the fire stations
presented significantly higher urinary 1-OHPyr levels, which were
still below the occupational recommended level of 2.5 pg/L proposed
by ACGIH. This study presented 2 to 10-fold higher XOHPAHs
compared to the available data concerning firefighters without
exposure to fire emissions. The baseline ZOHPAHs concentrations
were 2-23 times higher than in general populations from Europe
and the USA, while remaining 2-fold lower than in Chinese.
However, all individual metabolite levels, except for 1-OHNaph+1-
OHAce, were below those reported for USA, Italian, German, and
Portuguese populations. Thus, further investigation of PAHs
exposure in firefighters during regular occupational activities at fire
stations is warranted. The urinary biomarkers 2-OHFlu and
1-OHPyr have the potential to discriminate tobacco consumption.
Smoking firefighters were predominantly hypertensive, which was
attributed to smoking duration, age, and years of service of the
subjects. Firefighters in the permanent intervention team presented
higher systolic pressure than those who had other functions. On the
other hand, despite hemogram parameters being within the
recommended values, exercising regularly (weekly) and spending
less than 8h per day at the fire station seemed to have a protective
role in firefighters’ health, whereas smoking was associated with
higher BAS and HCT. A non-significant association was found
between individual or XOHPAHs and blood pressure. On the other
hand, blood pressure was inversely correlated with MON, LIC, and
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RDW. Individual PAH metabolites were positively correlated with
differentiated leucocyte counts, but smoking could have been a
possible contributor to these associations.

Future studies should aim to (i) enroll a greater number of
females, if feasible, to more accurately characterize the exposure and
health of women firefighters statistically; (ii) establish cross-
contamination sources of PAHs and other pollutants at fire stations;
(iii) establish follow-up studies to detect possible alterations in the
blood pressure and hemogram of firefighters; (iv) explore the
differences in lifestyle between firefighters from other countries; and
(v) apply interventive measures to promote a healthier lifestyle among
firefighters. Also, the use of biomarkers of relevant toxic mechanisms,
such as oxidative stress, DNA damage, lung injury, etc., would
be highly valuable to comprehensively characterize this population.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary material, further inquiries can be directed
to the corresponding author.

Ethics statement

The studies involving humans were approved by Accredited Ethics
Committee of the University of Porto, Portugal, Report Nr. 92/
CEUP/2020, under the project BioFirEx project (PCIF/SSO/0017/2018):
“A panel of (bio)markers for the surveillance of firefighter’s health and
safety” The studies were conducted in accordance with the local
legislation and institutional requirements. The participants provided
their written informed consent to participate in this study.

Author contributions

BB: Conceptualization, Data curation, Formal analysis,
Methodology, Writing - original draft. AP: Conceptualization, Data
curation, Formal analysis, Methodology, Writing — original draft.
MO: Conceptualization, Methodology, Supervision, Validation,
SA:
Conceptualization, Data curation, Methodology, Validation, Writing

Writing review & editing, Funding acquisition.
- review & editing. FE: Conceptualization, Data curation,
Methodology, Validation, Writing - review & editing. AF:
Investigation, Methodology, Supervision, Writing - review & editing.
JV: Investigation, Methodology, Supervision, Writing - review &
editing. KS: Investigation, Methodology, Supervision, Writing —
review & editing. SC: Funding acquisition, Project administration,
Supervision, Writing - review & editing. JT: Funding acquisition,
Project administration, Supervision, Writing — review & editing. SM:
Conceptualization, Funding acquisition, Methodology, Project

administration, Supervision, Validation, Writing - review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work was

frontiersin.org


https://doi.org/10.3389/fpubh.2024.1338435
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

Barros et al.

financed through project PCIF/SSO/0090/2019 (http://doi.org/
10.54499/PCIF/SSO/0090/2019) by the Fundagio para a Ciéncia e a
Tecnologia, Ministério da Ciéncia, Tecnologia e Ensino Superior
(FCT-MCTES), through national funds.

Acknowledgments

The authors are grateful to Fundagdo para a Ciéncia e a
Tecnologia for financial support through national funds by
BioFirEx: PCIF/SSO/0017/2018 (http://doi.org/10.54499/PCIF/
SS0/0017/2018) and 2022.05381.PTDC (http://doi.
org/10.54499/2022.05381.PTDC). BB (PhD grant 2020.07394.BD)
and MO (scientific contract CEECIND/03666/2017; https://doi.
org/10.54499/CEECIND/03666/2017/CP1427/CT0007)
thankful to Fundagdo para a Ciéncia e a Tecnologia, Ministério da

are

Ciéncia, Tecnologia e Ensino Superior for their financial support.
This work also received support by UIDB/50006/2020 (http://doi.
org/10.54499/UIDB/50006/2020), UIDP/ 50006/2020 (http://doi.
org/10.54499/UIDP/50006/2020), LA/P/0008/2020 (http://doi.
org/10.54499/LA/P/0008/2020) by the Fundagao para a Ciénciaea
Tecnologia (FCT-MCTES).

References

1. Demers PA, DeMarini DM, Fent KW, Glass DC, Hansen ], Adetona O, et al.
Carcinogenicity of occupational exposure as a firefighter. Lancet Oncol. (2022) 23:985-6.
doi: 10.1016/S1470-2045(22)00390-4

2. IARC. Volume 132: occupational exposure as a firefighter. Lyon, France; June 7-14
IARC monographs on the evaluation of carcinogenic risks to humans (2022). Available at:
https://publications.iarc.fr/_publications/media/download/6983/3bab9e9cbf5975f0f
3b925dbaeedb2fb415752f5.pdf (Accessed October 2, 2023).

3. Gill B, Britz-McKibbin P. Biomonitoring of smoke exposure in firefighters: a review.
Curr Opin Environ Sci Health. (2020) 15:57-65. doi: 10.1016/j.coesh.2020.04.002

4. Richmond D. Implementation of a dose response to wood smoke PM: A potential
method to further explain CVD in Wildland firefighters. The University of Montana
Missoula, MT May (2020). 1-54 p.

5. Sousa G, Teixeira J, Delerue-Matos C, Sarmento B, Morais S, Wang X, et al.
Exposure to PAHs during firefighting activities: a review on skin levels, in vitro/in vivo
bioavailability, and health risks. Int ] Environ Res Public Health. (2022) 19:12677. doi:
10.3390/ijerph191912677

6. Engelsman M, Toms LML, Banks APW, Wang X, Mueller JE. Biomonitoring in
firefighters for volatile organic compounds, semivolatile organic compounds, persistent
organic pollutants, and metals: a systematic review. Environ Res. (2020) 188:109562. doi:
10.1016/j.envres.2020.109562

7. IARC. Agents classified by the IARC monographs, volumes 1 - 133. International
Agency for Research on Cancer (online database, last updated: 2023-03-24 0921am
(CEST) (2023) Available at: https://monographs.iarc.who.int/list-of-classifications
(Accessed June 15, 2023).

8. USEPA. Guidelines for carcinogen risk assessment, EPA/630/P-03/001F. Washington
DC, USA: United States Environmental Protection Agency (2005) Available at: https://
www.epa.gov/sites/default/files/2013-09/documents/cancer_guidelines_final_3-25-05.pdf.

9. Lag M, @vrevik ], Refsnes M, Holme JA. Potential role of polycyclic aromatic
hydrocarbons in air pollution-induced non-malignant respiratory diseases. Respir Res.
(2020) 21:299. doi: 10.1186/s12931-020-01563-1

10. Lee K]J, Choi K. Non-carcinogenic health outcomes associated with polycyclic
aromatic hydrocarbons (PAHs) exposure in humans: an umbrella review. Expo Health.
(2023) 15:95-111. doi: 10.1007/s12403-022-00475-3

11.Ras J, Kengne AP, Smith DL, Soteriades ES, Leach L. Association between
cardiovascular disease risk factors and cardiorespiratory fitness in firefighters: a
systematic review and meta-analysis. Int ] Environ Res Public Health. (2023) 20:2816.
doi: 10.3390/ijerph20042816

12. Sun 'Y, Kan Z, Zhang Z-F, Song L, Jiang C, Wang J, et al. Association of occupational
exposure to polycyclic aromatic hydrocarbons in workers with hypertension from a
northeastern Chinese petrochemical industrial area. Environ Pollut. (2023) 323:121266.
doi: 10.1016/j.envpol.2023.121266

Frontiers in Public Health

15

10.3389/fpubh.2024.1338435

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any
product that may be evaluated in this article, or claim that may be
made by its manufacturer, is not guaranteed or endorsed by the
publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpubh.2024.1338435/
full#supplementary-material

13. Wang X, Chen Z, Cheng D, Cao Y, Xie X, Zhou ], et al. Association between
urinary metabolites of volatile organic compounds and cardiovascular disease in the
general population from NHANES 2011-2018. Ecotoxicol Environ Saf. (2023)
264:115412. doi: 10.1016/j.ecoenv.2023.115412

14. Mallah MA, Mallah MA, Liu Y, Xi H, Wang W, Feng E, et al. Relationship between
polycyclic aromatic hydrocarbons and cardiovascular diseases: a systematic review. Front
Public Health. (2021) 9:763706. doi: 10.3389/fpubh.2021.763706

15. Barros B, Rodrigues F, Sarmento B, Delerue-Matos C, Morais S, Oliveira M.
Firefighters’ dermal exposure to fire emissions: levels and potential of 3D skin models
for health risk assessment In: M Oliveira, S Morais and F Rodrigues, editors. An Essential
Guide to Occupational Exposure. New York: Nova Science Publishers (2022). 75-125.

16. Engelsman M, Snoek MFE, Banks APW, Cantrell P, Wang X, Toms L-M, et al.
Exposure to metals and semivolatile organic compounds in Australian fire stations.
Environ Res. (2019) 179:108745. doi: 10.1016/j.envres.2019.108745

17. Rachwal M, Rakowska J. Polycyclic aromatic hydrocarbons in particulate matter
of a rescue and firefighting unit as a source of health hazard for firefighters In: M
Korzystka-Muskata, ] Kubicka, T Sawinski and A Drzeniecka-Osiadacz, editors. 4th
symposium “air quality and health” book of abstracts. Wroctaw: University of Wroclaw
(2023). 70.

18. Jakobsen ], Babigumira R, Danielsen M, Grimsrud TK, Olsen R, Rosting C, et al.
Work conditions and practices in Norwegian fire departments from 1950 until today: a
survey on factors potentially influencing carcinogen exposure. Saf Health Work. (2020)
11:509-16. doi: 10.1016/j.shaw.2020.07.004

19. Hoseini M, Nabizadeh R, Delgado-Saborit JM, Rafiee A, Yaghmaeian K, Parmy S,
et al. Environmental and lifestyle factors affecting exposure to polycyclic aromatic
hydrocarbons in the general population in a middle eastern area. Environ Pollut. (2018)
240:781-92. doi: 10.1016/j.envpol.2018.04.077

20. Cao L, Wen Y, Zhou Y, Chen W. Effects of environmental and lifestyle exposure
on urinary polycyclic aromatic hydrocarbon metabolites. Environ Epidemiol. (2019)
3:50-1. doi: 10.1097/01.EE9.0000606192.42354.ab

21. Jain RB. Contributions of dietary, demographic, disease, lifestyle and other factors
in explaining variabilities in concentrations of selected monohydroxylated polycyclic
aromatic hydrocarbons in urine: data for US children, adolescents, and adults. Environ
Pollut. (2020) 266:115178. doi: 10.1016/j.envpol.2020.115178

22. Huang X, Li Z, Zhang T, Zhu ], Wang X, Nie M, et al. Research progress in human
biological monitoring of aromatic hydrocarbon with emphasis on the analytical
technology of biomarkers. Ecotoxicol Environ Saf. (2023) 257:114917. doi: 10.1016/j.
ecoenv.2023.114917

23.Hwang ], Xu C, Grunsted P, Agnew RJ, Malone TR, Clifton S, et al. Urinary
metabolites of polycyclic aromatic hydrocarbons in firefighters: a systematic review and
meta-analysis. Int ] Environ Res Public Health. (2022) 19:8475. doi: 10.3390/
ijerph19148475

frontiersin.org


https://doi.org/10.3389/fpubh.2024.1338435
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
http://doi.org/10.54499/PCIF/SSO/0090/2019
http://doi.org/10.54499/PCIF/SSO/0090/2019
http://doi.org/10.54499/PCIF/SSO/0017/2018
http://doi.org/10.54499/PCIF/SSO/0017/2018
http://doi.org/10.54499/2022.05381.PTDC
http://doi.org/10.54499/2022.05381.PTDC
https://doi.org/10.54499/CEECIND/03666/2017/CP1427/CT0007
https://doi.org/10.54499/CEECIND/03666/2017/CP1427/CT0007
http://doi.org/10.54499/UIDB/50006/2020
http://doi.org/10.54499/UIDB/50006/2020
http://doi.org/10.54499/UIDP/50006/2020
http://doi.org/10.54499/UIDP/50006/2020
http://doi.org/10.54499/LA/P/0008/2020
http://doi.org/10.54499/LA/P/0008/2020
https://www.frontiersin.org/articles/10.3389/fpubh.2024.1338435/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpubh.2024.1338435/full#supplementary-material
https://doi.org/10.1016/S1470-2045(22)00390-4
https://publications.iarc.fr/_publications/media/download/6983/3bab9e9cbf5975f0f3b925dbaeedb2fb415752f5.pdf
https://publications.iarc.fr/_publications/media/download/6983/3bab9e9cbf5975f0f3b925dbaeedb2fb415752f5.pdf
https://doi.org/10.1016/j.coesh.2020.04.002
https://doi.org/10.3390/ijerph191912677
https://doi.org/10.1016/j.envres.2020.109562
https://monographs.iarc.who.int/list-of-classifications
https://www.epa.gov/sites/default/files/2013-09/documents/cancer_guidelines_final_3-25-05.pdf
https://www.epa.gov/sites/default/files/2013-09/documents/cancer_guidelines_final_3-25-05.pdf
https://doi.org/10.1186/s12931-020-01563-1
https://doi.org/10.1007/s12403-022-00475-3
https://doi.org/10.3390/ijerph20042816
https://doi.org/10.1016/j.envpol.2023.121266
https://doi.org/10.1016/j.ecoenv.2023.115412
https://doi.org/10.3389/fpubh.2021.763706
https://doi.org/10.1016/j.envres.2019.108745
https://doi.org/10.1016/j.shaw.2020.07.004
https://doi.org/10.1016/j.envpol.2018.04.077
https://doi.org/10.1097/01.EE9.0000606192.42354.ab
https://doi.org/10.1016/j.envpol.2020.115178
https://doi.org/10.1016/j.ecoenv.2023.114917
https://doi.org/10.1016/j.ecoenv.2023.114917
https://doi.org/10.3390/ijerph19148475
https://doi.org/10.3390/ijerph19148475

Barros et al.

24. HBMA4EU. Polycyclic aromatic hydrocarbons. Human biomonitoring for Europe
(HBMA4EU) project, science and policy for a healthy future European Environment Agency
and the European Commission (2020). Available at: https://www.hbm4eu.eu/hbm4eu-
substances/pahs/ (Accessed July 25, 2023).

25. Cuenca-Lozano MF, Ramirez-Garcia CO. Occupational hazards in firefighting:
systematic literature review. Saf Health Work. (2023) 14:1-9. doi: 10.1016/j.
shaw.2023.01.005

26. Rothman N, Correa-Villasenor A, Patrick Ford D, Poirier MC, Haas R, Hansen JA,
et al. Contribution of occupation and diet to white blood cell polycyclic aromatic
hydrocarbon-DNA adducts in Wildland firefighters. Cancer Epidemiol Biomarkers Prev.
(2011) 8:2675-91. doi: 10.3390/ijerph8072675

27. Oliveira M, Costa S, Vaz ], 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. ] Hazard Mater.
(2020) 383:121179. doi: 10.1016/j.jhazmat.2019.121179

28.Kim YT, Kim W, Bae M, Choi JE, Kim M-J, Oh SS, et al. The effect of polycyclic
aromatic hydrocarbons on changes in the brain structure of firefighters: an analysis using
data from the firefighters research on enhancement of safety & amp. Sci Total Environ.
(2022) 816:151655. doi: 10.1016/j.scitotenv.2021.151655

29.Nor N, Lee CJ, Park KS, Chang S-J, Kim C, Park S. The risk of mortality and
cardiovascular disease is increased in firefighters with elevated blood pressure compared to
the general population. J Hypertens. (2019) 37:e11. doi: 10.1097/01.hjh.0000570476.35662.28

30. Li K, Ochoa E, Lipsey T, Nelson T. Correlates of atherosclerotic cardiovascular
disease risk in older Colorado firefighters. Occup Med. (2018) 68:51-5. doi: 10.1093/
occmed/kqx192

31. Gendron P, Lajoie C, Laurencelle L, Lemoyne J, Trudeau E. Physical training in the
fire station and firefighters’ cardiovascular health. Occup Med. (2020) 70:224-30. doi:
10.1093/0ccmed/kqaa060

32. Pedersen JE, Ugelvig Petersen K, Ebbehgj NE, Bonde JP, Hansen J. Incidence of
cardiovascular disease in a historical cohort of Danish firefighters. Occup Environ Med.
(2018) 75:337-43. doi: 10.1136/0emed-2017-104734

33. Adetona AM, Adetona O, Gogal RM, Diaz-Sanchez D, Rathbun SL, Naeher LP.
Impact of work task-related acute occupational smoke exposures on select
Proinflammatory immune parameters in Wildland firefighters. ] Occup Environ Med.
(2017) 59:679-90. doi: 10.1097/JOM.0000000000001053

34. Watkins ER, Hayes M, Watt P, Richardson AJ. The acute effect of training fire
exercises on fire service instructors. J Occup Environ Hyg. (2019) 16:27-40. doi:
10.1080/15459624.2018.1531132

35. Andersen MHG, Saber AT, Clausen PA, Pedersen JE, Lohr M, Kermanizadeh A,
et al. Association between polycyclic aromatic hydrocarbon exposure and peripheral
blood mononuclear cell DNA damage in human volunteers during fire extinction
exercises. Mutagenesis. (2018) 33:105-15. doi: 10.1093/mutage/gex021

36. Andersen MHG, Saber AT, Pedersen JE, Pedersen PB, Clausen PA, Lehr M, et al.
Assessment of polycyclic aromatic hydrocarbon exposure, lung function, systemic
inflammation, and genotoxicity in peripheral blood mononuclear cells from firefighters
before and after a work shift. Environ Mol Mutagen. (2018) 59:539-48. doi: 10.1002/
em.22193

37.Kamal A, Cincinelli A, Martellini T, Malik RN. A review of PAH exposure from
the combustion of biomass fuel and their less surveyed effect on the blood parameters.
Environ Sci Pollut Res. (2015) 22:4076-98. doi: 10.1007/s11356-014-3748-0

38. Ataro Z, Geremew A, Urgessa F. Occupational health risk of working in garages:
comparative study on blood pressure and hematological parameters between garage
workers and Haramaya University community, Harar, eastern Ethiopia. Risk Manag
Healthc Policy. (2018) 11:35-44. doi: 10.2147/RMHP.S154611

39.Smith DL, Petruzzello S], Goldstein E, Ahmad U, Tangella K, Freund
GG, et al. Effect of live-fire training drills on firefighters TM platelet
number and function. Prehosp Emerg Care. (2011) 15:233-9. doi: 10.3109/10903127.
2010.545477

40. EC. Forest fires in Europe, Middle East and North Africa 2021. Luxembourg:
Publications Office of the European Union European Commission (2022).

41.ICNE 8° Relatorio Provisorio de Incéndios Rurais de 2022. Divisdo de Gestdo do
Programa de Fogos Rurais Instituto Da Conservagdo Da Natureza E Das Florestas. (2022).
Available at: https://www.icnf.pt/api/file/doc/4e8a66514175d0f7.

42. Oliveira M, Delerue-Matos C, Morais S, Slezakova K, Pereira MC, Fernandes A,
et al. Levels of urinary biomarkers of exposure and potential genotoxic risks in
firefighters In: PM Arezes, JS Baptista, MP Barroso, P Carneiro, P Cordeiro and N
Costaet al, editors. Occupational safety and hygiene VI. London: CRC Press, Taylor &
Francis Group (2018). 267-71.

43, Oliveira M, Slezakova K, Pereira MC, Fernandes A, Alves M]J, Delerue-Matos C,
et al. Levels of urinary 1-hydroxypyrene in firemen from the northeast of Portugal In:
PM Arezes, ]S Baptista, MP Barroso, P Carneiro, P Cordeiro and N Costaet al, editors.
Occupational safety and hygiene V. London: CRC Press, Taylor & Francis Group (2017).
111-6.

44. Bott RC, Kirk KM, Logan MB, Reid DA. Diesel particulate matter and polycyclic
aromatic hydrocarbons in fire stations. Environ Sci Process Impacts. (2017) 19:1320-6.
doi: 10.1039/c7em00291b

Frontiers in Public Health

16

10.3389/fpubh.2024.1338435

45. Sparer EH, Prendergast DP, Apell JN, Bartzak MR, Wagner GR, Adamkiewicz G,
et al. Assessment of ambient exposures firefighters encounter while at the Fire Station:
an exploratory study. J Occup Environ Med. (2017) 59:1017-23. doi: 10.1097/
JOM.0000000000001114

46. WHO. World health survey B-individual questionnaire Rotation — A World Health
Organization, Evidence and Information Policy (2002). Available at: https://apps.who.
int/healthinfo/systems/surveydata/index.php/catalog/121/download/1400.

47. WHO. WHO guidelines on drawing blood: Best practices in phlebotomy. Geneva:
Guidelines Review Committee, Integrated Service Delivery, World Health Organization
(2010) Awvailable at: https://www.who.int/publications/i/item/9789241599221.

48. WHO. The blood cold chain: Guide to the selection and procurement of equipment
and accessories Health Product Policy and Standards, Department of Blood Safety and
Clinical Technology World Health Organization Geneva (2002) Available at: https://
www.who.int/publications/i/item/9241545798.

49. DGS. Norma no 020/2011 atualizada a 19/03/2013 Hipertensio Arterial: Definigdo
e classificagdo. Diregdo- Geral de Satide, Servigo Nacional de Satide, Governo de Portugal
- Ministério da Savide. (2013). Available at: https://normas.dgs.min-saude.pt/2011/09/28/
hipertensao-arterial-definicao-e-classificacao/ (Accessed May 25, 2023).

50. Miller JN, Miller JC. Statistics and Chemometrics for analytical chemistry. Sixth
edition. Harlow, England: Pearson Education Limited (2010). p. 1-297.

51. Kanagasabapathy A, Kumari S. Guidelines on standard operating procedures for
clinical chemistry. Guidelines on standard operating procedures for clinical chemistry,
regional Office for South-East Asia, New Delhi: World Health Organization (2000). p.
26-30.

52. Hornung RW, Reed LD. Estimation of average concentration in the presence of
nondetectable values. Appl Occup Environ Hyg. (1990) 5:46-51. doi: 10.1080/
1047322X.1990.10389587

53. SPH. Guidelines de 2018 da ESH/ESC para o Tratamento da Hipertensdo Arterial.
Grupo de trabalho para o tratamento da hipertensdo arterial da Sociedade Europeia de
Cardiologia (ESC) e da Sociedade Europeia de Hipertensio (ESH) (2020). Available at:
https://www.sphta.org.pt/files/guidelines_2018.pdf.

54. ACSS. Valores laboratoriais de referéncia (Adultos). Administragdo Central do Sistema
de Satide, IP. Governo da Repuiblica Portuguesa - Ministério da Saiide. (2018). Available
at: https://www.acss.min-saude.pt/wp-content/uploads/2018/09/Tabela_Final.pdf.

55.DGS. Norma no 063/2011 de 30/12/2011 - Prescri¢do e Determinagio do
Hemograma. Departamento da Qualidade na Satide - Diregio-Geral da Satide Lisboa.
Portugal: (2011) Available at: https://ordemdosmedicos.pt/wp-content/uploads/2017/09/
Prescricao_e_Determinacao_do_Hemograma.pdf.

56. Laboratério Garavelo. Hemograma Completo. Exame Hemograma Completo
(2023). Available at: https://www.laboratoriogaravelo.com.br/exames/1-hemograma-
completo (Accessed August 25, 2023).

57. Haider RZ, Khan NA, Urrechaga E, Shamsi TS. Mature and immature/activated
cells fractionation: time for a paradigm shift in differential leucocyte count reporting?
Diagnostics. (2021) 11:922. doi: 10.3390/diagnostics11060922

58.Booth A, DeiTos P, O’Brien T. Electrocardiografia para técnicos de cuidados de
satide. Lusodidata, 2nd ed. Portugal: Loures (2009).

59. Dibbs E, Thomas HEJU, Weiss ST, Sparrow D. Fire fighting and coronary heart
disease. Circulation. (1982) 65:943-6. doi: 10.1161/01.CIR.65.5.943

60. Phan L, McNeel TS, Jewett B, Moose K, Choi K. Trends of cigarette smoking and
smokeless tobacco use among US firefighters and law enforcement personnel,
1992-2019. Am ] Ind Med. (2022) 65:72-7. doi: 10.1002/ajim.23311

61. Large AA, Owens GR, Hoffman LA. The short-term effects of smoke exposure on
the pulmonary function of firefighters. Chest. (1990) 97:806-9. doi: 10.1378/
chest.97.4.806

62. INE PORDATA. Taxa de obesidade: Em que paises hd maior e menor percentagem
de pessoas, com 18 ou mais anos, com excesso de peso segundo o indice de massa corporal
(IMC)? (last updated 25-08-2021), Eurostat, Entidades Nacionais, PORDATA (2021).
Available at: https://www.pordata.pt/europa/taxa+de+obesidade-3542 (Accessed August
15,2023).

63. Elliot DL, Goldberg L, Kuehl KS, Moe EL, Breger RKR, Pickering MA. The
PHLAME (promoting healthy lifestyles: alternative models’ effects) firefighter study:
outcomes of two models of behavior change. ] Occup Environ Med. (2007) 49:204-13.
doi: 10.1097/JOM.0b013e3180329a8d

64.I1de CW. Fat future for firefighters? Changes in prevalence of obesity in Scottish
local authority firefighters. Scott Med J. (2012) 57:1-3. doi: 10.1258/smj.2012.012114

65. Zeng Q, Dong S-Y, Sun X-N, Xie J, Cui Y. Percent body fat is a better predictor of
cardiovascular risk factors than body mass index. Braz ] Med Biol Res. (2012)
45:591-600. doi: 10.1590/S0100-879X2012007500059

66. Shukohifar M, Mozafari Z, Rahmanian M, Mirzaei M. Performance of body mass
index and body fat percentage in predicting metabolic syndrome risk factors in diabetic
patients of Yazd, Iran. BMC Endocr Disord. (2022) 22:216. doi: 10.1186/s12902-022-01125-0

67.Ras J, Smith DL, Soteriades ES, Kengne AP, Leach L. A pilot study on the
relationship between cardiovascular health, musculoskeletal health, physical fitness and
occupational performance in firefighters. Eur J Investig Health Psychol Educ. (2022)
12:1703-18. doi: 10.3390/ejihpe12110120

frontiersin.org


https://doi.org/10.3389/fpubh.2024.1338435
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.hbm4eu.eu/hbm4eu-substances/pahs/
https://www.hbm4eu.eu/hbm4eu-substances/pahs/
https://doi.org/10.1016/j.shaw.2023.01.005
https://doi.org/10.1016/j.shaw.2023.01.005
https://doi.org/10.3390/ijerph8072675
https://doi.org/10.1016/j.jhazmat.2019.121179
https://doi.org/10.1016/j.scitotenv.2021.151655
https://doi.org/10.1097/01.hjh.0000570476.35662.28
https://doi.org/10.1093/occmed/kqx192
https://doi.org/10.1093/occmed/kqx192
https://doi.org/10.1093/occmed/kqaa060
https://doi.org/10.1136/oemed-2017-104734
https://doi.org/10.1097/JOM.0000000000001053
https://doi.org/10.1080/15459624.2018.1531132
https://doi.org/10.1093/mutage/gex021
https://doi.org/10.1002/em.22193
https://doi.org/10.1002/em.22193
https://doi.org/10.1007/s11356-014-3748-0
https://doi.org/10.2147/RMHP.S154611
https://doi.org/10.3109/10903127.2010.545477
https://doi.org/10.3109/10903127.2010.545477
https://www.icnf.pt/api/file/doc/4e8a66514175d0f7
https://doi.org/10.1039/c7em00291b
https://doi.org/10.1097/JOM.0000000000001114
https://doi.org/10.1097/JOM.0000000000001114
https://apps.who.int/healthinfo/systems/surveydata/index.php/catalog/121/download/1400
https://apps.who.int/healthinfo/systems/surveydata/index.php/catalog/121/download/1400
https://www.who.int/publications/i/item/9789241599221
https://www.who.int/publications/i/item/9241545798
https://www.who.int/publications/i/item/9241545798
https://normas.dgs.min-saude.pt/2011/09/28/hipertensao-arterial-definicao-e-classificacao/
https://normas.dgs.min-saude.pt/2011/09/28/hipertensao-arterial-definicao-e-classificacao/
https://doi.org/10.1080/1047322X.1990.10389587
https://doi.org/10.1080/1047322X.1990.10389587
https://www.sphta.org.pt/files/guidelines_2018.pdf
https://www.acss.min-saude.pt/wp-content/uploads/2018/09/Tabela_Final.pdf
https://ordemdosmedicos.pt/wp-content/uploads/2017/09/Prescricao_e_Determinacao_do_Hemograma.pdf
https://ordemdosmedicos.pt/wp-content/uploads/2017/09/Prescricao_e_Determinacao_do_Hemograma.pdf
https://www.laboratoriogaravelo.com.br/exames/1-hemograma-completo
https://www.laboratoriogaravelo.com.br/exames/1-hemograma-completo
https://doi.org/10.3390/diagnostics11060922
https://doi.org/10.1161/01.CIR.65.5.943
https://doi.org/10.1002/ajim.23311
https://doi.org/10.1378/chest.97.4.806
https://doi.org/10.1378/chest.97.4.806
https://www.pordata.pt/europa/taxa+de+obesidade-3542
https://doi.org/10.1097/JOM.0b013e3180329a8d
https://doi.org/10.1258/smj.2012.012114
https://doi.org/10.1590/S0100-879X2012007500059
https://doi.org/10.1186/s12902-022-01125-0
https://doi.org/10.3390/ejihpe12110120

Barros et al.

68. Li Z, Romanoff L, Bartell S, Pittman EN, Trinidad DA, McClean M, et al. Excretion
profiles and half-lives of ten urinary polycyclic aromatic hydrocarbon metabolites after
dietary exposure. Chem Res Toxicol. (2012) 25:1452-61. doi: 10.1021/tx300108e

69. Barros B, Oliveira M, Morais S. Biomonitoring of firefighting forces: a review on
biomarkers of exposure to health-relevant pollutants released from fires. J Toxicol
Environ Health B Crit Rev. (2023) 26:127-71. doi: 10.1080/10937404.2023.2172119

70. USEPA. Toxicological review of Benzo [a] pyrene [CASRN 50-32-8] supplemental
information. Washington, DC: Integrated Risk Information System National Center for
Environmental Assessment Office of Research and Development US Environmental
Protection Agency (2017) Available at: https://ordspub.epa.gov/ords/eims/eimscomm.
getfile?p_download_id=535926.

71. Orysiak J, Miynarczyk M, Piec R, Jakubiak A. Lifestyle and environmental factors
may induce airway and systemic inflammation in firefighters. Environ Sci Pollut Res.
(2022) 29:73741-68. doi: 10.1007/s11356-022-22479-x

72.St Helen G, Goniewicz ML, Dempsey D, Wilson M, Jacob P, Benowitz NL.
Exposure and kinetics of polycyclic aromatic hydrocarbons (PAHs) in cigarette smokers.
Chem Res Toxicol. (2012) 25:952-64. doi: 10.1021/tx300043k

73. Wang Y, Wong L-Y, Meng L, Pittman EN, Trinidad DA, Hubbard KL, et al. Urinary
concentrations of monohydroxylated polycyclic aromatic hydrocarbons in adults from
the U.S. population assessment of tobacco and health (PATH) study wave 1 (2013-2014).
Environ Int. (2019) 123:201-8. doi: 10.1016/j.envint.2018.11.068

74. Tombolini F, Pigini D, Tranfo G, Paci E, Carosi I, Marini F, et al. Levels of urinary
metabolites of four PAHs and cotinine determined in 1016 volunteers living in Central
Italy. Environ Sci Pollut Res. (2018) 25:28772-9. doi: 10.1007/s11356-018-1650-x

75. Buonaurio E, Paci E, Pigini D, Marini F, Bauleo L, Ancona C, et al. Chemometric
study of the correlation between human exposure to benzene and PAHs and urinary
excretion of oxidative stress biomarkers. Atmosphere (Basel). (2020) 11:1341. doi:
10.3390/atmos11121341

76.Tamiceli AL, Abate V, Abballe A, Bena A, De Filippis SP, De Luca S, et al.
Biomonitoring of the adult population in the area of Turin waste incinerator: baseline
levels of polycyclic aromatic hydrocarbon metabolites. Environ Res. (2020) 181:108903.
doi: 10.1016/j.envres.2019.108903

77.Tamiceli AL, Abate V, Bena A, De Filippis SP, De Luca S, Tacovella N, et al. The
longitudinal biomonitoring of residents living near the waste incinerator of Turin:
polycyclic aromatic hydrocarbon metabolites after three years from the plant start-up.
Environ Pollut. (2022) 314:120199. doi: 10.1016/j.envpol.2022.120199

78.Joksi¢ AS, Tratnik JS, Mazej D, Kocman D, Stajnko A, ErZen I, et al. Polycyclic
aromatic hydrocarbons (PAHs) in men and lactating women in Slovenia: results of the
first national human biomonitoring. Int ] Hyg Environ Health. (2022) 241:113943. doi:
10.1016/j.ijheh.2022.113943

79. Wang F, Wang Y, Wang Y, Jia T, Chang L, Ding J, et al. Urinary polycyclic aromatic
hydrocarbon metabolites were associated with hypertension in US adults: data from
NHANES 2009-2016. Environ Sci Pollut Res. (2022) 29:80491-501. doi: 10.1007/
s11356-022-21391-8

80. Cao L, Wang D, Wen Y, He H, Chen A, Hu D, et al. Effects of environmental and
lifestyle exposures on urinary levels of polycyclic aromatic hydrocarbon metabolites: a
cross-sectional study of urban adults in China. Chemosphere. (2020) 240:124898. doi:
10.1016/j.chemosphere.2019.124898

81.Song Y, Hou J, Huang X, Zhang X, Tan A, Rong Y, et al. The Wuhan-Zhuhai
(WHZH) cohort study of environmental air particulate matter and the pathogenesis of
cardiopulmonary diseases: study design, methods and baseline characteristics of the
cohort. BMC Public Health. (2014) 14:994. doi: 10.1186/1471-2458-14-994

82. Oliveira M, Slezakova K, Magalhaes CP, Fernandes A, Teixeira JP, Delerue-Matos
C, et al. Individual and cumulative impacts of fire emissions and tobacco consumption
on wildland firefighters’ total exposure to polycyclic aromatic hydrocarbons. ] Hazard
Mater. (2017) 334:10-20. doi: 10.1016/j.jhazmat.2017.03.057

83. 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. ] Hazard
Mater. (2017) 323:184-94. doi: 10.1016/j.jhazmat.2016.03.012

84. Hoppe-Jones C, Griffin SC, Gulotta JJ, Wallentine DD, Moore PK, Beitel SC, et al.
Evaluation of fireground exposures using urinary PAH metabolites. ] Expo Sci Environ
Epidemiol. (2021) 31:913-22. doi: 10.1038/s41370-021-00311-x

85. Beitel SC, Flahr LM, Hoppe-Jones C, Burgess JL, Littau SR, Gulotta J, et al.
Assessment of the toxicity of firefighter exposures using the PAH CALUX bioassay.
Environ Int. (2020) 135:105207. doi: 10.1016/j.envint.2019.105207

86. Halimi J-M, Giraudeau B, Vol S, Cacés E, Nivet H, Lebranchu Y, et al. Effects of
current smoking and smoking discontinuation on renal function and proteinuria in the
general population. Kidney Int. (2000) 58:1285-92. doi: 10.1046/j.1523-1755.2000.00284.x

87.HBMA4EU. Population distribution of internal exposure levels. (online database)
European human biomonitoring dashboard human biomonitoring for Europe (HBM4EU)
project, science and policy for a healthy future (2023). Available at: https://hbm.vito.be/
eu-hbm-dashboard (Accessed October 26, 2023).

88. Taeger D, Koslitz S, Kifferlein HU, Pelzl T, Heinrich B, Breuer D, et al. Exposure
to polycyclic aromatic hydrocarbons assessed by biomonitoring of firefighters during
fire operations in Germany. Int ] Hyg Environ Health. (2023) 248:114110. doi: 10.1016/j.
ijheh.2023.114110

Frontiers in Public Health

17

10.3389/fpubh.2024.1338435

89. ACGIH. Threshold limit values for chemical substances and physical agents &
biological exposure indices. Washington: Signature publications. American Conference
of Governmental Industrial Hygienists, Cincinnati, USA. (2019). p. 1-308.

90. Jongeneelen FJ. A guidance value of 1-hydroxypyrene in urine in view of
acceptable occupational exposure to polycyclic aromatic hydrocarbons. Toxicol Lett.
(2014) 231:239-48. doi: 10.1016/j.toxlet.2014.05.001

91. Klesges RC, Zbikowski SM, Lando HA, Haddock CK, Talcott GW, Robinson LA.
The relationship between smoking and body weight in a population of young military
personnel. Health Psychol. (1998) 17:454-8. doi: 10.1037/0278-6133.17.5.454

92. Sneve M, Jorde R. Cross-sectional study on the relationship between body mass
index and smoking, and longitudinal changes in body mass index in relation to change
in smoking status: the Tromse study. Scand J Public Health. (2008) 36:397-407. doi:
10.1177/1403494807088453

93. Pednekar MS, Gupta PC, Shukla HC, Hebert JR. Association between tobacco use
and body mass index in urban Indian population: implications for public health in India.
BMC Public Health. (2006) 6:70. doi: 10.1186/1471-2458-6-70

94. Jitnarin N, Kosulwat V, Rojroongwasinkul N, Boonpraderm A, Haddock CK,
Poston WSC. The relationship between smoking, body weight, body mass index, and
dietary intake among Thai adults. Asia Pac ] Public Health. (2014) 26:481-93. doi:
10.1177/1010539511426473

95.Huang S, Li Q, Liu H, Ma S, Long C, Li G, et al. Urinary monohydroxylated
polycyclic aromatic hydrocarbons in the general population from 26 provincial capital
cities in China: levels, influencing factors, and health risks. Environ Int. (2022)
160:107074. doi: 10.1016/j.envint.2021.107074

96. Shen B, Whitehead TP, Gill R, Dhaliwal ], Brown FR, Petreas M, et al.
Organophosphate flame retardants in dust collected from United States fire stations.
Environ Int. (2018) 112:41-8. doi: 10.1016/j.envint.2017.12.009

97. Wolffe TAM, Clinton A, Robinson A, Turrell L, Stec AA. Contamination of UK
firefighters personal protective equipment and workplaces. Sci Rep. (2023) 13:65. doi:
10.1038/541598-022-25741-x

98. Oliveira M, Slezakova K, Fernandes A, Teixeira JP, Delerue-Matos C, Pereira
MDG, et al. Occupational exposure of firefighters to polycyclic aromatic hydrocarbons
in non-fire work environments. Sci Total Environ. (2017) 592:277-87. doi: 10.1016/j.
scitotenv.2017.03.081

99. ATSDR. Toxicological profile for naphthalene, 1-methylnaphthalene, and
2-methylnaphthalene. Atlanta, USA: US Department of Health and Humans Services,
Public Health Human Services, Agency for Toxic Substances and Disease Registry
(2005) Available at: https://www.atsdr.cdc.gov/ToxProfiles/tp67.pdf.

100. EAA. Benzo (a) pyrene — annual target value for the protection of human health.
European Environment Agency. (2014). Available at: https://www.eea.europa.eu/data-
and-maps/figures/benzo-a-pyrene-annual-4 (Accessed January 30, 2024).

101. NIOSH. NIOSH pocket guide to chemical hazards: Naphthalene. The National
Institute for Occupational Safety and Health, Department of Health and Human
Services Centers for Disease Control and Prevention (CDC), USA (2019). Available at:
https://www.cdc.gov/niosh/npg/npgd0439.html (Accessed January, 27, 2024).

102. OSHA. Permissible exposure limits - Annotated tables. Occupational Safety and
Health Administration Washington, USA (2024). Available at: https://www.osha.gov/
annotated-pels/table-z-1 (Accessed January 30, 2024).

103. Rogula-Koztowska W, Bralewska K, Rogula-Kopiec P, Makowski R, Majder-
Lopatka M, Lukawski A, et al. Respirable particles and polycyclic aromatic hydrocarbons
at two polish fire stations. Build Environ. (2020) 184:107255. doi: 10.1016/j.
buildenv.2020.107255

104. Jia C, Batterman S. A critical review of naphthalene sources and exposures
relevant to indoor and outdoor air. Int ] Environ Res Public Health. (2010) 7:2903-39.
doi: 10.3390/ijerph7072903

105. Fent KW, Evans DE, Booher D, Pleil JD, Stiegel MA, Horn GP, et al. Volatile
organic compounds off-gassing from firefighters’ personal protective equipment
ensembles after use. J Occup Environ Hyg. (2015) 12:404-14. doi:
10.1080/15459624.2015.1025135

106. Abe KC, Rodrigues MA, Miraglia SGEK. Health impact assessment of air
pollution in Lisbon. Air Waste. (2022) 72:1307-15. doi: 10.1080/10962247.2022.2118192

107. Sousa AC, Pastorinho MR, Masjedi MR, Urrutia-Pereira M, Arrais M, Nunes E,
et al. Issue 1 - “update on adverse respiratory effects of outdoor air pollution” part 2:
outdoor air pollution and respiratory diseases: perspectives from Angola, Brazil,
Canada, Iran, Mozambique and Portugal. Pulmonology. (2022) 28:376-95. doi: 10.1016/j.
pulmoe.2021.12.007

108. Dantas L, Azevedo JC, Feliciano M. O impacto da queima doméstica de biomassa
lenhosa nos niveis de PM2,5 na cidade de Braganga, Portugal. Rev Ciénc Agrdr. (2017)
40:5282-90. doi: 10.19084/RCA16191

109. Cipoli YA, Alves C, Rapuano M, Evtyugina M, Rienda IC, Kovéts N, et al.
Nighttime-daytime PM10 source apportionment and toxicity in a remoteness inland
city of the Iberian Peninsula. Atmos Environ. (2023) 303:119771. doi: 10.1016/j.
atmosenv.2023.119771

110. Rodrigues SSP, Franchini BM, Pinho ISM, Graga APSR. The Portuguese
mediterranean diet wheel: development considerations. Br ] Nutr. (2022) 128:1315-21.
doi: 10.1017/S0007114521003743

frontiersin.org


https://doi.org/10.3389/fpubh.2024.1338435
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://doi.org/10.1021/tx300108e
https://doi.org/10.1080/10937404.2023.2172119
https://ordspub.epa.gov/ords/eims/eimscomm.getfile?p_download_id=535926
https://ordspub.epa.gov/ords/eims/eimscomm.getfile?p_download_id=535926
https://doi.org/10.1007/s11356-022-22479-x
https://doi.org/10.1021/tx300043k
https://doi.org/10.1016/j.envint.2018.11.068
https://doi.org/10.1007/s11356-018-1650-x
https://doi.org/10.3390/atmos11121341
https://doi.org/10.1016/j.envres.2019.108903
https://doi.org/10.1016/j.envpol.2022.120199
https://doi.org/10.1016/j.ijheh.2022.113943
https://doi.org/10.1007/s11356-022-21391-8
https://doi.org/10.1007/s11356-022-21391-8
https://doi.org/10.1016/j.chemosphere.2019.124898
https://doi.org/10.1186/1471-2458-14-994
https://doi.org/10.1016/j.jhazmat.2017.03.057
https://doi.org/10.1016/j.jhazmat.2016.03.012
https://doi.org/10.1038/s41370-021-00311-x
https://doi.org/10.1016/j.envint.2019.105207
https://doi.org/10.1046/j.1523-1755.2000.00284.x
https://hbm.vito.be/eu-hbm-dashboard
https://hbm.vito.be/eu-hbm-dashboard
https://doi.org/10.1016/j.ijheh.2023.114110
https://doi.org/10.1016/j.ijheh.2023.114110
https://doi.org/10.1016/j.toxlet.2014.05.001
https://doi.org/10.1037/0278-6133.17.5.454
https://doi.org/10.1177/1403494807088453
https://doi.org/10.1186/1471-2458-6-70
https://doi.org/10.1177/1010539511426473
https://doi.org/10.1016/j.envint.2021.107074
https://doi.org/10.1016/j.envint.2017.12.009
https://doi.org/10.1038/s41598-022-25741-x
https://doi.org/10.1016/j.scitotenv.2017.03.081
https://doi.org/10.1016/j.scitotenv.2017.03.081
https://www.atsdr.cdc.gov/ToxProfiles/tp67.pdf
https://www.eea.europa.eu/data-and-maps/figures/benzo-a-pyrene-annual-4
https://www.eea.europa.eu/data-and-maps/figures/benzo-a-pyrene-annual-4
https://www.cdc.gov/niosh/npg/npgd0439.html
https://www.osha.gov/annotated-pels/table-z-1
https://www.osha.gov/annotated-pels/table-z-1
https://doi.org/10.1016/j.buildenv.2020.107255
https://doi.org/10.1016/j.buildenv.2020.107255
https://doi.org/10.3390/ijerph7072903
https://doi.org/10.1080/15459624.2015.1025135
https://doi.org/10.1080/10962247.2022.2118192
https://doi.org/10.1016/j.pulmoe.2021.12.007
https://doi.org/10.1016/j.pulmoe.2021.12.007
https://doi.org/10.19084/RCA16191
https://doi.org/10.1016/j.atmosenv.2023.119771
https://doi.org/10.1016/j.atmosenv.2023.119771
https://doi.org/10.1017/S0007114521003743

Barros et al.

111. Oliveira M, Capelas S, Delerue-Matos C, Morais S. Grill workers exposure to
polycyclic aromatic hydrocarbons: levels and excretion profiles of the urinary
biomarkers. Int ] Environ Res Public Health. (2020) 18:230. doi: 10.3390/ijerph18010230

112. SNS 24. Hipertensdo arterial. Sistema Nacional de Saiide 24 - Centro de Contacto
do Servigo Nacional de Satide (last updated: 11/05/2023). Ministério da Saude. Governo
de Portugal (2023). Available at: https://www.sns24.gov.pt/tema/doencas-do-coracao/
hipertensao-arterial/ (Accessed May 24, 2023).

113. Connelly PJ, Currie G, Delles C. Sex differences in the prevalence, outcomes and
Management of Hypertension. Curr Hypertens Rep. (2022) 24:185-92. doi: 10.1007/
s11906-022-01183-8

114. Khaja SU, Mathias KC, Bode ED, Stewart DE, Jack K, Moffatt SM, et al.
Hypertension in the United States fire service. Int ] Environ Res Public Health. (2021)
18:5432. doi: 10.3390/ijerph18105432

115. Savall A, Charles R, Binazet J, Frey E, Trombert B, Fontana L, et al. Volunteer and
career French firefighters with high cardiovascular risk. ] Occup Environ Med. (2018)
60:e548-53. doi: 10.1097/JOM.0000000000001426

116. Ras ], Leach L. Prevalence of coronary artery disease risk factors in firefighters in
the city of Cape Town fire and rescue service — a descriptive study. J Public Health Res.
(2021) 10:jphr.2021.2000. doi: 10.4081/jphr.2021.2000

117. Luehrs RE, Zhang D, Pierce GL, Jacobs DR, Kalhan R, Whitaker KM. Cigarette
smoking and longitudinal associations with blood pressure: the CARDIA study. J
Am Heart Assoc. (2021) 10:e019566. doi: 10.1161/JAHA.120.019566

118. Herath P, Wimalasekera S, Amarasekara T, Fernando M, Turale S. Effect of
cigarette smoking on smoking biomarkers, blood pressure and blood lipid levels among
Sri Lankan male smokers. Postgrad Med J]. (2022) 98:848-54. doi: 10.1136/
postgradmed;-2021-141016

119. Sultana R, Nessa A, Yeasmin F, Nasreen S, Khanam A. Study on blood pressure
in male cigarette smokers. Mymensingh Med J. (2019) 28:582-5.

120. Igboanugo S, Bigelow PL, Mielke JG. Health outcomes of psychosocial stress
within firefighters: a systematic review of the research landscape. ] Occup Health. (2021)
63:€12219. doi: 10.1002/1348-9585.12219

121. Rodrigues S, Paiva JS, Dias D, Cunha JPS. Stress among on-duty firefighters: an
ambulatory assessment study. Peer]. (2018) 6:€5967. doi: 10.7717/peerj.5967

122. Watt PW, Willmott AGB, Maxwell NS, Smeeton NJ, Watt E, Richardson AJ.
Physiological and psychological responses in fire instructors to heat exposures. J Therm
Biol. (2016) 58:106-14. doi: 10.1016/j.jtherbio.2016.04.008

123. NHS. Adult Haematology GP pathway guides (draft V.3 16th April 2020). United
Kingdom: National Health Service foundation trust Manchester University London
(2020) Available at: https://mft.nhs.uk/app/uploads/2020/08/Haematology-GP-
Pathway-Guide.pdf.

124. Garcia-Dabrio MC, Pujol-Moix N, Martinez-Perez A, Fontcuberta J, Souto JC,
Soria JM, et al. Influence of age, gender and lifestyle in lymphocyte subsets: report from
the Spanish Gait-2 study. Acta Haematol. (2012) 127:244-9. doi: 10.1159/000337051

125. Varghese M, Clemente J, Lerner A, Abrishami S, Islam M, Subbaiah P, et al.
Monocyte trafficking and polarization contribute to sex differences in meta-
inflammation. Front Endocrinol (Lausanne). (2022) 13:826320. doi: 10.3389/
fendo.2022.826320

126. Pedersen KM, Colak Y, Ellervik C, Hasselbalch HC, Bojesen SE, Nordestgaard
BG. Smoking and increased white and red blood cells. Arterioscler Thromb Vasc Biol.
(2019) 39:965-77. doi: 10.1161/ATVBAHA.118.312338

127. Shipa SA, Rana MM, Miah ME, Alam MJ, Mahmud MGR. Effect of intensity of
cigarette smoking on leukocytes among adult men and women smokers in Bangladesh.
Asia Pac ] Med Toxicol. (2017) 6:12-7. doi: 10.22038/apjmt.2017.8472

128. Smith CJ, Kluck LA, Ruan GJ, Ashrani AA, Marshall AL, Pruthi RK, et al.
Leukocytosis and tobacco use: an observational study of asymptomatic leukocytosis. Am
J Med. (2021) 134:e31-5. doi: 10.1016/j.amjmed.2020.06.014

129. Malenica M, Prnjavorac B, Bego T, Dujic T, Semiz S, Skrbo S, et al. Effect of
cigarette smoking on haematological parameters in healthy population. Med Arch.
(2017) 71:132-6. doi: 10.5455/medarh.2017.71.132-136

130. Tulgar YK, Cakar S, Tulgar S, Dalkilic O, Cakiroglu B, Uyanik BS. The effect of
smoking on neutrophil/lymphocyte and platelet/lymphocyte ratio and platelet indices:
a retrospective study. Eur Rev Med Pharmacol Sci. (2016) 20:3112-8. Available at: https://
www.europeanreview.org/article/11185

131. Weinberg SE, Behdad A, Ji P. Atypical lymphocytes in peripheral blood of
patients with COVID-19. Br ] Haematol. (2020) 190:36-9. doi: 10.1111/bjh.16848

132. Pastoret C, Ly Sunnaram B, Fest T, Roussel M. Integration of immature
granulocytes quantification with the version 2.0 Uni Cel DxH 800 in the Hemato flow
strategy. Am ] Clin Pathol. (2016) 145:552-9. doi: 10.1093/ajcp/aqw035

133. Roehrl MHA, Lantz D, Sylvester C, Wang JY. Age-dependent reference ranges for
automated assessment of immature granulocytes and clinical significance in an
outpatient setting. Arch Pathol Lab Med. (2011) 135:471-7. doi: 10.5858/2010-0258-
OA.1

134. Kwag Y, Oh J, Yang W, Kim Y, Ha E-H, Ye S. Effect of PM concentration on
anemia blood indicators reduced by air purifiers. Chemosphere. (2023) 323:138131. doi:
10.1016/j.chemosphere.2023.138131

Frontiers in Public Health

10.3389/fpubh.2024.1338435

135. Canada H. Traffic-related air pollution: Asthma, allergies, and lung function.
Canada: Health Canada Ministery of Health Ottawa (2020) Available at: https://www.
canada.ca/en/health-canada/services/publications/healthy-living/traffic-related-air-
pollution-asthma-allergies-lung-function-assessment.html.

136. Ahmed HR, Manzoor Syed B, Laghari Z, Pirzada S. Analysis of inflammatory
markers in apparently healthy automobile vehicle drivers in response to exposure to
traffic pollution fumes. Pak. ] Med Sci. (2020) 36:657-62. doi: 10.12669/pjms.36.4.2025

137. WHO. Health effects of transport-related air pollution In: M Krzyzanowski, B
Kuna-Dibbert and ] Schneider, editors. WHO regional Office for Europe. Denmark:
World Health Organization Copenhagen (2005) Available at: https://apps.who.int/iris/
bitstream/handle/10665/328088/9789289013734-eng.pdf?sequence=3&isAllowed=y

138. Abreu Gomes L. (2020) Qualidade do ar em zonas industriais: Andlise dos padroes
temporais e espaciais de ozono e de éxidos de azoto na zona industrial urbana de
Mirandela (Portugal). [dissertation/master’s thesis]. Braganga: Instituto Politécnico de
Braganga. p. 1-93. Available at: https://bibliotecadigital.ipb.pt/bitstream/10198/23184/1/
Gomes_Lucas.pdf.

139. Dzikowicz DJ, Carey MG. Correlates of autonomic function, hemodynamics, and
physical activity performance during exercise stress testing among firefighters. Biol Res
Nurs. (2023) 25:382-92. doi: 10.1177/10998004221143508

140. Peake JM, Neubauer O, Walsh NP, Simpson R]. Recovery of the immune system
after exercise. ] Appl Physiol. (2017) 122:1077-87. doi: 10.1152/japplphysiol.00622.2016

141. Buonacera A, Stancanelli B, Colaci M, Malatino L. Neutrophil to lymphocyte
ratio: an emerging marker of the relationships between the immune system and diseases.
Int ] Mol Sci. (2022) 23:3636. doi: 10.3390/ijms23073636

142. Dragos D, Tanasescu M. The effect of stress on the defense systems. ] Med Life.
(2010) 3:10-8.

143. Maydych V, Claus M, Dychus N, Ebel M, Damaschke J, Diestel S, et al. Impact of
chronic and acute academic stress on lymphocyte subsets and monocyte function. PLoS
One. (2017) 12:e0188108. doi: 10.1371/journal.pone.0188108

144. Loef B, Nanlohy NM, Jacobi RHJ, van de Ven C, Mariman R, van der Beek AJ,
et al. Immunological effects of shift work in healthcare workers. Sci Rep. (2019) 9:18220.
doi: 10.1038/s41598-019-54816-5

145. Mehrdad R, Haghighi K, Esfahani A. Sleep quality of professional firefighters. Int
J Prev Med. (2013) 4:1095-100.

146. Kim S, H-j L, D-m S, B-s K, J-h O, B-j C, et al. Cardiovascular risk in fire academy
instructors during live-fire simulation activity. Ann Burns Fire Disasters. (2018)
31:313-21.

147. Kurtoglu E, Aktiirk E, Korkmaz H, Sincer 1, Yilmaz M, Erdem K, et al. Elevated
red blood cell distribution width in healthy smokers. Turk Kardiyol Dern Ars. (2013)
41:199-206. doi: 10.5543/tkda.2013.42375

148. Kamal A, Malik RN. Hematological evidence of occupational exposure to
chemicals and other factors among auto-repair Workers in Rawalpindi, Pakistan. Osong
Public Health Res Perspect. (2012) 3:229-38. doi: 10.1016/j.phrp.2012.10.003

149. Rogula-Kozlowska W, Bralewska K, Jureczko I. BTEXS concentrations and
exposure assessment in a Fire Station. Atmosphere (Basel). (2020) 11:470. doi: 10.3390/
atmos11050470

150. Heber S, Volf I. Effects of physical (in) activity on platelet function. Biomed Res
Int. (2015) 2015:1-11. doi: 10.1155/2015/165078

151. Aldosari KH, Ahmad G, Al-Ghamdi S, Alsharif MHK, Elamin AY, Musthafa M,
et al. The influence and impact of smoking on red blood cell morphology and buccal
microflora: a case-control study. J Clin Lab Anal. (2020) 34:e23212. doi: 10.1002/
jcla.23212

152. Purdy JC, Shatzel JJ. The hematologic consequences of obesity. Eur ] Haematol.
(2021) 106:306-19. doi: 10.1111/ejh.13560

153. Vauclard A, Bellio M, Valet C, Borret M, Payrastre B, Severin S. Obesity: effects
on bone marrow homeostasis and platelet activation. Thromb Res. (2022). 231:195-205.
doi: 10.1016/j.thromres.2022.10.008

154. Samocha-Bonet D, Justo D, Rogowski O, Saar N, Abu-Abeid S, Shenkerman G,
et al. Platelet counts and platelet activation markers in obese subjects. Mediat Inflamm.
(2008) 2008:1-6. doi: 10.1155/2008/834153

155. Durand G, Tsismenakis AJ, Jahnke SA, Baur DM, Christophi CA, Kales SN.
Firefighters’ physical activity. Med Sci Sports Exerc. (2011) 43:1752-9. doi: 10.1249/
MSS.0b013e318215¢f25

156. Rojas GA, Saavedra N, Morales C, Saavedra K, Lanas E, Salazar LA. Modulation
of the cardiovascular effects of polycyclic aromatic hydrocarbons: physical exercise as a
protective strategy. Toxics. (2023) 11:844. doi: 10.3390/toxics11100844

157. Mirzababaei A, Daneshzad E, Moradi S, Abaj F, Mehranfar S, Asbaghi O, et al.
The association between urinary metabolites of polycyclic aromatic hydrocarbons
(PAHs) and cardiovascular diseases and blood pressure: a systematic review and meta-
analysis of observational studies. Environ Sci Pollut Res. (2022) 29:1712-28. doi: 10.1007/
s11356-021-17091-4

158. Shahsavani S, Fararouei M, Soveid M, Hoseini M, Dehghani M. The association
between the urinary biomarkers of polycyclic aromatic hydrocarbons and risk of
metabolic syndromes and blood cell levels in adults in a middle eastern area. J Environ
Health Sci Eng. (2021) 19:1667-80. doi: 10.1007/s40201-021-00722-w

frontiersin.org


https://doi.org/10.3389/fpubh.2024.1338435
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://doi.org/10.3390/ijerph18010230
https://www.sns24.gov.pt/tema/doencas-do-coracao/hipertensao-arterial/
https://www.sns24.gov.pt/tema/doencas-do-coracao/hipertensao-arterial/
https://doi.org/10.1007/s11906-022-01183-8
https://doi.org/10.1007/s11906-022-01183-8
https://doi.org/10.3390/ijerph18105432
https://doi.org/10.1097/JOM.0000000000001426
https://doi.org/10.4081/jphr.2021.2000
https://doi.org/10.1161/JAHA.120.019566
https://doi.org/10.1136/postgradmedj-2021-141016
https://doi.org/10.1136/postgradmedj-2021-141016
https://doi.org/10.1002/1348-9585.12219
https://doi.org/10.7717/peerj.5967
https://doi.org/10.1016/j.jtherbio.2016.04.008
https://mft.nhs.uk/app/uploads/2020/08/Haematology-GP-Pathway-Guide.pdf
https://mft.nhs.uk/app/uploads/2020/08/Haematology-GP-Pathway-Guide.pdf
https://doi.org/10.1159/000337051
https://doi.org/10.3389/fendo.2022.826320
https://doi.org/10.3389/fendo.2022.826320
https://doi.org/10.1161/ATVBAHA.118.312338
https://doi.org/10.22038/apjmt.2017.8472
https://doi.org/10.1016/j.amjmed.2020.06.014
https://doi.org/10.5455/medarh.2017.71.132-136
https://www.europeanreview.org/article/11185
https://www.europeanreview.org/article/11185
https://doi.org/10.1111/bjh.16848
https://doi.org/10.1093/ajcp/aqw035
https://doi.org/10.5858/2010-0258-OA.1
https://doi.org/10.5858/2010-0258-OA.1
https://doi.org/10.1016/j.chemosphere.2023.138131
https://www.canada.ca/en/health-canada/services/publications/healthy-living/traffic-related-air-pollution-asthma-allergies-lung-function-assessment.html
https://www.canada.ca/en/health-canada/services/publications/healthy-living/traffic-related-air-pollution-asthma-allergies-lung-function-assessment.html
https://www.canada.ca/en/health-canada/services/publications/healthy-living/traffic-related-air-pollution-asthma-allergies-lung-function-assessment.html
https://doi.org/10.12669/pjms.36.4.2025
https://apps.who.int/iris/bitstream/handle/10665/328088/9789289013734-eng.pdf?sequence=3&isAllowed=y
https://apps.who.int/iris/bitstream/handle/10665/328088/9789289013734-eng.pdf?sequence=3&isAllowed=y
https://bibliotecadigital.ipb.pt/bitstream/10198/23184/1/Gomes_Lucas.pdf
https://bibliotecadigital.ipb.pt/bitstream/10198/23184/1/Gomes_Lucas.pdf
https://doi.org/10.1177/10998004221143508
https://doi.org/10.1152/japplphysiol.00622.2016
https://doi.org/10.3390/ijms23073636
https://doi.org/10.1371/journal.pone.0188108
https://doi.org/10.1038/s41598-019-54816-5
https://doi.org/10.5543/tkda.2013.42375
https://doi.org/10.1016/j.phrp.2012.10.003
https://doi.org/10.3390/atmos11050470
https://doi.org/10.3390/atmos11050470
https://doi.org/10.1155/2015/165078
https://doi.org/10.1002/jcla.23212
https://doi.org/10.1002/jcla.23212
https://doi.org/10.1111/ejh.13560
https://doi.org/10.1016/j.thromres.2022.10.008
https://doi.org/10.1155/2008/834153
https://doi.org/10.1249/MSS.0b013e318215cf25
https://doi.org/10.1249/MSS.0b013e318215cf25
https://doi.org/10.3390/toxics11100844
https://doi.org/10.1007/s11356-021-17091-4
https://doi.org/10.1007/s11356-021-17091-4
https://doi.org/10.1007/s40201-021-00722-w

Barros et al.

159. Qiu E Liang C-L, Liu H, Zeng Y-Q, Hou S, Huang S, et al. Impacts of cigarette
smoking on immune responsiveness: up and down or upside down? Oncotarget. (2017)
8:268-84. doi: 10.18632/oncotarget.13613

160. Kamal A, Cincinelli A, Martellini T, Malik RN. Biomarkers of PAH exposure and
hematologic effects in subjects exposed to combustion emission during residential (and
professional) cooking practices in Pakistan. Environ Sci Pollut Res. (2016) 23:1284-99.
doi: 10.1007/s11356-015-5297-6

161. Vermeulen R, Wegh H, Bos RP, Kromhout H. Weekly patterns in smoking habits
and influence on urinary cotinine and mutagenicity levels: confounding effect of
nonsmoking policies in the workplace. Cancer Epidemiol Biomarkers Prev. (2000) 9:1205-9.

162. Nwanaji-Enwerem JC, Cardenas A, Goodrich JM, Furlong MA, Jung AM,
Collender PA, et al. Occupational years of service and leukocyte epigenetic aging. J
Occup Environ Med. (2023) 65:e312-8. doi: 10.1097/JOM.0000000000002817

163. Siedlinski M, Jozefczuk E, Xu X, Teumer A, Evangelou E, Schnabel RB, et al.
White blood cells and blood pressure. Circulation. (2020) 141:1307-17. doi: 10.1161/
CIRCULATIONAHA.119.045102

164. Shankar A, Klein BEK, Klein R. Relationship between white blood cell count and
incident hypertension. Am J Hypertens. (2004) 17:233-9. doi: 10.1016/j.amjhyper.2003.11.005

Frontiers in Public Health

19

10.3389/fpubh.2024.1338435

165.Zhang Z, Zhao L, Zhou X, Meng X, Zhou X. Role of inflammation,
immunity, and oxidative stress in hypertension: new insights and potential
therapeutic targets. Front Immunol. (2023) 13:1098725. doi: 10.3389/fimmu.2022.
1098725

166. Inoue T, Iseki K, Iseki C, Kinjo K. Elevated resting heart rate is associated
with white blood cell count in middle-aged and elderly individuals without
apparent cardiovascular  disease.  Angiology. (2012) 63:541-6. doi:
10.1177/0003319711428071

167. Papathanasiou G, Georgakopoulos D, Papageorgiou E, Zerva E, Michalis L,
Kalfakakou V, et al. Effects of smoking on heart rate at rest and during exercise, and on
heart rate recovery, in young adults. Hell ] Cardiol. (2013) 54:168-77.

168. Whelton SP, Narla V, Blaha MJ, Nasir K, Blumenthal RS, Jenny NS, et al.
Association between resting heart rate and inflammatory biomarkers (high-
sensitivity C-reactive protein, Interleukin-6, and fibrinogen) (from the multi-ethnic
study of atherosclerosis). Am ] Cardiol. (2014) 113:644-9. doi: 10.1016/j.
amjcard.2013.11.009

169. Wen C-P, Lu P-J, Tsai S-P, Chiu J, Tsai M-K, Lee J-H, et al. Smokers with a high
normal heart rate (80-99/min) found their life span shortened by 13 years. Tob Induc
Dis. (2018) 16(Suppl 1):A827. doi: 10.18332/tid/84373

frontiersin.org


https://doi.org/10.3389/fpubh.2024.1338435
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://doi.org/10.18632/oncotarget.13613
https://doi.org/10.1007/s11356-015-5297-6
https://doi.org/10.1097/JOM.0000000000002817
https://doi.org/10.1161/CIRCULATIONAHA.119.045102
https://doi.org/10.1161/CIRCULATIONAHA.119.045102
https://doi.org/10.1016/j.amjhyper.2003.11.005
https://doi.org/10.3389/fimmu.2022.1098725
https://doi.org/10.3389/fimmu.2022.1098725
https://doi.org/10.1177/0003319711428071
https://doi.org/10.1016/j.amjcard.2013.11.009
https://doi.org/10.1016/j.amjcard.2013.11.009
https://doi.org/10.18332/tid/84373

	Baseline data and associations between urinary biomarkers of polycyclic aromatic hydrocarbons, blood pressure, hemogram, and lifestyle among wildland firefighters
	1 Introduction
	2 Materials and methods
	2.1 Study population
	2.2 Sampling
	2.3 Urinalysis of OHPAHs
	2.4 Hemogram
	2.5 Statistical methods

	3 Results
	3.1 Study population
	3.2 Urinary biomarkers of exposure to PAHs
	3.3 Blood parameters
	3.4 Correlations between biomarkers of exposure and health (bio)markers

	4 Discussion
	4.1 Study population
	4.2 Urinary biomarkers of exposure to PAHs
	4.3 Blood parameters
	4.4 Correlations between biomarkers of exposure and health (bio)markers

	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions

	References

