
Submitted 5.10.2021. Accepted 10.1.2022
Corresponding author: Ivo Iavicoli, Dipartimento di Sanità Pubblica, Sezione di Medicina del Lavoro, Università degli Studi di 
Napoli Federico II, Napoli. E-mail: ivo.iavicoli@unina.it

China, with the United States coming in third with 
13.8% (2). The EU base chemical manufacturing 
supplies the 59% of chemicals to other sectors, such 
as constructions, electronics, automotive, textiles 
and health (3). This large chemical production and 
application inevitably cause environmental and hu-
man exposure, both in general living and occupa-
tional environments, raising concerns on possible 
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AbstrAct
Regulatory frameworks to control chemical exposure in general living and occupational environments have changed 
exposure scenarios towards a widely spread contamination at relatively low doses in developed countries. In such 
evolving context, some critical aspects should be considered to update risk assessment and management strategies. Risk 
assessment in low-dose chemical exposure scenarios should take advantage of: toxicological investigations on emerging 
substances of interest, like those recognised as endocrine disruptors or increasingly employed nanoscale materials; hu-
man biological monitoring studies aimed to identify innovative biomarkers for known chemical exposure; “omic” tech-
nologies useful to identify hazards of chemicals and their modes of action. For updated risk assessment models, suitable 
toxicological studies, analyses of dose-responses at low-concentrations, environmental and biological monitoring of 
exposure, together with exposome studies, and the proper definition of susceptible populations may all provide helpful 
contributions. These may guide defining preventive measures to control the exposure and develop safe and sustainable 
chemicals by design. Occupational medicine can offer know-how and instruments to understand and manage such 
evolution towards a toxic-free environment to protect the safety and health of the workforce and, in turn, that of the 
general population. 

IntroductIon

Chemicals have a key role in most of our activities 
and are ubiquitous in our daily life as they form part 
of almost every device we employ (1). World chemi-
cals sales was valued at € 3,669 billion in 2019 and, 
with 14.8%, Europe was the second largest chemi-
cals producer in the world in that year, following 
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employment of innovative technologies, and con-
cluded with a discussion on the implications that 
these issues may have for chemical risk management. 

exposure Assessment

In the framework of human health risk assess-
ment of chemicals, the default approach is either to 
consider only external exposure or to infer internal 
exposure from the external concentration measure-
ments by modelling (7). However, some uncertain-
ties may characterise this methodology due to the 
possible overestimation or underestimation of the 
real internal exposure, especially when this can oc-
cur from different sources and through variable 
routes (7). To overcome such limitations, biological 
monitoring has been largely employed to assess the 
overall exposure to a variety of hazardous substances 
(8). In this regard, to be useful, biomarkers should 
be as specific as possible to the chemical agents and 
highly sensitive, so to detect even low levels of ex-
posure (9-11). 

To define relevant analytes is a quite challenging 
issue. This may be the case of Chromium (Cr) ex-
posure. In fact, although the total Cr in urine can 
be regarded as a reliable and sufficiently sensitive 
biomarker of internal dose, it does not offer a suffi-
cient specificity to distinguish exposures to different 
trivalent Cr (Cr(III)) and hexavalent Cr (Cr(VI)) 
compounds that present diverse toxicokinetic and 
dynamic profiles (12). This prevents biomonitor-
ing results to inform a suitable risk assessment and 
makes necessary to identify more specific biomarkers 
for Cr(VI) exposure in different biological matrices. 
These may include Cr in red blood cells (RBCs), as 
Cr(VI) can more easily permeate through the RBC 
membranes with respect to Cr(III) (13), and Cr in 
exhaled breath condensate (EBC), a biomarker able 
to provide specific information on the Cr(VI) levels 
in the main target organ, the lung (14).

Pioneering studies, in this regard, demonstrated 
that total Cr (15, 16) and Cr(VI) (16, 17) were 
measurable in the EBC of Cr plating workers and 
closely correlated (16). Interestingly, the fractional 
contribution of Cr(VI) to total Cr decreased from 
the last exposure in a time dependent manner, sug-
gesting an interaction between inhaled Cr(VI) and 

adverse health effects. In this scenario, dangerous 
substances continue to be a major safety and health 
issue in workplaces (4). Certain chemicals, in fact, 
can cause cancers, affect the immune, respiratory, 
endocrine, reproductive and cardiovascular systems 
and increase vulnerability to diseases. 

In the last few decades, this has led the adoption of 
comprehensive and protective regulatory frameworks 
for chemicals aimed to reduce the risks to humans 
and the environment, to provide predictable legisla-
tive framework for companies to operate in, while en-
suring an efficient market for chemicals. These were 
primarily based on the avoidance of exposure sources, 
the elimination as far as possible of substances of 
concern for non-essential uses as well as in waste and 
secondary raw materials, and strict regulation based 
on risk assessment (5). This is in line with the vision 
to achieve a toxic-free, zero-pollution environment 
in the long-term, with safe and sustainable by design 
chemicals enabling the green and digital transitions 
of the chemical industry for the protection of the en-
vironment and human health (3). 

These ambitious aims raise questions concerning 
the effectiveness of currently adopted approaches 
and policies to manage chemical risks and whether 
additional efforts should be planned in keeping with 
the dynamics of shifting pollution patterns for both 
the general and occupationally exposed populations. 
In fact, today’s chemical exposures are character-
ised by a widely spread blanket of contamination 
composed of myriads of chemicals, all at rather low 
levels (6). These may include multiple pesticide resi-
dues, heavy metals, polychlorinated dioxins, furans 
and biphenyls, polybrominated and polyfluorinated 
compounds, polycyclic aromatic hydrocarbons, 
phthalates and other chemicals (6). 

In this view, as the starting and key point to risk 
reduction and prevention is risk assessment, our aim 
was to provide some critical reflections focused at 
defining how specific strategies adopted to assess, 
and consequently manage, chemical risks in public 
and occupational settings should be revised in such 
evolving exposure scenarios. Therefore, we retraced 
the theoretical foundation to achieve a suitable 
risk assessment process pointing out some possi-
ble improvements in terms of exposure assessment, 
identification of early biological effects, as well as 
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the pulmonary lining fluid, with a consequent, par-
tial, reduction to Cr(III) (17). Overall, this supports 
the need to better understand Cr kinetics in the 
airways, considering also the solubility of the Cr 
compounds and the individual Cr(VI) reducing ca-
pability (16), and to assess the relationship between 
persistent Cr(VI) in the EBC and biomarkers of 
early effect (e.g. inflammatory and oxidative stress 
response) and pulmonary toxicity (17). This also 
suggests the relevance to better understand how 
the reduction kinetics of Cr(VI) in the EBC relate 
with and may be useful to monitor lung pathobiol-
ogy. More recently, the EBC-total Cr was demon-
strated as a reliable marker of exposure in stainless 
steel tungsten inert gas welders, although its weak 
relationship with the EBC biomarkers of oxidative 
stress suggests the need to deeply verify the com-
plementary influencing role of other factors gener-
ated during the welding operations in determining 
biological alterations (18).Data from non-occupa-
tionally exposed populations, particularly the levels 
of Cr detected in the EBC of non-small cell lung 
cancer patients after surgical interventions, maybe 
related to the release of the metal from surgical in-
struments (19) and the presence of toxic elements, 
i.e. Lead, Cadmium and Aluminum, in patients with 
chronic obstructive pulmonary disease and asthma, 
as well as in tobacco smokers (20), further support 
the EBC-Cr as a suitable representative biomarker 
of exposure at the target organ level (19).

Additionally, in understanding a low-dose-re-
sponse relationship, it is important to clarify whether 
possible non-linear, hormetic phenomena may oc-
cur. In the case of the Cr impact on the growth and 
development of alfalfa plants, lower Cr(VI) exposure 
(0.5 mg/L K2Cr2O7) induced hormesis, as demon-
strated by an increase in biomass and larger leaves, 
while opposite results were determined by higher 
concentrations (5 and 10 mg/L K2Cr2O7) (21). As 
another example, when 4 human epidermal kera-
tinocyte strains were treated with a metal mixture 
of arsenic, cadmium, Cr, and lead, cytotoxic effects 
were highly dose-dependent. A growth stimulatory 
effect (hormesis) was observed with the metal mix-
ture at low concentrations (low ppb range), while 
as the mixture concentration increased, a trend of 
additivity changed to synergistic cytotoxicity in all 4 

cell strains (22). Considering the essentiality of Cr 
in human beings, such possible dose response rela-
tionship should be further verified at low levels of 
occupational or general living exposure. Addition-
ally, those molecular mechanisms underlying such 
possible kind of response should be clarified, in or-
der to define whether the deficiency of the metal or 
its possible forms and physico-chemical features can 
play a role in determining a different bioavailability 
and toxicokinetics of the compounds and, conse-
quently, a diverse dose-response and toxicological 
profile. 

The exposure of humans, and particularly work-
ers, to endocrine disrupting chemicals requires 
specific investigation. Among those, the ubiquitous 
occurrence of phthalates, substances added to plas-
tics to increase their flexibility, durability and lon-
gevity, heat resistance and electrical resistivity, has 
raised great scientific attention. In most commer-
cial products phthalates are used as additives, and 
they easily migrate from those products into the 
environment and food through evaporation, leach-
ing and abrasion. Phthalates have been measured 
in a range of environmental matrices, including air, 
dust, soil, water, sludge, as well as in food. Indeed, 
individuals are unavoidably and regularly exposed 
to phthalates via multiple sources and pathways, 
as also demonstrated by the biomonitoring data 
of phthalates in the general worldwide population 
(23). This underlines the importance of human 
biomonitoring in defining the internal exposure 
to such chemicals. However, an understanding of 
various phthalates i.e. the old ones (whose em-
ployment was restricted due to their known endo-
crine disruptive properties) and newer ones, and 
their toxico-kinetics and dynamics, is important to 
identify valuable biomarkers of exposure. A recent 
review, in this regard, pointed out that most of oc-
cupational human biomonitoring studies analysed 
old phthalates, in plastics production fields, using 
not always appropriate metabolites (23). Moreover, 
future research should be focused on assessing 
phthalate exposure in different occupational sec-
tors expected to include a large number of work-
ers, such as waste management and recycling, or 
other possible fields of newer phthalate application 
(i.e. construction sectors, production of waterproof 
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cedures for sample storage and transfer in order to 
obtain comparable data between countries and dif-
ferent investigations (25).

Concerning innovative materials, the widespread 
application of nano-enabled products and the in-
creasing likelihood for workplace exposures make 
understanding engineered nanomaterial (ENM) 
exposure and health effects a public health priority. 
However, despite the extensive production and use 
of nano-products, our knowledge concerning NM 
health and safety issues is still in a developing phase, 
and also the occupational risk assessment derived 
from NM exposure remains a challenging task (28). 
This is related to the difficulties in assessing NM 
exposure levels through both environmental and 
biological monitoring measures. Currently, in fact, 
there are no examples of human biomonitoring as 
a part of routine assessment of workers exposed to 
ENMs and no regulatory requirements are available 
for biological monitoring assessment (29, 30). Con-
cerning internal doses in exposed subjects, prelimi-
nary and fragmented data are available concerning 
the determination of the Ti elemental metal content 
in the EBC of TiO2-NM production workers (31) 
and 68Zn in urine samples collected from healthy 
volunteers applied on the back skin with 68ZnO-
nanoparticle containing sunscreens (32, 33). Also, in 
airport employees, operating on the apron, nearby 
airplane parking positions, and exposed via inha-
lation to incidental ultrafine particles generated by 
jet engines (mean particle size of 17.7 nm), a sparse 
population of around 500 nm sized particles in the 
EBC samples could be determined and concen-
trations of metals, i.e. Aluminum, Cadmium and 
Chromium were detected in 19%, 22% and 79% of 
all subjects, respectively (34). Some serum and uri-
nary biomarkers, assessed through metabolomics 
among workers occupationally exposed to TiO2- 
nanoparticles, have been suggested to potentially 
function as indicators of NM exposure (35, 36). Ad-
ditionally, genotoxic and oxidative effect biomarkers 
could represent useful tools for the biomonitoring 
of workers exposed to nanoparticles, although they 
need to be confirmed on a high number of subjects 
(37). However, up to date, no biomarkers have been 
used in risk assessment processes. In this scenario, 
an exposure-response modeling should be pursued 

gloves, tablecloths and floor tiles). These new bio-
monitoring data will result in evidence that may be 
useful to prioritise actions and measures for poli-
cymaking, evaluate the effectiveness of the policy 
measures adopted and promote more comprehen-
sive health impact assessments of management op-
tions (23). Bisphenol A (BPA) and its substitutes 
bisphenol S (BPS) and bisphenol F (BPF) are en-
docrine disrupting chemicals widely used in the 
production of polycarbonate plastics, epoxy resins 
and thermal papers (24). However, a small number 
of human biomonitoring occupational exposure 
studies are worldwide available, especially on BPS 
and BPF, bisphenol analogues adopted as “safer” 
alternatives to BPA, whose toxicological profile 
is, unfortunately, still not completely understood. 
Therefore, further human biomonitoring investiga-
tion is necessary and should address also additional 
workplace settings, including those where plastic, 
epoxy resin and BPA-filled wax are manufactured 
and used (i.e. highest exposure industries).

To have more specific information on human 
exposure can be also useful to understand the re-
liability of biomarkers in different general living or 
occupational exposure conditions and to refine risk 
assessment and management processes (25, 26). In 
fact, data generated by the rapidly evolving human 
biomonitoring programs are providing invaluable 
opportunities to support and advance regulatory 
risk assessment and management of chemicals in 
occupational and environmental health domains 
(27). As previously noted for Cr, the selection of the 
proper biomarkers for the biomonitoring programs 
is important. Similarly, the strategy used to collect 
samples for biomonitoring needs to be carefully de-
veloped and also the performance of the laboratory 
cannot be overstated. However, to date, heterogene-
ity across studies, in terms of design, terminology, 
biomarker nomenclature, and data formats, limits 
comparison and integrations of data sets retrospec-
tively. In this view, future approaches should be fo-
cused on standardizing biomonitoring strategies, 
such as procedures to assure sample traceability, 
proper collection of samples (including the defini-
tion of appropriate timing for sampling, especially 
for chemicals with a short half-life, like phthalates 
and bisphenols), as well as standard operating pro-
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tion that could be used in delineating the mech-
anisms underlying adverse response or toxicity, 
thus supporting changes in health risk assessment 
methods, including the setting of occupational 
exposure limits (OELs) (45). In fact, a better un-
derstanding of biological responses at lower levels 
of chemical exposure will have practical long-term 
implications, including the reduction in OEL un-
certainties (46). 

In this view, “omic” technologies offer the op-
portunity to better identify the hazardous prop-
erties of the xenobiotics, to investigate adverse 
responses, underlying toxicity mechanisms and 
pathways, as well as to develop novel biomarkers 
of exposure and early effect (46-48). Genomic, 
proteomic, metabolomic changes, can be useful 
to delineate genetic-based differences in chemical 
toxicokinetics that, in turn, might explain biomon-
itoring variabilities, potentially representing con-
ditions of hyper-susceptibility to adverse health 
effects. High-performance omic technologies, to-
gether with the rate at which biomarker candidates 
will be discovered, will allow the use of a combi-
nation of biomarkers for a more precise selection 
of subjects with different outcomes and responses 
to chemical exposures (49). However, although in-
novative biomarkers can be identified using -omic 
technologies, there is no well-established stan-
dardised application of these biomarkers in risk 
assessment strategies, an issue that needs to be 
focused in future research (46). Additionally, also 
biomarkers of epigenetic alterations, can be indic-
ative of early alterations and provide information 
on the molecular pathways of the chemical action, 
being able to explain individual differences in the 
toxicokinetics and toxicodynamics of the substance 
and variations in dose-response relationships. 

Preliminary applications of omic technologies 
into occupational health fields have been described 
(50). In the case of solvent exposure, the analysis 
of the toxicogenomic and epigenomic profiles has 
revealed useful to better understand the mecha-
nisms by which benzene may cause leukemia (51, 
52). Occupational susceptibility to benzene hema-
totoxicity in exposed workers could be influenced 
by genetic variants in benzene key metabolising 
enzymes (53), but also by polymorphisms in genes 

to fully exploit the potential of possible exposure 
indicators. In fact, when the dose-response rela-
tionship is defined, the biomarker of exposure does 
not only indicate the dose actually adsorbed but 
provides also a reasonably accurate quantitative es-
timate of the occupational risks at the group and/or 
individual level (38). 

Overall, the concept of the exposome, which 
encompasses all exposures over a lifetime, has the 
potential to improve chemical risk assessment (39-
41). The exposome will rely on high throughput 
techniques for the identification of biomarkers of 
exposure. The exposome has the potential to offer 
more comprehensive exposure data that can be 
used to develop more accurate exposure profiles 
to improve risk assessment. It is recognised as a 
major conceptual advancement in environmental 
epidemiology, and there is an increased demand 
for technologies that can capture the spatial, tem-
poral, and chemical variability of exposures across 
individuals (42). However, some “information bi-
ases” may affect the employment of such exposome 
approach. These may include the possibility for an 
overestimation of the exposure to persistent or-
ganic substances, as well as difficulties in measur-
ing exposures to such compounds that are quickly 
metabolised (e.g., phthalates and organophosphate 
esters) or in taking into account the variability in 
individuals’ systemic absorption and metabolism of 
chemicals that can influence the health impact of 
the exposure (43).

bIomArKers of effect

In addition to the exposure biomarkers, the 
identification of suitable biomarkers of effect is 
of outmost importance to link the exposure to the 
potential impact on human health. Traditional tox-
icology is rapidly moving towards a system-based 
approach. This can offer the opportunity to de-
termine almost all the interactions between en-
dogenous and/or exogenous xenobiotics and living 
systems, particularly as concerns how chemicals 
can affect normal biological processes, including 
homeostatic and adaptive responses, but also path-
ways leading to biological alterations (44). This 
methodology would provide integrated informa-
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bIomArKers In the low-exposures scenArIo: 
exAmples And opportunItIes

Airborne benzene exposure in downtown Milan

Benzene is an established human carcinogen 
(62) that, due to its multiple sources of emission, is 
widely distributed both in occupational and in en-
vironmental settings. Airborne benzene levels had 
progressively decreased in traditionally polluted 
working settings but, as a component of engine 
emissions, remains an important pollutant in largest 
cities settings. Moreover, benzene is an important 
component of cigarette smoke (63). Consequently, 
benzene exposure in living and working environ-
ment is often very similar. This needs the defini-
tion of suitable, specific and sensitive biomarkers 
of exposure, that not necessarily are the one vali-
dated in previous occupational setting character-
ised by highest levels of exposure. In this regard, a 
study (64) compared urinary trans, trans-muconic 
acid (t,t-MA), S-phenylmercapturic acid and ben-
zene (u-benzene) as biomarkers in gas station at-
tendants (median benzene exposure 61 µg/m3), 
urban policemen exposed to traffic emissions (me-
dian 22 µg/m3), and blue-collar controls working 
in Milan downtown (6 µg/m3). U-benzene, but not 
t,t-MA and S-phenylmercapturic acid, showed an 
expose-related increase. Moreover, all biomarkers 
were sensibly increased in smokers with u-benzene 
that resulted the best biomarker in distinguishing 
smoke-related exposure in such scenario.

The importance of a proper biomonitoring and 
the need of suitable markers is further supported 
by the evidence described by Bollati et al (65) that, 
even with these very low levels of exposure, workers 
showed a dose dependent reduction in global meth-
ylation (measured in LINE-1 and alu repetitive ele-
ments) and a gene-specific hypermethylation (p15). 
These patterns of altered methylation reproduce the 
epigenetic changes found in malignant cells (66).

Metal-rich fine particles effect among steel workers

Another example of hazard identification and 
evaluation of possible mechanism of actions based 

involved in DNA doublestrand breaks repair and 
genomic maintenance (54, 55). Proteomic analy-
sis revealed that protein profiles were significantly 
different in benzene exposed workers compared to 
controls (56). As regards metals and metalloids, 
different genome expression patterns were detected 
in subjects with and without arsenical skin lesions 
(57) and also different proteomic signature was 
evident in smelter workers with a mixed exposure 
to arsenic and lead (52). A significant dose-de-
pendent DNA hypermethylation was observed in 
arsenic-exposed people compared to controls (58). 
Also in the case of formaldehyde (FA), a general 
living and occupational pollutant, well known for 
its genotoxic and carcinogenic properties, a poten-
tial contribution of epigenetic effects cannot be 
excluded. DNA global methylation changes were 
demonstrated in workers exposed to formaldehyde 
FA and also epigenetic alterations were reported in 
in vitro and in vivo experiments (59, 60). Overall, 
although preliminary, these findings suggest the 
role of epigenetic modifications as possible un-
derlying chemical mechanisms of action that need 
deeper qualitative and quantitative investigation. 
This may provide indicators of early biological ef-
fects and should be included in future risk assess-
ment and management strategies for generally and 
occupationally exposed populations. 

These innovative technologies may support 
a personalised approach to the hazard identifi-
cation phase of risk assessment to include, not 
only the intrinsic toxicological profile of sub-
stances, but also how these may interact with 
the organisms. Additionally, this may offer the 
opportunity to generate comprehensive toxi-
cologically relevant information on molecular 
changes more quickly and more accurately than 
ever before, supporting the identification of new 
hazards through enhanced coverage of biologi-
cal or biochemical pathways during toxicological 
analyses (61). This approach might be even more 
important to support suitable risk assessment in 
emerging occupational scenarios, characterised by 
low-doses of exposure, employment of innovative 
materials (like chemicals at the nanoscale), as well 
as in settings where complex mixtures are used.
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about the combined effects of chemicals have been 
growing. This is due to the fact that the current risk 
assessment pathways have been generally based on 
single components, not specifically addressing the 
low-dose exposures (70), and not regulatory frame-
works have been established for mixtures (71). In 
this view, to face the challenges posed by low-dose 
and mixture exposures, suitable toxicity studies 
should be pursued, based on adequate in silico, in 
vitro or, where necessary, in vivo experiments (72-
75). In vitro studies could be helpful to predict the 
hazard of individual compounds and their combina-
tions, as well as to define substances’ modes of action 
at low doses, also as concerns possible concentration 
additivity. In silico and in vivo studies can further 
support the assessment of chemical risk in terms of 
internal exposure concentrations, but also in defin-
ing simultaneous or sequential exposure to different 
mixture components and to predict their potential 
toxicokinetic interactions. In this context, the use of 
physiologically based kinetic modeling may be im-
portant to interpret human biomonitoring data in 
toxicological risk assessment. 

Omic techniques can additionally support the as-
sessment of affected pathways for unraveling modes 
of action, as well as to elucidate possible antagonis-
tic or synergistic interactions between substances 
(76). Concerning the dose–response relationships, 
toxicological studies should include a range of doses 
to distinguish between linear monotonic and non-
monotonic responses, that should be carefully con-
sidered (5, 77, 78). 

All this information may support modeling 
frameworks for defining “adverse outcome path-
ways” aimed to integrate and interpret hazard data 
in order to understand the continuum between a 
molecular initiating event and adverse effects (79, 
80). In low-dose and mixture exposure scenarios, 
where to establish a causal relationship between 
the exposure and health effects represents an even 
more challenging issue, to identify possible adverse 
outcome pathways may be extremely useful to over-
come these gaps, particularly from an occupational 
health perspective. Risk assessment and manage-
ment approaches may be supported by such frame-
works that could allow to group emerging exposures 
according to the chemicals’ mechanisms of action, 

on new biomarkers of effect comes from studies 
conducted among steel workers still exposed to high 
levels of metal-rich fine particles (67). A group of 63 
male steel workers has been characterised in term of 
fine and coarse particle exposure calculated as the 
average of area-specific PM levels weighted by the 
time spent in each area (68). Airborne concentra-
tions of individual metal particle components in 
PM10, was calculated in each working area of the 
plant through multi-elemental analysis performed 
by means of inductively coupled-plasma mass spec-
trometer (ICP-MS). For each subject, blood sam-
ples have been collected on two different days: on 
the first day of a workweek (Day 1, following two 
days off work) and after three days of work (Day 
4). Both global methylation and gene specific meth-
ylation resulted associated with PM exposure and 
with some of its metal components. Moreover, fine 
particles, Iron and Zinc exposure resulted signifi-
cantly associated with histones modification (in de-
tails increased extracellular H3K4 methylation and 
H3K9 acetylation, (69)). PM1, Zinc and Iron re-
sulted also associated to important coagulation pa-
rameters: Tissue plasminogen activator (t-PA) and 
Endogenous Thrombin Potential (ETP-defined as 
the amount of thrombin that is generated in plasma 
in vitro and has been proposed as a candidate test 
to reflect hypercoagulability). Further, increasing 
levels of exposure to coarse or ultra-fine PM were 
associated with shorter Prothrombin time, increased 
ETP, t-PA and C Reactive Protein (CRP). These re-
sults show that PM exposure increases coagulation 
function, and indicate that PM-induced systemic 
inflammation, as also reflected in increased plasma 
CRP, may enhance blood coagulation by tissue-fac-
tor triggering of the extrinsic coagulation pathway. 
These findings give further support to the hypoth-
esis that inflammation-related hypercoagulability 
may mediate PM cardiovascular effects in exposed 
subjects (68).

conclusIons

Humans and the environment are widely exposed 
to low levels of different chemicals that require up-
dated strategies for risk assessment and manage-
ment. Additionally, in this latter decade, concerns 
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occupational exposures should be also considered. In 
this view, one way to take a more holistic approach is 
to use exposome studies that look at a wider range of 
factors over longer periods (87-89).

The study of possible effects at low doses of ex-
posure considers that the dose-response curve 
obtained in toxicity testing is a “picture” of the sus-
ceptibility distribution in the treated population 
(90). This understanding is particularly relevant for 
stochastic effects, i.e. genotoxic carcinogenesis, for 
which the assumption of a linear dose-response 
relationship at low dose is often adopted (91, 92). 
The exposure is scaled linearly by an effect factor 
representing a fixed slope of the dose-response re-
lationship and homogeneous toxicological suscepti-
bility to the chemical. This practice is based on the 
assumption that all individuals across a population 
share homogeneous exposure and identical heath 
response to a marginal increase in exposure (93). In 
addition, the acceptability of using a linear dose-re-
sponse relationship in toxicity characterisation is 
also being questioned because it runs against our 
understanding of dose-response relationships for 
many substances. This opens some questions regard-
ing appropriate risk management strategies (94, 95). 
Despite the above-detailed limitations, in clinical 
settings, the linear dose-response may represent the 
relationship between some pathological conditions 
and specific adverse outcomes. As an example, it is 
well known that among the hypertensive patients, 
a greater hypertension has a linear higher lifetime 
risk of stroke and efforts to adequately reduce blood 
(BP) pressure are mandatory (96). However, it re-
mains to be clarified which is the optimal timing to 
initiate BP reduction and BP goals to be targeted 
with respect to a cost/benefit perspective (97). In a 
chemical exposure setting, to define a linear dose-re-
sponse relationship may be challenging, although its 
identification is essential to plan the preventive and 
protective measures to adopt, the goals to achieve 
(in terms of exposure elimination/control) and the 
early effects to monitor.

Moreover, studies have long shown systematic 
inter-individual variabilities in human exposure and 
toxicological susceptibility due to a mixture of fac-
tors including genetic, development stage, dietary 

structure (for which a similar toxicity profile is ex-
pected), common target organs or adverse outcomes 
(81). All these elements may provide an orienta-
tion to these strategies especially when emerging 
substances, whose toxicological profile is not fully 
explored, are considered. Moreover, updated risk 
assessment processes, should integrate toxicological 
data with information on the currently experienced 
conditions of exposure. Target population(s), sources 
and routes of exposure, doses and temporal aspects 
(i.e. episodic or repeated, simultaneous or sequen-
tial exposures), along with the chemicals involved 
should be addressed. All these features, in fact, may 
function as predictors for variability in toxicologi-
cal behaviors (82). According to the toxicokinetic 
properties of chemicals, an external sequential co-
exposure can result in an internal simultaneous co-
exposure, and vice versa (83). Moreover, on a longer 
timescale, exposure to bioaccumulative and per-
sistent compounds, is particularly relevant, as they 
can remain in an organism even after cessation of 
(external) exposure, increasing the potential for (in-
ternal) co-exposure. Additionally, exposure assess-
ment should be addressed according to a life-cycle 
perspective of substances and products, that could 
change risks posed to human health (84).

Unfortunately, only a limited number of chemi-
cals can be covered by environmental and biological 
monitoring activities. Indeed, considering the huge 
number of substances and their possible combina-
tions, there is a clear need to identify and priori-
tise substances, as well as mixtures of concern, in 
order to effectively act on them. Priority chemicals 
may include those that are expected to be present 
at concentrations close to their effect level, mixtures 
of chemicals thought to act on the same pathway; 
substances assumed to have no threshold or be very 
persistent (85). Additionally, monitoring data should 
be generated, collected, storaged and used according 
to a more coherent and internationally shared ap-
proach (86). Furthermore, particularly in occupa-
tional settings, the link between chemical exposure 
and the human health status is often difficult to es-
tablish because of other non-chemical stress factors. 
Where applicable, the influence of other factors such 
as dietary status, habitat conditions, but also other 
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