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Abstract

Motor vehicle emissions constitute a mixture of different chemicals: volatile organic solvents, polycyclic aromatic hydrocarbons, heavy metals, iso-
cyanates, etc. Drivers working in car cabins are exposed to chemicals deriving from incomplete combustion of fuels, exhaust emissions from working
engines and fuel evaporation. Concentrations of these substances are rather low and do not exceed the applicable hygiene standards, but some of them
pose, or are suspected to pose, carcinogenic risk. The interaction of chemical substances with human cells and tissues can lead to a number of modifi-
cations of metabolic pathways at a cellular level. The first biological mechanism of metabolic modulation is an inflammatory state and oxidative stress
generation. The aim of this review is to analyze biomarkers of effect and to assess the hazard of occupational exposure of drivers. Int J Occup Med

Environ Health. 2019;32(3):267-80
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INTRODUCTION

Drivers constitute one of the occupational groups that are
exposed to a number of physical and chemical agents, the
health effects of which have not been comprehensively
recognized yet. It is presumed that, in the case of this oc-
cupational group, the risk of some diseases being a conse-
quence of the performed work, such as cardiovascular and
musculoskeletal system diseases, gastrointestinal disor-
ders, as well as some neoplasms, is increased [1]. It may be
related to a high level of stress resulting from the necessity
to ensure safety in intense traffic, time pressure, irregu-
lar working hours and meals, and a low physical activity
during the hours of work [2,3]. Professional drivers, when

working in the limited space of a car cabin, are exposed
to a risk of adverse health effects caused by both physical
and chemical agents. Changing conditions, sometimes ex-
treme temperatures, noise, vibrations and the lack of fresh
air, which prevail in a car cabin, have a negative influence
on the health status. Out of all chemical agents, expo-
sure to dusts, heavy metals, volatile organic compounds
(VOCs), polycyclic aromatic hydrocarbons (PAHs), etc.
becomes crucial in assessing the health status of this group
of workers [4-6].

Road transport workers are exposed to air pollutants
that are side effects of fuel combustion, e.g., Diesel en-
gine exhaust occurring along transport routes, especially
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in the urbanized areas where buses and other vehicles us-
ing combustion engines operate, and also in the air of bus
depots or garages [7]. The main transport-related air pol-
lutants include gaseous chemical pollutants (organic and
inorganic), including nitrogen oxides (NO ) that are gen-
erated during the combustion of fuels in engines, sulfur
oxides (SO, ) with a predominance of sulfur dioxide (SO,)
that are generated during the combustion of diesel oil, and
hydrocarbons associated with the operation of engines
using liquefied petroleum gas as a fuel. The suspended
particulate matter may contain toxic substances such as
polycyclic aromatic hydrocarbons (e.g., benzo(a)pyrene,
nitropyrene), heavy metals, dioxins and furans [6].

The presence of methanol, aromatic hydrocarbons being
fuel components, i.e., benzene, ethylbenzene and aro-
matic hydrocarbons with 9 carbon atoms, as well as naph-
thalene and xylene, has been detected in the air sampled
from car cabins [8]. Moreover, polycyclic aromatic hydro-
carbons, being mainly derivatives of pyrene, anthracene,
phenanthrene, and 4,4-methylenebis (phenylisocyanate),
have been identified.

The composition of Diesel engine exhaust depends on the
components of the used diesel, the degree of engine wear,
its under-heating, as well as engine work in the neutral
gear [7]. The substances emitted by Diesel engines, apart
from the substances mentioned, include aldehydes (form-
aldehyde and acetic aldehyde), ammonia, sulfur, nitrogen
and carbon oxides, as well as nitro derivatives of hydro-
carbons, lead, platinum and others. The listed compounds
are often adsorbed on the particles of suspended dust [8].
The gases and chemicals adsorbed on dust particles have
a negative influence on the human body, i.e., they have
an irritating or sensitizing effect, they impair the circula-
tory, nervous and hormonal systems, and some of them
are carcinogenic [9].

Studies performed in the Nofer Institute of Occupa-
tional Medicine, £.0dz, Poland, have indicated that the
concentrations of chemical substances identified in the

[JOMEH 2019;32(3)

working environment of drivers are low and do not ex-
ceed the applicable hygiene standards [7]. This confirms
the effectiveness of the filters used in the examined cars.
However, even a subliminal effect of low concentrations
of chemical substances has an impact on the metabolic
pathways that take place in the human body. In addition,
among the identified substances there are some carcin-
ogens whose effect on the body has no threshold. The
chemicals present in the polluted air, after entering the
body via inhalation and/or skin, whether directly or af-
ter biotransformation into reactive metabolites, may act
with macromolecules of cells and result in the activation
of inflammatory mediators (cytokines, heat shock pro-
teins), as well as induce oxidative stress.

METHODS
For this review, the authors searched through articles pub-
lished in January 2000 — September 2018 using the online
database PubMed. The search was conducted using the
following key words: occupational exposure drivers, taxi-
drivers, markers of exposure and effects of exposure, com-
bined with such phrases as volatile organic compounds,
heavy metals, polycyclic aromatic hydrocarbons, oxidative
stress, DNA damage, telomere length and inflammation.
Only publications in English were selected.
In total, 627 potentially relevant articles were found. The
available publications mainly concerned the exposure of
drivers to physical agents (vibrations, noise) or their un-
healthy lifestyles (irregular meals, irregular sleep, stress
associated with road traffic). When selecting the articles,
special emphasis was placed on:

- exposure to chemical substances,

- biomarkers of exposure,

- potential health effects of exposure,

— characteristics of the study groups (size of the exam-
ined groups, age, gender, seniority in a certain profes-
sion, type of the performed work — a taxi driver, a bus
driver in a big city, a driver on long distance routes).
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When selecting the articles for the analysis, particular
attention was paid to the studies performed in Euro-
pean countries (24 papers), along with 8 papers written
in USA, 12 in Asian countries, 4 in South America and 1 in
Australia. In addition, the study included 4 papers avail-
able in the database of Nofer Institute of Occupational
Medicine in £.0dZ and the Institute of Environmental Pro-
tection in Warsaw, published in Polish.

In the publication, all the analyzed markers of exposure
and biomarkers of effects were compared between the
exposed group and the reference group, or in the same
group before and after the end of the work shift. In the
article, only those data were used whose authors had in-
dicated statistically significant differences between the
examined group and the reference group, or before and
after finishing work. Finally, the number of publications
was reduced to 62 articles.

RESULTS

Epidemiological studies have provided strong evidence
that the air pollution caused by vehicles is one of the most
important problems in big agglomerations, especially in
developing countries. On the one hand, emissions from
vehicles contain heterogenic mixtures of chemicals, and
it needs to be mentioned that people who stay inside car
cabins and on the roadside are more exposed to carbon
monoxide, aldehyde, hydrocarbons and some metals
than those who stay outdoors [10,11]. On the other hand,
the level of exposure to particulate matter or VOCs in-
side the cabin is comparable with that in the ambient
environment [12].

Detailed studies on air quality in 51 cabins of private
vehicles, which were carried out in the summer season
of 2017 in Hong Kong, showed that the concentration
of CO, in 16% of the examined vehicles exceeded the
permissible occupational exposure limits determined by
the American Conference of Governmental Industrial
Hygienists (ACGIH), and the Occupational Safety and

Health Administration (> 5000 ppm), whereas 96% ex-
ceeded the level of 1000 ppm, which is recommended by
the Hong Kong Department of Environmental Protection
for Indoor Air Quality in offices and public places. There-
fore, the permissible VOCs concentrations were exceeded
in 24% of the examined vehicles [12].

Inhalation is the main route via which air pollutants enter
the human body. The consequences of exposure to such
diversified chemical compounds include air pollution-
related adverse respiratory effects, like airway inflamma-
tion, decreased lung function and the development of car-
diovascular diseases. The pathogenic interaction mecha-
nism of xenobiotics with human tissues and cells has not
been fully explored; however, it is known for sure that
these mechanisms include oxidative stress, qualitative and
quantitative modifications of the cell receptors of target
proteins, immunomodulation, and an inflammatory state
inducement [13,14].

Volatile organic compounds

Traffic is the major source of VOCs, but they are also emit-
ted by numerous branches of industry. Commercial gaso-
line contains VOCs, including benzene, toluene, ethylben-
zene and xylenes (BTEX) [15].

Benzene is classified by the International Agency for Re-
search on Cancer as a substance belonging to Group 1
(carcinogenic to humans) and ethylbenzene to Group 2B
(possibly carcinogenic to humans) [16]. Despite its con-
tent being decreased in fuels from 5% to 1% (PE 98/70/
EC Directive [17]), due to an increasing number of motor
vehicles on the roads, exposure to benzene is still a ma-
jor public health concern [9]. In Italy, before the Directive
was published, in 2001 the environmental standard regu-
lating benzene concentrations amounted to 10 ug/m’. The
objective was to reduce it to 5 ug/m* within 10 years’ time.
However, in the centers of large Italian cities, in the peri-
od of 2000-2001, high concentrations of benzene, amount-
ing to > 20 pug/m’, still prevailed [18].
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It is assumed that a whole lifetime exposure to benzene in
a concentration of 1 ug/m? poses a risk of leukemia with
the incidence of 6 disease cases/million of residents [19].
A paper published in 2012 analyzed individual exposure
to benzene among Italian non-smoking traffic police-
men who worked in road traffic (N = 62), police drivers
(N = 22) in a large Italian city, and road workers work-
ing in rural areas (N = 57). It was observed that benzene
concentrations in the air of the working environment of
both groups of policemen amounted to 8.9+2.4 ug/m’
and 8.2+2.8 ug/m’, respectively, whereas among the road
workers from rural areas all the obtained values were
< 1.6 pg/m® (below the limit of detection). In the case
of the limit value of occupational exposure that equals
5 ug/m?®, about 75% of the examined people were ex-
posed to benzene concentrations exceeding the thresh-
old limit value - the time-weighted average (TLV-TWA)
values. Moreover, the obtained values of individual ex-
posure of workers were significantly higher than the val-
ues obtained in stationary measurement points located in
the same area [20].

Personal exposure to VOCs assessed in 2005-2006 among
bus drivers working in the center of Prague (Czech Re-
public) did not show any differences between the summer
and winter seasons, as compared with workers spend-
ing > 90% of their daily time indoors. The concentration
of benzene was an exception, as it was significantly high-
er in the cabins of bus drivers during the winter season
(11.2+£15.4 ug/m? vs. 6.9£5.9 ug/m’, p < 0.001) [21]. Stud-
ies have shown that benzene concentrations in car cabins
are considerably higher than in the outdoor environment.
This also concerns new generation cars with catalyzers.
It is assumed that this elevated exposure in car cabins is
associated with exhaust emissions from operating car en-
gines as well as with fuel evaporation. Exposure to VOCs,
and mainly to benzene, is influenced by ventilation and
temperature inside a cabin, i.e., the heating and air-con-
ditioning systems being turned on [22]. The size of expo-
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sure to benzene is influenced by a number of other factors,
namely tobacco smoking and emissions from consumer
products (paints, lacquers, adhesives, furniture), where
in the case of smokers 90% of the exposure comes from
tobacco smoke. Benzene emitted from traffic sources gets
indoors and affects indoor air quality [19].

To assess the biological markers of benzene exposure,
unmetabolized benzene excreted in the urine, or 2 of its
metabolites, i.e., S-phenylmercapturic acid (S-PMA) or
trans,trans-muconic acid (1,t-MA), were determined [23].
The above-mentioned biomarkers correlated significantly
with benzene levels in the air. The biological exposure
indices (BEI) of both these metabolites, determined by
the Association Advancing Occupational and Environ-
mental Health, are as follows: 500 ug/g of creatinine for
t,t-MA, and 25 pg/g of creatinine for S-PMA. Both these
metabolites are used as indices of exposure to benzene,
even though in the case of benzene concentrations with-
in 3-12 pg/m®, which were determined in car cabins, no
relationships between the concentration of benzene and
the concentrations of the above-mentioned metabolites
have been observed [9].

An increased concentration of excreted #-MA is in-
fluenced by sorbic acid and its salts, which are used as
preservatives in many food preparations, and which are
metabolized to #,t-MA [24]. The concentration of this
metabolite in the urine of taxi drivers did not differ sta-
tistically when examined before and after the work shift;
however, there was a tendency of £,+-MA to increase af-
ter the end of the work shift. The concentration of the
excreted S-PMA depended on the concentration of co-
tinine in the urine (r = 0.673, p < 0.002). Moreover, in
Italian taxi drivers who were smokers, the S-PMA con-
centration was statistically higher after the end of the
work shift than at the beginning of it [18]. In 36.4% of
non-smoking policemen working in road traffic and po-
lice drivers, the urine S-PMA concentration was lower
than the limit of detection [20].
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Polycyclic aromatic hydrocarbons

Polycyclic aromatic hydrocarbons mainly come from an-
thropogenic sources and are identified both in various en-
vironmental matrices and in food. They are side products
of numerous chemical processes. It is believed that each
process associated with strong heating or incomplete com-
bustion of organic matter may be a source of PAHs emis-
sion [25]. Tobacco smoke is yet another separate source of
exposure to PAHs.

Due to their toxicity to humans, the following 17 com-
pounds are most frequently determined: acenaphthene, ace-
naphthylene, anthracene, benzo(a)anthracene, benzo(a)-
pyrene, benzo(e)pyrene, benzo(b)fluoranthene, benzo(j)-
fluoranthene, benzo(k)fluoranthene, benzo(g,h,i)perylene,
chrysene, dibenzo(a,h)anthracene, fluoranthene, fluo-
rene, phenanthrene, pyrene and indeno(1,2,3-cd)pyrene.
These compounds do not occur individually, but always as
a mixture.

The best examined hydrocarbon belonging to the group of
PAHs is benzo(a)pyrene (B(a)P) which, due to its strong
carcinogenic effect and common occurrence in the envi-
ronment, has been regarded as a marker for the whole
group of PAHs. According to the International Agency for
Research on Cancer (IARC), B(a)P is classified to Group 1 -
carcinogenic to humans [26]. Moreover, the products con-
taining B(a)P and other PAHs (tobacco smoke, indoor
emissions from household combustion of coal, diesel ex-
haust fumes, outdoor air pollution, and particulate mat-
ter) are also classified to Group 1 [27]. Numerous animal
studies have confirmed carcinogenic properties of B(a)P.
Exposure to B(a)P and/or its mixtures causes immunotox-
ic and teratogenic effects, and induces apoptosis and cell
proliferation, as well as increased DNA methylation and
DNA-PAH adducts formation.

The carcinogenic effect of other compounds is calcu-
lated in comparison to B(a)P. Personal monitoring of
bus drivers (N = 50) in Czech Republic on 2 consecutive
days showed statistically significant lower B(a)P and car-

cinogenic PAH concentrations in the vehicle cabins (for
(B(a)P: 1.3£0.7 ng/m’ vs. 1.8%1 ng/m?, p < 0.01; for carci-
nogenic PAH: 7.1£3.7 ng/m® vs. 9.4+5.5 ng/m’, p < 0.05)
than in the ambient air [28]. Polycyclic aromatic hydrocar-
bons exposure can be assessed by means of the concentra-
tion of 1-hydroxypyrene excreted in the urine. As shown
in 2 groups of Danish non-smoking workers exposed to
air pollution, i.e., bus drivers (N = 60) and mail carriers
(N = 88), the former excreted more 1-hydroxypyrene than
the latter [29]. However, it needs to be underlined that
the degree of toxic metabolites excreted from the body is
not a direct and simple reflection of the size of exposure.
It depends on age, gender, physical activity as well as the
polymorphism of genes incorporated into the xenobiotics
detoxification process, and their metabolites [29].

Diesel engine exhaust, apart from containing PAHs, is also
a source of their nitro-derivatives, the most important rep-
resentatives of which include 1-nitropyrene and 3-nitrobenz-
anthrone [30]. In 2012, 1-nitropyrene was classified by IARC
as a probable human carcinogen (Group 2A). The major
human urinary metabolites used as biomarkers of Diesel
exhaust exposure include 6-hydroxy-1-nitropyrene and 8-hy-
droxy-1-nitropyrene [30]. The analysis of urine samples of Pe-
ruvian traffic workers (N = 17; minivan drivers, minibus driv-
ers and motorcycle police officers), occupationally exposed
to the Diesel engines exhaust, has demonstrated higher 1-ni-
tropyrene metabolites than in the control group.

The sum of hydroxy-1-nitropyrene in the urine of ex-
posed workers was 5.1%2.7 pg/mg creatinine, as compared
with 1.6+3 pg/mg creatinine [30]. Exposure to tobacco
smoke, especially among active smokers, has increased,
to a statistically significant extent, the excretion of PAHs
metabolites in taxi drivers as well as in employees exposed
to Diesel engine exhaust [31]. The genotoxic and carci-
nogenic effect of PAHs metabolites, by creating adducts
with DNA or generating oxidative stress. as well as proin-
flammatory processes during their biotransformation, has
been documented [13].
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Heavy metals

Road transport is one of the most significant sources of
heavy metal emissions. In Poland, the emission of 8 met-
als is monitored, i.e., Pb, Cd, As, Cr, Cu, Zn, Ni and Hg,
where the emission of Pb, Cr, Zn, Ni and Cu is related to
road traffic. The emission of these metals is related to the
combustion of fuel (e.g., the emission of lead despite using
unleaded petrol), but also to the use of vehicle elements
(Cu), the wearing down of car tyres (Zn) and the attri-
tion of road surface [32]. The emission of lead to the envi-
ronment, associated with road traffic, was 14 tons in 2014
(2.6% of the total Pb emission), whereas the emission of
cadmium was about 0.4 ton (i.e., 2.8% of the total emis-
sion) [33]. Chromium and Ni are released into the envi-
ronment along with the exhaust from Diesel engines, as
well as with products of friction breaking systems, and as
a result of the road surface’s wearing out [32].

The environmental and occupational exposure to lead and
cadmium may be related to the development of hyperten-
sion, while lead has an additional documented neurotoxic
and damaging kidneys effect [34,35]. Lead has been clas-
sified by IARC as an agent with a proved carcinogenic
effect in animals, and as potentially carcinogenic to hu-
mans (Group 2A), whereas cadmium has been included
in Group 1, i.e., among substances that are carcinogenic
to humans. It is currently believed that the biological
limit values (BLVs) should constitute the basis for assess-
ing the exposure to lead and cadmium. Lead concentra-
tions in blood, resulting from occupational exposure via
the respiratory tract, should not exceed 500 ug/l in men
and 300 g/l in women of childbearing age (< 45 years),
and the upper limit for cadmium is 5 ug/l [35].

Authors of the latest studies published in 2017 suggest that
the BLVs for lead should be reduced to 100 ug/l, due to its
neurotoxic effect [36]. In the study of a population that was
occupationally exposed to lead and cadmium, a statistically
significant relationship between the concentrations of the
above-mentioned metals in blood, and the systolic and dia-
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stolic blood pressure, was observed [34]. Tobacco smoking
is another factor that increases exposure to heavy metals.
Heavy metal exposure among professional drivers in both
European countries and USA is controlled by the appli-
cable regulations determining the reference values. Main-
taining the occupational exposure limit is a significant issue
in developing countries. The lead level in Jordanian auto-
mobile workers (automobile electronic engineers, exhaust
workers, car mechanics, car metal workers, total N = 60)
ranged from 15+1.6 ug/dl to 21£1.6 ug/dl in various auto-
mobile job categories, as compared with 4.3%0.5 ug/dl in
the control group [37].

Biological effects of chemical exposure

in professional drivers

Ambient air pollution affects the human population. The
occupational or environmental exposure to polluted air is
associated with an increased risk of many diseases — can-
cer, cardiovascular diseases, etc. Vehicles emit heteroge-
neous mixtures of particles and chemicals, mediating their
negative health effects by the activation of biological pro-
cesses, including the activation of inflammatory pathways
and/or oxidative stress generation, and the acceleration of
DNA damage, e.g., telomere shortening [38,39].

Inflammatory state

The stimulation of proinflammatory agents by particles
of dust with adsorbed xenobiotics that get into the hu-
man body activates vascular endothelial cells and increases
the expression of adhesion proteins that are responsible for
the migration and adhesion of leukocytes to the vascular en-
dothelium. Experimental data have indicated that exposure
to environmental dust increases the percentage of cells that
produce intracellular adhesion molecule-1 (ICAM-1) [40].
Interleukin 6 (IL-6) is one of the most universal markers
of an inflammatory state. It is one of the most important
cytokines, with the most multidirectional effect. It is a low
molecular weight protein that is secreted mainly by cells of
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the immune system (monocytes, macrophages), regulating
various biological processes, such as proliferation, differ-
entiation, cell chemotaxis or synthesis of other proteins.
On the one hand, IL-6 strongly stimulates inflammatory
processes, including B lymphocytes differentiation. On the
other hand, it stimulates the production of acute phase pro-
teins, as well as participates in the feedback inhibition of
tumor necrosis factor o (TNFa). Tumor necrosis factor o
is a cytokine that takes part in almost all the phenomena
that make up an inflammatory response (i.e., it initiates
the synthesis of chemokines, enhances the expression of
adhesion molecules, stimulates the liver to produce acute
phase proteins, including C-reactive protein [CRP], and
stimulates neutrophil phagocytosis and the cytotoxicity of
macrophages, monocytes and eosinophils). Two indepen-
dent studies conducted in a group of taxi drivers have de-
tected a statistically significant increase in the concentra-
tion of proinflammatory processes mediators (IL-1f, IL-6,
TNFa, interpherone y, CRP) and a reduced concentration
of anti-inflammatory IL-10, compared to the reference
group [22,41]. Additionally, statistically significant linear
relationships have been observed between the levels of pro-
inflammatory agents in the plasma (IL-1, IL-6 and TNFa)
and the concentration of excreted 1-hydroxypyrene [31].

Oxidative stress

Oxidative stress is one of the critical processes being part
of the pathogenesis of numerous pathological states in
humans [40,42]. Oxidative stress is associated with the
impairment of normal cellular metabolism, whereby the
processes of reactive oxygen species (ROS) generation
dominate over the processes of their elimination. Reac-
tive oxygen species are generated during the normal meta-
bolic processes occurring within human cells. At moder-
ate concentrations, they form part of a proper cellular
metabolism, regulating intracellular signal transduction
pathways [43,44]. Oxidative stress is generated when, as
a result of metabolic dysregulation, the oxidation of lipids,

proteins and DNA, and/or oxidative damage of cells or tis-
sues, take place [44]. This may lead to several disorders in
the normal body functioning.

Oxidative stress may be induced by numerous factors, in-
cluding exposure to chemical agents (the occupational and
environmental exposure to chemical compounds, tobacco
smoke, pharmaceuticals or polluted food), bacterial and
viral infections, and too low antioxidants defenses [42].
Numerous studies have proven that exposure to particu-
late matter and chemical substances adsorbed to it leads
to the granulocyte respiratory burst, an inflammatory state
inducement associated with it and oxidative stress genera-
tion [13,45]. Oxidative stress may be an outcome of a di-
rect interaction of xenobiotics with cell macromolecules.
It may also result from xenobiotic biotransformation pro-
cesses and the formation of ROS or intermediates with
a reactive oxygen species structure [46].

Under a physiological condition, there is a balance between
ROS generation and antioxidant defenses. Antioxidants
are classified into 2 groups, depending on their function,
i.e., preventive antioxidants and scavenging antioxidants,
or chain breaking antioxidants. The first group of antioxi-
dants includes antioxidative enzymes and trace elements
connected with them, such as superoxide dismutase, glu-
tathione peroxidase, catalase, glutathione reductase, DNA
repair enzymes and albumin as sequestrators of metal ions.
The second group consists of reduced glutathione, uric acid,
antioxidant vitamins (A, C, E) and their precursors (e.g.,
carotenoids), as well as bioactive plant products (flavo-
noids) [47]. An improper diet, with an insufficient amount
of antioxidants, as well as absorption disorders or some
pathological states, may impair antioxidant defense.
Exposure to reactive oxygen species, when there is an in-
sufficient antioxidant defense, may lead to oxidative dam-
age in all macromolecules that are present in human cells.
A direct measurement of oxidative stress biomarkers in
in vivo studies is impossible due to short-lived ROS mol-
ecules. An alternative approach is to measure the prod-
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ucts of the reaction between ROS and cell molecules: pro-
teins, lipids and nucleic acid, and/or antioxidant defenses,
i.e., small molecular weight antioxidants individually (glu-
tathione, uric acid, vitamins A, C, E) or as a pool of low
molecular weight antioxidants, as the total antioxidant sta-
tus, antioxidative enzymes (superoxide dismutase and glu-
tathione peroxidase) and trace elements connected with
them (Se, Cu, Zn), damaged DNA molecules, etc. [48].
The genotoxic and carcinogenic effect of PAHs metabo-
lites via the formation of adducts with DNA or oxidative
stress generation at the stage of quinones formation dur-
ing biotransformation has been documented [21,49]. Also,
volatile organic compounds, including benzene, may in-
duce oxidative stress [50].

Malonyldialdehyde (MDA) is the main product of the
peroxidation of polyunsaturated fatty acids and a conse-
quence of damage to cell membranes [51]. Proteins also
constitute target molecules for ROS, the consequence
of which is damage to their secondary, tertiary and qua-
ternary structure. Moreover, ROS may modify the active
groups of aminoacids that make up proteins, and they may
lead to the disintegration or aggregation of polypeptide
chains [45]. An increase in MDA concentrations and pro-
tein carbonyl groups, as a marker of damage to lipids and
proteins, has been observed in the plasma of taxi drivers,
bus drivers and technical services workers, exposed to pol-
luted air [31,52]. Rosner et al. [45] have examined the con-
centration of 15-F, -isoprostane (15-F,-isoP) — a marker
of peroxidation of arachidonic acid - in the urine of bus
drivers. They have shown that 15-F, -isoP concentrations
are higher in winter and spring, when the environmental
and occupational exposure to PAHs is also higher [45].
Antioxidant enzymes, which are present in all cells and
extracellular fluids, play a significant role in the defense
of cellular structures against oxidative stress. Catalase and
glutathione peroxidase (GSH-Px) break down hydrogen
peroxide, GSH-Px — additionally organic peroxides. A sta-
tistically significant lower activity of these enzymes has
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been shown in the blood of taxi drivers when compared to
the control group [31]. When analyzing the environmental
exposure to PAHs, Delfino et al. have described a nega-
tive linear correlation between the activity of the following
enzymes: catalase, GSH-Px and glutathione S-transferase
in erythrocytes, and the concentration of 1-hydroxypyren
in the urine, concluding that exposure to polluted air low-
ers antioxidant activity of the body [53]. The concentra-
tion of vitamin C - a water soluble antioxidative vitamin
— was significantly lower in the serum of taxi drivers when
compared to the individuals who were not occupation-
ally exposed. Moreover, the authors have shown a nega-
tive linear correlation between the concentration of this
vitamin and the concentration of protein carbonyl groups,
oxidized LDL and HDL cholesterol fractions, suggesting
that exogenous vitamin C is necessary to defend against
oxidative damage to cellular structures [31,52].

DNA damage and telomeres shortening

Barth et al. [13] have been the first to observe that inflam-
matory processes generated by exposure to chemical sub-
stances emitted in road traffic are related to DNA dam-
age in peripheral blood lymphocytes in taxi drivers. The
deoxyribonucleic acid damage, assessed by the use of the
comet assay (tail moment, percentage DNA in the tail)
and the frequency of micronuclei presence, was signifi-
cantly higher in taxi drivers, in comparison with the con-
trol group. Also Goethel et al. have shown a statistically
significant (p < 0.001) increase in DNA damage, assessed
via the comet assay in a group of 34 taxi drivers, when
compared to individuals who were not occupationally ex-
posed [8]. In a group of bus drivers who during one work
shift cover a distance of > 100 km and have worked in
this position for > 1 year, a significantly higher concentra-
tion of 8-0xo-2'-deoxyguanosine (8-0xo-dG) has been ob-
served when compared to office employees (9.5+6.1 ug/g
of creatinine vs. 8.1+5.1 ug/g of creatinine). Moreover,
it has been shown that the drivers working > 50 h/week
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excrete statistically more 8-0x0-dG (9.6+5.7 ug/g of cre-
atinine, 7.3+5.4 ug/g of creatinine).

Based on the multiparametric regression analysis, it has
been revealed that 8-oxo-dG concentration is higher in
smokers, in employees who drink high-energy bever-
ages, and in drivers who display a high level of physical
activity [54]. The concentration of 8-oxo-dG is one of the
markers of oxidative stress and oxidative DNA damage
that are proportional to the extent of exposure to chemi-
cal agents. The concentration of 8-oxo-dG excreted with
urine constitutes a reflection of the functional efficiency
of cellular DNA repair mechanisms (cellular excision
repair mechanism). The efficiency of the DNA repair
mechanisms, which consists in the removal of damaged
bases or whole nucleotides, depends on the age, health
status, lifestyle, diet, metabolic rate, etc., of the examined
individuals [55].

The assessment of the effects of environmental exposure
to respirable dust (PM, ;) in heavy traffic along transport
routes, conducted among 72 students aged 20-35, has
shown that the concentration of dust and PAH molecules
adsorbed on it is positively correlated with the amount of
the excreted damaged guanine derivatives, i.e., 8-0xo-dG
and N7-methylguanine (N7-MeG). It is worth to men-
tion that N7-MeG seems to be a more sensitive marker of
exposure to respirable dust than 8-oxo-dG, as the excre-
tion of N7-MeG with urine is about 1000 higher than in
the case of 8-ox0-dG [48]. The excretion of N7-MeG is
a marker of DNA damage related to the methylation pro-
cess [49]. Exposure to respirable dust activates a phagocy-
tosis process, during which the creation of NO is intensi-
fied, and then with the participation of reactive nitrogen
species (RNS) - peroxynitrite. This compound may react
with secondary amines/amides, forming methyl nitro com-
pounds, also with DNA bases [56].

The length of telomeres is associated with the size of ex-
posure to xenobiotics, the age of examined individuals, as
well as their health status. Telomeres are repetitive nucle-

otide sequences (TTAGGG)n, located at the ends of chro-
mosomes which, along with the accompanying proteins,
are supposed to prevent chromosomal damage. Errors in
the process of genetic material replication, associated with
age, and also with exposure, inter alia, to chemical sub-
stances, cause that telomeres in mammalian cells (includ-
ing humans) become shorter with each cell division. Thus,
many researchers believe that the shortening of telomeres
is associated with age and may be considered a biomarker
of a cell aging, sometimes described as “the molecular
clock.” It has been demonstrated that exposure to xeno-
biotics that accelerate telomeres shortening is harmful to
the human body. In cross-sectional studies, it has been
shown, infer alia, that exposure to polycyclic aromatic
hydrocarbons, N-nitrosamines, pesticides and cadmium
results in the shortening of telomeres [39]. It is believed
that telomeres shortening is also affected by a developing
inflammatory state and oxidative stress generation. A spe-
cific sequence of repetitive guanine nucleotides and a low
activity of the repair systems of single DNA strands, oc-
curring at the ends of DNA in chromosomes, favors telo-
meres shortening [57].

When studying police officers that patrolled streets and
had 8-h shifts in road traffic, it has been noted that they
have shorter telomeres measured in the leucocytes of pe-
ripheral blood than the reference group (p < 0.001). Addi-
tionally, age dependent telomeres shortening, both among
the exposed police officers (< 30 years vs. > 40 years,
p < 0.01) and in the control group (for the same age
groups p < 0.001), has been noted. It has also been shown
that telomeres shortening in the exposed workers is statis-
tically significant, depending on the individually assessed
exposure to benzene (p < 0.004) and toluene (p < 0.008).
Moreover, significant differences in the length of telo-
meres (adjusted to the age of the examined individuals),
depending on the habit of cigarette smoking, have been
observed. No statistically significant differences depend-
ing on the number of smoked cigarettes per day or the
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duration of smoking, both in the exposed group and in the
reference group, have been observed [39]. Short-term ex-
posure (< 2 days) to PM,  dust has been found to result in
the lengthening of lymphocyte telomeres of the exposed
individuals, whereas exposure for > 14 days has resulted
in telomeres shortening. In the same study, a statistically
significant dependence between the length of telomeres
and blood pressure has been found [58,59].

It is thought that telomeres shortening is an accepted
marker of individual as well as cellular aging processes.
In in vitro studies, it has been shown that telomeres short-
ening in vascular endothelial cells is associated with the
expression of molecules responsible for the development
of atherosclerotic plaques [60], and with an increase in ge-
netic instability [61]. This indicates that telomeres short-
ening may be potentially related to an increased risk of the
circulatory system diseases and neoplasms [62,63].

CONCLUSIONS

Occupational exposure to chemicals, even when it is low
and does not exceed occupational exposure limits, may
result in adverse health effects in the exposed workers.
Chemical substances identified in the place of work of
drivers may have sensitizing, irritating and carcinogenic
effects, as well as impair the proper functioning of the
nervous system. Therefore, monitoring the concentrations
of these compounds in the air during the working hours
of drivers seems reasonable. It also seems reasonable to
monitor them in the biological samples collected from the
exposed employees.

Inflammation and oxidative stress generation, as well as
their size and related damage to important cellular struc-
tures, are influenced by, inter alia, lifestyle, including phys-
ical activity, diet and exposure to tobacco smoke. A sed-
entary lifestyle, low physical activity as well as irregular
meals may lead to overweight in this occupational group.
These agents may additionally intensify oxidative stress
generation or increase the risk of pathological states de-

[JOMEH 2019;32(3)

velopment. Ensuring the adequate amounts of the neces-
sary trace elements, antioxidants or bioactive substances
of plant origin in a diet, which may have influence on
methylation/demethylation of DNA, may modulate gene
expression, enzymes activity and the processes of intercel-
lular communication, and in fact reduce damage to the
cells caused directly by exposure to, or presence of, ROS.
Hence, the analysis of a diet and nutritional status is also
important.
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