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Editorial

Editorial for the Special Issue on “Human Biomonitoring in
Health Risk Assessment: Current Practices and
Recommendations for the Future”

Christophe Rousselle

The French Agency for Food, Environmental and Occupational Health & Safety (ANSES), 14 Rue Pierre et Marie
Curie, 94701 Maisons-Alfort, France; christophe.rousselle@anses.fr

In most health risk assessment (HRA) frameworks for chemicals, the default approach
for exposure assessment is to estimate the intake from different sources and different
routes of exposure. These assessments are often made separately and then added when
aggregate exposure scenarios are considered. Various uncertainties are associated with this
approach and, depending on the scope of the assessment; it may over- or under-estimate
the internal exposure. Having access to data on the internal exposure generated by human
biomonitoring gives a complete picture of human exposure and can be used to enhance a
chemical risk assessment by providing information on actual human exposure via multiple
exposure pathways. An understanding of the contribution that different exposure routes
make to the overall exposure (taking into account differences in exposure modifiers, such
as age and gender, as well as profession) delivers a starting point for deciding on risk
management measures under legislative silos.

Human biomonitoring (HBM) is an important and useful tool for assessing the internal
exposure of humans resulting from aggregated exposure to chemicals. HBM can also
provide a better estimate of exposure close to the target organ. The inclusion of HBM data
could improve HRAs for the general population and workers. Although there are still a
number of obstacles that hinder the use of HBM data in HRAs, the growing availability of
HBM data offers an opportunity to improve and refine RAs.

This Special Issue intends to illustrate, using case studies, how HBM data could be
used to better estimate the internal exposure and resulting risks. Case studies either on
exposure from the use of consumer products (cosmetic products, non-food products, etc.)
or from exposures via food or water, in the general population or among workers, have
contributed to better identify the hurdles that prevent a broader use of HBM data in RAs.
New tools such as physiologically based pharmacokinetic (PBPK) models, derivations of
health-based guidance values, new approaches for integrating HBM with in vitro/in silico
data, and adverse outcome pathways (AOP), through more accurate data on actual internal
exposure, could improve HRAs.

The Special Issue “Human Biomonitoring in Health Risk Assessment: Current Prac-
tices and Recommendations for the Future”” collected and published 15 contributions
focusing on the generation of biomonitoring data on chemicals in different populations,
including workers, and on their use in a risk assessment context. The published papers
comprise 4 reviews and 11 original articles, among which 8 reported results from the
HBM4EU Initiative https://www.hbm4eu.eu/ accessed on 7 January 2023).

Measuring the concentration of a chemical in urine or blood could also be used as
a more robust surrogate marker of systemic exposure compared to calculations based
on external exposure scenarios. In their review, Willenbockel et al. (2022) [1] quantified
the systemic exposure of humans exposed to pesticides used on specific cultures such
as tree-grown produce, vines or hops. The analysis revealed that exposure was mainly
driven by the application of pesticides and re-entry work, resulting in a higher exposure of
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operators and workers than of residents and bystanders. In nearly all cases, the systemic
exposure was below the relevant toxicological reference values.

Blood and urine are the most common matrices investigated in HBM studies as they
are easily accessible. However, other biological matrices may be of some interest as they
may constitute a better proxy for systemic exposure. In their review, Moriceau et al.
(2023) [2] compared the serum/adipose tissue ratio for persistent organic pollutants (POPs)
and sought to identify key factors that could explain why for some compounds the ratio
differed from 1. All included studies reported high variability in the partition coefficients
of POPs and the authors concluded that further research is still needed to better investigate
the partitioning of POPs.

In broncho-alveolar lavages (BALs) it is also interesting to analyze inhaled bio-
persistent particles, particularly when following occupational exposure. Forest et al.
(2022) [3] investigated the relationship between the biomonitoring of nanoparticles in
BALs, interstitial lung diseases and occupational exposure to these unintentionally released
particles. Their results strengthen the array of presumptions on the contribution of some
inhaled particles (from nano- to submicron-sized) to some idiopathic lung diseases.

To interpret the measured concentrations, reference values are necessary. Two types of
references values were illustrated in this Special Issue health-based guidance values (HBM-
GVs) and a background range in the general population. Meslin et al. (2022) [4] derived
HBM-GVs for bisphenol S (BPS) and used results from HBM4EU studies to assess the risk
due to the exposure to BPA and BPS in Europe, for workers and the general population.
In the same way, Lamkarkach et al. (2022) [5] derived HBM-GVs for dimethylformamide
(DMF) for exposed workers. A large database on DMF exposure from studies conducted at
workplaces provided dose–response relationships between biomarker concentrations and
health effects.

Measuring effect biomarkers and studying their associations with health outcome
data could also provide insight into the extent to which chemicals and substitutes have
an impact on health. Malondialdehyde (MDA) is an end-product of lipid oxidation in
our cells and is present in all biological matrices, including exhaled breath condensate
(EBC) and urine. Following a systematic literature review and meta-analysis, Turcu et al.
(2022) [6] proposed reference values for MDA in EBC. However, defining the distribution
of MDA in EBC measured in reference populations still represents a challenge due to
the low number of available studies, different analytical methods, and the questionable
methodological quality of many studies. In urine, following a systematic literature review
and meta-analysis, Toto et al. (2022) [7] sought to establish urinary MDA concentration
ranges for healthy adult populations based on reported values in the available scientific
literature. The proposed urinary MDA values should be considered preliminary, as they are
based mostly on moderate- to low-quality studies. Bergamaschi et al. (2022) [8] performed
a pilot biomonitoring study in workers from a paint production plant exposed to pigment-
grade titanium dioxide (TiO2). They assessed pro-inflammatory cytokines (IL-1β, TNF-α,
IL-10, and IL-17), surfactant protein D (SP-D) and Krebs von den Lungen-6 glycoprotein
(KL-6) in EBC. Their findings suggest the need for an integrated approach relying on both
personal exposure and biomarker assessment to improve the hazard characterization in
occupational settings.

HBM data can also be used to perform risk assessments and suggest risk manage-
ment measures if the internal exposure exceeds the HBM-GVs. Using BP-3 as an example,
Rousselle et al. (2022) [9] investigated the benefits and limitations of the use of external ver-
sus internal exposure data to explore the usefulness of HBM to support the risk assessment
of cosmetic ingredients. The results showed that both approaches did indicate a risk to
human health under certain levels of exposure. They also highlighted the need for more ro-
bust exposure data on BP-3 and other cosmetic ingredients, and a standardized framework
for incorporating HBM data in the risk assessment of cosmetic products. In the same way,
Huuskonen et al. (2022) [10] demonstrated, by using the example of ortho-toludine, how
HBM data can be used to assess cancer risks for workers and the general population. The
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urinary mass-balance methodology and generic exposure reconstruction PBPK modelling
were both used to estimate the external intake levels corresponding to the observed urinary
levels. Domínguez-Morueco (2022) [11] performed a HRA to estimate the risk associated
with methylmercury exposure of vulnerable European populations using HBM data. As
many data were missing to make a proper assessment, the authors concluded that further
HRA refinement is needed with coordinated, widespread HBM data to account for the
differences in European exposure and associated risks, so that interventions can be applied
to protect vulnerable citizens. Plichta et al. (2022) [12] assessed the risk of dietary exposure
to organophosphorus flame retardants (OPFRs) in children using HBM data and estimated
how much dietary intake may contribute to the total exposure. The estimated exposure
to OPFRs indicates a minimal health risk based on the current knowledge of the available
exposure, kinetic and toxicity data.

When no HBM data are available, for example, in the case of prospective assessments,
the internal dose of a pesticide in human can be estimated by the expected residue levels in
food. Tarrazona et al. (2022) [13] compared consumers’ internal exposure to chlorpyrifos
based on the urinary marker 3,5,6-trichloro-2-pyridinol (TCPy), using two sources of
monitoring data: monitoring of the food chain from the EU program and biomonitoring
of European citizens from the HBM4EU initiative, supported by a literature search. Both
methods confirmed a drastic reduction in the exposure levels from 2016 onwards. Finally,
in Tarvares et al. (2022) [14], a mixture risk assessment based on published HBM data on
Cr (VI), Ni and/or PAH occupational co-exposure in Europe was performed and in some
situations the sum of risk quotients (SRQ) exceeded 1, which means that risk cannot be
excluded, for example, in the welding or waste incineration sectors.

HBM can also be used to assess the impact of management measures taken to reduce
external exposures. In their study, Buonaurio et al. (2022) [15] evaluated the effects of
traffic on human health comparing biomonitoring data measured during the COVID-19
lockdown, when restrictions led to a 40% reduction in airborne benzene in Rome and a 36%
reduction in road traffic, to the same parameters measured in 2021. Their results confirmed
a decrease in succinic acid, a product of the Krebs cycle promoting inflammation.

To conclude, a better understanding of population exposure and the exposure of
vulnerable groups against health-based human biomonitoring guidance values, provides
the basis for effective risk management aimed at reducing the impacts on health. Europe’s
zero-pollution agenda should depart from an understanding of how European citizens’
bodies are polluted with synthetic chemicals and make the reduction in chemical body
burden and the associated health impacts a key priority.
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this Special Issue. We greatly appreciate the support of all the reviewers who spent time
evaluating and improving the quality of the manuscripts. We would also like to thank the
editors of Toxics for their kind invitation, and Selena Li of the Toxics Editorial Office for her
precious support.
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Abstract: Hexavalent chromium (Cr(VI)), nickel (Ni) and polycyclic aromatic hydrocarbons (PAHs)
are genotoxic co-occurring lung carcinogens whose occupational health risk is still understudied.
This study, conducted within the European Human Biomonitoring Initiative (HBM4EU), aimed at
performing a mixtures risk assessment (MRA) based on published human biomonitoring (HBM)
data from Cr(VI), Ni and/or PAHs occupational co-exposure in Europe. After data extraction, Risk
Quotient (RQ) and Sum of Risk Quotients (SRQ) were calculated for binary and ternary mixtures
to characterise the risk. Most selected articles measured urinary levels of Cr and Ni and a SRQ > 1
was obtained for co-exposure levels in welding activities, showing that there is concern regarding
co-exposure to these substances. Similarly, co-exposure to mixtures of Cr(VI), Ni and PAHs in waste
incineration settings resulted in SRQ > 1. In some studies, a low risk was estimated based on the single
substances’ exposure level (RQ < 1), but the mixture was considered of concern (SRQ > 1), highlighting
the relevance of considering exposure to the mixture rather than to its single components. Overall,
this study points out the need of using a MRA based on HBM data as a more realistic approach to
assess and manage the risk at the workplace, in order to protect workers’ health.

Keywords: human biomonitoring (HBM); European Human Biomonitoring Initiative (HBM4EU);
co-exposure; workplace; mixture risk assessment (MRA)

1. Introduction

Industrial activities such as metal processing, electroplating, chromate production,
welding, and thermal cutting make use of chromium and represent the main sources of
hexavalent chromium (Cr(VI)) occupational exposure [1,2]. Chromium exposure occurs
mainly by inhalation, making the lungs the main target organ for its effects [1]. The
occupational exposure to Cr(VI) has been associated with nasal and sinus cancer and with
lung, trachea, and bronchus cancers [2]. Cr(VI) compounds have been classified by IARC
as carcinogenic to humans (group 1) [3]. The induction of DNA strand breaks, inter-strand
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cross-links and DNA adducts are deemed to mediate Cr(VI) genotoxicity [1]. This effect is
also due to the contribution of oxidative damage originated from reactive oxygen species
(ROS) that arise from a series of intracellular Cr(VI) reduction steps. Cytogenetic alterations,
such as chromosomal breaks and micronuclei (MN) have also been reported and suggested
to be the outcome of double-strand breaks induction [3].

Nickel has been widely used in stainless steel manufacturing, electroplating, foundry
applications, printing inks, and prostheses manufacturing, which causes internal levels of
Ni significantly to be higher among exposed workers [1]. Exposure by inhalation, ingestion
or skin contact can occur in nickel industries [4]. Occupationally inhaled Ni is typically
associated with immunological sensitisation, epithelial dysplasia and asthma, and can
also cause nasal and lung fibrosis and cancer [1,5,6]. Similarly to Cr(VI), Ni was classified
by IARC as carcinogenic to humans [4]. Its genotoxic effects include formation of DNA
strand breaks, DNA cross-links and chromosomal aberrations. Both Cr(VI) and Ni can also
interfere with DNA repair mechanisms, enhancing the genotoxic effect of other agents [1,7].

Polycyclic aromatic hydrocarbons (PAHs) are widespread environmental contami-
nants continuously formed during incomplete combustion or pyrolysis of organic material.
Their major environmental sources are heating, motor-vehicle exhaust and industrial emis-
sions such as industrial power generation, incinerators, the production of coal tar, coke
and asphalt, and petroleum catalytic cracking [8,9]. Recent technology developments have
also been using pyrolysis for the production of biofuel from microalgal biomass. How-
ever, under inappropriate conditions, this can also result in the emission of PAHs [10,11].
Occupational exposure to PAHs may occur by breathing exhaust fumes, by ingestion of
contaminated food and by dermal absorption due to handling of contaminated materials
and surfaces. High levels of pollutant mixtures containing PAHs can cause irritation, in-
flammation, nausea, and vomiting. A long exposure may cause an increased risk of skin
and lung cancer. Similarly to Cr(VI) and Ni, PAHs such as benzo(a)pyrene (BaP) can cause
ROS-related but also PAH-specific DNA adducts, and chromosomal alterations, reflected
in the induction of chromosomal breaks, sister chromatic exchanges (SCEs) and MN [12,13].
Although IARC classifications vary across the existing PAHs, with many of them classified
as probably and possibly carcinogenic to humans (group 2A and 2B, respectively) [14], BaP
is so far the only one classified as carcinogenic to humans [15].

Occupational co-exposure to Cr(VI) and Ni has been well documented in the literature,
due to its frequent occurrence in the same workplace, namely, during welding opera-
tions [16,17]. Moreover, a study in Finland demonstrated that Cr, Ni, BaP and other PAHs
were amongst the main substances to which welders and flame cutters were co-exposed
between 2007 and 2009 [18]. Workers from aluminium production, iron and steel found-
ing industries, waste incineration sites and coke oven plants can be also occupationally
co-exposed to PAHs and to metals including Cr and Ni [19,20]. In addition, it has been
demonstrated that workers performing painting activities can be highly co-exposed to
mixtures of Cr and PAHs as common paint components [19].

Despite the acknowledged evidence of co-exposure, the combined health effects caused
by these three substances have been rarely investigated. Current regulatory practices are
usually based on single chemical substances [21,22], without integrating the possibility
co-exposure or aggregated exposure. The few existing in vitro and in vivo data suggest
that combinations of Cr, Ni and PAHs can lead to adverse effect that are higher than those
observed for each single substance [23–25]. The multiple chemicals involved in exposure
scenarios may lead to myriad interactions with a wide array of underlying mechanisms.
This may ultimately result in different health outcomes from those expected from the single
substances [26]. In some cases, only one or few components may dominate the overall
mixture hazard, and therefore, the identification of the main active components, i.e., the
drivers of mixture toxicity, may allow the implementation of more efficient risk reduction
measures [27]. Thus, failing to account for the combined effects of co-exposures can lead to
an underestimation of the risk. In this sense, the recently published “Chemicals Strategy
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for Sustainability” claims the need for integrating mixtures risk assessment (MRA) more
generally into chemical risk assessment in the scope of different regulatory frameworks [28].

Approaches for a more holistic mixtures risk assessment (MRA) currently remain as
research challenges [27]. Knowing the mode of action (MoA) of a substance is essential
to perform an accurate MRA. In this regard, two main mathematical models can be used
to assess the effects of chemical mixtures: one assumes that individual substances act via
a similar MoA and applies dose or concentration addition (CA), while the other model
assumes dissimilar MoAs (independent action (IA)) and applies response addition. Syn-
ergism and antagonism due to the interaction of substances in a mixture can be defined
in relation to this additivity assumption. In this context, the term interaction (synergistic
or antagonistic effects) includes all forms of joint actions that deviate from either dose or
response addition (Figure 1) [29,30]. If a group of chemicals affect the same toxicological
endpoint and/or have the same MoA, as in the case of Cr(VI), Ni and PAHs, it seems
plausible to generate a mixtures risk indicator, which requires individual data [31–33].
However, the distinction between similar and dissimilar MoAs in real exposure scenarios
with complex chemical mixtures is often unclear [29,34]. There is now a growing consensus
that MRAs should start from the default assumption of CA for all mixture components,
regardless of the MoAs. If this indicates a significant risk, refined MoA-based assessments
may be conducted where the necessary data is available [34,35].

Figure 1. Flowchart representing the types of joint action (similar and dissimilar) and the respective
applicable methods in mixtures risk assessment.

The use of human biomonitoring (HBM) data has been gaining momentum in identify-
ing realistic co-exposure patterns in the same environmental or human samples [27]. Total
Cr measurements in urine have been used as indicators of occupational exposure [36]; cor-
relation has been also reported between air and urinary nickel levels in several occupational
settings [37]; regarding PAHs, the urinary metabolite 1-hydroxypyrene (1-OHP) has been
the most frequently analysed biomarker in occupational studies [38]. Besides measuring
co-exposure, it is important to detect its early biological effects, and for that purpose, the
combination of exposure data with effect biomarkers is essential to assess potential human
health effects. Most of these biomarkers do not point to an individual cause, but they
may reflect an integrated effect of an aggregated exposure [39]. Micronuclei in human
peripheral blood lymphocytes, alkaline comet assay, and oxidative stress biomarkers have
been used to assess the genotoxic and carcinogenic effects of several substances [40]. How-
ever, few occupational HBM studies present data on effect biomarkers and link them to
exposure data.
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In the European Human Biomonitoring Initiative (HBM4EU), several substances were
identified as research priorities, including Cr(VI), PAHs, and chemical mixtures (https://
www.hbm4eu.eu/about-hbm4eu/, accessed on 10 March 2022). Within the HBM4EU scope,
a recent multicentric study on the occupational exposure to Cr(VI) has been conducted
in a harmonised way in several European countries [40,41], and other field studies are
currently underway to provide information on human exposure and co-exposure. This
study, developed under the HBM4EU initiative, aimed to perform a MRA for the co-
exposure to Cr(VI), Ni and/or PAHs in several occupational settings in Europe, based
on external exposure and HBM data gathered from the literature. This work intended to
contribute to the development of a consistent and uniform framework applicable to future
studies on mixtures exposure and health outcomes.

2. Materials and Methods

2.1. Literature Search and Data Collection

The literature searches were conducted in PubMed® database between May and June
2020, using combinations of key words and/or Medical Subject Headings (MeSH) terms
to find articles presenting HBM measurements. Different search strings for the possible
combinations (binary and ternary) of Cr(VI), Ni and/or PAHs in occupational settings were
used and are detailed in Supplementary Table S1.

Our searches were filtered to retrieve articles published between 2000 and 2020. This
time window allowed us to account for the most recent working conditions and technologi-
cal developments and for new risk management measures, while considering the influence
of the regulatory frameworks presently in place. Only peer-reviewed articles which had
abstracts and were written in English, Spanish, French or Portuguese were considered.
Books or book chapters, comments, editorials, reviews, guidelines, reports, newspaper
articles and case studies were excluded from the analysis. Articles meeting the following
inclusion criteria were selected: (i) studies presenting biomarkers of exposure for Cr(VI)
+ Ni, Cr(VI) + PAHs, Ni + PAHs, or Cr(VI) + Ni + PAHs; (ii) HBM data obtained within
occupational settings; (iii) studies including data on effect biomarkers (studies with data for
a single substance only, but presenting effect biomarkers were still considered); iv) studies
performed in EU countries. The following exclusion criteria were also defined: (i) studies
conducted outside the EU (UK was still considered); (ii) studies not presenting HBM data
for Cr(VI), Ni and/or PAHs, or presenting only graphical data; (iii) studies conducted in
non-occupational settings (e.g., environmental studies). Following articles’ retrieval, titles
and abstracts were first screened, and the selected articles proceeded to full text analysis.

In a second approach, references cited in the retrieved articles were searched, and only
those meeting the inclusion criteria and presenting biomarkers of exposure for the three sub-
stances were selected. Data on biomarkers of exposure, effect biomarkers (e.g., comet assay,
micronucleus assay), occupational settings, and exposure scenarios were extracted from
the selected articles, whenever described. All data extracted was presented as arithmetic
means, geometric means or medians.

2.2. Determination of the Sum of Risk Quotients

The Sum of Risk Quotients (SRQ), also called Hazard Index (HI) [40], is a regulatory
approach to component-based MRA derived from the CA reference model. The SRQ was
calculated for each mixture, whenever possible, according to Equation (1):

SRQ =
n

∑
i=1

ELi

ALi
(1)

The Risk Quotients (RQ), i.e., the ratio of a substance/metabolite concentration in a
biological specimen (EL), and its acceptable level (AL), (ELi/ALi), were calculated using
data from the selected studies [31,32,42].
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Table 1 presents the tolerable risk levels for Cr(VI), Ni and BaP in air used for RQ
and SRQ calculations. Because there is no consensus on the acceptable or tolerable risk
levels in Europe for occupational activities involving carcinogenic substances, an expert
ad hoc group met to debate this topic, and a decision on the use of the tolerable risk level
of 4:1000, as defined in the German Technical Rules for Hazardous Substances produced
by the Committee on Hazardous Substances from the Federal Institute for Occupational
Safety and Health), was reached. An additional advantage was that the “Risk Concept
for Carcinogenic Substances” of the AGS, which offers a benchmark for comparison and
assessment of exposure to carcinogenic substances, included limit values (in air) for the
three components of the mixture under study. It must be stated that these levels still
contain a residual risk for cancer [43]. Calculations using Equation (1) were also performed
using HBM data obtained from the literature and from documents produced by the Risk
Assessment Committee of the European Chemicals Agency (Table 1). For exposure values
below the limit of detection (LOD), LOD/2 was used. The Student’s t-test was used to
compare SRQ values obtained through air and HBM measurements. All data was compiled
and analysed using MS Excel 2016.

Table 1. Tolerable risk levels and limit values used for risk assessment calculations.

Substances
Tolerable Levels in

Air (μg/m3) a

Limit Values in Urine

μg/g Creatinine μg/L

Chromium (VI) 1.0 1.20 c 1.63 d

Nickel b 6.0 2.21 d 3.00 e

Benzo(a)pyrene 0.07 1.03 d (for 1-OHP) 1.40 f (for 1-OHP)
a Limit values established in the Technical Rules for Hazardous Substances, AGS, 2021 [43]; b Nickel metal,
nickel oxide, nickel carbonate, nickel sulphide, sulfidic ores [43]; c Based on the regression analysis conducted
by Viegas et al. (2022) on U-Cr and inhalable Cr(VI) levels found in welders; equation: y = 0.647 + 0.541x [41];
d Conversion from μg/g creatinine to μg/L and from μg/L to μg/g creatinine using the standard creatinine
value (~1.36 g/L urine); e Value recommended by the SCOEL for a biological guidance value (BGV) for nickel,
as referred in [37]; f Calculated based on the dose–response relationship between BaP concentration in air and
1-OHP in urine; RAC note from ECHA, 2018 [38].

An RQ or an SRQ < 1 indicates low concern after workers’ exposure to the single
substance or the mixture, respectively. Conversely, an RQ or an SRQ > 1 indicates that the
tolerable risk level was exceeded, and that exposure is likely to have an impact on workers’
health [31,32].

3. Results

3.1. Characteristics of the Studies

Overall, 356 articles were retrieved from the PubMed search. After removing dupli-
cates, applying selection criteria, and conducting a second search throughout the chosen
articles’ references, a total of 22 articles were selected. A flowchart of this selection process
is depicted in Figure 2.

Of the 22 articles included in this study, 7 were published before 2010, and only 5 were
published in the last five years. Biomarkers of exposure in urine were presented in 19 out
of 22 articles, while 5 articles referred biomarkers in blood (blood, plasma and/or erythro-
cytes) [44–48], 5 articles included biomarkers in exhaled breath condensate (EBC) [49–53],
and only 1 article presented measurements in hair and saliva [46]. Besides biomarkers
of exposure to Cr, Ni and/or PAHs, most studies also assessed biomarkers of exposure
to other substances, such as other heavy metals (Mn, Fe, Al, Hg, As, Be, Pb, Cu, Cd, Co,
V), polychlorinated biphenyls (PCBs), and organochlorinated compounds [46–52,54–62].
Table 2 presents urinary levels (median or mean values) retrieved from the selected stud-
ies, as well as the description of the respective settings and exposure scenarios. Welding
activities were the most frequently assessed, including 9 studies [16,17,44,47,50,52–55],
followed by waste incineration assessed in 4 studies in the context of waste management
operations [57,59–61].
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Figure 2. Flowchart of the selection process.

Table 2. Occupational settings, exposure scenarios and median (±SD) exposure values for exposure
biomarkers in urine reported in the selected studies (n = 19).

Occupational
Setting

Activities
Biomarkers of Exposure in Urine (μg/g Creatinine)

Ref.
U-Cr U-Ni U-1-OHP

Incinerator operations,
boiler and furnace

maintenance, control
panel, and

waste-gas-washing

0.39 ± 0.24 a 3.7 ± 1.9 a <0.04 ± 0.3 a [57]
0.26 a 3.03 a 0.1 a [59]

Waste
incineration 4.8 ± 3.2 (<4; 11.0) a 0.20 a [60]

0.50 ± 0.58 (exposure
1–3 months)

1.89 ± 4.59 (exposure
3–8 months)

0.26 ± 0.24 a (exposure
8–11 months)

9.18 ± 7.47 (exposure 1–3
months)

12.12 ± 8.31 (exposure 3–8
months)

7.69 ± 5.57 a (exposure
8–11 months)

[61]

Manufacture of
railway vehicles Welding e

0.72 (IQR 0.58–1.20) 1.56 (IQR 1.01–2.48) [52]

Welding
industries

0.32 (IQR 0.97) (pre-shift)
0.54 (IQR 1.39)

(post-shift)

1.11 (IQR 1.6) (pre-shift)
1.47 (IQR 2.27) (post-shift) [50]

2.3 (0.7–7.3) b 1.5 (0.5–3.2) b [55]

Flux cored arc welding

3.8 (0.48–18.0) (first void)
3.2 (<0.24–30.1) (before

work)
3.96 (0.34–40.7) (after

work) a

1.9 (1.05–5.59) (first void)
2.7 (1.11–4.37) (before

work)
2.5 (0.56–5.0) (after work) a

[44]
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Table 2. Cont.

Occupational
Setting

Activities
Biomarkers of Exposure in Urine (μg/g Creatinine)

Ref.
U-Cr U-Ni U-1-OHP

Flux cored and gas metal
arc welding <1.35 (IQR <0.74–<3.24) <2.56 (IQR <1.37–<4.39) [17]

Gas metal arc welding 0.39 1.57 [54]

Tungsten inert gas
welding

0.71 (0.36–1.27) (before
Friday shift)

0.74 (0.41–1.21) (after
Friday shift)

0.59 (0.26–1.00) (after
weekend break)

0.76 (0.37–1.40) (before
Friday shift)

1.11 (0.59–0.79) (after
Friday shift)

0.83 (0.31–1.38) (after
weekend break)

[53]

Shipyards and
other industries

0.85 (IQR 0.53–1.32)
(pre-shift)

0.90 (IQR 0.56–1.55)
(post-shift)

1.53 (IQR 1.05–3.37)
(pre-shift)

1.67 (IQR 0.89–2.97)
(post-shift)

[16]

Gas metal arc welders
with massive or flux cored

wire of stainless steel;
Flux-cored arc welding of

mild steel;
Tungsten inert gas

welding

0.88 d 2.07 d [47]

Stainless steel grinding

1.6 (<0.15–4.6) (first
void)

1.40 (<0.14–4.5) (before
work)

1.40 (<0.13–5.5) (post
shift)

3.79 (0.68–10.6) (first void)
3.39 (0.25–11.1) (before

work)
4.56 (<0.53–11.5) (post

shift)

[45]

Harbour Harbour dredgers and
lighters 0.22 d 0.7 (0.1–7.3) [56]

Iron and steel
industry

Production, polishing and
shaving of stainless-steel

vessels and other
metallurgical processes

0.42 (0.10–19.65) 0.25 (0.12–51.01) [46]

Dental
laboratory

Preparation of prostheses
and of metal constructions

for dental crowns
0.14 c,d 4.35 c,d [62]

Electroplating
companies

Processes of electroplating,
preparatory work,

maintenance activities,
polishing of

electroplated items, and
ancillary tasks

1.10 d

1.47 (electroplating
workers) d

4.26 d

4.88 (electroplating
workers) d

[63]

Workshops
specializing in the

processing of
beryls

Gemstone cutting

≤4 h/week: 1.18
(pre-shift); 0.85

(post-shift) d

>4 h/week: 0.81
(pre-shift); 0.66

(post-shift) d

[58]

U-Cr, Urinary chromium; U-Ni, Urinary nickel; U-1-OHP, Urinary 1-hydroxypyrene; IQR, Interquartile Range;
a Mean value; b Geometric means; c Calculated arithmetic mean of pooled urine samples from exposed workers;
d Reported exposure values converted to μg/g creatinine; e Unspecified welding activity.
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3.2. Overall Exposure Biomarkers in Urine

Most studies with data on exposure biomarkers in urine reported levels of both
urinary chromium (U-Cr) and Ni (U-Ni) (n = 15) [16,17,44–47,50,52–56,61–63], as displayed
in Table 2.

U-Cr was measured in 17 studies. Five studies reported exposure values exceeding
the limits previous calculated (Table 2), among workers performing incineration opera-
tions, welding, namely flux cored arc welding, stainless steel grinding and electroplating.
The highest value was measured among welders at the end of the workday (3.96 μg/g
creatinine) [44]. The lowest exposure value (0.14 μg/g creatinine) was measured among
dental technicians who prepared prostheses and metal constructions for dental crowns at a
dental laboratory [62]. A low exposure level was also observed among harbour workers
who worked on lighters and suction dredgers (0.22 μg/g creatinine) [56].

Similarly, U-Ni was determined in 19 studies. Limit values were exceeded in 8 studies
(Table 2), among industry workers performing incineration operations, flux cored arc
welding, stainless steel grinding, and electroplating, and also among workers performing
prosthesis preparation. The highest level of U-Ni measured (12.12 ± 8.31 μg/g creatinine)
was observed in workers performing incineration operations and other related activities
for more than 3 months and for less than 8 months, in a hazard waste incinerator [61].
The lowest levels of U-Ni levels (0.25 μg/g creatinine) were detected among workers in
the production, polishing and shaving of stainless-steel vessels and other metallurgical
processes at an iron and steel industry [46].

Levels of PAH metabolites, namely, 1-OHP in urine (U-1-OHP), were assessed in only
3 studies, all conducted with workers performing operations at waste incinerators. None
of the exposure levels reported in the studies exceeded the limit values considered in this
study (Table 2).

3.3. Risk Quotients in Welding Activities with Exposure to Cr(VI) and Ni

Table 3 shows the air levels of Cr(VI) and Ni retrieved from seven studies on welding
activities. The exposure levels per type of welding activity, as well as the respective RQ
and SRQ, were calculated using Equation (1) (see Section 2) and the tolerable risk levels of
substances in air. The SRQ values obtained ranged from 0.12 to 252.8, the latter for settings
of Gas Metal Arc Welding with massive or flux cored wire of stainless steel (high exposure
group). The SRQ exceeded a value of 1 for ten out of fourteen combinations of Cr and Ni
exposure levels (Table 3).

All studies conducted on welding activities also reported U-Cr and U-Ni levels, but
none of those considered a combined analysis of the 3 substances (i.e., Cr, Ni, PAHs). Table 4
lists the exposure levels in urine per type of welding activity, as well as the respective RQ
and SRQ calculated using Equation (1) and limit values presented in Table 1. An SRQ > 1
was obtained in fourteen out of sixteen combinations of U-Cr and U-Ni exposure levels.
In ten combinations, the SRQ exceeded a value of one but the respective U-Cr and U-Ni
RQ were below the limit values (RQ < 1). The highest SRQ was estimated among “high
exposure” workers, who performed gas metal arc welding with massive or flux cored wire
of stainless steel (SRQ = 10.9). In another study, the second highest SRQ was also obtained
for workers performing flux cored arc welding (SRQ = 4.43) (Table 4).

When comparing the results displayed in Tables 3 and 4 for the same studies, the SRQ
obtained using air measurements were significantly higher (about 5-fold higher) than the
SRQ determined using HBM data (p = 0.030, Student’s t-test). The distribution of SRQ from
air measurements and HBM data (leaving out the high exposure group) is displayed in
Figure 3. A much higher variability across studies was observed when considering the SRQ
values obtained from air measurements.
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Table 3. External exposure levels of Cr and Ni (air measurements) of workers performing welding
activities, and values obtained for RQ and SRQ.

Welding Activity

Cr Ni

SRQ Ref.Exposure Level
(μg/m3) a RQ

Exposure Level
(μg/m3)

RQ

Welding f 20.0 b,c,e 20.0 70.0 c,e 11.7 31.7 [52]

6.30 b,g,h 6.30 2.80 g,h 0.47 6.77 [55]

Flux cored arc welding 11.3 i 11.3 50.4 a,i 8.40 19.7 [44]

1.80 b,c,d 1.80 2.15 c,d 0.36 2.16 [17]

Gas metal arc welding 7.80 b,c 7.80 11.0 c 1.83 9.63 [17]

0.24 h 0.24 2.70 h 0.45 0.69 [16]

Shielded metal arc welding 0.04 h 0.04 0.49 h 0.082 0.12 [16]

17.0 b,c 17.0 4.00 c 0.67 17.7 [17]

Tungsten inert gas welding

10.5 b,c 10.5 2.55 c,d 0.43 10.9 [17]

0.23 h 0.23 0.67 h 0.11 0.34 [16]

1.00 d,i 1.00 1.00 i 0.17 1.17 [53]

1.35 b,d,i 1.35 0.75 d,i 0.13 1.48 [47]

Gas metal arc welding with massive or flux cored wire
of stainless steel (high exposure group) 239.0 b,i 239.0 82.5 i 13.8 252.8 [47]

Flux-cored arc welding of mild steel 0.60 b,d,i 0.60 0.85 d,i 0.14 0.74 [47]

Tolerable levels: 1 μg/m3 of Cr(VI) compounds and 6 μg/m3 of nickel compounds [43]; a Expressed as median
level, except in reference [44] that presents the mean value; b Data presented for chromium, without specifying its
ionic form. It was assumed that authors were referring to Cr(VI); c Inhalable fraction; d Values < LOD; LOD/2
was determined; e No mean or median values presented; the highest value was chosen; f Unspecified welding
activity; g Geometric mean; h Respirable fraction; i Unspecified fraction considered as inhalable fraction; RQ > 1
and SRQ > 1 in bold.

Table 4. Exposure levels of Cr and Ni in urine (HBM) of workers performing welding activities, and
values obtained for RQ and SRQ.

Welding Activity
U-Cr U-Ni

SRQ Ref.
Exposure Level RQ Exposure Level RQ

Welding d
0.72 μg/g creat 0.60 1.56 μg/g creat e 0.71 1.31 [52]

2.30 μg/g creat b 1.92 3.10 μg/L b 1.03 2.95 [55]

0.54 μg/g creat (post-shift) 0.45 1.47 μg/g creat e

(post-shift) 0.67 1.12 [50]

Flux cored arc welding 3.96 μg/g creat (after work) a 3.30
2.50 μg/g creat (after

work) a,e 1.13 4.43 [44]

0.43 μg/g creat c 0.36 2.83 μg/L 0.94 1.30 [17]

Gas metal arc welding
0.83 μg/g creat c 0.69 3.76 μg/L c 1.25 1.94 [17]
0.39 μg/g creat 0.33 1.57 μg/g creat e 0.71 1.04 [54]

0.94 μg/g creat (post-shift) 0.78 2.87 μg/L (post-shift) 0.96 1.74 [16]

Shielded metal arc welding 0.74 μg/g creat (post-shift) 0.62 1.20 μg/L (post-shift) 0.40 1.02 [16]
1.17 μg/g creat c 0.98 1.98 μg/L 0.66 1.64 [17]

Tungsten inert gas welding

0.61 μg/g creat c 0.51 0.75 μg/L c 0.25 0.76 [17]
0.78 μg/g creat (post-shift) 0.65 1.31 μg/L (post-shift) 0.44 1.09 [16]

0.74 μg/g creat (after Friday shift) 0.62 1.11 μg/g creat e (after
Friday shift) 0.50 1.12 [53]

0.50 μg/L c,e 0.31 0.75 μg/L c 0.25 0.56 [47]
Gas metal arc welders with massive or
flux cored wire of stainless steel (high

exposure group)
13.53 μg/L e 8.29 7.92 μg/L 2.64 10.9 [47]

Flux-cored arc welding of mild steel 0.50 μg/L c 0.31 2.70 μg/L 0.90 1.21 [47]

Limit values: 1.2 μg/g creatinine for total chromium [41]; 3 μg/L for nickel [37]; U-Cr, Urinary chromium; U-Ni,
Urinary nickel; a Mean value; b Geometric means; c Values <LOD; LOD/2 was determined; d Unspecified welding
activity; e Interconversion from μg/g creatinine to μg/L of urine using the standard creatinine value (~1.36 g/L
urine), for RQ calculations; RQ > 1 and SRQ > 1 in bold.
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Figure 3. Boxplot showing the SRQ determined using values from air measurements (light grey) or
using HBM measurements (dark grey). •—outlier; ×—mean SRQ values (mean (HBM) = 1.62; mean
(air) = 7.93).

Among the ten combinations that generated SRQ > 1 based on air Cr and Ni levels,
only eight produced SRQ > 1 based on HBM data [17,44,47,52,53,55]. Inversely, in four
combinations, SRQ < 1 were derived from external exposure data for gas metal arc welders,
shielded metal arc welders, tungsten inert gas welders [16] and flux-cored arc welders of
mild steel [47], whereas the corresponding HBM-based SRQ values were 1.74, 1.02, 1.09
and 1.21, respectively, i.e., exceeding the threshold levels of concern.

From another perspective, a more than 17-fold increase in the Cr RQ over Ni RQ was
found for the “high exposure group” among gas metal arc welders with massive or flux
cored wire of stainless steel [47], suggesting that Cr will be the driver of the mixture toxicity.
In line with this observation, a 4-fold increase in Cr RQ over Ni RQ was also noted in
another study involving gas metal arc welders [17]. Interestingly, using HBM data, the
comparison between the RQ values calculated based on the U-Cr and U-Ni levels showed
a 1.8-fold decrease and a 3-fold increase for the “high exposure group” among gas metal
arc welders with massive or flux cored wire of stainless steel [47] and for the gas metal arc
welders [17], respectively.

3.4. Risk Quotients after Exposure to Cr(VI), Ni and PAHs

Only two studies conducted in hazard waste incinerator settings reported biomarkers
of exposure in urine for Cr, Ni, and PAHs, but no air measurements were conducted
in these studies [57,59] (Table 2). The levels of urinary Cr, Ni and 1-OHP retrieved and
the respective RQ and SRQ values are presented in Table 5. For all exposure scenarios
described, SRQ were above one, even among workers performing activities considered
of low or non-exposure, such as laboratory and administrative activities, respectively. In
both studies, workers were exposed to Cr and PAHs (measured through 1-OHP) at levels
below the limit values (RQ < 1); nevertheless, values of SRQ above one were obtained for
all activities performed (Table 5).
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Table 5. Occupational exposure to Cr, Ni and PAHs in hazard waste incinerators, based on biomarkers
of exposure in urine, and respective RQ and SRQ.

Activities

U-Cr U-Ni U-1-OHP

SRQ Ref.Exposure
Level

(μg/g Creat)
RQ

Exposure
Level

(μg/g Creat)
RQ

Exposure
Level

(μg/g Creat)
RQ

Incinerator operations, boiler and
furnace maintenance, control panel,

and waste-gas-washing

0.39 0.33 3.70 b 1.68 0.30 b 0.29 2.30 [57]
0.26 0.22 3.03 b 1.37 0.10 b 0.10 1.69 [59]

Laboratory activities 0.57 0.48 2.30 b 1.04 0.20 b 0.19 1.71 [57]
0.19 0.16 2.55 b 1.16 0.02 a,b 0.019 1.34 [59]

Administrative activities
0.22 0.18 3.60 b 1.63 0.02 a,b 0.019 1.83 [57]
0.26 0.22 2.34 b 1.06 0.02 a,b 0.019 1.30 [59]

Limit values: 1.2 μg/g creatinine for total chromium [41]; 3 μg/L for nickel [37]; 1.4 μg/L for 1-OHP [38]; a Values
< LOD (<0.04 μg/g creat); LOD/2 was determined; b Interconversion from μg/g creatinine to μg/L of urine using
the standard creatinine value (~1.36 g/L urine), for RQ calculations; RQ > 1 and SRQ > 1 in bold.

3.5. Effect Biomarkers

Effect biomarkers were analysed in 6 out of the 22 articles included (Table 6). Three
studies assessed chromosomal damage, using the micronucleus assay [56,58,61], and two
of them also assessed sister chromatid exchanges (SCE) [56,58]; one study analysed DNA
damage by the comet assay [61]. No significant increases in micronuclei and SCE frequen-
cies, or in DNA strand break levels were observed among exposed groups when compared
to the control groups. Two studies on welders analysed biomarkers of oxidative stress in
EBC [50,53]. A significant increase in H2O2/tyrosine, nitrate/tyrosine and cotinine concen-
trations was shown in welders’ EBC compared to controls [50]. However, in tungsten inert
gas welders, the biomarkers analysed in EBC only differed significantly between workers’
shifts [53]. Another study on welders also measured oxidatively modified guanosines,
but no differences were observed across the different welding techniques after creatinine
adjustment. Moreover, no comparison was made between exposed and control groups in
that study [47].

Table 6. Reported outcomes observed in biomarkers of effect.

Activities [Ref.] Exposure Biomarkers
Effect

Biomarkers
Overall Outcomes SRQ

Harbour
dredgers and

lighters
[56]

U-Cr (0.22 μg/g creat) and
U-Ni (0.7 μg/g creat)

MN
Significantly higher

frequency in controls
vs. exposed

Controls: 14.2
MNs/1000 cells;

Exposed: 11.6
MNs/1000 cells

0.36

SCE
No significant

differences between
exposed and controls

Controls: 10.2 SCE rate;
Exposed: 10.0 SCE rate

Incinerator
operations, boiler

and furnace
maintenance,
control panel,

and waste-gas-
washing

[61]

U-Cr (short-0.5 ± 0.58;
medium-1.89 ± 4.59;

long-exposure-0.26 ± 0.24 μg/g creat)
U-Ni (short-9.18 ± 7.47; medium-

12.12 ± 8.31; long-exposure-7.69 ± 5.7
μg/g creat)

MN

No significant
differences between

exposed and controls

Controls: 1.3/1000 cells
Short-exposure group:

1.6/1000 cells,
Medium-exposure group:

1.7/1000 cells
Long-exposure group:

1.7/1000 cells

2.10
(long-

exposure)

Comet assay

Short exposure group: 6.5
tail factor;

Medium exposure group:
6.3 tail factor;

Long exposure group: 6.7
tail factor

Controls: 7.1 tail factor
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Table 6. Cont.

Activities [Ref.] Exposure Biomarkers
Effect

Biomarkers
Overall Outcomes SRQ

Gemstone
cutting [58]

U-Ni
≤4 h/week: 1.18 μg/g creat (pre-shift);

0.85 (post-shift)
>4 h/week: 0.81 (pre-shift); 0.66

(post-shift)

SCE
No significant

differences between
exposed groups

Short exposure group:
9.91 SCE/cell;

Long exposure group:
9.70 SCE/ cell

-

Tungsten inert
gas welding

[53]

U-Cr 0.71 μg/g creat (0.36–1.27) (T1)
0.74 μg/g creat (0.41–1.21) T2)
0.59 μg/g creat (0.26–1.00) (T3)

U-Ni 0.76 μg/g creat (0.37–1.40) (T1)
1.11 μg/g creat (0.59–0.79) (T2)
0.83 μg/g creat (0.31–1.38) (T3)

MDA-EBC Significant decrease
at T2

2.79 nM, 2.98 nM and 2.43
nM at T0, T1 and T2,

respectively

1.12
HNE-EBC Significant increase at

T0 than at T2

0.53 nM, 0.48 nM and 0.51
nM at T0, T1 and T2,

respectively

H2O2-EBC Significant increase at
T1 than at T0 and T2

0.18, 0.25, and 0.16 μM at
T0, T1 and T2,
respectively

Welding
[50]

U-Cr (0.32 μg/g creat (IQR 0.97)
(pre-shift)

0.54 μg/g creat (IQR 1.39) (post-shift)
U-Ni 1.11 μg/g creat (IQR 1.6) (pre-shift)

1.47 μg/g creat (IQR 2.27) (post-shift)

H2O2-EBC
Significant increase

in welders vs.
controls

56 ± 19 pM/μg vs.
6.6 ± 2.2 pM/μg

1.12

Nitrate/
tyrosine ratio

0.71 ± 0.13 nM/μg vs.
0.22 ± 0.04 nM/μg

Gas metal arc
welders with

massive or flux
cored wire of
stainless steel;
Flux-cored arc

welding of mild
steel;

Tungsten inert
gas welding in

shipyards
industries

[47]

U-Cr (0.88 μg/g creat)
U-Ni (2.07 μg/g creat)

Urinary
8-oxoGuo

No significant
differences between
welding techniques

(adjusted for
creatinine)

High-exposure group:
6.59 μg/g creat;

Flux-cored arc welding of
mild steel: 7.62 μg/g

creat;
Tungsten inert gas

welders: 6.41 μg/g creat

0.56 for
TIGW

Urinary
8-oxodGuo

High-exposure group:
4.28 μg/g creat;

Flux-cored arc welding of
mild steel: 3.79 μg/g

creat;
Tungsten inert gas

welders: 4.41 μg/g creat

10.9
for high

expo-
sure

group a

8-oxodGuo/
106dGuo in
white blood

cells

High-exposure group:
5.53/106dGuo;

Flux-cored arc welding of
mild steel: 4.79/106dGuo;

Tungsten inert gas
welders: 1.98/106dGuo

1.21 for
FCAW of

mild
steel

8-oxodG: 8-oxo-7,8-dihydro-2′-deoxyguanosine; 8-oxoGuo: 8-oxo-7,8-dihydroguanosine; 106dGuo: 106 2′-
deoxyguanoside; EBC: exhaled breath condensate; FCAW, flux cored arc welding; HNE: 4-hydroxynonenal;
MDA: malondialdehyde; MN: micronuclei; SCE: Sister chromatid exchange; TIGW, tungsten inert gas welding;
T0, before Friday shift; T1, after Friday shift; T2, before Monday shift; a High exposure group corresponding to
workers performing gas metal arc welders with massive or flux cored wire of stainless steel.

4. Discussion

The identification of all chemicals present in an occupational setting and the fluctua-
tions in exposures levels during the wide variety of tasks performed in a workday or week
can be quite challenging [64]. The knowledge regarding co-exposure to chemicals is quite
limited for many workplaces, and the approach commonly followed to identify risk factors
is often focused on single chemicals directly resulting from the process or that are used as
raw materials.

HBM is an important tool to identify and quantify workers’ exposure to emerging or
well-known contaminants and can further assist in the evaluation and demonstration of
the effectiveness of policy actions or measures already taken at a company level to reduce
exposure [39]. In this work, we observed that recent studies conducted in European Union
countries and reporting biomarkers of exposure to Cr(VI), Ni and PAHs are scarce. These
findings highlight that in most occupational studies and in industrial hygiene routines,

16



Toxics 2022, 10, 431

the measurement of external exposure remains the common practice to assess workers
exposure. However, HBM data is of added value, particularly in the case of substances
for which exposure by ingestion, due to hand-to-mouth contact (the case of metals), or by
dermal absorption (the case of PAHs) is relevant, as it reflects exposure from all sources
and routes of exposure. In this study, we conducted a mixture risk assessment exercise
based on both external and internal exposure levels of Cr(VI), Ni and PAHs reported in the
literature.

A first general observation was that the SRQ values were significantly higher when
using air measurements than using HBM data (urinary biomarkers). Additionally, a higher
variability among SRQ values obtained from air measurements was observed, compared
with the SRQ values calculated from HBM measurements. The air concentrations of
chemicals are influenced by many external factors such as temperature, ventilation, the
type of activities being performed, among others, while they do not account, for example,
for the effect of individual protection equipment. The lower RQ and SRQ values obtained
using HBM data and the lower associated variability, may be mainly related to the use
of respiratory protection equipment by workers that will reduce exposure. In addition,
uncertainties related to the air–urinary levels correlations, particularly at the low exposure
levels, may contribute to this observation. Considering that HBM results give a more
accurate estimate of the actual exposure level because they reflect the internal doses of
chemicals but also that external exposure levels are usually assessed under occupational
health surveillance programs, it seems that this latter approach is able to adequately
detect health risks from exposure to single chemicals. Nevertheless, it is important to note
that HBM data, while covering all possible routes of workers’ exposure, accounting for
individual variability (e.g., in chemicals metabolism) and, hence, reflecting the internal
doses of chemicals, also provide a more reliable exposure assessment to perform MRA.

Focusing on welding activities where co-exposure to Cr and Ni occurs, an HBM-based
SRQ revealed exposure levels of concern in most of the activities, with several exceedances
of the limit values, even in the most recent studies. These observations raise concern, since
Cr(VI) and Ni are potent human carcinogens [3,4], and cancer risks from welding activities,
in particular stainless-steel welding, have been a matter of concern [65]. In some of the
analysed studies, welding activities generated RQ < 1 based on U-Cr or U-Ni; however, the
associated SRQ was above one. Cr and Ni share genotoxic and non-genotoxic MoAs and
both substances may induce a similar health outcome (lung cancer). However, interactive
effects are not often considered when performing workplace risk assessment, even though
the EU Chemical Agents Directive (98/24/EC) clearly states that in the case of activities
involving exposure to several hazardous chemical agents, the risk shall be assessed on
the basis of the risk presented by all such chemical agents in combination. Indeed, in
the occupational health field, combined effects are never taken into account in individual
Observed Effect Levels (OELs) although the employer should assess the risks related to
the combined effects of chemicals in the work environment by, e.g., using the hazard index
(HI) approach. For example, the EU CAD directive states that “in the case of activities
involving exposure to several hazardous chemical agents, the risk shall be assessed on the
basis of the risk presented by all such chemical agents in combination”. In some countries,
such as Finland, the employers have been instructed and advised that they should take
possible combined effects into account if the substances have the same MoA. Guidance on
HI approach is provided, but unfortunately, this is generally applied mostly in the case of
irritant solvents, not in the case of carcinogens. This seems to be the general situation in
many European countries, i.e., even though legislation requires consideration of combined
effects, this is not very effectively performed in practice. This means that the potential
impact of industrial chemicals on workers’ health might be overlooked. In light of these
findings, regulatory actions put in place at these occupational environments should be
re-evaluated in order to reduce workers’ exposure.

Although in many of the analysed studies, urinary levels of Cr and Ni were assessed,
only two studies focused on hazardous waste incineration reported HBM data for Cr, Ni and
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PAHs. However, the co-occurrence of these substances has been recognized in many other
industrial activities [66], e.g., in electromechanical repair and car painting centres, sewing
work rooms, chemical analysis laboratories [67], coke oven plants, aluminium production,
iron and steel founding and welding industries, among others [18–20], showing the paucity
of data allowing the assessment of the risks related to those mixtures exposure.

In the context of activities conducted at incinerators, RQ < 1 values were obtained
based on U-Cr or U-1-OHP levels that resulted in SRQ > 1. Surprisingly, these results
were also observed among administrative workers from the incinerator industries. These
findings indicate that if only exposure to single metals is considered, no concern will be
raised, reinforcing the importance of considering the mixture for a realistic risk assessment.
Furthermore, our results regarding administrative staff highlight the fact that these workers
from the same industrial facilities can also present a certain level of exposure possibly due
to not wearing protection equipment. Those workers should also be aware of the risks they
incur in and should be enrolled in occupational health surveillance schemes or in other
occupational health interventions (e.g., dedicated health surveillance programs).

Exposure to chemical mixtures, namely, substances exhibiting similar MoAs, may lead
to adverse health effects, even at exposures below the chemical’s threshold level. Moreover,
from the exposure to multiple chemicals, toxicokinetic and/or toxicodynamic interactions
may occur, resulting in new toxic effects usually not observed for single exposures, such
as synergism [30,64]. An in vitro study showed that human lung fibroblasts exposed to
Cr(VI) and PAHs metabolites resulted in synergistic mutagenic and cell transformation
effects [23]. However, an in vivo study demonstrated tissue-specific effects in the liver
and gastrointestinal tract, namely, at molecular, gene expression and histopathological
level, due to exposure to environmentally relevant Cr(VI) and BaP doses. For instance,
BaP reduced mice body weight by more than 10%, but this effect was not modified by co-
exposure to Cr(VI). Co-exposure to BaP and Cr(VI) also induced an additive effect in crypt
hyperplasia in the small intestine of mice, while in the liver, both substances cause more
severe histopathological lesions than those expected from the sum of each single compound
(more than additive). Nevertheless, regarding genotoxic effects, co-exposure increased the
phosphor-cH2AX-positive cells observed for each single substance, but not in an additive
way [25]. These observations in experimental systems have been strengthen by the findings
of epidemiological studies contributing to a higher weight of evidence. A study conducted
by Wang et al. (2015) on coke oven workers in China detected urinary concentrations of
heavy metals, including Cr and Ni, and PAHs metabolites in most of the samples, and
reported significantly higher oxidative stress biomarkers among workers exposed to high
levels of PAHs and metals, compared to those only exposed to one substance [20]. A
study by Campo et al. (2020) observed an additive effect between metals and PAHs on
8-oxodG levels in electric steel foundry workers in Tunisia [68]. Moreover, in a recent
study by Zeng et al. (2022), a positive association between co-exposure to PAHs and metals
and oxidative stress (dose–response curve of 3-OHPhe or Al with 8-iso-PGF2α) measured
among coke oven works was suggestive of a synergistic effect [69].

Effect biomarkers allow us to identify early biological effects from chemicals exposure
and contribute to establish exposure–response relationships, explore mechanisms that
underlie health outcomes and increase the knowledge on the biological plausibility of
epidemiological associations between exposure and adverse health effects [70]. However, in
epidemiological studies, effect biomarkers have been used to a lesser extent than exposure
biomarkers, thus constituting an understudied field [64]. Among the studies analysed,
only six reported data on effect biomarkers [47,50,53,56,58,61]. The most used biomarkers
targeted genetic damage: chromosome alterations (MN and SCE in blood lymphocytes),
DNA damage (comet assay in blood leukocytes), oxidative DNA adducts formation (8-
oxodGuo) or oxidative stress. Comparisons of the values obtained for those biomarkers
between exposed and control groups or among workers groups with different exposure
levels did not reveal any significant increase associated with exposure, irrespective of the
effect biomarker used. Two studies reported statistical comparisons of MN frequencies
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between incineration workers or harbour dredgers and lighters exposed to Cr and Ni and
the respective control groups [56,61]. Both studies failed to find increased MN frequencies
in the exposed group. These findings contrast with those from other studies on occupational
exposure to Cr(VI) or to Cr(VI) and Ni that reported significantly higher genetic damage in
workers comparatively to controls [71–73]. Such differences might also be due to timing
issues during samples collection, e.g., the time elapsing between exposure and samples
collection, which is determinant to detect DNA damage in blood cells and to other factors
related to the study design, e.g., a too small number of participants. More occupational
studies comprising, preferably, exposure and effect biomarkers are needed to provide more
evidence on their value to link exposure and health effects.

Some limitations in this study must be acknowledged. A considerable degree of
heterogeneity was observed amongst studies. Data was stratified by workday, pre- or
post-shift sampling, and by duration of exposure, such as hours or months. In terms of
statistical treatment of data, some studies presented data per individual measurements;
others presented arithmetic means, geometric means, or medians. The units used to express
urinary biomarkers also varied from adjustment to μg/g of creatinine, to μg/L, μmol/mol
of creatinine, and nmol/L. These aspects possibly prevented us from making a more ac-
curate comparison of the data retrieved. In the HBM4EU initiative, the importance of
harmonizing methodologies and designs in HBM studies has been highlighted in recent
publications [40,74], reinforcing the importance of joint efforts to produce comparable data
that can be further used to regulatory actions in the context of different frameworks. Contex-
tual information was also lacking in some studies, such as information on possible exposure
routes. However, since we analysed HBM data, all exposure routes were considered in our
RQ and SRQ calculations. In the analysed studies, there were also exposure biomarkers in
blood cells, plasma or exhaled breath condensate, although we only considered urinary
exposure biomarkers. However, these are the most commonly used in HBM studies due
to its simplicity of sampling, non-invasive nature and the existing validated methods for
measurement.

Another important limitation were the uncertainties related to the conversion of
urinary levels from air levels to be used as limit values for our MRA. For Cr, we have used a
regression equation that moderately correlates new exposure data from welders [41]; for Ni,
regression equations are also very unsure, especially at low exposure levels and in the case
of poorly soluble Ni compounds present in welding [37]; for 1-OHP, some uncertainties
must be also considered due to the fact that for PAHs we are often dealing with mixtures
with variable pyrene vs. BaP ratios. Furthermore, regarding the attempt to identify the
potential driver of the mixtures’ toxicity, a simplified approach, i.e., the comparison of the
RQ values calculated for each single component, was used. It is important to note that the
toxicity of each component in a mixture can be substantially different, and that the effect
of the mixture thereby depends not only on each chemical’s concentration but also on its
relative contribution to the toxicity observed. This means that a small quantity of a very
potent carcinogen (e.g., benzo[a]pyrene) in the mixture can have a much larger biological
effect than a large amount of a less potent chemical (e.g., Ni). Nevertheless, the RQ value
accounts for the toxicity of the chemical because it allows the comparison of exposure doses
or concentrations with available reference values (e.g., no observed effect or lowest effect
concentrations) derived from toxicity data.

A recent survey on field experts on the use of HBM data in chemical risk assessment
revealed that the lack of HBM-based guidance values for the majority of substances has
greatly limited the use of HBM data for risk assessment [75]. There is no agreement on
the acceptable risk levels in Europe for occupational activities involving carcinogenic sub-
stances. Given that this was a crucial point for this work, because this can significantly
impact the RQ and SRQ results, the topic was debated with an expert group in occupational
health and risk assessment. Those experts recognized that the tolerable risk level of 1:4000,
as defined in the German Technical Rules for Hazardous Substances (TRGS), produced by
the Committee on Hazardous Substances (AGS) of the Federal Institute for Occupational
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Safety and Health), that describe the state-of-the-art knowledge on occupational medicine
and industrial hygiene for activities with hazardous substances, could be followed. Ac-
cording to TRGS, above the defined cross-substance tolerable risk limit of 4:1000, there is a
high risk for activities involving carcinogenic substances that is classified as not tolerable.
Likewise, the “Risk Concept for Carcinogenic Substances” of the AGS offers a benchmark
for comparison and assessment of exposure to carcinogenic substances, including limit val-
ues (in air) for the three components of the mixture under study, which was considered an
advantage, assuming that those values’ derivation followed a similar rationale, decreasing
the possible uncertainty of selecting limit values derived by different approaches or for
different population groups.

A linear no-threshold dose–response relationship has been generally assumed for
carcinogenic chemicals, regarding cancer risk assessment. This relationship applies to
Cr(VI) that acts as a direct genotoxic carcinogen (Cr-ternary DNA adduct is considered the
critical lesion) for which no threshold can be assumed and linear extrapolation is commonly
applied [36]. Likewise, many PAHs, including BaP, are carcinogenic and share the same
direct genotoxic mechanism of action (metabolic activation to electrophilic intermediates
and formation of DNA adducts leading to mutation), indicating a non-threshold dose-
effect relationship [38]. However, nickel compounds act through indirect and secondary
(via inflammation) genotoxicity mechanisms, and a threshold MoA for their carcinogenic
effects [37] is considered. For these compounds, a “hockey stick”-shaped dose–response
curve has been assumed, which likely contains a breakpoint at 0.005 mg/m3 or 0.006
mg/m3 [37]. Given that Ni does not produce effects at exposures below the indicated limit
value in air, only the effect of Cr(VI) (exposure to the binary mixture) or of the mixture of
PAHs and Cr(VI) (ternary mixture) should be considered at such exposure levels. This does
not affect the overall RQ and SRQ values calculated from air measurements data (Table 3),
in which a single study described air values below the limit value but contributing to a
SRQ above 1 [53].

Several authors have addressed some potential limitations of the CA mathematical
model that may hamper its application to environmentally realistic assessment cases, where
chemicals with different modes of action or showing different dose–response relationships
can co-occur. This may be the case of mixtures of genotoxicants, for which the application
of the CA model is not consensual. Kortemkamp et al. (2014) [76] assessed the applicability
of either CA or IA to several mixtures of aneugenic and clastogenic chemicals by using
the micronucleus assay in CHO-K1 cells. The authors concluded that grouping the chemi-
cals into common assessment groups and using hybrid CA/IA prediction models could
provide a better prediction for the effect of mixtures consisting of chemicals with different
mechanisms of genotoxic action than using either the CA or the IA model. In such cases,
the application of CA did not offer a good description of the observed effect and neither did
the IA that led to an underestimation of the joint effect. The uncertainties associated with
estimating low-level effects also precluded firm conclusions regarding the use of the IA at
such low levels. In addition, it is worth noting that the use of the IA requires knowledge on
the precise effect magnitude that each component would provoke if present individually
at the concentration found in the mixture. This information is only accessible through
comprehensive dose–response analysis of each mixture component, which is difficult to
find [30]. With this perspective, the use of the CA model to the mixture herein assessed
under realistic exposure scenarios seemed to be the best option, even though Ni exposure
will probably not contribute to the joint effect at exposure levels below the dose–response
breakpoint.

As the substances in the mixture under study are carcinogenic to humans, it is recom-
mended that exposure should be reduced to values close to zero among workers exposed to
these substances. It is also important to keep in mind that within occupational settings, sub-
stitution of such carcinogens by other substances may not be possible in a short timeframe,
and therefore, occupational exposure to non-threshold carcinogens should be limited to
levels as low as reasonably achievable (ALARA principle) to protect workers’ health.
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Overall, this study highlights that risk assessment frameworks only focused on single
substances are insufficient in light of the increasing evidence underlining the importance
of considering cumulative exposure to multiple chemicals in order to more adequately
estimate the risks they pose [27]. Understanding exposure to realistic concentrations of
chemical mixtures and their associated health effects will require increased collaboration
across different scientific fields, namely, toxicology, epidemiology, exposure science, risk
assessment and statistics, for a proper integration of data from each discipline [26]. More
MRA studies based on HBM data obtained in real occupational exposure scenarios are
needed for other industrial settings. Aiming to contribute to a reliable assessment and
management of chemical risks, the HBM4EU initiative is currently building capacities to
establish a European Human Biomonitoring Platform in order to harmonize HBM activities
in EU countries. This will deliver comparable data on human exposure to chemicals and
mixtures of chemicals as a basis for policy making to improve chemical safety (https:
//www.hbm4eu.eu/about-hbm4eu/, accessed on 10 March 2022). An occupational study
aiming to assess external and internal exposure, as well as effect biomarkers, in workers
from an aircraft maintenance company exposed to Cr(VI), Ni and PAHs is already ongoing.
The results are expected to give a better insight into the co-exposure and early health effects
of this mixture in exposed workers.
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Abstract: The risk assessment of pesticide residues in food is a key priority in the area of food safety.
Most jurisdictions have implemented pre-marketing authorization processes, which are supported
by prospective risk assessments. These prospective assessments estimate the expected residue levels
in food combining results from residue trials, resembling the pesticide use patterns, with food
consumption patterns, according to internationally agreed procedures. In addition, jurisdictions
such as the European Union (EU) have implemented large monitoring programs, measuring actual
pesticide residue levels in food, and are supporting large-scale human biomonitoring programs
for confirming the actual exposure levels and potential risk for consumers. The organophosphate
insecticide chlorpyrifos offers an interesting case study, as in the last decade, its acceptable daily
intake (ADI) has been reduced several times following risk assessments by the European Food Safety
Authority (EFSA). This process has been linked to significant reductions in the use authorized in
the EU, reducing consumers’ exposure progressively, until the final ban in 2020, accompanied by
setting all EU maximum residue levels (MRL) in food at the default value of 0.01 mg/kg. We present
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a comparison of estimates of the consumer’s internal exposure to chlorpyrifos based on the urinary
marker 3,5,6-trichloro-2-pyridinol (TCPy), using two sources of monitoring data: monitoring of the
food chain from the EU program and biomonitoring of European citizens from the HB4EU project,
supported by a literature search. Both methods confirmed a drastic reduction in exposure levels
from 2016 onwards. The margin of exposure approach is then used for conducting retrospective risk
assessments at different time points, considering the evolution of our understanding of chlorpyrifos
toxicity, as well as of exposure levels in EU consumers following the regulatory decisions. Concerns
are presented using a color code, and have been identified for almost all studies, particularly for the
highest exposed group, but at different levels, reaching the maximum level, red code, for children in
Cyprus and Israel. The assessment uncertainties are highlighted and integrated in the identification
of levels of concern.

Keywords: human biomonitoring; chlorpyrifos; pesticide exposure; pesticide risk assessment;
HBM4EU

1. Introduction

In most jurisdictions around the globe, pesticides are subjected to specific autho-
rization requirements [1]. The regulatory decisions are supported by scientifically-based
pre-marketing assessments and re-assessments, complemented by enforcement actions
including monitoring programs. The authorization of use patterns, also named good
agricultural practice (GAP), is supported by setting maximum residue levels in food com-
modities, established by the Codex Alimentarius at international level as well as by specific
legislation within each jurisdiction, such as Regulation (EC) No 396/2005 in the EU.

The risk assessment process follows the standard paradigm for chemical risk assess-
ment. The hazard assessment identifies possible hazards and establishes health-based
guidance values (HBGV): the acceptable daily intake (ADI) for chronic life-long exposures,
the acute reference dose (ARfD) for exposures within a single day or single meal, and
the acceptable operator exposure level (AOEL) for non-oral exposures. The dietary ex-
posure assessment combines the expected or measured pesticide residue levels in food
commodities with the consumption of each commodity according to standard diets. While
efforts for developing methodologies for combining the risk of concurrent exposure to
different pesticides are ongoing, most current regulatory decisions are still based on a
substance-by-substance approach.

While these prospective risk assessments are essential for preventing consumer expo-
sure to levels of concern, they are based on agreed assumptions and not on actual consumer
exposure. Human biomonitoring (HBM) of relevant markers complements the information
with retrospective assessments, and is emerging as a key tool for calibrating and validating
the regulatory risk assessment models. The European Human Biomonitoring Initiative
(HBM4EU, www.hbm4eu.eu, accessed on 4 May 2022) is a European Joint Program, which
aims to harmonize and use biomonitoring to understand human exposure to chemicals in
the environment, in occupational settings or in non-occupational settings through the use of
consumer products, and the related health risks, in order to improve chemical risk manage-
ment and to support policy making [2]. In the frame of HBM4EU, aligned biomonitoring
studies from across Europe [3,4] provided harmonized internal exposure data to specific
chemical substances in different age groups of the general population. Studies included
in HBM4EU-aligned studies met a set of inclusion criteria, such as minimal number of
participants, minimal set of variables, specific time period for data collection, laboratory
QA/QC, as well as specific conditions for reporting. These criteria are not always explicitly
considered in published monitoring studies. In order to further explore the comparison
of both monitoring approaches, this work includes a second set of human biomonitoring
studies, retrieved from a scientific literature search. As chlorpyrifos has been extensively
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studied, it was decided to focus on a single EU country, not included in the selected aligned
studies, and with a number of available monitoring studies covering at least a decade.

It is particularly interesting to compare the risk estimates based on the occurrence of
the substance in food with those based on biomonitoring in humans, as both represent
real exposure levels; and the organophosphate insecticide chlorpyrifos offers a stimulating
case study. In the last decade, the initial acceptable daily intake (ADI), established in
2006 as 0.01 mg/kg body weight per day, has been reduced several times following EFSA
assessments, triggering a reduction in the authorized use and maximum residue levels
(MRLs) and, therefore, a progressive reduction in the estimated exposure of European
citizens. In 2012, a review was required due to new toxicological studies, and two years
later the EFSA proposed a reduction of the ADI to 0.001 mg/kg body weight per day [5].
The EFSA assessment triggered a re-assessment of the MRLs in 2015 [6], which were
incorporated into the EU legislation in 2016. In 2019, the EFSA concluded that toxicological
reference values for this substance could not be established [7]. Similar conclusions were
obtained for chlorpyrifos-methyl [8]. Subsequently, in 2020, the approval of the active
substance chlorpyrifos was not renewed and existing authorizations for plant protection
products containing chlorpyrifos in the EU Member States were revoked; and all MRL were
set at the default value of 0.01 mg/kg as indicated in the EU legislation.

Chlorpyrifos exposure can be monitored in humans through two urine biomarkers,
3,5,6-trichloro-2-pyridinol (TCPy) and the group of alkyl phosphates (AP). Biological
reference values for both biomarkers have been proposed [9]. TCPy is a common metabolite
with the closely related pesticide chlorpyrifos-methyl and has been selected for the work
presented herein. The previously proposed reference values should be updated considering
the recently raised concerns on genotoxicity potential and developmental neurotoxicity.
Following the EFSA assessment that an ADI can no longer be proposed, the risk assessment
presented here is based on the alternative approach, quantifying the margins of exposure
for a set of selected points of departure (PoD).

2. Materials and Methods

2.1. Data and Information Sources

Toxicity data were retrieved from EFSA conclusions and related documents published
in the EFSA Journal https://efsa.onlinelibrary.wiley.com/journal/18314732 (accessed on
25 March 2022) or publicly available through the Open-EFSA web https://open.efsa.
europa.eu/ (accessed on 25 March 2022). A literature search using Web Of Science and
SCOPUS was conducted for retrieving toxicokinetic information focusing on studies with
human volunteers.

Aggregated (percentiles for the full dataset) HBM data (TCPy) were obtained from
HBM4EU-aligned studies measuring this metabolite of chlorpyrifos. These included six
studies on adults (PT INSEF, Study CH, IL RAVMABAT, FR ESTEBAN, IS Diet_HBM, DE
ESB), with an age range of 20–39 years, from France, Germany, Iceland, Israel, Portugal and
Switzerland, conducted in the period 2014–2021; and six studies on children (FR Esteban,
SI SLOCRP, NL SPECIMEN, BE 3xG, CY Organiko, IL RAVMABAT), with an age range of
6–11 years, from Belgium, Cyprus, France, Israel, Slovenia and the Netherlands, conducted
in the period 2014–2020.

A literature search, using Web Of Science and SCOPUS, was conducted for retrieving
published monitoring data. Following a pre-screening, Spain was selected as a relevant
country for covering published human biomonitoring studies from projects other than
HBM4EU, providing a complementary assessment for children and adult exposure in South-
ern Europe. The search focused on data from Spain and the list of studies was completed
with a secondary search covering the references and citations of the identified studies.

2.2. Estimation of HBM Values

The HBMPoD represents the human biomonitoring PoD estimated through the adap-
tation of the general equation proposed under HBM4EU [10] for deriving human biomoni-
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toring guidance values (HBM-GV). The HBGV is replaced by the PoD and combined with
the molar urinary excretion fraction of the metabolite TCPy (Fue(TCPy)), corrected by the
molecular weight, MW, differences. The adapted equation is:

HBM − PoD(endpoint) =
PoD(endpoint) ×

[
MW(TCPy) × Fue (TCPy)

MW(chlorpyrifos)

]
Daily urinary excretion adjusted to the bw

(1)

The hazard assessment is based on the EFSA conclusions published in 2011 [11],
2014 [5] and 2019 [7]. The reasoning for the evolution of the proposed ADI since 2011
and the most recent conclusion, are analyzed. Several points of departure—PoD (also
named toxicological reference points—RP) have been selected to cover the most relevant
observed effects. These PoDs represent the no-observed-adverse-effect level (NOAEL),
lowest-observed-adverse-effect level (LOAEL) or benchmark dose (BMD) for specific ef-
fects extracted from the dose–response curve of the relevant studies. The uncertainties
mentioned in the EFSA assessment [6] are considered for the interpretation of the margins
of exposure (MoEs).

The toxicokinetic information was retrieved from a literature search (SCOPUS and
Web of Science) focusing on human data.

2.3. Estimation of Urinary TCPy Levels from EU Food Monitoring Data

Urinary TCPy levels (μg/L) were calculated from the reported dietary risk data for
different European diets (expressed in highest calculated exposure in % of ADI) retrieved
from the EFSA Pesticide Residues Intake Model (PRIMo) [12] included in the European
Union Annual Reports on pesticide residues in food from 2012 to 2019 [13–20]. Considering
that TCPy is a common metabolite for chlorpyrifos and chlorpyrifos methyl, the external
dose in mg/kg bw per day was estimated from the reported risk and the selected ADI
value of both compounds. The obtained values were converted into molar units (mol/kg
bw/day) and the molar contribution of TCPy from chlorpyrifos and chlorpyrifos methyl
was summed up for each relevant diet. The total urinary TCPy concentration (μg/L) was
then calculated, applying the TCPy molar excretion fraction of 0.7 [21] and assuming a
urinary output of 24 mL/kg bw/day [22]. It should be noted that this estimation does not
cover possible exposure from non-dietary sources.

2.4. Risk Characterization

Both prospective and retrospective risk assessments are based on the MoE approach;
applied to each selected HBM-PoD endpoint to express the risk as the MoE(endpoint)
according to the following equation:

MoE(endpoint) =
HBM − PoD(endpoint)

Exposure level
(2)

Prospective biomarker exposure estimations were calculated by applying toxicokinetic
considerations to chlorpyrifos and chlorpyrifos-methyl exposure estimations, as published
in EFSA Annual Reports on monitored levels in food.

Retrospective biomarker exposure estimations included data provided by the HBM4EU
project and a literature search focused on published biomonitoring data for Spain (SCOPUS
and Web of Science).

The risk characterisation was based on individualised comparisons of the observed
MoEs with the relevant uncertainty factors, covering both generic (i.e., interspecies and
intraspecies differences, non-threshold genotoxicity mechanisms) and specific uncertainties
connected to the hazard, toxicokinetic and exposure data.
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3. Results and Discussion

3.1. Evolution of Chlorpyrifos Hazard Characterisation in the EU

Chlorpyrifos was included in Annex I to Directive 91/414/EEC in 2006 by CD
2005/72/EC and the following reference doses were established: ADI and AOEL: 0.01 mg/kg
bw per day, and ARfD: 0.1 mg/kg bw per day based on brain cholinesterase (AChE) inhibi-
tion and neurotoxic findings, respectively, as critical endpoints.

In 2013, after revision of new toxicological studies and scientific papers, the EFSA
peer-review expert meeting agreed on the use of the red blood cell (RBC) AChE inhibition,
instead of brain AChE inhibition, to derive the reference values, which were established as
0.001 mg/kg bw per day for both ADI and AOEL, and 0.005 mg/kg bw for ARfD [5].

After the process of renewal of approval, initiated in 2017, and the PPR 01 Experts’
meeting in 2019, experts agreed that the point of departure (PoD) for chlorpyrifos should
be the developmental neurotoxicity (DNT) LOAEL of 0.3 mg/kg per day [7]. Regarding the
general assessment, it was concluded that there were several uncertainties: the genotoxicity
potential remains unclarified and the effects recorded in the DNT rat study indicate a
concern that was supported by the epidemiological evidence related to developmental
neurological outcomes in children for chlorpyrifos. In any case, overall, no reference values
could be set because of the unclear genotoxicity potential of chlorpyrifos. Moreover, the ap-
proval of the active substance chlorpyrifos was not renewed and all existing authorizations
for plant protection products containing chlorpyrifos in EU Member States were revoked
by February 2020. The pesticide residues and MRLs (mg/kg) for chlorpyrifos were set at
the default lowest limits of analytical determination (LODs) of 0.01 mg/kg in all products.
The regulation was in force as of 13 November 2020.

In line with the more recent EFSA assessment [7], the following PoDs for chlorpyrifos
were selected for this risk assessment:

• Overall PoD based on the DNT study on rats, as adverse effects were observed at the
lowest tested dose the PoD was the LOAEL of 0.3 mg/kg bw per day

• Relevant long-term NOAEL 0.1 mg/kg bw per day, also applicable to parental toxicity
and maternal NOAEL

• Short-term NOAEL for red blood cells AChE inhibition 0.1 mg/kg bw per day, same
value as above but related to short-term exposures

• Relevant offspring NOAEL 1 mg/kg bw per day
• Relevant reproductive NOAEL 5 mg/kg bw per day
• Relevant carcinogenicity NOAEL 10 mg/kg bw per day (highest dose tested)

The specific toxicity of the metabolite TCPy, which is part of the residue definition in
food, was also assessed and EFSA proposed an ADI of 0.06 mg/kg bw per day [5–7].

The EFSA assessment for chlorpyrifos-methyl [8] proposes the same overall PoD
(based on chlorpyrifos study) and also for long-term toxicity. No value is proposed for
short-term AChE, and the other PoDs are slightly higher: 3, 10 and 40 mg/kg bw per day
for offspring, reproductive and carcinogenicity, respectively [8].

3.2. Proposed HBM-PoDs

The metabolism of chlorpyrifos has been extensively studied in both animals and
humans [7,23]. Basically, the fraction of chlorpyrifos absorbed in the intestine is nearly
completely converted to equimolar amounts of TCPy and alkyl phosphate metabolites; and
both have been used as potential human biomarkers [24]. Alkyl phosphates cover a broad
group of pesticides, while TCPy is only common in the closely related pesticide chlorpyrifos-
methyl; thus TCPy was selected for this assessment. In a pharmacokinetic study with six
human volunteers [21], the percentage of the administered oral dose recovered in urine
as TCPy ranged between 49–81% with an average of 70%. The predicted percentage of
absorbed dose in the same volunteers ranged between 52–84%, with an average of 72%. The
good correlation between absorption and molar TCPy excretion confirms the capacity of
TCPy as a biomarker with equimolar conversion of the absorbed dose. Other studies with
human volunteers [25] and animals [5,7] have identified higher oral absorption rates, up to
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93%. Based on these findings, the value of 70% was selected as the central estimate within
a 50–93% range, corresponding to a molar urinary excretion fraction, Fue, of 0.7 (0.5–0.93
range). The molar ratio of TCPy to chlorpyrifos is 0.566. The 24 h daily urinary excretion
selected by HBM4EU is 0.02 L/kg bw for adults and 0.03 L/kg bw for children [26].

Following this selection and the equation above, Table 1 presents the proposed HBM-
PoDs to be used in the risk characterization.

Table 1. Proposed human biomonitoring points of departure (HBM-PoD) for chlorpyrifos following
the EFSA [6] hazard characterization.

Endpoint
EFSA PoD Value

mg/kg bw day
HBM-PoD Adults

mg/L
HBM-PoD Children

mg/L

Overall (based on DNT LOAEL) 0.3 1 5.94 3.96
Long-term and maternal toxicity NOAEL 0.1 1.98 1.32

Short-term NOAEL for red blood cells AChE 0.1 1.98 1.32
Offspring NOAEL 1 19.81 13.21

Reproductive NOAEL 5 99.05 66.03
Carcinogenic NOAEL 10 198.10 132.07

1 This value is based on an LOAEL, as effects were observed at the lowest tested dose.

In line with the EFSA assessment [8], the proposed HMB-PoDs are also relevant for
exposure to chlorpyrifos-methyl and or a combination of both pesticides; being slightly
conservative for the last three endpoints in the cases where chlorpyrifos-methyl is the
main contributor.

3.3. Prospective Exposure Assessment Based on Monitored Levels in Food

The predicted TCPy urinary levels in the EU population, estimated from monitoring
of chlorpyrifos in foodstuffs, are presented in Figure 1, using data from the European
Union Annual Reports on pesticide residues in food from 2012 to 2019 [13–20]. Each EU
report includes estimations for several diets; some diets cover generic clusters, while others
are provided by the EU Member States for generic or specific national population groups,
including both adults and children. Since 2012, the EFSA has updated PRIMo several times
and the updates have included modifications in the diets in each version. In order to use
exclusively publicly available data, the estimations were conducted for the diets reported
for each year. The summary statistics are presented in Figure 1 as box and whisker plots
presenting the range (vertical lines), upper and lower quartiles (box), if needed outliers
covering the maximum and the minimum estimations (single dots), the average value (x)
and the 50th percentile (horizontal line in the box).

The results showed a drastic reduction in exposure levels between 2015 and 2016,
reflecting the regulatory measures adopted in the EU, as well as a general tendency to-
wards exposure reduction between 2012 and 2015 and between 2016 and 2019. Individual
estimates for each diet are reported in Table S1 at the Supplementary Material section.
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Figure 1. Predicted TCPy levels in EU consumers, estimated from chlorpyrifos levels in food extracted
from the EU annual monitoring programs between 2012 and 2019. Data presented as box and whisker
plots (see text for details).

3.4. Retrospective Exposure Assessment Based on Human Biomonitoring
3.4.1. HBM4EU Data

Aggregated TCPy HBM data from HBM4EU-aligned studies measuring this biomarker
for chlorpyrifos exposure in the general European population are presented in Table 2.
These studies cover children from 6–11 years of age, in the period 2014–2020 and young
adults 20–39 years of age, in the period 2014–2021 from different European countries and
Israel. The 50th and 95th percentiles were selected for representing the exposure levels of
the average population and the highest exposed group, respectively. In addition, the upper
level of the 95th confidence interval of the 95th percentile has been selected for assessing
the uncertainty in the exposure levels of the highest exposed group.

Table 2. Selected aggregated TCPy HBM data from HBM4EU-aligned studies. For France, some
values are not reported (n.r.) due to high percentage of samples below the level of detection.

Population Group Country
P50
μg/L

P95
μg/L

Upper 95 CI
μg/L

Children Belgium 1.22 3.24 5.05
Cyprus 6.52 13.82 15.74
France n.r. n.r. n.r.
Israel 2.80 18.38 28.84

Slovenia 0.61 3.08 4.92
The Netherlands 1.13 3.49 5.55

Adults France n.r. n.r 0.06
Germany 0.82 2.87 3.87
Iceland 0.61 2.07 3.30
Israel 2.75 11.22 55.22

Portugal 1.86 7.35 8.37
Switzerland 0.97 3.64 4.72

3.4.2. Spanish Human Biomonitoring Data

The available biomonitoring studies covering the Spanish population have been
recently reviewed Yusa et al. [27]. No other studies were identified in the literature search.
The studies cover children and several adult groups, and are distributed between 2003 and
2019. Setting comparisons is a challenge due to differences in both the study design and
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the reported information. Roca et al. [28] only reported creatinine adjusted values, the data
were corrected to unadjusted values using the correlation derived from creatinine adjusted
vs. non-adjusted data from Fernandez et al. [29]. Figure 2 summarizes the comparison
of TCPy urinary levels estimated from food with those from human monitoring for the
general population, including data for pregnant and lactating women while excluding farm
workers. As the data for Spanish adults only covers the 2016–2019 period, data from the
other Iberian country, Portugal, have been added to support the comparison.

Figure 2. TCPy levels estimated from food (lines) vs. human monitoring (M-) for Spain and Portugal.

Although the data available for the comparison are limited, the results suggest a gen-
eral agreement between median measured levels and those estimated from food monitoring
and the diets for Spain and Portugal. For five databases, information on both 50th and 95th
percentiles was provided, the 95/50 ratio was around four for three databases and around
10 for the other two, confirming high individual variability.

3.5. Estimated MoEs for the Prospective Assessment

Figures 3–5 present the time evolution (from 2012 to 2019) of the estimated MoEs
for the different EU diets and endpoints. European Union annual reports on pesticide
residues in food from 2012 to 2019 included modifications in the diets used in different
years. The comparison was based on the minimum, average and maximum estimations
for the children and adult/general diets used each year. The proposed thresholds (see
Section 4, Risk Characterization) have been included in the figures to facilitate the results’
interpretation.

In line with the exposure reduction, a clear temporal trend is observed for all PoDs,
with a significant point of inflection in 2016, coinciding with the modification of the MRLs
in this same year, following the 2014 EFSA conclusion and 2015 EFSA MRL review report.
Further modifications in the MRLs and also regarding actual use contributed to additional
temporal trends.
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Figure 3. Time evolution of the margins of exposure for children (black) and adults (grey) for the
overall PoD predicted from the food monitoring data. Solid lines represent the mean value and
dotted lines the maximum and minimum values for children (C) and adults (A), respectively. Color
lines indicate the thresholds between the risk levels (see Section 4 for details).

Figure 4. Time evolution of the margins of exposure for children (black) and adults (grey) for the
long-term and short-term AChE PoDs predicted from the food monitoring data. Solid lines represent
the mean value and dotted lines the maximum and minimum values for children (C) and adults (A),
respectively. Color lines indicate the thresholds between the risk levels (see Section 4 for details).
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Figure 5. Time evolution of the margins of exposure for children (black) and adults (grey) for the
carcinogenicity PoD predicted from the food monitoring data. Solid lines represent the mean value
and dotted lines the maximum and minimum values for children (C) and adults (A), respectively.
Color lines indicate the thresholds between the risk levels (see Section 4 for details).

3.6. Estimated MoEs for the Retrospective Assessment
3.6.1. HBM4EU Data

The estimated MoE ranges for the HBM4EU-aligned studies reporting TCPy urinary
levels are summarized in Table 3. The MoEs have been estimated for the percentiles 50th;
95th and its upper 95th confidence interval, in order to characterize the risk for the average
population, the high exposed group, and the highest exposed individuals, respectively.
Individual estimations for each country and population group are reported in Table S2 in
the Supplementary Material section.

Table 3. Margins of exposure ranges for the HBM4EU-aligned studies and different endpoints. P50
represents the average population, P95 the high exposed group and upper CI P95 the most exposed
individuals.

Population Group Endpoint MoE Range P50 MoE Range P95 MoE Range Upper CI P95

Children 6–11
2014–2020

Overall LOAEL
Long-term

Short-term AChE
Carcinogenicity

607–6462
203–2154
203–2154

47,180–215,519

215–1287
72–429
72–429

7184–42,926

137–804
46–268
46–268

4579–26,824

Adults 20–39
2014–2021

Overall LOAEL
Long-term

Short-term AChE
Carcinogenicity

2159–7244
720–2415
720–2415

72,010–241,585

529–2870
176–957
176–957

17,648–95,701

108–1800
36–600
36–600

3587–60,030

3.6.2. Spanish and Portuguese Populations

The estimated MoE ranges for the available Spanish studies reporting TCPy urinary
levels and for the HBM4EU dataset from Portugal are summarized in Table 4. MoEs have
been estimated for the 50th percentile (or the geomean if not available); 95th (or the 75th
if not available), and the maximum value (or upper 95th confidence interval), in order to
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characterize the risk for the average population, the high exposed group, and the highest
exposed individuals, respectively.

Table 4. Margins of exposure for the different endpoints estimated for the studies covering the
Spanish population. HBM4EU data for Portugal are included for comparison.

Study Endpoint MoE P50 MoE P95 MoE Max

Roca et al. [28] Overall LOAEL 1201 320 33
Valencia Long-term 400 107 11

Children 6–11 Short-term AChE 400 107 11
N = 125; 2010 Carcinogenicity 4007 1066 112

Fernandez et al. [29] Overall LOAEL 3504 357 39
Valencia Long-term 1168 119 13

Children 5–12 Short-term AChE 1168 119 13
N = 568; 2016 Carcinogenicity 116,876 11,920 1292

Suarez et al. [30] Overall LOAEL 247,500 58,929 4091
Andalusia Long-term 82,500 19,643 1364

Adolescents 15–17 Short-term AChE 82,500 19,643 1364
N = 117; 2017–2019 Carcinogenicity 5,282,675 1,257,780 87,317

Llop et al. [31] Overall LOAEL 12,122 1800 51
Valencia Long-term 4041 600 17

Pregnant women Short-term AChE 4041 600 17
N = 573; 2003–2006 Carcinogenicity 404,186 60,030 1689

Fernandez et al. [32] Overall LOAEL 2970 752 354
Valencia Long-term 990 251 118

Lactating women Short-term AChE 990 251 118
N = 116; 2015 Carcinogenicity 99,050 25,076 11,792

Gari et al., [33] Overall LOAEL 2475 675
Catalonia Long-term 825 225

Adults Short-term AChE 825 225
N = 80; year not reported Carcinogenicity 82,542 22,511

Gari et al., [33] Overall LOAEL 1414 297
Catalonia Long-term 471 99

Farm workers Short-term AChE 471 99
N = 45; year not reported Carcinogenicity 47,167 9905

HBM4EU Overall LOAEL 3193 808 710
Portugal Long-term 1064 269 237
Adults Short-term AChE 1064 269 237

N = 296; 2019–2020 Carcinogenicity 106,477 26,952 23,680

4. Risk Characterization

The interpretation of the MoEs required specific consideration, based on the selected
PoD and the associated health concerns. Some were based on the extrapolation factors
proposed for the derivation of HBGV [34–36], while others were specifically associated
with the assessment of substances with potential genotoxicity concerns [37].

As a first step, any MoE below 100 for a PoD based on animal studies should be
considered as a clear concern, considering the minimum factor of 100 required to cover
intra- and interspecies extrapolation when setting HBGVs.

The overall PoD is based on a LOAEL instead of a NOAEL, requiring an additional
factor. According to the ECHA guidance, a minimum factor of three is generally applicable,
while a factor of up to 10 may be needed on some occasions. Consequently, any MoE
below 300 represented a concern, and the concerns may be extended to MoEs between
300 and 1000, as the EFSA assessment [7] identified a number of relevant limitations for
this study, including reduced exposure duration that would also trigger the need for an
additional factor.
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When the MoE was based on a short-term PoD, additional considerations were needed
for assessing the monitoring data reflecting chronic exposure. An uncertainty factor (UF)
of two is proposed by the EFSA and ECHA for the extrapolation of subchronic to chronic
studies, while larger factors are needed for acute to subacute and subacute to subchronic
extrapolations. The available study included acute (single dose) and subacute (repeated
exposure from postnatal day 11 to 22), and a factor of five was identified between the acute
and subacute NOAELs. For the subacute to subchronic extrapolation, ECHA recommends
a factor of three, the extrapolation from subacute to chronic is not recommended by EFSA.
Consequently a factor of three could be considered, however, it should be noted that
according to the EFSA assessment [7], for chlorpyrifos the same NOAEL for RBC AChE
activity inhibition of 0.1 mg/kg bw per day is applicable for both short-term and long-term
exposure, thus the use of an additional factor of three is conservative in this specific case.

For the assessment of carcinogenicity, EFSA [35] proposed that an MoE of 10,000 or
higher based on the benchmark dose level (BMLDL10) from an animal carcinogenicity study,
and taking into account all uncertainties, could be considered of low concern for public
health. Although a BMLDL10 was not available, the EFSA assessment concluded that for
chlorpyrifos, carcinogenicity was of low concern and proposed a PoD based on the NOAEL
that could be used as surrogate. This approach has been developed for impurities and other
substances not intentionally added to food. As chlorpyrifos is no longer authorized in the
EU, the approach is applicable for an assessment based on the current situation, although
the monitoring data represented residues in line with the MRLs established at the time of
monitoring.

One additional element is the consideration of the severity and nature of the observed
effect. Specifically for pesticides the legislation indicates that an additional factor may be
considered and applied for some effects including development neurotoxicity, and factors
up to 10 have been applied in some pesticide risk assessments.

Based on these considerations, the MoEs can be grouped into four risk categories:

• RED: Confirmed concern: the MoE is lower than the requirements for uncertainty
factors in standard assessments, i.e., lower than 100 for the NOAELs, lower than 300
for the LOAELs, and lower than 10,000 for the carcinogenicity of genotoxic substances

• ORANGE: Possible concern: the MoE is lower than the requirements for uncertainty
factors in standard assessments plus the upper range regarding additional consider-
ations for the extrapolation (factor of 10 for NOAEL to LOAEL, and factor of 3 for
subacute to subchronic extrapolation)

• YELLOW: Concerns cannot be excluded. MoEs higher than those above but not
offering an additional margin of 10.

• GREEN: Risk cannot be excluded due to the concerns on genotoxicity but it is expected
to be very low: MOEs providing an additional margin of at least 10 from those of
possible or confirmed concern.

According with this proposal, a summary of the risk characterization is graphically
presented in Table 5.

Table 5. Graphic representation of the identified risk levels. Color code: RED: confirmed concern;
ORANGE: possible concern (only applicable to OA and ST); YELLOW: concerns cannot be excluded;
GREEN: risk cannot be excluded due to the concerns on genotoxicity but is expected to be very low.
The letters refer to the PoD(s) reaching the reported concern level: AO—overall PoD; ST—short term
AChE, LT—long term NOAEL, C—carcinogenicity, All—all PoDs at this level.

Study Population Group Country/Region
Average

Population
High Exposed

Group
Highest

Individual

Roca et al. [28] Children ES-Valencia C C All

Fernandez [29] Children ES-Valencia ST ST All

Suarez et al. [30] adolescents ES-Andalusia ST/C
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Table 5. Cont.

Study Population Group Country/Region
Average

Population
High Exposed

Group
Highest

Individual

Children Belgium OA/ST All ST

Children Cyprus ST All All

Children Israel All All All

Children Netherlands OA/ST All ST

HBM4EU-aligned
studies

Children Slovenia OA/ST All ST

Llop et al. [31] Pregnant women ES-Valencia All All

Fernandez [32] lactating women ES-Valencia All OA/ST OA/ST

Gari et al. [33] Adults ES-Catalonia All No data OA/ST

Gari et al. [33] farm workers ES-Catalonia All No data OA/ST

Adults Germany OA/ST All All

Adults Iceland OA/ST All All

Adults Israel All OA/ST All

Adults Portugal OA/LT/ST OA/ST OA/ST

HBM4EU-aligned
studies

Adults Switzerland OA/LT/ST All All

The comparison of the published biomonitoring data for Spanish population groups
with the HBM4EU-aligned studies indicated some common elements as well as relevant
differences. Commonalities were observed regarding the diversity of the results but with a
higher risk for children than for adults, and the high relevance of the overall and short-term
PoD endpoints. The consistency is particularly relevant when comparing the Spanish
data with the aligned HBM4EU data for Portugal, further supporting the similarities
observed in the levels estimated from the food monitoring data for the two Iberian countries
(Figures 3–5). The highest risks were identified in a study conducted by Roca et al. [28]
in 2014, before the 2016 modification of MRLs in the EU, and for Israel, not covered by
the EU MRL regulation. Some Spanish datasets focused on a specific population groups.
An interesting finding, to be further investigated, was the low risk observed for Spanish
pregnant women, observed by Llop et al. [31] for samples taken in 2003–2006, when high
MRLs were allowed in the EU, and confirmed by Bravo et al. [38] for samples collected in
2016–2017. The measured TCPy levels were similar or lower than those reported in other
areas of the world [39–41], thus the risk assessment conclusions can be extrapolated to
other regions.

The variability within the sampled population is evidenced by the change in color,
and was large for some, but not all, databases.

5. Conclusions

Human biomonitoring data provide information on actual exposure levels, and in
combination with guidance values, on risk levels including intrapopulation variability. The
main limitation is the availability of proper urinary biomarkers; for chlorpyrifos TCPy
also covers exposure to the closely related pesticide chlorpyrifos-methyl, as well as direct
exposure to the metabolite itself, as TCPy is part of the residue definition in several food
commodities. The proposal presented in this study demonstrates that this approach can
be extended to those cases when an HBGV cannot be established. The combination of
several PoDs, covering endpoints with different levels of concern for public health, and
different exposure values, provide informative risk characterizations to support decision
making. For chlorpyrifos, the monitoring data have confirmed the need for action, provid-
ing support to the regulatory decisions adopted in the EU. Promising results have been
obtained regarding the comparison of the prospective assessment using monitoring data
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in food, and retrospective assessments using human biomonitoring; however additional
studies are needed to generalize this opportunity; and this approach should be further
explored using other pesticides in order to improve current predictive models through
a calibration exercise. These improved models could be applied for pesticides with no
suitable biomarkers for human biomonitoring, as well as for updating the premarketing risk
assessments supporting the authorization and setting of maximum pesticide residue levels.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/toxics10060313/s1, Table S1: Individual TPCy estimations for each
PRIMo diet; Table S2: Individual MOE estimations for each HBM4EU country and population group.
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Abstract: A risk assessment (RA) was conducted to estimate the risk associated with methylmercury
(MeHg) exposure of vulnerable European populations, using Human Biomonitoring (HBM) data.
This RA was performed integrating published data from European HBM surveys and earlier EFSA
approaches (EFSA 2012). Children/adolescents (3 to 17 years old) and women of childbearing age
(18 to 50 years old) were selected as relevant study population groups for this RA. Two types of
HBM datasets were selected: HBM studies (n = 18) with mercury (Hg) levels (blood and hair, total
Hg and/or MeHg) in the general population in different EU countries and the DEMOCOPHES
harmonized study in child–mother pairs (hair, total Hg) in 17 EU countries as a reference. Two
approaches were included in the RA strategy: the first one was based on estimations of the fraction of
children/adolescents and women of childbearing age, respectively, from the EU general population
exceeding the HBM-I value established by the German Human Biomonitoring Commission, measured
as Hazard Quotients (HQ); and the second approach was based on estimations of the fraction of the
two population groups exceeding the Tolerable Weekly Intake (TWI) (or their equivalent to Tolerable
Daily Intake (TDI)) defined by EFSA in 2012. The HQ approach showed that for both groups, the risk
varies across EU countries and that some EU areas are close to or exceeding the exposure guidance
values. This is the case of Spain and Portugal, which showed the highest HQ (GM and/or P95),
probably due to their higher fish consumption. Results from the EFSA approach show that hair
values of children/adolescents and women of childbearing age (both in selected HBM studies and in
DEMOCOPHES study) are below the TDI of 1.9 μg/g; therefore, in general, the European population
does not exceed the daily average/intake dose for MeHg and/or Hg. A possible risk underestimation
was identified in our assessment since for many studies no data on P95 were available, causing loss
of relevant information for risk characterization on the upper bound. In addition, data from other
European countries also with high seafood consumption, such as France, Greece or Iceland, were not
available. For this reason, further RA refinement is needed with harmonized and more widespread
HBM data to account for differences in European exposure and associated risks, so that interventions
to protect vulnerable citizens, can be applied.

Keywords: HBM4EU; human biomonitoring; mercury; methylmercury; risk assessment

1. Introduction

Mercury (Hg) is a highly toxic heavy metal that poses a significant global threat to
human beings and the environment. Together with its various compounds, it can cause
severe impacts on human health, including irreversible damage to the central nervous
system [1].
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Elemental Hg is released into the atmosphere from many natural and anthropogenic
sources. Once released, Hg can move around the globe and can remain in circulation for
thousands of years. Mercury in water bodies presents the greatest risk to humans because
it is converted by microorganisms into methylmercury (MeHg), which is the most toxic
form of this metal, easily absorbed by animals and bioaccumulated throughout the food
chain [2]. Among the MeHg effects are irreversible damage to the central nervous system,
even at very low levels depending on the age exposure window. Fetuses, newborns and
children are amongst the most vulnerable and sensitive to the adverse neurodevelopmental
effects caused by environmental MeHg exposure. Other relevant population groups are
adolescents, as they are completing their developmental period, and pregnant women or
women of childbearing age, due to the potential transfer to the fetuses (MeHg can cross the
placenta and act on the developing nervous system) [2–4].

In Europe, the most significant source of human exposure to MeHg is the diet, espe-
cially in populations with high seafood consumption [3], such as in coastal regions—the
Mediterranean region of Europe or Arctic region. Exposure levels are also influenced by
the type of fish consumed (eating high predatory fish entails a higher risk), as well as their
capture areas.

The U.S. Environmental Protection Agency (EPA), the World Health Organization
(WHO) and the European Food Safety Authority (EFSA) [4–7], have compiled the ad-
verse effects of MeHg in humans, including neurocognitive, motoric, auditory and visual
electrophysiological responses, as well as neurobehavioral effects. Pivotal studies for dose-
response analysis were derived from the cohorts in the Faroe Islands where whale meat is
predominant in the diet [8,9] and in Seychelles with a high fish diet [10]. Different guidance
values have been established in order to protect human health, having as point of departure
(PoD) the findings observed in the aforementioned cohorts. EFSA set a tolerable weekly
intake (TWI) for MeHg of 1.3 μg/kg of body weight [4]. The Human Biomonitoring Com-
mission of the German Environment Agency derived Human Biomonitoring (HBM) values
for total Hg in blood for children and adults of 5 μg/L(HBM-I) and 15 μg/L (HBM-II),
respectively [11].

In the Minamata Convention on Mercury [12], measures were adopted to reduce
global Hg emissions. Due to the long-range Hg transport and its bioaccumulation and
biomagnification in the environment, these reduction measures will not have an immedi-
ate result and, therefore, the evaluation of the current exposure to MeHg in the general
population and especially in vulnerable populations continues to be important [13]. This
can be performed by estimating the external exposure to Hg, through the determination of
the concentration of Hg in specific matrices such as food, water and air [14]; however, this
ambient monitoring approach does not provide data about the real uptake by the human
body [15].

In this context, human biomonitoring (HBM) is a very useful tool because it provides
information on the real internal exposure to Hg. Different biological matrices are used
to measure Hg, blood and hair being the most relevant specifically for MeHg, whereas
urinary Hg is mainly reflecting exposure to inorganic mercury. Blood Hg levels reflect
more recent exposure. The measurement of total Hg in blood reflects exposure to all forms,
organic, inorganic and elemental mercury, with MeHg accounting for around 60–91% [16].
Hair is the preferred choice for many studies because it provides a simple, integrative and
non-invasive sample for estimating long-term average exposure to MeHg since 89–91% of
the total Hg is estimated to be in this organic form [17,18]. Once incorporated in the hair,
Hg does not return to the blood; therefore, it provides a good long-term marker of exposure
to MeHg [19]. In addition, Hg levels in hair show a direct relationship with blood total
Hg levels through the traditional conversion ratio 250:1 established by WHO and recently
reviewed and updated to 280:1 by [20].

Although HBM studies are currently recognized as an appropriate tool for expo-
sure and risk assessment [21], their use is still limited in the European risk assessment
schemes [22]. In this context, the European Human Biomonitoring Initiative (HBM4EU)
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has established a European-wide HBM program to generate knowledge on human internal
exposure to chemical pollutants and their potential health impacts in Europe, to support
policy makers’ efforts to regulate chemical safety and improve public health in Europe
(https://www.hbm4eu.eu/ accessed on 17 June 2022) [23].

The aim of this study is to present how European HBM data on Hg can be used in
different risk assessment schemes for MeHg in order to estimate the risk for vulnerable
European populations and to identify potential challenges.

2. Materials and Methods

2.1. Study Population and HBM Dataset

Children/adolescents from 3 to 17 years old and women of childbearing age in the
range of 18 to 50 years old were selected as relevant population groups for this RA.

A systematic search of available Human Biomonitoring data from EU countries on
methylmercury and total mercury was conducted through IPCHEM (The Information Plat-
form for Chemical Monitoring), which is the European Commission’s reference access point
for searching, accessing and retrieving chemical occurrence data collected and managed
in Europe, and based on the HBM4EU Scoping Document [24], for the two population
groups described above. In addition, SCOPUS, PubMed and Web of Science were consulted
(accessed on 9 March 2022). The criteria for selecting specific HBM datasets were the
following: 1) studies with available data of Hg/MeHg levels in hair or blood expressed
as geometric mean (GM) and/or 95th percentile (P95), and 2) with participants from at
least one of the two population groups of interest, as defined previously. The bibliographic
search strategy is detailed in the Supplementary Materials.

2.2. RA Based on Integrating Data from European HBM Surveys

The methodology used in the current MeHg RA is based on the risk-based approach
for non-cancer effects published by St-Amand et al. [25] and recently verified by [26]. For
non-cancer endpoints, hazard quotients (HQ) are calculated as the ratio of the biomarker
concentration to the chemical specific Biomonitoring Equivalents (BE) or Human Biomoni-
toring Guidance Values (HBM-GVs) (Equation (1)):

HQ =
[Biomarker]

BE or HBM − GV
(1)

where biomarker concentration, [biomarker], is the geometric mean (GM) or upper bound
(P95 in this case, reflecting the reasonable worst-case estimate). BEs are based on reference
dose (RfD) or tolerable daily intake (TDI) values. As there are no BEs for Hg and, thus, for
MeHg, the HBM-GVs derived for Hg by the German HBM Commission [11] were used for
HQ calculation. In this case, the HBM-I value for total Hg in blood, 5 μg/L, was selected
for evaluation of the risk, since it is the most restrictive HBM-GV and since blood can be
used to document recent exposure to MeHg. Those studies in which Hg data (GM and/or
P95) were only available in hair, were converted to blood levels using the hair to blood
conversion ratio of 280:1 [20].

2.3. RA Based on EFSA (2012) Approach

The EFSA Panel on Contaminants in the Food Chain (CONTAM Panel) delivered a
scientific opinion on the risks to human health related to the presence of inorganic mercury
and MeHg in food in 2012 [4], establishing a tolerable weekly intake (TWI) for MeHg of
1.3 μg/kg body weight (b.w.), expressed as Hg. In order to evaluate the chronic exposure
to MeHg, we compared this value to the Hg concentrations found in the selected HBM
surveys. For this, a conversion of TWI to hair content according to the WHO [19] was
carried out. It is estimated that a daily MeHg average intake of 0.1 μg per kg body weight
per day (0.1 μg/kg b.w./d) by an adult woman results in hair Hg concentrations of about
1 μg/g and this relationship is generally directly proportional [19]. Thereby, a TWI of
1.3 μg/kg b.w for MeHg, equivalent to a TDI of 0.19 μg/kg b.w./d, corresponds to hair
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levels of 1.9 μg/g. This derived value of 1.9 μg/g was compared to exposure levels (total
Hg in hair) in the two study population groups, children/adolescents and women of
childbearing age from the EU general population.

3. Results and Discussion

3.1. HBM Dataset

A total of thirty-five European HBM studies were identified fulfilling the above-indicated
criteria (available GM and/or P95 hair or blood Hg/MeHg levels in children/adolescents 3–
17 years old and/or women of childbearing age 18–50 years old) (Table 1). These included
17 individual DEMOCOPHES studies and 18 additional European HBM studies. Figure 1
shows the geographical distribution of all the studies included in this RA.

Table 1. Human biomonitoring (HBM) studies with Hg and MeHg data in blood and hair in the
selected populations.

Country Study Year
Population

Age
(N)

Hg MeHg

Refs.Blood (μg/L)
Hair

(μg/g)
Blood (μg/L)

Hair
(μg/g)

GM P95 GM P95 GM P95 GM P95

Belgium

FLESH 2007–2011

Adolescents
14–15 y

(206)
− − 0.19 − − − 0.12 −

[27]
Mothers
20–40 y

(242)
− − 0.35 − − − 0.26 −

DEMOCOPHES-
BE 2010–2012

Children
6–11 y
(127)

− − 0.20 − − − − −
[28]

Mothers
<45 y
(127)

− − 0.37 − − − − −

Cyprus DEMOCOPHES-
CY 2010–2012

Children
6–11 y

(60)
− − 0.33 − − − − −

[28]
Mothers

<45 y
(60)

− − 0.46 − − − − −

Czech
Republic

CZ-HBM 2001–2003
Children

8–10 y
(333)

0.43 1.44 − − − − − − [29]

CZ-HBM 1996–2008
Children

8–10 y
(344 a/347) *

1.47 0.52 − − − − [30]

DEMOCOPHES-
CZ 2010–2012

Children
6–11 y
(120)

− − 0.10 − − − − −
[28]

Mothers
<45 y
(120)

− − 0.16 − − − − −

CZ-HBM 2015
Women
18–50 y

(n.a.)
0.80 0.90 − − − − − − [31]

CZ-HBM 2016
Children
5 & 9 y
(419)

0.32 1.03 − − − − − − [32]

Denmark DEMOCOPHES-
DK 2010–2012

Children
6–11 y
(144)

− − 0.25 − − − − −
[28]

Mothers
<45 y
(144)

− − 0.39 − − − − −
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Table 1. Cont.

Country Study Year
Population

Age
(N)

Hg MeHg

Refs.Blood (μg/L)
Hair

(μg/g)
Blood (μg/L)

Hair
(μg/g)

GM P95 GM P95 GM P95 GM P95

Germany

GerES II 1990–1992
Children

6–17 y
(712)

0.33 1.40 − − − − − − [33]

GerES IV 2003–2006
Children

3–14 y
(1240)

0.23 1.00 − − − − − − [33]

DEMOCOPHES-
DE 2010–2012

Children
6–11 y
(120)

− − 0.06 − − − − −
[28]

Mothers
<45 y
(120)

− − 0.11 − − − − −

Hungary DEMOCOPHES-
HU 2010–2012

Children
6–11 y
(119)

− − 0.03 − − − − −
[28]

Mothers
<45 y
(119)

− − 0.04 − − − − −

Ireland DEMOCOPHES-
IE 2010–2012

Children
6–11 y
(120)

− − 0.10 − − − − −
[28]

Mothers
<45 y
(120)

− − 0.16 − − − − −

Italy

PROBE 2008–2010
Adolescents

13–15 y
(252)

0.94 3.55 − − − − − − [34]

− 2007–2009

Pregnant
women

n.a.
(606 a/

604 b/236 c/
220 d)

3.14 − 1.06 − 4.46 − 1.67 − [35]

Luxembourg DEMOCOPHES
-LU 2010–2012

Children
6–11 y

(56)
− − 0.18 − − − − −

[28]
Mothers

<45 y
(56)

− − 0.39 − − − − −

Poland DEMOCOPHES-
PL 2010–2012

Children
6–11 y
(120)

− − 0.07 − − − − −
[28]

Mothers
<45 y
(120)

− − 0.14 − − − − −

Portugal DEMOCOPHES-
PT 2010–2012

Children
6–11 y
(120)

− − 1.03 − − − − −
[28]

Mothers
<45 y
(120)

− − 1.20 − − − − −

Romania DEMOCOPHES-
RO 2010–2012

Children
6–11 y
(120)

− − 0.09 − − − − −
[28]

Mothers
<45 y
(120)

− − 0.10 − − − − −

Slovakia DEMOCOPHES-
SK 2010–2012

Children
6–11 y
(129)

− − 0.09 − − − − −
[28]

Mothers
<45 y
(129)

− − 0.13 − − − − −
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Table 1. Cont.

Country Study Year
Population

Age
(N)

Hg MeHg

Refs.Blood (μg/L)
Hair

(μg/g)
Blood (μg/L)

Hair
(μg/g)

GM P95 GM P95 GM P95 GM P95

Slovenia

SLO-HBM 2008–2009,
2011–2014

Women
19–39 y

(535 a/503 b)
1.1 4.06 0.27 0.99 − − − − [36]

PHIME project 2011–2014

Children
6–11 y
(174)

0.77 − 0.18 − − − − −
[37]

Women
20–35 y

(127)
1.04 − 0.24 − − − − −

DEMOCOPHES-
SI 2010–2012

Children
6–11 y
(120)

− − 0.17 − − − − −
[28]

Mothers
<45 y
(120)

− − 0.23 − − − − −

Spain

− 1996
Children

6–16 y
(233)

− − 0.77 − − − − − [38]

BIOAMBIENT.ES 2009–2010
Women
>18 y

(918 a/327 b)
6.27 16.90 1.87 4.6 − − − − [39]

INMA Project 2008–2012
Children

4–5 y
(1252)

− − 0.98 − − − − − [40]

DEMOCOPHES-
ES 2010–2012

Children
6–11 y
(120)

− − 0.88 − − − − −
[28]

Mothers
<45 y
(120)

− − 1.49 − − − − −

BIOVAL
programme 2016

Children
6–11 y
(611)

− − 0.79 3.25 − − − − [41]

BETTERMILK
Project 2017

Breastfeeding
mothers
20–45 y

(120)

− − 1.22 − − − − − [42]

HEALS-EXHES 2016–2017

Children
cord blood

(53)
2.87 7.91 − − − − − −

[43,44]
Mothers
GM 34 y

(53)
2.05 6.98 − − − − − −

Sweden

DEMOCOPHES-
SE 2010–2012

Children
6–11 y
(100)

− − 0.18 − − − − −
[28]

Mothers
<45 y
(100)

− − 0.25 − − − − −

− 2016–2017
Children/adolescents
12, 15 & 18 y

(1099)
0.66 2.10 − − − − − − [45]

Switzerland DEMOCOPHES-
CH 2010–2012

Children
6–11 y
(120)

− − 0.08 − − − − −
[28]

Mothers
<45 y
(120)

− − 0.15 − − − − −
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Table 1. Cont.

Country Study Year
Population

Age
(N)

Hg MeHg

Refs.Blood (μg/L)
Hair

(μg/g)
Blood (μg/L)

Hair
(μg/g)

GM P95 GM P95 GM P95 GM P95

United
King-
dom

DEMOCOPHES-
UK 2010–2012

Children
6–11 y

(21)
− − 0.19 − − − − −

[28]
Mothers

<45 y
(21)

− − 0.15 − − − − −

17 EU
coun-
tries

DEMOCOPHES-
17 2010–2012

Children
6–11 y
(1836)

− − 0.14 1.29 − − − −
[28]

Mothers
<45 y
(1839)

− − 0.23 1.89 − − − −

a N for total Hg in blood. b N for total Hg in hair. c N for MeHg in blood. d N for MeHg in hair. * Missing years:
Hg in blood 1997, 2000, 2002, 2003, 2004, 2005, 2007; Hg in hair 2004, 2005, 2007. n.a. not available.

 

Figure 1. Distribution of European HBM studies included in the MeHg risk assessment. * Indicates
countries included in the DEMOCOPHES study. Numbers in the figure indicate the number of
studies in each country.

The DEMOCOPHES study was used as reference, since it is a well-defined cross-
sectional survey of exposure to environmental chemicals, including Hg, performed in
17 European countries using a harmonized European protocol (developed by its twin
project, COPHES) [28] and applying strict Quality Control/Quality Assurance (QA/QC)
measures in the chemical analysis of the hair samples [46]. In DEMOCOPHES, a total of
1875 child/mother pairs were recruited from urban and rural areas in the participating
countries, while excluding exposure hotspots. The exposure biomarkers included the hair
Hg concentration (expressed as GM for the individual studies and as GM and P95 for the
whole study (DEMOCOPHES-17)) of samples collected from September 2011 to February
2012 from children aged 6–11 years old and their mothers (<45 years old).
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Among the international studies retrieved, only two reported levels of MeHg in
children and/or women, one in hair [27], and the other one in blood and hair [35], while
the remaining studies reported only total Hg levels.

To assess the relevant results obtained across Europe for children/adolescents and
women of childbearing age from the 18 European HBM studies recorded in Table 1 (exclud-
ing DEMOCOPHES data) and to compare them to the DEMOCOPHES data, a range of GM
and a range of P95 of MeHg and/or Hg blood concentrations was compiled (Table 2). As
mentioned earlier, for those studies with data for only MeHg and/or Hg concentrations in
hair, the hair-to-blood conversion ratio of 280:1 recently proposed by Esteban et al. [20] was
used. Previous studies [20,47,48] have shown that there is a high interindividual variation
in the calculated hair-to-blood ratios in different populations and even at different ages. In
the study by Esteban et al. [20], focused on European populations, the geometric mean hair
to blood ratio of 280 predicted blood values equally well to the regression equation of hair
Hg vs. blood Hg, while when the ratio of 250 recommended by WHO was used, blood Hg
estimations were significantly less accurate from those predicted by the regression equation
or by using the 280 ratio.

Table 2. Range of geometric means (GM) and/or 95th percentiles (P95) of MeHg and/or Hg con-
centrations in blood (μg/L) (hair values are expressed as blood concentration using hair to blood
ratio of 280:1) from European HBM studies and GM and P95 values for the whole DEMOCOPHES-17
reference study.

DEMOCOPHES Other HBM Studies

Children Mothers Children/Adolescents Women
(17 Studies) (17 Studies) (13 Studies) (9 Studies)

Range of GM 0.09–3.69 0.14–5.31 0.23–3.50 0.80–6.27

Range of P95 − − 1.03–11.6 0.90–16.9

GMDEMOCOPHES-17 0.51 0.82 − −
P95DEMOCOPHES-17 4.60 6.75 − −

When conducting the HBM data search, we observed a high degree of heterogeneity
in the data available for the different European studies not only related to the biomark-
ers/matrices measured, but also to the descriptive statistics reported. This limited the
analysis, which was mostly performed using GM values, losing risk characterization on
the upper bound.

Data from 18 studies, in addition to the 17 included in DEMOCOPHES, were retrieved;
this made information available for 18 European countries, although the degree of rep-
resentativeness of the data collected is limited. In addition, we observed that data from
some other European countries with high seafood consumption, such as France, Greece or
Iceland, and which could be relevant for the MeHg risk assessment performed here, were
not available.

Most of the studies did not perform Hg speciation analysis (Table 1); therefore, we
used total Hg concentrations as surrogate because MeHg is the main contributor to the
levels found both in blood and hair as reported in the literature [16–18]. This was also
observed from the studies which had total Hg and MeHg measured [27,35]. However,
in the case of the Belgian FLESH study [27], 63% and 74% of the total Hg in hair was in
the form of MeHg in adolescents and women, respectively. This could be associated with
different factors relative to the region or lifestyle, such as seafood consumption patterns
(lower consumption) in these groups. In the study carried out by Valent et al. [35], the
percentages seem to be higher although they cannot be calculated as the number of samples
in which speciation was done differs from the number in which total Hg was measured.
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3.2. RA Based on Integrating Data from European HBM Surveys

The HQ were calculated as the ratio between the GM or the P95 of the MeHg and/or
Hg blood concentrations retrieved in the selected HBM datasets (Table 2) and the HBM-I
value for Hg in blood of 5 μg/L (Equations (2) and (3)), following a conservative approach
as mentioned earlier:

HQ (GM) =
GM of HBM results distribution

Selected internal threshold (HBM − GV of 5 μg/L)
(2)

HQ (P95) =
P95 of HBM results distribution

Selected internal threshold (HBM − GV of 5 μg/L)
(3)

HQs near or exceeding 1 indicate that exposure levels are near or exceeding selected
exposure guidance value.

Table 3 shows the HQ calculations for the GM and/or P95 of Hg levels in blood for the
range of GM and P95 of all the studies together for the selected populations. Supplementary
Table S1 shows the HQs calculated for each study included in this RA.

Table 3. HQ calculations for the GM and/or P95 of Hg levels in blood for all HBM studies considered
for the selected populations.

Children/Adolescents Women of Childbearing Age

European HBM
Studies

DEMOCOPHES
European HBM

Studies
DEMOCOPHES

HQrange GM 0.05 to 0.70 0.02 to 0.74 0.16 to 1.25 0.03 to 1.06
HQrange P95 0.21 to 2.32 − 0.18 to 3.38 −

In the case of children/adolescents, the HQs calculated for the range of GMs for the
HBM studies included in this work (excluding DEMOCOPHES) do not exceed the value of 1
(Figure 2). However, the P95 for some Spanish studies are over 1 (HQP95 HEALS-EXHES = 1.58
and HQP95 BIOVAL = 2.32, Supplementary Table S1).

Figure 2. HQ for the GM and P95 of total Hg blood levels of the HBM European studies in chil-
dren/adolescents (3–17 years old). DEMOCOPHES Study (DC). Note: MeHg levels in the case of
FLESH study.
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The HQs for DEMOCOPHES study, both for the range of GMs of the 17 individual stud-
ies, as well as for the GM of the study as a whole, do not exceed the value of 1(Figure 2). How-
ever, the P95 of DEMOCOPHES-17 is close to the value of 1 (HQP95 DEMOCOPHES-17 = 0.92). The
GM of other individual countries, for example Portugal, are close (HQGM DEMOCOPHES-PT = 0.74).

For women of childbearing age, the HQ calculated for the range of GMs and P95 in
the selected European HBM studies (excluding DEMOCOPHES) exceed the value of 1 only
in two studies from Spain (HQGM BIOAMBIENT.ES-SP = 1.25 and HQP95 BIOAMBIENT.ES-SP = 3.38;
HQP95 HEALS = 1.40) and one study also from Spain, was close to 1 (HQGM BETTERMILK = 0.87)
(Figure 3).

Figure 3. HQ for the GM and P95 of Hg blood levels of the HBM European studies in women of
childbearing age (18–50 years old). DEMOCOPHES Study (DC). Note: MeHg levels in the case of
FLESH and Valent et al., 2013 [35] studies.

The HQ for DEMOCOPHES showed that, in contrast to the results observed for
the children/adolescents, both the upper part of the range of GMs of the 17 individual
studies in DEMOCOPHES, as well as the P95 of the whole study are close or exceeding
the value of 1 (HQP95 DEMOCOPHES = 1.35 and HQrange GM DEMOCOPHES = 0.03–1.06). Spain
and Portugal are among the countries with GM exceeding or close to the guidance values
(HQGM DEMOCOPHES-ES = 1.06; HQGM DEMOCOPHES-PT = 0.86) (Figure 3), the latter being
consistent with the findings in the case of children/adolescents.

Overall, risk assessment based on HQ using the HBM-I guidance value showed that
the risk varies in the different EU countries and some EU areas are close to or exceeding
this exposure guidance value, both for children/adolescents and women of childbearing
age. This is the case of Spain and Portugal, which were the countries with highest HQ,
probably due to their higher seafood consumption frequency or species consumed, as
was already described in DEMOCOPHES [28]. The guidance value selected here was the
HBM-I, being a most conservative HBM-GV for evaluating the risk associated to MeHg
and/or Hg exposure. At exposure levels exceeding the HBM-I value, but falling below the
HBM-II value, adverse health effects cannot be excluded with sufficient certainty and a
follow-up examination should be performed to determine whether there is a continued
elevated exposure [19]. Since the main MeHg exposure source is seafood consumption,
the recommendation to minimize risk would be to develop harmonized dietary advice.
This would allow benefitting from the seafood consumption while protecting the health
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of vulnerable populations, such as pregnant women and children. Recommendations on
how to reduce the uptake of MeHg were published by EFSA in 2015 [5]. However, due to
the variety of fish species consumed across Europe, EFSA’s Scientific Committee suggested
that it is not possible to make general recommendations and that the situation should
be evaluated in each country. Most European countries, however, do not have official
recommendations on the fish consumption. The effectiveness of the proper implementation
of dietary advice to pregnant women to lower mercury intake has been demonstrated in a
recent study in Denmark [49]. More recently, it has also been addressed in the HBM4EU-
MOM study, where a harmonized intervention focusing on dietary advice to reduce prenatal
exposure to mercury in 5 European coastal countries has been carried out [50]. Proper and
harmonized communication of these findings to the European population, and particularly
to vulnerable groups, is paramount.

In the DEMOCOPHES study, we have observed that the ranges of GMs and P95
were smaller in comparison to those obtained in the rest of European datasets, with a
similar geographical distribution. This could be due to the fact that DEMOCOPHES used a
harmonized protocol for all participating countries and the rest of European studies have
followed different protocols. However, it is necessary to point out that for the individual
DEMOCOPHES studies and some other HBM studies in this RA, no P95 values were
available, and the overall risk characterization had to be performed mostly using GM.

Furthermore, the publicly available HBM data do not include information from several
European countries with high seafood consumption, such as other Mediterranean countries,
which could probably affect significantly the results obtained.

3.3. RA Based on EFSA (2012) Approach

Exposure levels (Hg in hair, GM and P95) in children/adolescents and women of child-
bearing age from the EU general population were compared with the available exposure
guideline value for Hg in hair of 1.9 μg/g derived here, obtained after transformation of
the TWI for MeHg of 1.3 μg/kg b.w established by EFSA (detailed in Section 2.3).

In the case of the children/adolescents, only one study exceeded the 1.9 μg/g of Hg
in hair, namely the BIOVAL program, conducted in Spain in 2016, with a P95 value of
3.25 μg/g (Figure 4). However, when evaluating GM values, no study exceeded this value;
therefore, in terms of daily average or intake dose, the recommended values by EFSA are
not being exceeded.

In the case of women (Figure 5), only one study from Spain, BIOAMBIENT.ES, had
Hg hair levels close to or over the 1.9 μg/g reference value with a GM of 1.87 μg/g and a
P95 value of 4.6 μg/g, respectively. Amongst the other studies, those with GM closer to
the reference value included a study carried out in pregnant women in Italy with a hair
MeHg GM value of 1.67 μg/g [35], further two studies in Spain, DEMOCOPHES-ES (GM
of 1.49 μg/g) and BETTERMILK project (GM of 1.22 μg/g), and DEMOCOPHES-PT in
Portugal (GM of 1.20 μg/g). As indicated earlier, there were no data on P95 values for
any of these studies, which hampers the risk assessment as these are all countries with
high seafood consumption, and with higher GM values, and could potentially exceed the
HQ of 1 if the risk assessment is based on P95 levels representing reasonable worst-case
scenario. This research confirms previous findings for five European countries (Belgium,
Ireland, Italy, Portugal and Spain), that showed that larger subgroups of the population
in the southern European countries (up to 11% in Portugal) were potentially at risk for
a MeHg exposure above the TWI value, while this risk was much lower in Ireland and
Belgium [51]. Nevertheless, in general terms, the European population, as represented by
the studies included in this RA, does not exceed the daily average/intake dose for MeHg
and/or Hg.

Most European HBM studies included in this RA measured total Hg in blood and/or
in hair, and only two studies analyzing the different Hg species, were identified. Speci-
ation analysis is necessary to differentiate between inorganic/elemental Hg and MeHg
exposure. However, speciation of Hg requires complex and lengthy analytical procedures
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and expensive reagents and equipment, which are not routinely available in analytical
laboratories. Furthermore, in the case of hair, it is accepted that total Hg analysis can be
used as surrogate of MeHg analysis, due to the high percentage (89–91%) of this form in
the total Hg concentration found in hair; therefore, it is common that HBM studies measure
total Hg in hair [20]. In addition, as mentioned earlier, it is also recognized that MeHg
accounts for a high proportion (60–91%) of the total Hg in blood in general population
without, for example, occupational exposure to inorganic Hg [16]. The development and
implementation of harmonized methodologies would allow an adequate characterization
of the exposure to each type of Hg in vulnerable populations in Europe. Therefore, the
appropriate selection of the matrices and biomarkers of exposure is crucial to reduce the
potential uncertainties associated to the conversion rates in the risk assessment [20].

Figure 4. Exposure levels (Hg in hair, GM and P95) in children/adolescents (3–17 years old) from the
EU general population compared to the internal exposure guideline value for Hg in hair derived from
EFSA (1.9 μg/g, in red). DEMOCOPHES Study (DC). Note: MeHg levels in the case of FLESH study.

Figure 5. Exposure levels (Hg in hair, GM and P95) in women of childbearing age (18–50 years old)
from the EU population compared to the internal exposure guideline value for Hg in hair derived
from EFSA (1.9 μg/g in red). DEMOCOPHES Study (DC). Note: MeHg levels in the case of FLESH
and Valent et al., 2013 [35] studies.
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4. Conclusions

The followed HQ approach showed that for both children/adolescents and women
of childbearing age, there is a high variability in the risk across EU countries. EU areas
with high seafood consumption (Spain and Portugal) showed the highest HQ, close to or
exceeding the exposure guidance value. Using the approach based on the TDI derived
here in both studied populations, hair values were below TDI of 1.9 μg/g, suggesting
that the European population does not generally exceed the daily average/intake dose
for MeHg and/or Hg. However, since some countries may be at higher risk due to their
diet and that climate change can increase the MeHg levels in fish [52], efforts to develop
dietary recommendations focusing on the vulnerable populations should be planned and
implemented. This would be especially important in Mediterranean countries with fish
consumption patterns that, as seen here, can lead to HQ values above 1.

The HBM approach provides a direct way to assess the factors contributing to the risk
and to take actions for risk communication and management in a more appropriate and
personalized way, as needed.

The work reported here highlights the need for further harmonization in HBM stud-
ies. Although a significant effort has been made to study the real exposure to MeHg of
vulnerable populations throughout Europe, the lack of harmonization in the HBM studies,
both in terms of the biomarkers used and the descriptive statistics reported, has limited
the risk assessment in this case. The availability of data on relevant determinants, e.g.,
seafood consumption, and, ideally, on health outcomes would be of importance for a
more comprehensive analysis, in order to assess health risk resulting from Hg and/or
MeHg exposure

In addition, a possible data underestimation was identified as a limitation, since for
many studies the P95 data were not available and, thereby, losing an important information
of the upper bound for risk characterization. In addition, HBM data from other European
countries with high fish consumption, such as France, Greece or Iceland, were not avail-
able. For this reason, as a recommendation, further RA refinement is needed with more
widespread harmonized HBM data to account for differences in European exposure.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/toxics10080427/s1, Search strategy on the bibliographic databases
and Table S1: Hazard Quotients calculated for each study included in this risk assessment.
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Abstract: Within the European Joint Program on Human Biomonitoring HBM4EU, human biomoni-
toring guidance values (HBM-GVs) for the general population (HBM-GVGenPop) or for occupation-
ally exposed adults (HBM-GVWorker) are derived for prioritized substances including dimethylfor-
mamide (DMF). The methodology to derive these values that was agreed upon within the HBM4EU
project was applied. A large database on DMF exposure from studies conducted at workplaces
provided dose–response relationships between biomarker concentrations and health effects. The
hepatotoxicity of DMF has been identified as having the most sensitive effect, with increased liver
enzyme concentrations serving as biomarkers of the effect. Out of the available biomarkers of
DMF exposure studied in this paper, the following were selected to derive HBM-GVWorker: total
N-methylformamide (tNMF) (sum of N-hydroxymethyl-N-methylformamide and NMF) and N-
acetyl-S-(N-methylcarbamoyl)cysteine (AMCC) in urine. The proposed HBM-GVWorker is 10 mg·L−1

or 10 mg·g−1 creatinine for both biomarkers. Due to their different half-lives, tNMF (representative
of the exposure of the day) and AMCC (representative of the preceding days’ exposure) are com-
plementary for the biological monitoring of workers exposed to DMF. The levels of confidence for
these HBM-GVWorker are set to “high” for tNMF and “medium-low” for AMCC. Therefore, further
investigations are required for the consolidation of the health-based HBM-GV for AMCC in urine.

Keywords: HBM4EU; dimethylformamide; DMF; HBM-GV; guidance value; biomarker; human
biomonitoring; toxicokinetics; health effects; liver; carcinogenicity; reprotoxic effects

1. Introduction

The European Joint Program on Human Biomonitoring (HBM4EU) is a joint effort of
30 countries and the European Environment Agency, co-funded by the European Commis-
sion, within the framework of Horizon 2020 [1]. With a project duration from 2017 to 2022,
HBM4EU aims to harmonize and advance human biomonitoring in Europe by studying
the internal exposure of European citizens to chemicals and its impact on health according
to jointly agreed-upon harmonized procedures. The project generates scientific knowledge
to answer concrete policy-relevant questions for Europe and thus builds bridges between
science and policy, benefiting society by improving public health.

HBM-GVs are derived according to the methodology set within HBM4EU and de-
tailed in Apel et al. (2020). Values are specifically derived for the general population
(HBM-GVGenPop) and for workers (HBM-GVWorker). They indicate the concentration of a
compound or its metabolite(s) in a biological matrix (e.g., blood, urine) at and below which
no health risk is anticipated (according to current knowledge) [2].

Toxics 2022, 10, 298. https://doi.org/10.3390/toxics10060298 https://www.mdpi.com/journal/toxics57
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The HBM4EU Consortium identified eighteen substances or substance groups of high
priority to answer open policy-relevant questions via targeted research. HBM-GVs have
previously been established for several substances (e.g., cadmium [3], BPA [4], phthalates
and DINCH [5], and pyrrolidones [6]). The selected substances included DMF as part of
the aprotic solvent group.

As DMF is a widely used chemical in numerous industrial sectors, many workers are
expected to be occupationally exposed to it. DMF is readily biodegradable and not known
for its bioaccumulation potential; thus, long-term environmental exposure is unlikely [7].
Therefore, HBM-GVs are proposed only for workers (HBM-GVWorker) in the present work.

DMF is predominantly used as an industrial solvent in the synthesis of fine chemicals
(e.g., active pharmaceutical ingredients and crop protection ingredients) and for the produc-
tion of polyurethane-coated textiles (e.g., artificial leather, rain protection clothing, footwear,
medical mattress covers, surgical incise films, etc.). DMF is also used as a solvent in the
production of synthetic fibers and for the formulation of mixtures, as a gas stabilizer in
acetone cylinders, as a cleaning solvent, as a laboratory chemical, etc. [8]. In 2019, the Risk
Assessment Committee (RAC) and the Committee for Socio-economic Analysis (SEAC)
of ECHA emitted an opinion on an Annex XV dossier proposing restrictions on DMF [7].
RAC concluded that “manufacturers, importers and downstream users of the substance
on its own (regardless of whether DMF is a (main) constituent, an impurity or a stabilizer)
or in mixtures in a concentration equal or greater than 0.3% shall use in their chemical
safety assessment and safety data sheets a worker based harmonized Derived No Effect
Level (DNEL) value for long-term inhalation exposure of 6 mg·m−3 and a worker based
harmonized DNEL for long-term dermal exposure of 1.1 mg·kg−1 bw·d−1.” [7].

According to the harmonized classification, labelling, and packaging (CLP) regulation
(EC N◦ 1272/2008), DMF may damage an unborn child, is harmful in contact with skin,
can cause serious eye irritation, and is harmful if inhaled. Until 2018, DMF was not
classified as to its carcinogenicity to humans by the International Agency for Research
on Cancer (IARC) due to inadequate evidence in humans and evidence suggesting lack
of carcinogenicity in animal studies [9]. In 2018, IARC re-evaluated DMF as probably
carcinogenic for humans (Group 2A) based on limited evidence in humans and sufficient
evidence in experimental animal studies [10]. DMF is not categorized for its carcinogenic
properties in the European Union.

For the present work, a review of health effects associated with DMF exposure was
conducted to provide an HBM-GVWorker for occupationally exposed people, with respect
to the current methodology set in the HBM4EU project [2]. To achieve this, an assess-
ment of the extensive database on DMF (including toxicokinetic and toxicodynamic data)
was performed.

2. Materials and Methods

2.1. General Methodology to Derive HBM-GVs in the Framework of the HBM4EU Project

An HBM-GV corresponds to a biomarker concentration in a biological matrix and
represents a value at and below which adverse human health effects generated by the
substance exposure are not to be expected, according to current knowledge. HBM-GVs are
derived within the HBM4EU project according to a systematic and transparent methodol-
ogy [2] and by taking into account the feedback provided by competent experts from the
30 HBM4EU participating countries, which was thereby mutually agreed upon within the
HBM4EU consortium.

The methodological approach was developed on the basis of the procedure described
in the German Human Biomonitoring Commission’s position paper [11,12], by the team
from the Summit Toxicology consulting firm [13,14], and in the guidance document elabo-
rated by the French Agency for Food, Environmental, and Occupational Health and Safety
(ANSES) [15].

The HBM4EU method for deriving an HBM-GV can be divided into the following steps:
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• Selection of the relevant biomarker(s): a biomarker is defined as any substance, struc-
ture, or process that can be measured in the body or its degradation product(s) which
influences or predicts the incidence of outcome or disease. Biomarkers can be classified
into biomarkers of exposure (BME), biomarkers of effects, or biomarkers of susceptibil-
ity [2]. This first step consists of the data collection on the substance and its metabolites
(i.e., toxicokinetic and toxicodynamic data). Based on these data, biomarkers of ex-
posure and/or effect are identified and then chosen according to defined criteria:
specificity, sensitivity, half-life, sampling conditions, invasiveness, background level,
and analytical methods [15].

• The derivation of HBM-GVs for the selected biomarkers can then be conducted through
three possible options (decision tree described in Figure 1). When the corresponding data
are available, the preferred option is to base HBM-GV(s) identification on the relationship
between internal concentrations of the selected biomarker(s) and the occurrence of
adverse effects. The second possible option is to derive HBM-GVs from external limit
values (i.e., Occupational Exposure Levels [OEL] or Toxicity Reference Values [TRV])
proposed by relevant European or non-European bodies. The last option consists of the
derivation of HBM-GVs on the basis of critical effects observed in animal toxicological
studies. These options are described in more detail in Apel et al. (2020) [2].

Figure 1. Decision tree for determining HBM-GVs.

If possible, option 1 is preferred for deriving an HBM-GV (Figure 1). For this, the
following steps are required:

i. Choice of the critical effect which is considered to be the most sensitive among
all adverse effects that may arise from exposure to the substance (e.g., changes in
morphology, physiology, growth, development, reproduction, or life span resulting
in an impairment of functional capacity, an impairment of the capacity to offset
additional stress, or an increase in sensitivity).

ii. Selection of the key study and identification of a point of departure (POD) with the
most informative studies, i.e., well-conducted human studies adequately reporting
measured internal concentration levels of a substance, sampling times, analytical
methods used, and the relationships between concentrations of a substance or its
metabolites in human biological media and the occurrence of adverse effects. If
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relevant and qualitatively acceptable human studies are available, a key human
study together with a Point of Departure (POD) is selected.

iii. Application of assessment factors (AFs), when necessary, to obtain the HBM-GVs.
These can be divided into an AFH for the intraspecies variability or possible other
AFs to compensate for the potential remaining uncertainties in the derived HBM-
GV, especially regarding the possible deficiencies or data gaps in the available
data sets [2].

2.2. Methodology Used for Deriving HBM-GVWorker for DMF

For the present work, the general methodology to derive HBM-GVs in the framework
of the HBM4EU project was applied for DMF using the data issued from:

• the reports by the American Conference of Governmental Industrial Hygienists
(ACGIH) [16,17], the German Research Foundation or Deutsche Forschungsgemein-
schaft (DFG) [18,19], the European Chemicals Agency (ECHA) [7], the International
Agency for Research on Cancer (IARC) ([10]), and the Scientific committee for occupa-
tional exposure limits (SCOEL) [20];

• for more recent and specific publications, a bibliographical research, which was con-
ducted in Medline and Scopus until 2021 with the following keywords: Dimethylfor-
mamide, DMF, guidance value, toxicity reference value (TRV), biomarker of exposure,
biomonitoring, toxicokinetic, health effects, liver, carcinogenicity, and reprotoxic effects.

Additionally, a global level of confidence (i.e., high, medium, or low) is attributed to
each derived HBM-GVWorker to reflect the uncertainties related to its derivation. This level
of confidence is mainly based on the quality of the available data [2].

3. Results

3.1. Identification of Possible Biomarkers of Exposure

DMF absorption has been well-studied in humans (workers and volunteers); absorp-
tion via inhalation is high, with 60–90% of the inhaled dose retained in the respiratory
tract [21,22]. Dermal absorption in humans from direct contact is also very high (up to 40%,
depending on temperature and humidity) [23–25]. In the study by Nomiyama et al. (2001),
in which the authors evaluated the difference between the absorption of DMF vapor by
dermal and inhalation routes, it was estimated that skin and lung absorption contributed
for 40.4% and 59.6% of total absorption, respectively [26]. In a study conducted in exposed
workers, Lauwerys et al. (1980) reported that in workers without gloves, the amount of
DMF absorbed through the skin may be more than twice that absorbed by inhalation [27].

DMF and its metabolites are distributed throughout the organism, and quite uni-
formly in the different tissues [7,16]. In rodents, they freely cross the placenta [28,29]; the
corresponding data are not available for humans.

DMF is rapidly metabolized in the liver. N-hydroxymethyl-N-methylformamide (HMMF)
arises from DMF mainly through enzymatic oxidation by the cytochrome P450 enzyme system
(CYP2E1) [30]. Then, demethylation leads to the formation of N-methylformamide (NMF).
The concentrations of HMMF and NMF in urine are grouped as total NMF (tNMF), as it
is difficult to analyze these metabolites separatly due to the thermal decomposition of the
hydroxyl derivative in the injection port of the gas chromatograph [31,32]. NMF can be
further oxidized to N-(hydroxymethyl)formamide (HMF) and formamide. N-acetyl-S-(N-
methylcarbamoyl)cysteine (AMCC) is another metabolite formed after exposure to DMF [33].
AMCC is the end product of the enzymatic breakdown of S-(N-methylcarbamoyl)glutathione.
The latter is formed by the reaction between glutathione and the probable reactive metabolic
intermediate, methyl isocyanate (MIC) [22,33]. Unlike in rodents, AMCC is a major metabolite
of DMF in humans [34] (Figure 2).
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Figure 2. A scheme for the metabolic pathways of DMF (as described in the text).

As MIC is a reactive substance, it also produces adducts to proteins; N-methylcarbamoy
lvaline (MCVal) adducts at the N-terminal position of the globin chains of hemoglobin are
also identified as possible biomarkers of DMF exposure [35,36]. Nε-(N-methylcarbamoyl)
lysine adducts to globin were also identified in humans occupationally exposed to DMF [37];
however, data on this possible biological indicator of exposure are very scarce.

DMF metabolism has been reported to be saturable; it is able to inhibit its own
metabolism [7,38–40]. It is competitively inhibited by simultaneous alcohol exposure (and
potentially by the exposure to any other potential substrate of CYP2E1) [41]. DMF recip-
rocally inhibits ethanol metabolism; it is a strong inhibitor of aldehyde-dehydrogenase,
and this effect is responsible for alcohol intolerance reactions (resulting from the accu-
mulation of acetaldehyde) [42]. Usual alcohol consumption induces CYP2E1 activity and
consequently DMF metabolism into HMMF (and probably also into MIC) [7].

The hepatic biotransformation of DMF and the urinary excretion of its metabolites
(HMMF, NMF, formamide, and AMCC) are the main elimination pathways of DMF. In
a study by Mraz and Nohova (1992), the authors analyzed DMF metabolite excretion in
10 volunteers during and after an 8-h exposure to DMF. After exposure to 30 mg·m−3 or
60 mg·m−3, the yield of compounds measured in urine was similar: 0.3% DMF, 22.3%
tNMF (HMMF + NMF), 13.2% tHMF (HMF + formamide), and 13.4% AMCC. The half-lives
of tNMF, AMCC, tHMF, and DMF were 4, 23, 7 and 2 h, respectively, after 30 mg·m−3

exposure [22]. A slower elimination, without significant accumulation over the workweek,
was reported after skin exposure of volunteers to liquid DMF with an average half-life of
7–8 h for tNMF [23,24].

Saillenfait et al. (1997), who treated lactating rats with a single oral dose of 100 mg/kg
bw [14C]-DMF on lactation day 14, measured DMF, HMMF, and NMF in the rats’ milk at
concentrations equal to those in the plasma. In addition, they noted that 60–70% of the
absorbed dose of [14C]-DMF was excreted in the urine and 3–4% in the feces [29].

There is no study evaluating the pulmonary elimination, possibly due to strong
adsorption of DMF on the walls of the measuring device [22].

A recent overview of key studies on toxicokinetic data in humans and animals is
presented in ECHA’s opinion on DMF restriction [7].
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Based on all these data, several metabolites can be identified as potential BME for
biological monitoring of DMF at the workplace:

- Unchanged DMF in urine;
- total NMF or tNMF (which is the sum of HMMF and NMF) in urine;
- AMCC in urine;
- MCVal in blood; and
- formamide in urine.

Advantages and limits of each BME are detailed in Section 3.4.

3.2. Identification and Characterization of the Dangers Associated with DMF Exposure

As the HBM4EU strategy for deriving an HBM-GV recommends giving priority to
human data for the characterization of the relationship between the risk of adverse effects
and internal concentrations of the selected biomarker(s), only human data were initially
considered. This initial retrieval provided a sufficiently extensive database on the effects
on humans, allowing the identification of HBM-GVs.

In published human studies of health effects, DMF exposure was mostly assessed via
airborne DMF measurements and/or via biomonitoring (mainly tNMF and AMCC in urine,
and less often MCVal in blood).

The following effects have been studied: acute toxicity; skin, eye, and respiratory tract
irritation; chronic toxicity (effects on liver, gastro-intestinal effects, and alcohol intolerance);
genotoxicity; carcinogenicity; and reproductive and developmental effects.

A few publications have reported on DMF irritative effects at the workplace; effects
such as chemical burns of the skin and eyes were observed after direct contact with liquid
DMF [43]. Workers reported eye and upper airway irritation after exposure to 10 ppm
or more [17].

It appears that the main systemic target for toxicity after acute or chronic exposure
to DMF is the liver, both in humans and laboratory animals. Experimentally, the NOAEL
and LOAEL for hepatotoxicity in the most sensitive species are 12 mg·kg−1 bw·d−1 and
60 mg·kg−1 bw·d−1, respectively, for the ingestion route, and 25 and 100 ppm, respectively,
for the inhalation route, the rat being the most sensitive species in both cases [18]. In
humans, acute high-dose exposure to DMF can cause damage to the liver and even lead to
death, although in most reported cases, the damage was reversible [44]. He et al. (2010)
observed that DMF could produce acute toxic hepatitis as well as chronic hepatic damage
such as hepatic cirrhosis [45]. More recently, Wu et al. (2017) reported that liver damages in
DMF-exposed workers include hepatitis, liver fibrosis, and cirrhosis [46]. Many authors
investigated liver function via serum liver enzyme concentrations (e.g., alanine amino-
transferase (ALT); aspartate aminotransferase (AST); and gamma glutamyltranspeptidase
(γGT)) together with subjective symptoms and clinical signs in workers exposed to DMF.
According to the MAK commission, an increase of serum AST and ALT is the most suitable
parameter for detecting DMF-induced effects on the liver [18].

Table 1 presents those studies where biological evaluation of exposure and a search
for hepatic damage was performed. In some of them, DMF exposure was also evaluated
through air measurements. However, DMF airborne concentrations are not always con-
sistently associated with the occurrence of health effects, as DMF systemic contamination
may also result from direct skin contact and vapor–skin absorption [45].

Some authors considered confounding factors, e.g., alcohol consumption (based on
questionnaires, in almost all cases). Workers who did not consume alcohol tolerated much
higher concentrations of DMF without changes in liver functions [47,48].

Several studies have reported DMF-related disorders of the digestive system; the
symptoms included abdominal pain, anorexia, nausea, vomiting, and diarrhea [28]. In
some studies, these effects on the digestive tract were reported in workers exposed to low
DMF air concentrations (below 10 ppm or even 5 ppm), but with probable direct skin
contact [49–51].
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Exposure to DMF in combination with subsequent alcohol consumption can induce
an alcohol intolerance reaction (with flushing of the facial skin, neck, and arms). This
alcohol intolerance results from the accumulation of acetaldehyde due to the inhibition
of aldehyde dehydrogenase [18,52]. Alcohol intolerance has been observed after DMF
exposure in both rats and humans [51,52,56]. Kilo et al. (2017) observed signs of alcohol
intolerance (flushing reaction) in almost half of the workers at 4.43 mg·L−1, 4.84 mg·L−1,
and 60.5 nmol·g−1 globin for urine tNMF, urine AMCC, and MCVal adducts to hemoglobin,
respectively. Alcohol intolerance can be observed for very low DMF exposure, but with
a large interindividual variability due to the corresponding interindividual variability of
aldehyde dehydrogenase activity [51]. Wolff (1972) reported that 83% of East Asian subjects
(Japanese, Taiwanese, and Koreans) responded with a marked visible facial flushing after
drinking small amounts of alcohol. In contrast, after similar doses, only 3% of Caucasian
subjects showed visible flushing [57]. Thus, Antabuse effects reported in occupational
studies must be interpreted in light of the differences in alcohol sensitivity (based on genetic
polymorphisms of the enzymes alcohol dehydrogenase and aldehyde dehydrogenase) [58].

IARC (2018) [10] reviewed a large body of data to assess the genotoxicity of DMF [9,59–66].
Overall, there is no proof of the genotoxicity of DMF; experimental studies both in vitro, in
prokaryotes and mammalian cells, and in vivo, in rodents, generally gave negative results. The
genotoxic effects reported in a few field studies cannot constitute evidence of genotoxic effects
of DMF due to confounding factors, in particular from co-exposures.

According to IARC [10], there is sufficient evidence for the carcinogenicity of DMF in
laboratory animals. The carcinogenicity of DMF has been demonstrated in two inhalation
(whole body) studies in rats and mice and in one inhalation (whole body) and ingestion (in
drinking water) study in male rats. In an inhalation study in mice by Senoh et al. (2004),
exposure to DMF increased the incidence of hepatocellular adenoma, hepatocellular carci-
noma, and the aggregate of hepatocellular adenoma and carcinoma and hepatoblastoma;
this was observed both in male and female mice with a dose relationship effect [67]. A
second study, conducted in mice by Malley et al. (1994), provided negative results [68].
A dose-dependent increase in the incidence of hepatocellular adenomas, hepatocellular
carcinomas, and aggregated adenoma and hepatocellular carcinomas was observed in rats
of both sexes in an inhalation study [67]. The second study conducted by inhalation in rats
was negative [68]. In the combined respiratory and oral study by Ohbayashi et al. (2009) in
male rats, exposure to DMF increased the incidence of hepatocellular adenomas and aggre-
gated hepatocellular adenoma and carcinoma. An increased incidence of hepatocellular
carcinoma was observed in the group treated orally only [69].

The IARC (2018) determined that there is limited evidence of DMF carcinogenicity
in humans based on three publications. The first reported a cluster of 3 cases of testicular
cancer in 153 mechanics in a US military aviation repair shop [70]. The second study was
motivated by the first, and also reported a cluster of three cases of testicular cancer in
workers exposed to DMF in a tannery [71]. The third study was a retrospective study
conducted in an acrylic fiber factory; it did not identify an increased risk of testicular
cancer associated with DMF exposure. However, it showed an excess risk of oropharyngeal
cancers [72]. This retrospective study was followed by a case-control study conducted in this
factory and three other similar plants. The latter study identified 11 cases of testicular cancer,
but did not show an excess risk of this cancer associated with exposure to DMF (OR: 0.99;
95% CI: 0.22–4.44) [73]. More recently and after the last IARC evaluation, the results of a
Korean cohort study were published. The cohort was constituted by 11,953 workers with
one or more urine tNMF measurements between 2001 and 2004 for DMF occupational
exposure biomonitoring. Their mortality was matched with the mortality data of the Korean
National Statistical Office and followed up for cancer mortality between 2000 and 2011.
DMF exposure was estimated as low, medium, or high, according to tNMF concentrations in
urine measuring <7.5 mg·L−1, 7.5–15 mg·L−1, or >15 mg·L−1, respectively. Overall cancer
mortality was significantly elevated in medium and high exposure groups with adjusted
hazard ratios (HRadj) of 2.72 (95% CI: 1.09–6.81) and ≥2.41 (95% CI 1.03–5.66), respectively.
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HRadj were also significantly elevated for lung cancer in the medium exposure group
(HRadj 14.36, 95% CI 1.41–146.86) and for hepatocellular carcinoma in the high exposure
group (HRadj 3.73, 95% CI 1.05–13.24). As exposure evaluation was only transversal and
during a brief period, as the cumulated duration of exposure of each worker is unknown,
and as major confounding factors including alcohol consumption and smoking status were
not taken into account, these results should be interpreted with caution [74].

The data considered by the experts of IARC as constituting limited evidence of the
carcinogenicity of DMF in humans and of an increased risk of testicular cancer associated
with exposure to this substance would justify more cautious conclusions. Indeed, this
evaluation is based on only two clusters of cases, with a negative case-control study.
Moreover, the neoplastic lesions observed in the animal studies were localized only in
the liver and not in the testis, and could result from DMF hepatotoxicity and capacity for
inducing oxidative stress [10]. In addition, there is no evidence that DMF is genotoxic.

DMF is recognized as toxic for reproduction and classified as such according to the CLP
regulation. In humans, the study by Chang et al. (2004) on 12 workers in a synthetic leather
factory exposed to DMF showed that these workers had reduced sperm mobility when
compared to 8 controls. This decrease was proportional to urinary tNMF concentration
but not to DMF air concentration. However, considering the small size of the group and
the fact that the number of subjects exposed to DMF and having consumed alcohol (8/12;
66.7%) was significantly higher than that of the controls (3/8; 37.5%), these results should
be considered with caution [75].

In animals, numerous studies in rodents have demonstrated the effects of DMF on
female fertility and on development. In most studies, embryo/foetotoxic effects included a
reduction in the body weight of the offspring and a reduction in number and size of litters.
Teratogenic effects included various skeletal malformations (especially craniofacial and
sternal malformations). In rats, embryo/foetotoxicity generally occurred at maternally
toxic doses or concentrations, and teratogenicity was also not reported in the absence of
maternal toxicity. However, in mice and rabbits, embryo/foetotoxicity and/or signs of
teratogenicity were observed at doses which did not generate maternal toxicity. Exposure to
DMF is consistently reported to result in umbilical hernia in rabbit developmental toxicity
studies, whereas gallbladder agenesis and sternal malformations were only observed in the
two most reliable studies (after dermal and inhalation exposure). The lowest concentration
level causing malformations in rabbits was 150 ppm (NOAEC: 50 ppm) [76].

Based on these results, the RAC concluded that DMF was responsible for skeletal
developmental disorders in all three species (rats, mice and rabbits), the rabbit being the
most sensitive species to developmental toxicity of DMF [7]. In oral studies the NOAEL
for effects on fertility was 219 mg/kg bw/d in mice [77] and the NOAEL for effects
on fertility and development was 166 mg/kg bw/d in rats [76]. In respiratory toxicity
studies, the LOAEC for developmental effects was 150 ppm in rabbits, with a 50 ppm
NOAEC [7,76]. In dermal exposure studies, it was not possible to identify a NOAEL, the
LOAEL was 94 mg/kg bw/d in rats [76]. According to the RAC, the transposability to
humans of the effects observed in animals is plausible [7]. Orally, the NOAEL in rabbits
was 44.1 mg·kg−1 bw/d−1.

3.3. Choice of the Critical Effect

In exposed workers, the critical systemic effects of DMF (i.e., those occurring for the
lowest exposure levels) are the hepatotoxic effects.

The results of studies in animals showed hepatotoxic, reproductive, and carcinogenic
effects as the most relevant. Therefore, for these endpoints, lower points of departure found
in animals are detailed in Table 2.
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Table 2. Lower points of departure for relevant adverse effects reported in animal studies.

Route Effects on Liver Reproductive Effects Carcinogenic Effects on Liver

Inhalation
NOAEL: 25 ppm
LOAEL: 100 ppm

(Rats and mice) [68]

NOAEL: 25 ppm
LOAEC: 150 ppm (Rabbits) [76]

LOAEC: 200 ppm (mice)
LOAEC: 400 ppm (rats) [67]

Oral

NOAEL = 238 mg/kg bw/d
LOAEL = 475 mg/kg bw/d

(Rats) (BASF (1977) unpublished
data, quoted by ECHA [7])

NOAEL = 166 mg/kg bw/d
LOAEL = 503 mg/kg bw/d

(Rats) [76]
NOAEL: 44.1 mg/kg bw/d

(Rabbits) [78]

LOAEL = 800 ppm
(Rats) [69]

Dermal - LOAEL: 94 mg/kg/d (Rats)
100 mg/kg/d (Rabbits) [76] -

DMF is responsible for reprotoxic effects. As shown in Table 2, the LOAELs for these
effects in the most sensitive species are slightly higher than the corresponding values for
hepatotoxic effects, by inhalation (which is the relevant route of exposure for workers).

DMF produced carcinogenic effects in rats and mice. However, DMF is probably not a
genotoxic substance; the tumors induced in laboratory animals were always hepatic and
occurred after repeated exposure to hepatotoxic doses. From these observations, it may
be inferred that DMF is probably a threshold carcinogen, and as highlighted in Table 2,
protection against hepatotoxic effects would also protect against carcinogenic effects.

DMF can induce alcohol intolerance in some individuals at lower levels than those
responsible for hepatotoxicity. This is documented by numerous case reports and epidemi-
ological studies. However, the great interindividual variability of alcohol tolerance and
the indirect character of this adverse effect (which needs alcohol intake to occur) makes it
unsuitable as a critical effect, for the fixation of reference exposure limits applicability to
all workers.

Considering that hepatotoxic effects are the critical effects of DMF exposure, hepatic
enzyme activity (AST and ALT) is a suitable parameter for detecting DMF toxicity in
exposed workers.

3.4. Choice of Relevant Biomarkers

The possible biomarkers for DMF exposure surveillance were previously identified
(see above Section 3.1). The available data on the associations between these biomarkers
and health effects in exposed workers are presented in Table 1.

In this section, advantages and limits of each possible BME are described in order to
select one or more reference BME(s) on the basis of their specificity, sensitivity, and adequacy
to occupational exposure biomonitoring, or the availability of analytical methods.

3.4.1. Unchanged DMF in Urine

Unchanged DMF can be detected in the urine of occupationally exposed people. It is a
specific BME to DMF. However, unchanged DMF is excreted only at low levels; there are
very few data on urine DMF in exposed workers or volunteers, and due to its very short
half-life, this BME is not adapted to usual occupational exposure.

3.4.2. Total NMF in Urine

The excretion half-life of tNMF in urine is short (4 h). Therefore, the concentration of
urinary tNMF at end of the shift represents the exposure during a working day, and urine
samples for biomonitoring can be collected at the end of any shift or exposure period. The
suitability of this biomarker for the derivation of an HBM-GVWorker has been confirmed by
the observed positive association between tNMF concentration in urine and health effects in
workers, reported by occupational studies over several decades. These studies provide data
on tNMF levels in urine associated with liver effects [27,45,46,48,50,51,54,55]. According
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to Wu et al. (2017), tNMF is the best biomarker for predicting liver injury, based on the
statistical significance of differences between workers exposed to DMF with and without
liver injury (p = 0.001, 0.054, and 0.043, for tNMF, AMCC in urine, and MCVal in blood,
respectively) [46]. A good correlation between tNMF in urine and individual airborne DMF
concentration has been reported by some authors [27,32,79–82]. Urinary tNMF could not
be detected using gas chromatography, with a limit of detection of 0.1 mg·L−1 in people
who were not exposed to DMF according to Will et al. (1997) [83]. That makes urinary
tNMF a good and specific biomarker of DMF occupational exposure, especially as non-
occupational exposure is rare. However, it should be noted that tNMF elimination may be
delayed after skin absorption, as shown by Mràz and Nohovà (1992) [22], and in the case
of concomitant alcohol consumption [41]. Moreover, some analytical issues are raised by
Kawai et al. (1992), who reported that results can be affected by the temperature of the gas
chromatography injection port (gas chromatographic methods are commonly used for the
analysis of tNMF in urine samples of exposed workers) [32]. Therefore, to obtain complete
degradation of HMMF into NMF, the recommended temperature is 250 ◦C or above [16].

3.4.3. AMCC in Urine

The excretion half-life of AMCC in urine is long (23 h). This results in the progressive
elevation of urinary concentration of AMCC over consecutive days of exposure. Therefore,
urine sampling for biomonitoring of occupational DMF exposure should be performed at
the end of the shift and at the end of the workweek (or at least after several previous shifts)
to reflect the cumulative DMF load of the preceding working days.

AMCC urinary level is associated with health effects, especially with hepatotoxicity;
AMCC in urine reflects the production of MIC, the presumed reactive intermediate of
DMF. AMCC elimination in urine is not delayed by skin exposure [16]. There are limited
data showing that AMCC urinary levels are reduced after alcohol consumption due to the
inhibition of DMF metabolism [16]. Occupational studies showed positive associations
between levels of urinary AMCC and abnormal liver function [45,46,51,55] and between
airborne DMF and urinary AMCC levels [55,79,81,82]. According to He et al. (2010), AMCC
is an ideal biomarker of exposure in health risk assessments following exposure to DMF, as
it is highly correlated with the production of its hepatotoxic metabolite(s) [45].

However, AMCC can be found in urine at low levels in the general population, as
reported by Käfferlein and Angerer, Schettgen et al. (2008), and Kenwood et al. (2021),
especially in active or passive smokers, as MIC is present in cigarette smoke [84–86].

3.4.4. MCVal Adducts to Globin in Blood

MCVal has emerged as another possible biomarker of exposure and possibly as a
biomarker of effect for DMF. Since adducts accumulate over the lifetime of the erythrocyte
(120 days), MCVal can reflect cumulated DMF exposure over the preceding 4 months.
However, due to its kinetics, MCVal requires approximately 100 days to reach a steady
state. It is therefore a long-term exposure indicator, for which sampling should only be
conducted after several months of exposure.

Two recent studies reported a positive relationship between MCVal and liver effects [46,51].
Seitz et al. (2019) showed a correlation between levels of MCVal in workers and airborne DMF
concentration. As for AMCC, the formation of MCVal is directly linked to the presumed reactive
intermediate, MIC [82].

For some authors, despite practical and technical difficulties linked to this BME,
MCVal is the best biomarker reflecting both cumulated DMF exposure of the last months
and hepatotoxic risk. The stability of MCVal (compared to tNMF and AMCC) is very
important in some scenarios for risk assessment (episodic or irregular exposure, residents
living around factories, or workers recently losing or leaving their jobs). Hepatic damage
may persist several days or weeks after an overexposure, which has become undetectable
through urine tNMF or even AMCC measurements. For example, Wu et al. (2017) observed
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five workers with abnormal liver enzyme activities who had low levels of tNMF but high
concentration of MCVal [46].

3.4.5. Formamide in Urine

There are limited data on formamide as a biomarker of DMF exposure. Moreover,
urine formamide is not a specific biomarker of DMF exposure, as it may also reflect NMF
or formamide exposure as shown by Mràz and Nohovà (1992), who detected formamide in
urines of control workers [24].

3.4.6. Conclusion on BME Selection

Table 3 summarizes the advantages and limits of each potential BME.

Table 3. Advantages and limits of the relevant BME.

Analyte Biological Matrix Advantages Limits

Total NMF Urine

- Short half-life: concentration at the end
of shift is a good estimate of the
exposure of the same day

- Good specificity: not found in the
general population

- Strong association with health
(hepatic) effects

- Good correlation with airborne DMF

- Delayed excretion after
skin absorption

- Influenced by alcohol consumption
- Analytical methods should be

adapted to the measure of tNMF
(NMF + HMMF)

AMCC Urine

- Long half-life: concentration at the end
of shift and at the end of the week is a
good estimate of the exposure during
the workweek

- Elimination not delayed by
skin exposure

- Directly linked to MIC formation and
hepatotoxic effects

- Good correlation with mean airborne
DMF concentration of the
preceding days

- Might be found in general
population, especially in active or
passive smokers

MCVal Blood

- Very stable, good indicator of the
cumulated exposure of the last months

- Directly linked to MIC formation
- Dose response association with health

(hepatic) effects
- Acceptable correlation with

airborne DMF

- Limited data on the associations
with external exposure and
health effects

- Invasive sampling
- High technical requirements and

cost of the measurement

DMF Urine - Specific

- Limited data on the associations
with external exposure and
health effects

- Very short half-life (2 h)
- Only low levels excreted at high

absorbed doses.

Formamide Urine None

- No data on the associations with
external exposure and health effects

- Not specific, can be found in the
absence of DMF exposure.
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There are not enough data on the associations between unchanged DMF or formamide
in urine and health effects or external exposure to derive HBM-GVWorker for these BMEs.

Despite the theoretical advantages presented by MCVal, the paucity of data on the
associations of this potential biomarker with external exposure and health effects, together
with the invasive character of the associated sampling and the high technical demands, do
not allow the selection of this BME for deriving HBM-GVs.

Among the possible BMEs of DMF exposure, total NMF and AMCC in urine are the
most relevant and rather complementary. Notably, both have been recommended by many
countries for biological monitoring of occupational exposure to DMF.

Thus, tNMF and AMCC in urine were selected as the BME for deriving HBM-GVWorker
for DMF biomonitoring.

3.4.7. Analytical Methods

The analytical protocols and methods for HBM measurement of DMF in HBM4EU
participants’ member states are detailed in the “Prioritised list of biomarkers, matrices and
analytical methods for the 2nd prioritization round of substances” [87]. NMF is usually
measured in urine samples of exposed workers without prior derivatization using GC-MS
(gas chromatography-mass spectrometry), GC-NPD (Nitrogen-phosphorus detectors), or
GC-FPD (Flame Photometric Detector). Limits of detection are between 0.2 (GC-NPD)
and 0.5 mg·L−1 (GC-MS). Kawai et al. (1992) reported that results can be affected by
the temperature of the GC injection port [32]. Therefore, a temperature of 250 ◦C or
above is recommended to obtain complete degradation of HMMF into NMF to measure
tNMF in urine. AMCC in urine samples has been analyzed by a combination of liquid
chromatography with mass spectrometry and LC-MS/MS after solid phase extraction.
LODs of 5 and 5.5 μg L−1 were achieved [82,88].

3.5. Published Limit Values for Urine tNMF and AMCC in Occupational Setting

Recognized national and international agencies or organizations provide limit values
for tNMF and/or AMCC in urine. Table 4 compiles these proposed limit values, indicating
how they were produced.

Table 4. Existing limit values for urine tNMF and AMCC in an occupational setting.

Agency

Reference Value for
Airborne DMF (Key

Studies and
Critical Effect)

Biomarker
Approach/
Endpoint

Key Study
Internal TRV and
Sampling Time

SCOEL, 2006 [20]

8h-TWA = 5 ppm
(Liver damage in rats
and mice, exposed by

inhalation, whole
body) [68]

tNMF in urine Correlation based on
the OEL of 5 ppm

Studies in workers
[32,48,55,79–81,89,90]

BLV = 15 mg·L−1

Post-shift

ACGIH, 2017 [16]

TLV-TWA = 5 ppm
Liver damage in rats

and mice and irritation
in humans (eyes and

upper respiratory
tract) [49,68,91,92]

tNMF in urine
Relation between BME

levels and effects
on liver

Studies in workers
[27,45,48,55]

BEI = 30 mg·L−1

End of shift

AMCC in urine
Relation between BME

levels and effects
on liver

Studies in workers
[45,55]

BEI = 30 mg·L−1

End of shift and end
of workweek

DFG, 2019 [19]

MAK value = 5 ppm
(Liver damage in rats
and mice, exposed by

inhalation, whole
body) [68]

tNMF in urine

Correlation based on
the MAK value of

5 ppm
Studies in workers [82]

BAT = 20 mg·L−1

End of exposure or end
of shift

AMCC in urine

BAT = 25 mg·g−1·cr
End of exposure or end

of shift; Long-term
exposure indicator:

sampling at the end of a
shift after several

previous shifts

BLV: Biological limit value; BEI: Biological Exposure Index; BAT: Biologischer Arbeitsstoff Toleranzwert; 8h-TWA:
Time weighted average on 8 h; TLV-TWA: threshold limit value—time weighted average; MAK value: Maximale
Arbeitsplatz-Konzentration.
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As shown in Table 4, available data allowed the derivation of limit values for tNMF and
AMCC in urine via two approaches. These approaches correspond to the first and second
options described in the HBM4EU project (Figure 1). Option 1 was retained by ACGIH
experts who derived limit values for both tNMF and AMCC in urine from workplace
studies showing relationships between concentrations of these biomarkers and health
effects. Option 2 was used by SCOEL and DFG, who produced limit values for tNMF
(SCOEL and DFG) and AMCC (DFG) using correlations between external exposure and the
concentration of biomarkers and based on the occupational exposure limit (OEL) for DMF.
As shown in Figure 1, option 2 should be used for the determination of HBM-GVs only
in those cases where option 1 is inapplicable. Moreover, concerning DMF, option 2 is not
the best choice, as this substance is readily absorbed through the skin. This is abundantly
documented by experimental data and in the workplace [27,47,80]. The absorption of DMF
vapor through the skin and by inhalation was evaluated in a study from Nomiyama et al.
(2001) [26]. In this study, it was estimated that skin and lung absorption contributed to 40%
and 60% of vapor absorption, respectively. DMF absorption through the skin is even higher
when direct contact with liquid DMF is possible (see Section 3.1). For these reasons, the
limit values for tNMF and AMCC proposed by SCOEL and DFG are not the first choice.
Thus, option 1 is preferred for deriving an HBM-GV (Figure 1). This is the option which
was retained by ACGIH experts [16]. Their proposal of a 30 mg·L−1 (end of shift) limit
value was based on the results of the studies by Lauwerys et al. (1980), Sakai et al. (1995),
Fiorito et al. (1997), Wrbitzky (1999), and He et al. (2010) [27,45,48,50,55]. It did not take
into account the more recent publications by Kilo et al. (2016) and Wu et al. (2017) [46,51].
In the same way, the ACGIH proposal of a 30 mg·L−1 limit value for AMCC in urine was
based on only two publications [45,55], and did not take into account the more recent
studies by Kilo et al. (2016) and Wu et al. (2017) [46,51].

Finally, none of the limit values previously published for urine tNMF and AMCC
in occupational settings can be retained, either because of the inadequacy of the method
applied for their production (SCOEL, DFG) or because several essential publications were
not taken into account for their elaboration (ACGIH). Consequently, the identification
of a POD for the production of HBM-GVWorker for tNMF and AMCC in urine must be
performed, using the option 1 method of the HBM4EU decision tree (Figure 1).

3.6. Choice of Key Studies and Identification of a POD for tNMF in Urine

Four of the occupational studies reporting the association of urine tNMF concentra-
tions with hepatic damage or its absence (Table 1) cannot be retained because of method-
ological flaws:

- the study by Lyle et al. [52], because it reports imprecise results with evident errors in
measurements and/or units of t-NMF concentrations in urine;

- the study by Yonemoto et al. [53], because the unit used for tNMF urinary excretion
(mg·d−1) is inadequate for deriving HBM-GVWorker; and

- the papers by Catenacci et al. (1984) [54] and Fiorito et al. (1997) [50], because the
analytic method used by these authors for tNMF measurements gave underestimated
results [16,18,20].

Considering the other six studies testing for hepatic damage associated with tNMF
concentration in urine, three studies were conducted in European countries and the other
three in Asian countries.

Despite the interest and relevance of the studies conducted by Lauwerys et al. (1980) [27],
Wrbitzky and Angerer (1998) [47], and Wrbitzky (1999) [48], they cannot be retained to derive
an HBM-GVWorker because of the flaws detailed below:

- Lauwerys et al. (1980) [27] observed no effect on liver enzymes up to 40–50 mg·g−1

creatinine (cr) tNMF in urine of 22 workers exposed to DMF during five consecutive
days. The authors underlined that in the factory, the selection criteria (not disclosed)
at the beginning of employment were rather severe and could have led to recruitment
bias so that the results obtained may not reflect responses in any worker [16];
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- The two publications by Wrbitzky and Angerer (1998) and Wrbitzky (1999) reporting
on the same study conducted in a cohort of 126 workers showed that liver damage
was significantly more frequent in the exposed group than in controls. Mean tNMF
concentration in the exposed group was 9.1 mg·g−1 creatinine (14.9 mg·L−1). However,
considering the working areas, it was observed that liver damage was unexpectedly
associated with the lowest exposure group (mean urine tNMF: 4.5 mg·g−1 creatinine)
and could be explained by a higher alcohol consumption. In the other three areas, no
excess of liver damage was observed for mean urine tNMF concentrations of 6.7, 11.6,
and 16 mg·g−1 creatinine [47,48].

Finally, four studies can be selected to derive an HBM-GVWorker:

- In a recent European study by Kilo et al. (2017), no excess risk of liver damage was
observed in a cohort of 220 workers exposed to DMF with a mean concentration of
7.75 mg·L−1 tNMF in urine, compared with 175 controls [51].

- The other three studies were conducted in Asian people:
- Sakai et al. (1995) reported no effects on liver enzymes of DMF exposure in 10 workers

during à 2.5-year-follow-up. The mean tNMF concentration in the urine of these
workers was 24.47 mg·g−1·cr [55];

- He et al. (2010) also reported that, when their cohort of 79 workers was divided into
three groups, a significantly elevated risk of liver damage (liver enzyme elevation)
according to DMF exposure was observed only in the group with the highest exposure
(mean tNMF concentration: 26.5 mg·g−1·cr) [45]; and

- Wu et al. (2017) measured liver enzyme activity in a cohort of 698 workers exposed to
DMF and in 188 controls. They also measured tNMF urine concentration in exposed
workers. A significantly elevated risk of liver damage was observed only for the third
tertile of tNMF distribution (median tNMF concentration: 9.59 mg·L−1). The lower
limit for the benchmark dose with a benchmark response of 10% above the adverse
response rate of liver injury seen in the control group (BMDL10) was 14 mg·L−1

(tNMF) [46].

From the above data, it appears that liver damage was observed in groups of workers
with mean tNMF concentrations in urine of:

- 26.5 mg·g−1·cr [45] or
- a median concentration of 9.59 mg·L−1 and a BMDL10 value of 14 mg·L−1 [46].

No liver damage was observed when the mean tNMF concentration in urine was:

- 7.75 mg·L−1 [51] or
- 9.6 mg·g−1·cr [45] or
- 24.47 mg·g−1·cr [55].

Based on the overall results, it seems appropriate to identify a value of 10 mg·L−1 or
10 mg·g−1 cr as an HBM-GVWorker for tNMF in urine to prevent health effects of DMF exposure.

3.7. Choice of the Key Study and POD for AMCC in Urine

As described above, the biomonitoring of the urinary AMCC is relevant to evaluate
DMF cumulative exposure of the previous days. Moreover, AMCC results from the forma-
tion of MIC, the reactive intermediate probably responsible for DMF hepatotoxicity. There
are few studies providing data on the association of urinary AMCC concentrations with
liver damage. However, the same four studies which were used for the elaboration of an
HBM-GVWorker for tNMF can be used to derive an HBM-GVWorker for AMCC [45,46,51,55]:

- In the German study by Kilo et al. (2016), no effects on liver enzymes were observed
in a cohort of 220 workers with a mean AMCC urine concentration of 9.42 mg·g−1 cr
when they were compared to 175 controls; however, the range of the measured AMCC
urine concentrations was very large (standard deviation: 10.42 mg·g−1 cr) [51];
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- in the Japanese study by Sakaï et al. (1995), no effects on liver enzymes were ob-
served in 10 workers exposed to DMF during à 2.5-year follow-up. The mean AMCC
concentration in the urine of these workers was 22 mg·g−1·cr [55];

- in the study from China, He et al. (2010) also reported that, when their cohort of
79 workers was divided into three groups, a significantly elevated risk of liver damage
(liver enzyme elevation) according to DMF exposure was observed only in the group with
the highest exposure (mean AMCC concentration in urine: 45.5 mg·g−1 cr). Geometric
mean values for the concentration of AMCC in urine of workers from the low and
medium exposure groups were 4.25 mg·g−1·cr and 25.4 mg·g−1·cr, respectively [45];

- a second Chinese study by Wu et al. (2017) measured liver enzyme activity in a cohort
of 698 workers exposed to DMF and in 188 controls. They also measured AMCC urine
concentration in exposed workers. A significantly elevated risk of liver damage was
observed only for the second and the third tertiles of the AMCC distribution (median
AMCC concentrations: 44.09 mg·L−1 and 148.01 mg·L−1, respectively). The median
and maximal AMCC concentrations in the low exposure group (1st tertile), with no
detectable liver damage excess, were 2.18 mg·L−1 and 16.95 mg·L−1, respectively.
The lower limit for the benchmark dose with a benchmark response of 10% above
the adverse response rate of liver injury seen in the control group (BMDL10) was
155 mg·L−1 (AMCC) [46].

Based on these four studies, NOAEL values for AMCC in urine are between 9.42 mg·g−1·cr
and 25.4 mg·g−1·cr with LOAEL of 44 mg·L−1 or 45.5 mg·g−1·cr. Due to the large interval of
NOAEL values and the large margin between NOAEL and LOAEL values, an HBM-GVWorker
of 10 mg·g−1·cr is recommended for AMCC in urine. This proposal is conservative.

4. Discussion

Literature on DMF biomonitoring offers a large database on robust relationships
between health effects and urine levels of tNMF, and to a lesser extent of AMCC, the
critical effect being hepatic damage (characterized by an elevation of serum hepatic enzyme
activity). Limit values have previously been proposed by SCOEL (2006), ACGIH (2017), and
DFG (2019) for tNMF and AMCC in urine of workers exposed to DMF [16,19,20]. However,
a recent study by Wu et al. (2017) identified a lower threshold value for hepatotoxic effects
than those previously identified by SCOEL, ACGIH, or DFG for tNMF concentration in
urine (15 mg·L−1 to 30 mg·L−1: see Table 4) [46].

Moreover, in its opinion on a restriction dossier for DMF [7], the RAC preferred deriv-
ing the DNELinhalation value for workers from the Kilo et al. (2016) study [51], which was
also not taken into account for the evaluations by SCOEL (2006) [20] and ACGIH (2017) [16].

This background justified a new evaluation of the published data for the derivation of
guidance values for tNMF and AMCC concentrations in urine of workers.

The present evaluation identified a pool of studies for the derivation of an HBM-
GVWorker for tNMF in urine. From the results provided by these studies, an HBM-GVWorker
of 10 mg·L−1 (or 10 mg·g−1·cr) was agreed on and is hereby recommended. Considering
tNMF half-life time, end-of-shift urine sampling at any day of the workweek can be
performed for this biomarker.

In addition to this recommendation, an HBM-GVWorker has been derived for AMCC
which is an indicator of cumulative exposure after several days. Due to the dispersion of
NOAEL values and the large margin between NOAEL and LOAEL values, a conservative
limit value of 10 mg·g−1·cr was agreed on and is provisionally recommended. Considering
AMCC half-life time, end-of-shift urine sampling at any day of the workweek can be
performed for this biomarker.

In the current state of knowledge, tNMF should be considered as the most reliable
biomonitoring indicator for DMF exposure. As tNMF and AMCC are not alternative, but
rather complementary biomarkers of DMF exposure, further studies on the association of
AMCC urine level with health effects in workers exposed to DMF should be encouraged.
They will probably allow the identification of a higher HBM-GVWorker for AMCC.
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Acute and chronic alcohol consumption interferes with DMF metabolism and tNMF and
AMCC elimination kinetics; thus, information on alcohol habits and alcohol consumption on
the sampling day should be collected to allow interpretation of the measurement results.

As DMF LOAEL and NOAEL for developmental effects in the most sensitive species
are higher than the corresponding values for hepatotoxic effect, and as DMF carcinogenic
effects in animals follow hepatic damage, the HBM-GVWorker for tNMF and AMCC which
were established to protect against hepatotoxic effects are expected to also protect from
developmental toxicity and carcinogenic effects. Alcohol intolerance can be observed at
lower exposure levels in some individuals. Consequently, workers exposed to DMF should
be informed of the risk of alcohol consumption in the exposure periods and at least a week
after their end.

As mentioned in Apel et al. (2020), a level of confidence (low, medium, or high)
could be attributed to each calculated HBM-GV. The level of confidence should reflect the
uncertainties identified during the derivation of the value and could constitute a good
incentive to later revise values with an estimated ‘lower’ level of confidence [2].

An attribution of a global level of confidence is suggested for the proposed HBM-
GVWorker (for both BME), considering the assessment of the various uncertainties, and
detailed in the table below (Table 5).

Table 5. Level of Confidence (LoC) regarding HBM-GVWorker recommended for urinary tNMF
and AMCC.

Urinary tNMF Urinary AMCC

Regarding the nature and
quality of the

toxicological data

The database on DMF is based
on a large number of both
human and animal studies,
and data on tNMF are robust
and consistent.
LoC: High

The database on DMF is based
on a large number of both
human and animal studies,
but available studies reporting
results for AMCC are limited.
LoC: Medium

Regarding the critical
endpoint and mode of action

The confidence in the
evidence of effects on the liver
function is high. The effects on
the liver after DMF exposure
are well-studied in humans
(workplace) and animals.
LoC: High

The confidence in the
evidence of effects on the liver
function is high. The effects
on the liver after DMF
exposure are well-studied (in
humans and animals).
LoC: High

Regarding the selected key
studies for identification of
the POD and their results

The database gives several
robust occupational studies
with many subjects and
consistent results for tNMF.
The approach consists of the
selection of a pool of studies
(from 1980 to 2017) carried out
on Asians and Caucasian
people (to consider the genetic
variability due to ethnicity).
LoC: High

The HBM-GVWorker is based
on a the same four studies
used for the derivation of
tNMF HBM-GVWorker.
However, the results of these
studies indicate a large
interval of NOAEL values
together with a large margin
between NOAEL and LOAEL
values. LoC: Low

Global LoC High Low-medium

It should be specified that the levels of confidence proposed in this document are not
determined according to an established recognized methodology, but rather rely on expert
judgment regarding the reliability of the data and the calculation method used to derive
the HBM-GVs.
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5. Conclusions

The present work provides an HBM-GVWorker which can be used to assess and limit
occupational DMF exposure. In the current state of knowledge, tNMF should be considered
as the most reliable biomonitoring indicator for DMF exposure. As tNMF and AMCC are
not alternative, but rather complementary biomarkers of DMF exposure, further studies
on the association of AMCC urine levels with health effects in workers exposed to DMF
should be encouraged. They will probably allow the derivation of a higher HBM-GVWorker
for AMCC.

Moreover, it is important to underline that a population living near industries us-
ing/producing DMF may also be significantly exposed [93]. Studies for the characterization
of DMF environmental exposure and its effects should be encouraged before considering
the elaboration of an HBM-GVGenPop.
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Abstract: Background: The objective of this study is to evaluate the effects of traffic on human health
comparing biomonitoring data measured during the COVID-19 lockdown, when restrictions led
to a 40% reduction in airborne benzene in Rome and a 36% reduction in road traffic, to the same
parameters measured in 2021. Methods: Biomonitoring was performed on 49 volunteers, determining
the urinary metabolites of the most abundant traffic pollutants, such as benzene and PAHs, and
oxidative stress biomarkers by HPLC/MS-MS, 28 elements by ICP/MS and metabolic phenotypes
by NMR. Results: Means of s-phenylmercaputric acid (SPMA), metabolites of naphthalene and
nitropyrene in 2020 are 20% lower than in 2021, while 1-OH-pyrene was 30% lower. A reduction of 40%
for 8-oxo-7,8-dihydroguanosine (8-oxoGuo) and 8-oxo-7,8-dihydro-2-deoxyguanosine (8-oxodGuo)
and 60% for 8-oxo-7,8-dihydroguanine (8-oxoGua) were found in 2020 compared to 2021. The
concentrations of B, Co, Cu and Sb in 2021 are significantly higher than in the 2020. NMR untargeted
metabolomic analysis identified 35 urinary metabolites. Results show in 2021 a decrease in succinic
acid, a product of the Krebs cycle promoting inflammation. Conclusions: Urban pollution due
to traffic is partly responsible for oxidative stress of nucleic acids, but other factors also have a
role, enhancing the importance of communication about a healthy lifestyle in the prevention of
cancer diseases.

Keywords: benzene; COVID-19 pandemic; lockdown; Rome; elements; urban traffic; oxidative
stress; metabolomics

1. Introduction

In the year 2020, there was a viral pandemic known as COVID-19 (Coronavirus
Disease-2019), generated by the SARS-CoV-2 virus (Severe Acute Respiratory Syndrome-
Coronavirus 2) still ongoing, to varying degrees in almost all countries [1].

According to WHO, there were 4,251,460 confirmed cases and 84,997 deaths worldwide
on December 28th 2020, of which 102,418 cases and 3358 deaths were registered in Italy on
the same date [2].

The first two Italian cases were confirmed on 30 January 2020 [3]; the subsequent
outbreaks detected in northern and central Italy led to a series of restrictions, such as local
quarantines, but with the increase in infections, new stricter restriction measures were
gradually introduced and extended to the entire national territory [4].
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On 9 March 2020, a national lockdown started, during which face-to-face teaching in
schools and universities was suspended and working from home was promoted wherever
possible; travel for unnecessary reasons, sports activities, demonstrations and events
were prohibited, and museums and theatres were closed; non-essential retail commercial
activities, catering services, religious celebrations, and gatherings of people in public places
were suspended by law [4].

The restrictive measures were extended several times until 3 May 2020, until they were
almost completely removed, starting from 15 June 2020 [5].

In addition to the various social, economic and political consequences [6,7], the effects
of the lockdown were also evident at the environmental level, especially in terms of a
drastic decrease in vehicular traffic, whose effects were visible above all in large urban
centers, such as Rome [8] and Milan [9]. A reduction in emissions was also measured
in China [10].

The lockdown scenario was a unique condition, which rendered possible the direct
measurement of the effects of reduced exposure to traffic pollution on the same group of
subjects for a long period [11]. Therefore, this study is the first one that aims to investigate
the reduction in exposure biomarkers related to traffic pollution in Rome, due to the
restrictions imposed by the Government to contain the COVID-19 pandemic.

Traffic-related air pollution is a global concern due to the adverse health effects on
humans [12]. Both short- and long-term exposure to air pollutants increase the risk of
respiratory and cardiovascular diseases in the population [13]. Outdoor air pollution is
an established risk factor for lung cancer incidence and mortality [14]. Among traffic-
related air pollutants, there are benzene, polycyclic aromatic hydrocarbons (PAHs) and
toxic metals [15–17]. Benzene and PAHs can penetrate biological membranes and generate
reactive oxygen species (ROS), which can affect inflammation associated with immune
responses [18,19]. Benzene is a known carcinogen that causes hematotoxicity even at
exposure levels below 1 ppm [20,21] and has been associated with nucleic acid oxidation
biomarkers [22]. It has an influence on the central nervous system and it is involved in
metabolic function, such as insulin resistance [23]. Furthermore, benzene is reported to
be the cause of myeloid leukemia, myelodysplastic syndrome and a probable cause of
non-Hodgkin lymphoma [24]. For this reason, the Directive 2008/50/EC on ambient air
quality and cleaner air for Europe has set a limit value at 5 μg/m3 of airborne benzene as the
annual average since January 2010 [25]. Polycyclic aromatic hydrocarbons (PAHs) are also
a class of carcinogenic agents [26]. Their origin is the incomplete combustion and pyrolysis
of organic materials, especially wood, coal, oil and waste. PAHs containing four rings or
less typically remain in a gaseous form when released into the atmosphere, particularly
benzo[a]pyrene, which is classified by IARC (International Agency for Research on Cancer,
Lyon, France) as a class 1 carcinogen. The PAH biomarkers 1-hydroxypyrene (1-OHPy),
6-hydroxynitropyrene (6-OHNPy) and 3-hydroxybenzo[a]pyrene (3-OHBaPy) have been
demonstrated to correlate well with oxidative stress biomarkers [27]. Short-term exposure
to PAHs has been reported to cause impaired lung function with asthmatics and thrombotic
effects in people with coronary heart disease. Furthermore, exposure to high levels of PAHs
can generate acute health effects, such as eye irritation, nausea, vomiting, diarrhea and
confusion. In addition, skin, lung, bladder and gastrointestinal cancers have been reported
as major long-term effects of PAH exposure [28].

Both essential and non-essential elements, including heavy metals, have also been
detected in urban air particulate matter (PM) [16]. The composition and content of heavy
metals vary greatly among atmospheric particles of different sizes and origins [16]. Vehic-
ular traffic is one of the major sources of heavy metals in urban areas [29]. In road dust,
contributions are due to worn out tires, friction and brake discs and to the wear of the road
surface [30]. The most widespread and documented elements include cadmium (Cd), cobalt
(Co), chromium (Cr), copper (Cu), mercury (Hg), nickel (Ni), lead (Pb), antimony (Sb) and
zinc (Zn) [17,31–34]. Toxic elements in road dust enter the human body mainly via three
routes: direct inhalation, ingestion and dermal contact [35–38]. In addition, road dust can
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be resuspended by people walking or cycling and by the vehicles themselves, resulting in
greater exposure levels around the road [32]. Toxic elements can affect human health, caus-
ing DNA damage, with induces mutagenic, teratogenic and carcinogenic effects [39–41].
Therefore, human exposure to road dust may increase health risks, including carcinogenic
contamination [42,43]. Urinary metals were positively associated with oxidative stress
biomarkers at exposure levels relevant to the general population [44].

The objective of this study is to evaluate the effects of traffic on human health compar-
ing biomonitoring data measured during the COVID-19 lockdown, when restrictions led to
a drastic reduction in road traffic in Rome, with the same parameters measured in 2021.
Therefore, the exposure to benzene, PAHs and 28 elements was assessed by the biological
monitoring of urine samples collected during the lockdown months (March–April 2020)
and in the same period of the following year, by a group of 47 Rome resident volunteers,
who worked from home during 2020. The exposure biomarkers were correlated to effect
biomarkers, namely the urinary oxidative stress biomarkers produced by the oxidation of
guanine residues in DNA and RNA [45].

1-hydroxynaphtalene (1-OHNAP) and 2-hydroxynaphtalene (2-OHNAP) are the
metabolites of naphthalene, the most abundant PAHs in human urine. Urinary 1-OHPy
is the biomarker of occupational exposure to polycyclic aromatic hydrocarbons mixtures.
The major urinary metabolite of benzo[a]pyrene, 3-OHBaPy, has been considered closely
related to genotoxicity [46]. 1-nitropyrene has been used as a molecular marker for diesel
exhaust gases, which significantly contributes to particulate-associated toxicity [47]. Uri-
nary metabolites of nitropyrene have been evaluated for their usefulness as markers of
short-term exposure to diesel exhaust [48].

Cotinine is the main metabolite of nicotine and a biomarker for smoking [49]. Cigarette
smoking is a major source of benzene exposure in active smokers and can affect the levels of
biological markers of benzene exposure in non-smokers exposed to second-hand smoke [41,50].

Oxidatively generated damage to DNA and RNA plays an important role in cancer
development, cardiovascular and neurodegenerative diseases, diabetes, pulmonary fibrosis,
and much more [51,52]. Guanine is the DNA base most susceptible to oxidation because of
its low redox potential, leading to the formation of 8-oxo-7,8-dihydroguanine (8-oxoGua),
the most common lesion, and of 8-Oxo-7,8-dihydro-20-deoxyguanosine (8-oxodGuo).
8-oxoGua and 8-oxodGuo found in human urine originate from DNA repair mechanisms
and possibly also from the turnover of oxidatively damaged DNA. The oxidative mod-
ifications of RNA guanine can lead to the formation of both 8-oxo-7,8-dihydroguanine
(8-oxoGua) and 8-oxo-7,8-dihydroguanosine (8-oxoGuo) [53,54]. Attacks of ROS on DNA
and RNA, therefore, lead to the urinary elimination of 8-oxoGua, 8-oxodGuo and 8-oxoGuo,
which are considered biomarkers of oxidatively generated damage on DNA and RNA: they
are always detectable in the general population as the result of the exposure to oxidative
stress agents, which can have different origins [45].

The same urine samples were also subjected to NMR untargeted metabolomic analysis:
air pollutant exposures have been associated with metabolic pathways primarily related
to oxidative stress and inflammation, as assessed through untargeted metabolomics in
23 studies [55].

2. Materials and Methods

2.1. Enrollment and Sampling Campaigns

The studied group consisted of 47 volunteers, 20 males and 27 females, aged
47.51 ± 17.33 years, mainly researchers and their families, working from home during
the lockdown; only 2 were smokers.

Participants received and signed an informed consent and a brief questionnaire about
physical characteristics (sex, age and work); a numeric code was assigned to each subject to
protect their privacy. Urine samples were collected by the volunteers during the lockdown
period (March–April 2020) and in the same period of the following year, and immediately
frozen until being transferred to the laboratories for the analyses. All the urine samples
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were analyzed by liquid chromatography/tandem mass spectrometry (HPLC/MS-MS),
inductively coupled plasma mass spectrometer (ICP-MS), cold vapor generation atomic
fluorescence spectrometry (CV-AFS) and by proton nuclear magnetic resonance (1H-NMR).
The urinary metabolites of benzene S-phenylmercapturic acid (SPMA), five PAHs, three
biomarkers of oxidative stress to nucleic acids and 28 elements were determined, following
the same pattern of previous studies on groups of general population volunteers [27,56].

The study was a non-interventional/observational study based on the definitions of
the European Clinical Trials Directive 2001/20/EC, for which the approval of an ethics
committee was not requested [57]; it was conducted according to the Declaration of Helsinki
and followed the International Code of Ethics for Occupational Health Professionals of the
International Committee of Occupational Health [58].

2.2. Targeted Monitoring
2.2.1. Instrumentation and Chemical Supplies

The HPLC/MS-MS is an API 4000 triple-quadrupole mass spectrometry detector
equipped with a Turbo Ion Spray (TIS) probe (AB Sciex, Framingham, MA, USA) coupled to
a Series 200 LC quaternary pump (PerkinElmer, Norwalk, CT, USA). Detection was carried
out in the multiple reaction monitoring mode (MRM) and parameters were optimized
for the analytes by the automated infusion quantitative optimization procedure and then
refined by flow injection analysis (FIA) using pure standards. Urine samples were stored
at −25 ◦C and analyzed immediately after thawing. The 1.5 version of Analyst® software
(AB Sciex, Framingham, MA, USA) was used for instrument control. The analytical results
are expressed in μg/g of creatinine. Urinary creatinine was determined by the Jaffè method
using the alkaline picrate test with UV/Vis detection at 490 nm [59].

The analytical reference standards of 1- and 2-OHNaP, 1-OHPy, 6-OHNPy 3-OHBaPy,
SPMA, Cotinine, 8-oxoGua, 8-oxodGuo and 8-oxoGuo were purchased by Spectra 2000 s.r.l
(Rome, Italy). The isotope labelled internal standards Cotinine d3, 2-OHNAP d7, 1-OHPy
d9, 3-OHBaPy d11, DL-SPMA-3,3 d2, (13C15N2) 8-oxodGuo and (13C15N2) 8-oxoGuo were
obtained from CDN Isotopes Inc. (Pointe-Claire, QC, Canada). (13C15N2) 8-oxoGua (98%)
was obtained from Cambridge Isotope Laboratories Inc. (Tewksbury, MA. USA); 3-NO2Tyr
was purchased by Cayman Chemical Company (USA) and 3NO2Tyr d3 from TRC (Toronto,
Canada). Multi-elemental standard solutions for ICP-MS analysis and Hg standard solution
for CV-AFS determination were obtained from VWR International (Milan, Italy) and SCP
Science (Baie D’Urfé, Quebec, Canada), respectively. For the preparation of ICP-MS internal
standards, single standard solutions of In, Rh, Sc and Th (Merck KGaA, Darmstadt, Ger-
many) and Y (Panreac Química, Barcelona, Spain) were used. 5-methylCytidine (5-MeCyt),
glacial acetic acid 30%, NH3, dimethyl sulfoxide, sodium hydroxide solution (50–52% in
water), sodium borohydride and CHROMASOLV® gradient grade 99.9% methanol and
acetonitrile for HPLC/MS 99.9%, carbon disulfide low benzene content, and n-exane 99.9%
were obtained from Sigma Aldrich (Milan, Italy). Sodium hydroxide (98%, anhydrous
pellets, RPE for analysis, ACS-ISO), hydrochloric acid (30% suprapure) and nitric acid
(67% suprapure) were purchased by Carlo Erba Reagents (Milan, Italy). Purified water was
obtained from a Milli-Q Plus system (Millipore Milford, MA, USA). The SPE cartridges,
Sep-Pak Plus C18 (10 mL, 500 mg), were supplied by Waters (Waters S.p.A. Milan, Italy).
Anotop 10LC syringe filter device (0.2 m pore size, 10 mm diameter) and syringe filter
with cellulose nitrate membranes (0.45 mm pore size) were purchased from Whatman
Inc. (Maidstone, UK) and GVS Filter Technology (Indianapolis, IN, USA), respectively.
A Sinergi LUNA C8 column (250 × 4.6 mm, 4 μm), a Kinetex® 2.6 μm Polar C18 100 Å
(150 × 4.6 mm) (Torrance, CA, USA) and Discovery C18 (150 × 4.6 mm, 5 μm) provided by
Merck KGaA, (Darmstadt, Germany) were used for the study.

2.2.2. SPMA and Cotinine Analysis

DL S-phenylmercapturic acid (DL-SPMA), cotinine and the deuterium-labeled in-
ternal standards DL-SPMA-3,3-d2 and cotinine-d3 were determined with the following
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method [21]. Briefly: A total of 25 μL of internal standard (deuterated SPMA solution
in methanol 1 mg/L) and 50 μL of 6N HCl were added to 5 mL of urine and, subse-
quently, subjected to solid-phase extraction (SPE) on Sep-pak Plus C18, 500 mg, 6 mL;
20 μL of the eluate was then analyzed using a Discovery C18, 150 × 4.6 mm reverse
phase column, with a gradient of acetonitrile/methanol 90/10 v/v and acetic acid 0.5% v/v
in water. The precursor→product ionic transitions monitored were in the negative ion
mode. 238.1→109.1 for SPMA, and 240.1→109.1 for SPMAd2 and in the positive ion mode
177.3→80.10 for cotinine and 180.3→80.10 for cotinine-d3.

2.2.3. PAH Analysis

PAH metabolites were determined following a modified version of a published
method [60]: A total of 25 μL of internal standard mixture (deuterated PAH standard
solution in methanol 1 mg/L), 50 μL of β-glucuronidase-arilsulfatase enzyme from Elix
Pomatia and 0.5 mL of acetate buffer 0.1 M at pH 5 were added to 5 mL of urine and,
subsequently, incubated in a thermostatic bath at 38 ◦C for 16 h to hydrolyze the PAH
metabolite conjugates. After enzymatic hydrolysis, the samples were then extracted with
n-exane and 20 μL injected in the HPLC/MS/MS for the analysis; a reverse phase Luna
C8 250 × 4.6 (Phenomenex, Torrance, CA, USA) column was used with a gradient of
methanol and water. In the negative ion mode, the precursor→product ionic transitions
monitored were 217.1→189.1 for 1-OHPy and 226.0→198.1 for 1-OHPy-d9, 262.0→231.9 for
6-OHNPy, 267.1→239 for 3-OHBaPy and 278.0→250.0 for 3-OHBaPy-d11, 142.9→115.2 for
1 and 2-OHNAP, and 149.8→122 for 2-OHNAP-d7.

2.2.4. Determination of Oxidative Stress Biomarkers

The urinary concentrations of 8-oxoGua, 8-oxoGuo, 8-oxodGuo and 3-NO2Tyr were
determined according to a previously described method [61] with modifications in the sam-
ple thawing, dilution solvents, chromatographic column and mobile phases. The samples
were thawed in lukewarm water at around 37 ◦C, vortexed and centrifuged at 10,000× g
for 5 min; the urine supernatant was added with a mixture of mixture internal standard,
((13C15N2) 8-oxoGua, (13C15N2) 8-oxoGuo, (13C15N2) 8-oxodGuo and 3-NO2Tyr d3) and
injected into the HPLC-MS/MS system. The reference standards of the analytes were firstly
dissolved in DMSO, then in methanol and finally diluted with water. The chromatographic
column was a Kinetex® 2.6 μm Polar C18 100 Å (150 × 4.6 mm) and the mobile phase
consisted of a gradient of a mixture of acetonitrile/methanol 90/10 v/v and 0.5% acetic acid
in water. The same method was also used for 5-methylCytidine (5-MeCyt) and cotinine,
but after diluting the sample 1:100, and after adding the internal standard (Cotinine d3),
using a different chromatographic column, Discovery C18 (150 × 4.6 mm, 5 μm). The
precursor/product ionic transitions monitored (positive ion mode) were 168.0→140.0 and
171.0→143.0 for 8-oxoGua and its internal standard, 284.3→168.0 and 287.13→171.1 for
8-oxodGuo and its internal standard, 300.24→168.2 and 303.24→171.0 for 8-oxoGuo and its
internal standard, 226.99→181.0 and 229.99→184.0 for 3-NO2Tyr and its internal standard;
257.95→126.100; 180.3→80.10 was the transition monitored for 5-MeCyt, 177.3→80.10 for
cotinine and 180.3→80.10 for cotinine-d3 were used as internal standard for both 5-MeCyt
and cotinine.

2.2.5. Determination of Urinary Elements

All elements except Hg were analyzed with a quadruple ICP-MS (820-MS; Bruker, Bre-
men, Germany) equipped with a concentric glass nebulizer (0.4 mL min−1; MicroMistTM;
Analytik Jena AG, Jena, Germany) and a cyclonic spray chamber. Analyses were performed
in standard mode and collision–reaction interface (CRI) mode. For As, Ca, Cr, Fe, Mn, Se
and V, the assays were run in the CRI mode with He and H2 (99.9995% purity; SOL Spa,
Monza, Italy) as cell gases. For B, Ba, Be, Bi, Cd, Co, Cs, Cu, K, Li, Mg, Mo, Na, Ni, Pb, Rb,
Sb, Sn, Sr, Te, Tl and Zn, the assays were run in standard mode. A CV-AFS (AFS 8220 Titan,
FullTech Instruments, Rome, Italy) was used for Hg determination. The preparations of
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the calibration standards and the detailed ICP-MS and CV-AFS operating conditions were
described in previous papers [62–64]. The limits of determination (LoDs) and quantification
(LoQs) were calculated, respectively, as three and ten times σ/b, where σ is the standard
deviation of blank determination (ten replicates) and b is the slope of the calibration curve.
Results for LoDs and LoQs were shown in Supplementary Table S1. Urine samples (1 mL)
were diluted 1:5 with 3% HCl or 1:10 with 2% HNO3 and filtered using a syringe filter with
cellulose nitrate membranes prior to CV-AFS or ICP-MS analysis, respectively.

2.3. Analytical Determination of Urinary Metabolic Profiles
2.3.1. Sample Preparation for NMR Analysis

Untargeted biomonitoring was performed on 34 pairs of matched samples. An amount
of 1200 μL of urine was centrifuged at 11,000× g for 15 min at 4 ◦C to remove the cellular
debris. A total of 100 μL of a trimethylsilylpropionic-2,2,3,3-d4 acid (TSP) in D2O solution
(2 mM final concentration) as internal standard were added to 1 mL of centrifuged samples
and the pH was measured and adjusted at pH = 7 by adding small amounts of NaOH or
HCl. Finally, 700 μL of sample were transferred in precision tubes for NMR experiments.

2.3.2. 1H-NMR Spectroscopy
1H-NMR spectra were acquired at 298 K using a JEOL JNM-ECZR spectrometer (JEOL

Ltd., Tokyo, Japan) equipped with a magnet operating at 14.09 Tesla and 600.17 MHz for
1H frequency. All the spectra were recorded with 64k points and 64 scans, setting spectral
width to 9.03 KHz (15 ppm), with a pre-saturation pulse length of 2.00 s and a relaxation
delay of 5.72 s, for an acquisition time of 5.81 s. The identification step was achieved
by two-dimensional experiments (1H-1H Homonuclear Total Correlation Spectroscopy
(TOCSY), 1H-13C Heteronuclear Single Quantum Correlation (HSQC) and Heteronuclear
Multiple Bond Correlation (HMBC)) on selected samples and confirmed by literature
comparison. TOCSY experiments were recorded at 298 K with a spectral width of 15 ppm
in both dimensions, using 8 k× 256 data points matrix, repetition time of 3.00 s and
80 scans, with a mixing time of 80.00 ms. HSQC experiments were acquired with a spectral
width of 9.03 KHz (15 ppm) in proton dimension and 30 KHz (200 ppm) in the carbon
dimension, using 8 k× 256 data point matrix for the proton and the carbon dimensions,
respectively, with a repetition delay of 2 s and 96 scans. One-dimensional NMR spectra
were processed and quantified by using the ACD Lab 1D-NMR Manager ver. 12.0 software
(Advanced Chemistry Development, Inc., Toronto, ON, Canada); 2D-NMR spectra were
processed using JEOL Delta v5.3.1 software (JEOL Ltd., Tokyo, Japan). All the NMR spectra
were manually phased, baseline corrected and referenced to the chemical shift of the TSP
methyl resonance at δ = 0.00. The quantification of metabolites was obtained by comparing
the integrals of their diagnostic resonances with the internal standard TSP integral and
normalized for their number of protons. Metabolite levels are expressed as μmol mmol−1

of creatinine, referred at its δ = 4.05 ppm resonance.

2.4. Data Analysis and Statistics

The descriptive statistics of the results are presented in tables (mean and standard
deviation, median and 5/95th percentiles, and minimum and maximum values). Data
below LOD were substituted with LOD/2. Data were analyzed with the t-test on log-
transformed data to determine differences between the time series. Statistical analysis was
performed using IBM SPSS Statistics 25 (IBM, Armonk, NY, USA), with the significance
level set at p ≤ 0.05. The results of the HPLC/MS/MS analysis are presented in Table 1,
while the results of ICP/MS are shown in Supplementary Materials Table S1.
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Table 1. Results of targeted metabolomics expressed in μg/g of creatinine on 47 pairs of matched
samples. Asterisks indicate statistical significance (p < 0.01).

Analyte 8-oxoGua 8-oxoGuo 8-oxodGuo 3-NO2Tyr 5-MeCyt SPMA 1-OHPy 6-OHNPy 3-OHBaPy 1-OHNAP 2-OHNAP

YEAR 2020

mean 15.99 * 6.73 * 2.26 * 33.91 11.33 0.31 * 0.05 * >LOD 0.04 0.43 4.65
SD 14.54 4.31 1.25 27.60 6.99 0.20 0.04 >LOD 0.04 0.76 6.12

median 9.72 5.36 2.21 21.74 9.89 0.23 0.04 >LOD 0.02 0.27 2.89
5th perc 4.02 2.14 0.36 12.04 5.03 0.13 0.02 >LOD 0.01 0.01 1.03

95th perc 47.85 15.46 4.38 103.52 21.85 0.73 0.13 0.01 0.14 1.63 12.85
min 2.07 1.67 0.09 7.96 4.33 0.09 0.01 >LOD 0.01 0.01 0.52
max 64.46 19.54 5.31 126.20 43.13 0.94 0.18 >LOD 0.17 4.62 39.22

YEAR 2021

mean 46.50 10.60 3.64 32.95 12.72 0.39 0.07 >LOD 0.03 0.46 6.08
SD 43.98 5.61 1.84 24.81 8.05 0.23 0.03 >LOD 0.03 1.15 6.80

median 28.80 8.66 3.14 23.11 9.89 0.31 0.06 >LOD 0.02 0.12 3.66
5th perc 6.89 4.52 1.42 14.08 5.12 0.14 0.03 >LOD 0.01 0.01 0.76

95th perc 118.19 22.39 5.98 69.41 30.86 0.83 0.13 0.01 0.07 1.82 19.48
min 4.43 3.89 1.05 3.17 3.68 0.14 0.02 >LOD 0.01 0.01 0.01
max 232.30 24.50 10.74 142.61 38.48 1.07 0.16 0.02 0.18 7.43 37.32

Statistical multivariate analysis for untargeted metabolomics was applied to the data
matrix combining NMR and HPLC-MS/MS metabolites. Unsupervised PCA and su-
pervised PLS-DA were applied to the entire log-transformed dataset after centering and
auto-scaling. The multivariate analysis was carried out using Unscrambler 10.5 software
(CAMO, Oslo, Norway). In order to identify a statistically significant variation of the single
variables between the two years considered, a Shapiro–Wilk test was applied to define the
normality of distribution and then a paired Student’s t-test was applied, using Sigmaplot
12.0 software (Systat Software, Inc., San Jose, CA, USA). A p-value of 0.05 was considered a
threshold for statistical significance.

3. Results and Discussions

In Italy, a lockdown due to the COVID-19 pandemic began on 9 March 2020. During
this period, the schools were closed and working from home was promoted where possible;
travel for unnecessary reasons, sports activities, demonstrations and events was prohibited;
non-essential retail commercial activities, catering services, religious celebrations and
gatherings of people in public places were suspended.

In addition to the various social, economic and political consequences, the lockdown
effects were also evident at the environmental level, especially in terms of a drastic decrease
in vehicular traffic, visible above all in large urban centers, such as Rome.

Figure 1 shows the IMR (detected mobility index) recorded by ANAS S.p.A. (the
national road agency), which compares the average monthly traffic data in Italy in March
2019, February and March 2020, and March 2021 [65,66].

The restrictive lockdown measures reduced the IMR in the Lazio region (where Rome is
located) from February to March 2020 of 36%. The data concerning the month of March 2021
show how the restoration of normal activities brought the mobility index back to a value
higher of 48% compared to March 2020.

In order to evaluate the decrease in the airborne concentrations of benzene and PM2.5,
the data from the air quality monitoring network of ARPA (the regional agency for envi-
ronmental protection) of Lazio were used, and in particular those provided in the online
weekly bulletins [67–69].

The weekly values of benzene and PM2.5 airborne concentrations measured by moni-
toring devices located in five different areas of Rome were averaged. Figure 2 shows the
weekly trend of the concentration of airborne benzene in the years 2019, 2020 and 2021. A
seasonal decreasing trend can be observed for all the three years, from week 10 to week 30,
but the values recorded for the weeks of the lockdown (week 11 to 21, marked in red in the
figure) show a reduction in benzene emissions of about 25% compared to the previous year
(2019) and of 40% compared to the next (2021), while for PM2.5, there were no significant
changes (data not shown).
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Figure 1. Average monthly traffic data in Italy in March 2019, February and March 2020, and
March 2021. IMR (Indice Mobilità Rilevata) is a mobility index expressed as the mean number of
vehicles/day, calculated by ANAS S.p.A.

 

Figure 2. Weekly trend of the concentration of airborne benzene in the years 2019, 2020 and 2021. The
weeks 11–21, marked in red, are the lockdown weeks in year 2020.
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It can be observed that, while the reduction in benzene concentration is lower but
consistent with the decrease in road traffic, for PM2.5 there was not a similar reduction,
as other important emission sources have to also be considered, such as civil heating.
No decrease in PM2.5 could also result from enhanced atmospheric oxidation during the
COVID-19 lockdown [7,10].

The results of the targeted metabolomics, obtained using HPLC-MS/MS, are reported
in Table 1 both for the years 2020 and 2021. The values are expressed as a ratio including
the urinary creatinine concentrations of the same samples.

3.1. Targeted Metabolomics: Determination of Urinary Biomarkers

The urinary concentration values found for the volunteers for each metabolite in
2020 and 2021 were log-transformed and compared using a t-test. The statistically signifi-
cant differences were indicated with an asterisk (p < 0.01).

The analysis of the concentrations of the metabolites SPMA and 6-OHNPy shows
that their average value in 2020 is about 80% of that found in 2021, while the metabo-
lite of pyrene, 1-OHPy, is about 70% in 2020 compared to 2021, all with a statistically
significant difference.

The reduction in the exposure biomarkers in 2020 compared to 2021 reflects, albeit to
a lesser extent, both that measured by ARPA Lazio for benzene (−40%) and by ANAS in
relation to road traffic in Lazio (−36%). In this regard, it is important to remember that
both benzene and PAHs, being produced by the combustion of organic products, can also
be generated from indoor sources, such as the use of incense, cooking food and active and
passive cigarette smoke, contributing to the production of the studied metabolites.

Examining the effect biomarkers, a highly significant difference was found for all the
three measured biomarkers, with a reduction of about 40% for 8-oxoGuo and 8-oxodGuo
in 2020 compared to 2021. As regards 8-oxoGua, this biomarker seems to be more sen-
sitive to the exposure variations than the other two, with a reduction of around 60% in
2020 compared to 2021. However, all the biomarkers of oxidative stress were affected by
the lockdown more strongly than the dose biomarkers of the considered pollutants.

3.2. Determination of Urinary Elements

Supplementary Materials Table S1 shows summary statistics for the creatinine-adjusted
urinary metal concentrations at the two monitoring periods. Be, Bi and Mn levels were
found to be lower than those of LOD in most or all cases (50% for Bi and 100% of Be
and Mn). These elements were excluded from the statistical elaboration. The highest
concentrations (>80 mg/g creatinine) were observed for essential elements, such as Ca,
K, Mg and Na, while among the toxic or potentially toxic elements, the highest con-
centrations were obtained for As (mean = 122 or 54 μg/g creatinine in 2020 or 2021,
respectively), Cu (mean = 30 or 40 μg/g creatinine in 2020 or 2021, respectively) and Li
(mean = 27 or 21 μg/g creatinine in 2020 or 2021, respectively). Comparing the cohort
at the two time measurements, the analysis showed a generally significant reduction
during lockdown year for B, Co, Cu and Sb; Tl and Zn also decreased, but not signifi-
cantly. We found that B was positively associated with Ni (rho = 0.713, p < 0.01) and Rb
(rho = 0.706, p < 0.01). Cobalt does not show high correlations with any of the analyzed
elements. Cu, Ni and Sb were highly correlated to each other (Spearman correlation rang-
ing from 0.712 to 0.797, p < 0.01). Sb was also positively associated with Cr (rho = 0.723,
p < 0.01) and Fe (rho = 0.704, p < 0.01), indicating a possible common source of exposure.
Metals of concern for brake lining emissions include Cd, Cr, Cu, Ni, Pb, Sb and Zn [70].
Previous studies have shown significant contributions of road traffic to the Sb and Cu
content of PM due to metal emissions from brake linings [34]. Brake lining wear has been
considered to be responsible for 99% and 90% of airborne Sb and Cu, respectively [71].
Additionally, the link between physical activity and increased metal excretion was stud-
ied [72,73]. Although sweat is the most important way of the excretion of trace metals
during physical exercise [74], it is possible to assume that more intense breathing during
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physical activity may lead to a greater inhalation of elements present in the air and, conse-
quently, to an increase in their urinary levels. A sedentary lifestyle and reduced vehicular
traffic may have caused lower urinary Cu and Sb levels during the 2020 lockdown. How-
ever, the difference in B and Co levels between the periods during and after the lockdown
could be linked to different eating habits. Fruit-based beverages and products, tubers,
legumes, and water could contribute a major portion of the dietary B vitamin [75]. Immune
function and the metabolism of vitamin D, Ca, Cu, Mg and estrogen have been proposed
as being related to the functioning of B vitamin in humans [75]. Cobalt is an essential trace
element that is mainly known as a component of vitamin B12, which serves as a cofactor in
the synthesis of methionine and the metabolism of folates and purines [75–77]. Good food
sources of Co include fish, green leafy vegetables and cereals [78,79].

3.3. Untargeted Metabolomics and Multivariate Analysis

A representative urinary 1H NMR spectrum is shown in Supplementary Materials
Figures S1–S3. Thirty-five metabolites, including creatinine (used as a normalizing factor),
were identified and quantified from the 1H NMR urine spectra of a subgroup of 34 matched
subjects in 2020 and 2021. The list of the identified metabolites with the relative chemical
shifts of the resonances is reported in Supplementary Materials Table S2.

The data matrix included, as variables (in columns), 35 urinary NMR metabolites,
6 urinary effect biomarkers (8-oxoGua, 8-oxoGuo, 8-oxodGuo, 3-NO2Tyr, 5-MeCyt and
Cotinine), 6 urinary dose biomarkers (namely SPMA, 1-OHPy, 6-OHNPy, 3-OHBaP, 1-OHNAP
and 2-OHNAP) and 28 urinary elements. All the concentrations were log-transformed
before applying the multivariate and univariate analysis performed on 29 pairs of matched
samples (mean age of 48.76 ± 16.16 years), among which 14 were females and 15 were males.

Firstly, we performed an explorative PCA for all the subjects (data not shown) to
appreciate the possible spontaneous separation between urinary metabolic profiles in
2020 and 2021. Since no spontaneous separation was observed, we decided to analyze
the data matrix by PLS-DA in order to identify the effects of the lockdown on the urinary
metabolic profiles, as shown in Figure 3.

Figure 3. PLS-DA score plot (A) and significant regression coefficients (B). Blue represents 2020 and
red 2021.

The PLS-DA (Figure 3A) showed a good discrimination model: the validation results
indicate a R2 = 0.87 and Q2 = 0.49. Furthermore, eight metabolites were identified as
significantly relevant for the discrimination based on the regression coefficient values
(Figure 3B). In particular, the Lys levels of 8-oxoGuo, 8-oxoGua, 8-oxodGuo, B, Co and Cu
were higher in 2021 (red color), while succinic acid and Mo were higher in 2020 (blue color).

We performed a paired Student’s t-test on the metabolites that were significant for the
PLS-DA model. We report only the metabolites that have statistically significant differences
between 2020 and 2021, as indicated in the boxplots in Figures 4 and 5.
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Figure 4. Boxplots of (A) succinic acid, (B) 8-oxoGua, (C) 8-oxoGuo and (D) 8-oxodGuo.

Figure 5. Boxplots of (A) boron, (B) cobalt and (C) copper.

The untargeted metabolomic analysis confirms the results of the targeted HPLC-MS
tandem analysis regarding oxidative stress biomarkers, which were higher in 2021 than
in 2020. In addition, the increase in succinic acid excretion in 2020 compared to 2021 is
highlighted. Succinic acid is an intermediate product of the Krebs cycle. It has recently been
observed that succinic acid is able to fuel inflammation and modify cell metabolism [80].
This acid is excreted by macrophages in the extracellular fluids of inflamed tissues; in-
flammation is favored by a diet rich in sugars, salt and foods containing succinic acid.
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Furthermore, according to a further study, an increase in urinary levels of succinic acid is
due not only to diet but also to a sedentary lifestyle [81].

The increase in the urinary concentration of succinic acid in 2020 is probably at-
tributable to a different diet and a more sedentary lifestyle during the lockdown period.

This study has some limitations. Firstly, the low number of subjects based on the
voluntary participation due to the lockdown situation. Secondly, the same subjects had to
be contacted one year later for the second sample, causing some dropouts (n = 9). Another
limitation is the fact that it was not possible to perform the indoor air monitoring in the
houses of the volunteers, due to the reduced mobility of all the Rome residents. In addition,
more metabolomic studies with larger sample sizes are needed to identify air pollution
components linked to adverse health effects.

4. Conclusions

The lockdown scenario was a unique condition, which made possible to directly
measure the effects of a reduced exposure to traffic pollution for a long period, on the same
group of subjects.

The reduction in the dose exposure biomarkers of benzene and PAHs in 2020 compared
to 2021 reflects the trend registered both by ARPA Lazio for airborne benzene concentrations
and by ANAS in relation to road traffic in Lazio, Italy.

Lower levels of the urinary oxidative stress biomarkers 8-oxoGuo, 8-oxoGua and
8-oxodGuo were also observed in 2020 with respect to 2021. These three biomarkers were
more strongly affected by the lockdown than the benzene and PAH biomarkers: in fact,
these pollutants are also produced by the combustion of organic products and, therefore,
can be generated from indoor sources that were not influenced by the lockdown, such
as wood heating, use of incense, food cooking and active and passive cigarette smoke,
contributing to their release in the atmosphere.

Elementary analysis showed a generally significant reduction in B, Co, Cu and Sb dur-
ing the lockdown year. Indeed, the higher airborne levels of Sb and Cu during 2021 could
be associated with a greater vehicular traffic, particularly brake lining wear. A sedentary
lifestyle and less vehicular traffic may have also caused the lower urinary Cu and Sb levels
during the 2020 lockdown.

The untargeted metabolomic analysis identified succinate, an intermediate of the
Krebs cycle, as being lower in 2021, possibly due to a different diet and a more sedentary
lifestyle during the 2020 lockdown period.

The results show a significant reduction in the traffic pollution biomarkers in Rome
citizens during the lockdown period, and an even stronger reduction in oxidative stress,
linked not only to the reduced traffic exposure, but also to a different lifestyle.

This study demonstrates that urban pollution due to traffic is only partly responsible
for oxidative stress in the citizens, and that other factors also have a role. We think that
it would be important to include the determination of effect biomarkers in the chemical
exposure studies. In addition, our results enhance the importance of information and
communication about a healthy lifestyle for the prevention of cancer diseases.
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//www.mdpi.com/article/10.3390/toxics10050267/s1, Table S1: Descriptive statistic of 28 urinary
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urine, spectral region of 6.5–9.5 ppm; Table S2: 1H NMR assignment of urinary metabolites.
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Abstract: Due to their extensive usage, organophosphorus flame retardants (OPFRs) have been
detected in humans and in the environment. Human are exposed to OPFRs via inhalation of indoor
air, dust uptake or dietary uptake through contaminated food and drinking water. Only recently,
few studies addressing dietary exposure to OPFRs were published. In this study, we used human
biomonitoring (HBM) data of OPFRs to estimate how much the dietary intake may contribute to the
total exposure. We estimated by reverse dosimetry, the daily intake of tris (2-chloroethyl) phosphate
(TCEP), tris (1-chloro-2-propyl) phosphate (TCIPP), tris (1,3-dichloro-2-propyl) phosphate (TDCIPP)
for children using HBM data from studies with sampling sites in Belgium, Denmark, France, Germany,
Slovenia and Slovakia. For estimating the dietary exposure, a deterministic approach was chosen.
The occurrence data of selected food categories were used from a published Belgium food basket
study. Since the occurrence data were left-censored, the Lower bound (LB)—Upper bound (UB)
approach was used. The estimated daily intake (EDI) calculated on the basis of urine metabolite
concentrations ranged from 0.03 to 0.18 μg/kg bw/d for TDCIPP, from 0.05 to 0.17 μg/kg bw/d for
TCIPP and from 0.02 to 0.2 μg/kg bw/d for TCEP. Based on national food consumption data and
occurrence data, the estimated dietary intake for TDCIPP ranged from 0.005 to 0.09 μg/kg bw/d, for
TCIPP ranged from 0.037 to 0.2 μg/kg bw/d and for TCEP ranged from 0.007 to 0.018 μg/kg bw/d
(summarized for all countries). The estimated dietary intake of TDCIPP contributes 11–173% to the
EDI, depending on country and LB-UB scenario. The estimated dietary uptake of TCIPP was in all
calculations, except in Belgium and France, above 100%. In the case of TCEP, it is assumed that the
dietary intake ranges from 6 to 57%. The EDI and the estimated dietary intake contribute less than 3%
to the reference dose (RfD). Therefore, the estimated exposure to OPFRs indicates a minimal health
risk based on the current knowledge of available exposure, kinetic and toxicity data. We were able to
show that the dietary exposure can have an impact on the general exposure based on our underlying
exposure scenarios.
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1. Introduction

Flame retardants are chemicals, which are added to materials to prevent and to de-
lay the fire hazards. Due to their persistence and accumulation potency and because of
toxicological concerns, brominated flame retardants e.g., polybrominated diphenyl ethers
(PBDEs), such as penta-, octa-, and deca-BDE, and hexabromocyclododecanes (HBCDD)
are regulated under the Stockholm Convention on Persistent Organic Pollutants. This has
led to a surge in the usage of alternative flame retardants with similar technical characteris-
tics, such as the organophosphorus flame retardants (OPFRs). OPFRs are not chemically
bound to the product and can be released into the surroundings by leaching, evaporation,
migration and abrasion from the polymer matrix during usage. Due to the extensive
usage, OPFRs have been detected in humans and the environment. Humans are exposed
to OPFRs via inhalative uptake especially in the indoor environment, and orally by up-
take of dust or from the diet through contaminated food and drinking water [1–3]. In
the human, OPFRs are rapidly absorbed and excreted via urine, the half-lives of OPFRs
was assumed to be short (<1 day), but recent findings indicate a half-life of 3–53 days
depending on the OPFRs [4]. Exposure to OPFRs may cause various adverse effects to the
human body such as kidney toxicity, neurotoxicity, reproductive toxicity, carcinogenicity
and endocrine disruption [5]. Within the European Union, some OPFRs are classified and
labeled as Carc. 2 and, therefore, pose a health hazard [6]. In this study we focused on
tris (2-chloroethyl) phosphate (TCEP), tris (1-chloro-2-propyl) phosphate (TCIPP) and tris
(1,3-dichloro-2-propyl) phosphate (TDCIPP). TCIPP represents approximately 80% of the
chlorinated OPFRs in Europe and is considered to be potentially carcinogenic. TCEP was
replaced by TCIPP because of its lower toxicity. Studies indicate that TDCIPP might be
more neurotoxic than TCEP and TCIPP [3]. Food can be contaminated with OPFRs by two
routes. Firstly, crops and animal-derived and aquatic products can be contaminated with
OPFRs via soil and water. Secondly, foodstuffs can be contaminated by OPFRs during
the production process, packaging and storage, since OPFRs are also present in several
materials used in food processing [6,7]. Human biomonitoring (HBM) studies, which
address the exposure to OPFRs, had their focus mainly on the indoor environment as an
exposure source, since OPFRs are detected in high amounts in indoor air and dust. Only
recently, few studies focused on the dietary exposure to OPFRs [2,8–10] and concluded that
the dietary exposure should be considered in future exposure assessments. Therefore, the
aim of this risk assessment was to estimate the dietary exposure of TDCIPP, TCIPP, TCEP
and their individual contribution to the general exposure. The latter was derived by using
HBM data.

2. Materials and Methods

2.1. Human Biomonitoring Data

The used human biomonitoring data are part of the HBM4EU Aligned studies which
have been described in detail by Gilles et al. [11]. Biobanked urine samples of chil-
dren (6–12 years) from Belgium (3xG study), Denmark (OCC study), France (Esteban
study), Germany (GerES V sub sample), Slovenia (SLO CRP study) and Slovakia (PCB
cohort study) were collected and analysed for its bis (2-chloroethyl) phosphate (BCEP), bis
(1-chloro-2-propyl) phosphate (BCIPP) and bis (1,3-dichloro-2-propyl) phosphate (BDCIPP)
concentration to determine the exposure to TCEP, TCIPP and TDCIPP. A detailed descrip-
tion of the used HBM studies is given in the Supplementary Materials Table S1. In this risk
assessment, when referring to a country, the HBM-study listed above is meant. However,
the HBM- study does not always reflect the general exposure of the whole population of the
country, since some of the studies were not population representative or only performed
on a regional level.
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Estimation of the Daily Intake (EDI)

The HBM data which were used for calculating the daily intake were not stratified and
were volume based [μg/L] and non-creatinine adjusted. The estimated daily intake (EDI)
from the urinary excretion of the OPFR was estimated by using the following equation:

EDI =
(

CUrine ∗ UVexcr

Fue

)
×

(
MWd
MWm

)

where CUrine is the concentration of the metabolite in μg/L and UVexcr is the daily excreted
urinary volume of 22.2 mL/kg bw/d for children [12]. Fue is the molar fraction of the
urine excreted metabolite with respect to its parent compound, and MWd and MWm are the
molecular weights of the parent compound and its metabolite. The following molecular
weights were used [g/mol]: TCEP (285.49), BCEP (222.99), TCIPP (327.55), BCIPP (251.04),
TDCIPP (430.9) and BDCIPP (319.93). For estimating the daily intake the arithmetic mean
and the 95th Percentile (P95) of the urinary metabolite concentration were considered.
The data on kinetics of the metabolism of OPFRs are limited, therefore the Fue of 0.63 for
TDCIPP [13] was also used for TCIPP and TCEP. This equation is often used for substances
with similar half–lives as e.g., for plasticizers [14].

2.2. Dietary Exposure

A deterministic approach was used to estimate the dietary intake of Belgian, Danish,
French, German, Slovenian and Slovakian children. Since the toxicokinetic data are limited,
it was assumed that 100% of the detected OPFRs concentration in the contaminated food is
absorbed through the dietary intake. The provided occurrence data (see Table 1) originated
from a Belgium food basket study published by Poma et al. [7], where samples were drawn
from supermarkets, discount retailers and specialized meat and fish stores in two Belgian
cities Brussels and Antwerp and in one village (Dessel) from spring 2015 to autumn 2016.
In total, 165 samples belonging to 14 food categories were collected and analysed on its
TDCIPP, TCIPP and TCEP concentration. The food category “animal and vegetable fats
and oils and primary derivatives thereof” also included fish oil food supplement, which
was the highest contaminated sample. This sample was excluded, since it is not regularly
consumed by children and could distort the outcome. The edited occurrence data in regard
to Lower Bound (LB), Medium Bound (MB) and Upper Bound (UB) were provided by
Giulia Poma (2021; personal communication) and were not modified in this risk assessment.
Since, the occurrence data were left-censored, the LB-, MB- and UB approach was used [15].
Occurrence data below the limit of quantification (LOQ) were set equal to zero (LB), to the
half of the LOQ (MB) and equal to the LOQ (UB).

Table 1. Occurrence data of TDCIPP, TCIPP and TCEP concentration in the analysed food categories
in μg/kg provided by Poma et al. (2018).

Food Category TDCIPP TCIPP TCEP

df% LB MB UB df% LB MB UB df% LB MB UB

Animal and vegetable fats and
oils and primary

derivatives thereof
0 5.7 * 16.1 34.7 0 11 * 31 66.8 11 1.55 * 2.5 3.6

Whole Eggs 0 0 0.05 0.1 25 0.1 0.15 0.19 25 0.02 0.03 0.04
Fish (meat) 39 0.4 0.5 0.6 59 0.71 0.76 0.8 54 0.12 0.13 0.14
Crustaceans 0 0 0.22 0.44 20 0.18 0.22 0.26 0 0 0.04 0.07

Grains and grain-based products 0 0 0.16 0.31 71 3.58 3.65 3.73 57 0.6 0.61 0.63
Meat and meat products 0 0 0.8 1.61 26 0.19 0.29 0.39 34 0.15 0.2 0.25

Milk 0 0 0.21 0.43 0 0 0.8 1.59 0 0 0.23 0.45
Cheese 44 2.52 3.09 3.65 50 1.42 1.53 1.63 50 0.66 0.71 0.77

df: detection frequency [%], LB: Lower bound, MB: Medium bound, UB: Upper bound, * the LB data were
provided by G. Poma (personal communication).
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The used food consumption data, which were surveyed by food recording are given
in Table 2. In general, the mean occurrence data were multiplied with the available mean
food consumption data for children provided by the EFSA Comprehensive European Food
Consumption Database [16]. This was conducted for the overall population (=all subjects)
as well as for those who actually consumed the relevant food (=consumers) as reported in
the respective national food consumption survey. Subsequently, the food category with
the highest exposure of consumer was determined. For this food category, the P95 of the
consumers and for the other food categories the mean of the overall population was used in
order to calculate the exposure of high consumers. No food consumption data for Slovenian
and Slovakian children were available, therefore the Austrian data were used, because
these were the closest geographically data available.

Table 2. Food consumption data presented by country and food groups [g/kg bw/d] (EFSA, 2021).

Food
Category

Consumption Data

Germany 1
Consumption Data

Austria 2, *

Consumption Data

Belgium 3
Consumption Data

Denmark 4
Consumption Data

France 5

Total Mean
Population

High Level
Consumer

Only

Total Mean
Population

High Level
Consumer

Only

Total Mean
Population

High Level
Consumer

Only

Total Mean
Population

High Level
Consumer

Only

Total Mean
Population

High Level
Consumer

Only

Animal and vegetable fats and
oils and primary

derivatives thereof
0.58 1.34 0.92 1.98 0.48 1.29 1.14 2.2 0.62 1.5

Whole Eggs 0.67 2.15 0.47 1.59 0.01 1.47 0.5 1.44 0.05 0.89
Fish (meat) 0.21 2.59 0.38 2.62 0.35 4.36 0.4 1.52 0.54 4.01
Crustaceans 0.0004 1 0.01 1.54 0.05 2.52 0.03 0.43 0.04 1.82

Grains and grain-based
products 8.16 14.03 9.4 15.76 7.31 12.65 7.72 11.85 8.04 13.97

Meat and meat products 2.75 6.01 2.86 6.67 4.14 9.17 3.83 6.6 4.38 9.14
Milk 8.46 20.98 6.68 16.54 9.16 27.11 17.26 35.65 10 26.69

Cheese 0.74 2.28 0.89 2.25 1.09 4.37 0.73 1.88 2.05 6.07

1 national food consumption survey from 2006 [17], 2 national food consumption survey from 2010, * used for
Slovenia and Slovakia [18] 3 national food consumption survey from 2014 [19] 4 national food consumption survey
from 2005 [20] and 5 national food consumption survey from 2014 [21].

2.3. Hazard and Risk Characterization

As no HBM4EU HBM-GV, neither a HBM-I nor a HBM-II value from the German
Human biomonitoring Commission nor a biomonitoring equivalent (BE) were available,
a health-based guidance value (HBGV) was derived on the basis of data for a toxicologi-
cally acceptable uptake. For each study population and exposure scenario (LB—UB), the
estimated daily intake (EDI) and dietary intake were set in relation to the available HBGV
which was derived from external uptake data. In the European Union Risk Assessment
Report of TCIPP, a lowest observed adverse effect level (LOAEL) of 52 mg/kg bw/d was
derived from a 13-week rat study. The LOAEL was based on the increased liver weight
observed in male rats. A minimal margin of safety (MOS) for repeated dose toxicity of
50 was considered sufficient [22]. Furthermore, a reference dose (RfD) of 80 μg/kg bw/d
was derived by Ali et al. [23], where the sensitive endpoint is unknown.

The Agency for Toxic Substances and Disease Registry (ATSDR) derived a minimal risk
level (MRL) for TCEP of 0.2 mg/kg bw/d for chronic exposure (>365 days) based on renal
tubule lesions in female rats [24]. The US-EPA derived a chronic provisional reference dose
(p-RfD) of 0.007 mg/kg bw/d, based on an increased relative kidney weight (BMDL1SD
of 6.9 mg/kg bw/d) [25]. Another RfD of 22 μg/kg bw/d was derived by Ali et al. [23],
where the sensitive endpoint is increased relative liver and kidney weights in female rats,
as was reported by WHO [26]. For TDCIPP, an MRL of 0.2 mg/kg bw/d was derived for
chronic exposure (>365 days) based on renal tubule lesions in male rats [24]. An RfD of
15 μg/kg bw/d was derived by Ali et al. [23], where the sensitive endpoint is increased
liver weight in female mice, as was reported by WHO [26]. Additionally, a cumulative risk
assessment by the use of the hazard index (HI) was performed for the urinary EDI and the
estimated dietary exposure. The HI is calculated by summing up the hazard quotient (HQ)
of the individual substances, whereby the HQ is the ratio of the HBGV and the estimated
exposure of the respective substances. If the calculation yields a HI < 1, the combined risk
is considered acceptable [27].
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3. Results

3.1. Estimated Daily Intake (EDI)

The estimated daily intake (EDI) summarized for all countries (mean and high intake)
ranged from 0.03 to 0.18 μg/kg bw/d for TDCIPP, from 0.05 to 0.17 μg/kg bw/d for TCIPP
and from 0.02 to 0.2 μg/kg bw/d for TCEP. In Table 3, the urinary metabolites and the EDIs
of their parent compounds are given in detail. BDCIPP had the highest detection frequency
(df) across the studies (65–97.7%) except for Slovakia with 37% df. The df of BCIPP was
below 55% across all studies, therefore only the P95 could be used. For BCEP the df ranged
between 19 and 63.3%, so only for the German study was an arithmetic mean available and
for Slovenia and Slovakia only the P95.

Table 3. Urinary BDCIPP, BCIPP and BCEP concentration levels and the estimated daily intakes (EDI)
of their parent compounds TDCIPP, TCIPP and TCEP.

Country OPFR-Metabolite n Df [%] Urinary Concentration [μg/L]
EDI of Parent Compound

[μg/kg bw/d]

Mean High Mean High

Belgium
(3xG study)

BDCIPP 133 98 1.03 3.08 0.05 0.14
BCIPP 133 13.5 - 1.4 - 0.063

Denmark
(OCC study)

BDCIPP 291 97 0.72 2.8 0.03 0.13
BCIPP 291 6.5 - 0.48 0.022

France
(Esteban study)

BDCIPP 299 65 1.34 3.82 0.06 0.18
BCIPP 299 31 - 3.71 0.17

Germany
(GerES V study)

BDCIPP 300 80 1.03 3.09 0.05 0.15
BCIPP 300 53 0.11 1 0.74 0.05 0.034
BCEP 300 63 0.48 0.96 0.022 0.043

Slovenia
(SLO CRP study)

BDCIPP 147 84 0.86 2.32 0.04 0.11
BCIPP 147 18 - 0.6 - 0.027
BCEP 147 20 - 4.79 - 0.214

Slovakia
(PCB cohort study)

BDCIPP 300 17 - 1.46 - 0.07
BCIPP 300 29 - 1.71 - 0.078
BCEP 300 20 - 3.81 - 0.17

df: detection frequency in percent, arithmetic mean and high (P95), 1 the median has been used, since no arithmetic
mean was available.

3.2. Dietary Exposure

TDCIPP was only detected in fish and cheese, whereas TCIPP and TCEP were present
in almost all food groups [7].

The estimated dietary intake of TDCIPP ranged from 0.006 to 0.06 μg/kg bw/d
(Belgium), 0.008 to 0.095 μg/kg bw/d (Denmark), 0.009 to 0.074 μg/kg bw/d (France),
0.005 to 0.06 μg/kg bw/d (Germany) and 0.008 to 0.08 μg/kg bw/d (Slovenia/Slovakia).
For TCIPP the estimated dietary intake was 0.03 to 0.13 μg/kg bw/d for Belgium, 0.04 to
0.2 μg/kg bw/d for Denmark, 0.04 to 0.15 μg/kg bw/d for France, 0.04 to 0.14 μg/kg bw/d
for Germany and 0.05 and 0.18 μg/kg bw/d for Slovenia/Slovakia. In regards to TCEP the
dietary intake ranged from 0.008 and 0.018 μg/kg bw/d and 0.007 to 0.016 μg/kg bw/d
for Slovenia/Slovakia and Germany respectively. As shown in Figure 1, food categories
“animal and vegetable fats and oils and primary derivatives thereof”, “grains and grain-
based products” “cheese” and “milk” were the main contributors to the dietary exposure. A
detailed overview of the dietary intake is given in Supplementary Materials Tables S2–S13.

103



Toxics 2022, 10, 234

Figure 1. The contribution of the analysed food categories to the mean and high dietary exposure—an
exemplary presentation of the medium bound.

3.3. Risk Characterization

Figure 2 shows the dietary intake and its contribution to the EDI. In the calculated
worst-case scenario (upper bound, high exposure), the estimated dietary intake of TDCIPP
contributes 43% (Belgium), 72% (Denmark), 41% (France), 41% (Germany), 76% (Slovenia)
and 120% (Slovakia). In the best-case scenario (lower bound, mean/high exposure) the
estimated dietary intake contributes, 12% (Belgium), 25% (Denmark), 14% (France), 11%
(Germany), 19% (Slovenia) and 20% (Slovakia, high exposure) to the EDI. The estimated di-
etary intake of TCIPP was in all scenarios above 100%, except for the Belgian (83%, scenario
lower bound, high exposure) and the French (90%, scenario upper bound, high exposure)
study populations. In the case of TCEP, it was estimated that the dietary intake ranges from
6 to 57% for the German, Slovenian and Slovakian study populations respectively.

Neither the EDI of TDCIPP and TCEP nor the estimated dietary exposure exceeded
the RfD of 15 μg/kg bw/d or the p-RfD of 0.007 mg/kg bw/d. Its maximum contribu-
tion to the RfD is below 1.2% (TDCIPP) and 3% (TCEP). The EDI and dietary intake for
TCIPP contributes only 0.01–0.21% to the RfD of 80 μg/kg bw/d. In the European Union
Risk Assessment, a MOS approach for TCIPP was used, which we also considered. The
estimated intake and the calculated dietary exposure were above the MOS of 50 (range
307,619–10,375,137; data not shown). The estimated HI is below 0.1. The EDI and dietary
exposure of TDCIPP, TCIPP and TCEP are not likely to cause adverse health effects based on
current knowledge from available exposure, kinetic and toxicity data. A detailed overview
is given in Supplementary Materials Table S14.

In Table 4, the Risk Characterisation Ratio (RCR) was estimated with the used HBM
data (P95) and the different published HBGVs. Although, the RCR is well below 1 and
indicates no adverse health effects, the values differ depending on which HBGV was
chosen. The available HBGVs ranged from 15–200 μg/kg bw/d for TDCIPP, from 80 to
52,000 μg/kg bw/d (LOAEL used for MOS) for TCIPP and from 7–200 μg/kg bw/d for
TCEP. Anyways, it should be kept in mind, that in this risk assessment different HBGVs
for one OPFR also might have different sensitive endpoints as it is the case for TDCIPP
e.g., renal tubule lesions in male rats vs. increased liver weight in female mice. However, if
more than one HBGV value is available, the lowest HBGV is normally chosen to conduct
an evidence-based single substance risk assessment.
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Figure 2. The contribution of the dietary exposure to the estimated daily intake in μg/kg bw/d.
marked as * means the dietary intake exceeded the estimated daily intake, therefore, only the dietary
intake is shown.

Table 4. Risk Characterisation Ratio (RCR) of the used HBM data (P95) with the different HBGVs
and the estimation of the Margin of Safety.

TDCIPP TCIPP TCEP

MRL RfD RfD MOS * MRL p-RfD RfD

(200 μg/kg
bw/d)

(15 μg/kg
bw/d)

(80 μg/kg
bw/d)

(52 mg/kg
bw/d)

(200 μg/kg
bw/d)

(7 μg/kg
bw/d)

(22 μg/kg
bw/d)

Belgium 0.001 0.01 0.001 823,423 - - -
Denmark 0.001 0.01 0.0003 2,360,912 - - -

France 0.0009 0.01 0.002 307,619 - - -
Germany 0.0007 0.01 0.0004 1,538,093 0.0002 0.006 0.002
Slovenia 0.00054 0.0073 0.0003 1,908,470 0.001 0.03 0.01
Slovakia 0.0003 0.004 0.001 667,016 0.001 0.024 0.008

* Margin of Safety (MOS) is the ratio of NOAEL (or LOAEL) obtained from animal toxicological studies to the
predicted or estimated human exposure. In this case a MOS over 50 is considered to be protective.

4. Discussion

4.1. Estimated Daily Intake

Only in the German study, BDCIPP, BCIPP and BCEP were detected frequently to
estimate an average and high daily intake. The detected levels are in line with a previously
published HBM study from Germany [8]. For the other HBM studies, no representa-
tive literature data were available to compare the detected levels in children within an
acceptable sampling period. Anyways, it should also be considered, that only in the
German, Slovenian, Belgian and French study population was the first morning urine
sampled, this urine is normally more concentrated than spot urine. In a study conducted by
Bastiaensen et al. [28], it was shown that the detection rate in a 24-h pooled urine sample is
higher compared to spot urine samples. Furthermore, it was also shown that for certain
OPFR metabolites such as BDCIPP, BCIPHIPP and DPHP, the first morning urine samples
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have the same representativeness as 24-h pooled samples. The authors concluded that the
first morning urine samples might be a sensible alternative for biomonitoring studies to
reduce exposure misclassification if the collection of several spot urine samples is not an
option. The used metabolite might also have an impact on the EDI. The provided metabolite
BDCIPP is known as an appropriate biomarker for TDCIPP since no other OPFR is metabo-
lized to BDCIPP [29]. In the case of TCIPP, the provided metabolite BCIPP may not be the
most representative biomarker. Several studies have reported that bis (1-chloro-2-propyl)
1-hydroxyl-2-propyl phosphate (BCIPHIPP) has a higher detection frequency than BCIPP
and might be a more suitable biomarker to reflect the TCIPP body burden. Besides the
biomarker BCEP, TCEP should also be considered as a biomarker, because of its resistance
to be metabolized [30].

4.2. Dietary Intake

The estimated dietary intake of the sum of OPFRs ranged from 0.04 and 0.3 μg/kg bw/d
(or 40–300 ng/kg bw/d), which is slightly lower compared to previous published data
from Xu et al. [10]. They estimated a median dietary intake of 87 ng/kg bw/d and a high
intake of 340 ng/kg bw/d of ∑OPFR (EHDPHP, TCEP, TPHP and TCPP) in a duplicate
diet study. For the adult population, Poma et al. [2,7] estimated a mean dietary intake of
31 ng/kg bw/d (medium bound, Belgium food basket study) and mean dietary intake of
26.4 ng/kg bw/d (medium bound, Swedish food basket study). In all the above mentioned
studies, EHDPHP was identified as the main contributor to the OPFR exposure. In this
exposure assessment, the mean dietary intake (medium bound) was between 70 and
100 ng/kg bw/d for children.

The dietary exposure of TDCIPP contributes depending on the LB-MB-UB scenario
between 7–173% to the EDI. In the case of TCEP, it is assumed that the dietary intake
contributes 6–37% to the EDI. Except for France and the Belgian best case scenario (LB and
high exposure), the estimated dietary exposure of TCIPP was in all scenarios above 100%
to the EDI. In our study, the estimated total TCIPP intake in the German study was around
5 ng/kg bw/d. It was assumed that the total concentration in food was around 17.2 to
75.4 ng/g wet weight (ww; LB to UB), which might be an overestimation because it is
unlikely that children in the used HBM studies consumed all the presented food categories
in the time when the urine samples were collected. In a study performed by Xu et al. [10],
they estimated that the total TCIPP exposure (inhalation, dust ingestion, dermal absorption
and dietary intake) is around 8.6 ng/kg bw/d, which is comparable to our estimation.
In their duplicate diet study, only 0.39 ng/g ww TCIPP was measured in the consumed
food. In that study, air, dust and hand wipes were also analysed and based on the low
concentration in food, they concluded the main exposure source was inhalation of personal
ambient air [10,31]. Moreover, the provided biomarker might not reflect a realistic TCIPP
exposure. This can also explain the higher estimated dietary exposure compared to the EDI.

The occurrence data were left-censored and for e.g., TDCIPP the detection frequency
was quite low, it was only frequently detected in fish (df 39%) and cheese (df 44%). TCIPP
and TCEP were more frequently detected in the range of 25–71% and 11–57% across the
analysed food categories. In the LB-MB-UB approach, the food category “animal fats and
vegetable fats and oils and primary derivatives of” contributes most to the total OPFRs
exposure, which might not reflect a realistic exposure scenario because it was not detected
at all. So it can either be not present in the samples or it was not detectable because of
their high limit of quantification (LOQ) of 32.17 ng/g ww (TDCIPP) and of 61.97 ng/g
ww (TCIPP) [7]. Based on the detection frequency of OPFRs in certain food categories, we
conclude that a realistic exposure scenario occurs rather in the LB to MB range than in the
UB. Despite the uncertainties by using aggregated occurrence data from a different country
our estimations for the dietary intake in children are slightly higher than the data for adults
in the literature. This is in line with the general observations that children have a higher
uptake per kg body weight than adults due to their lower body weight.

106



Toxics 2022, 10, 234

Most of the published OPFRs human biomonitoring studies focused on the indoor
exposure. The concentration in house dust is approximately three magnitudes higher than
its occurrence in food. In contrast to this, a child ingests approximately 1.2 kg of food per
day compared to 30 mg of dust [32]. Gbadamosi et al. [33] reviewed that for adults, food
ingestion contributes 75%, 41% and 36% to the total TCEP, TDCIPP and TCIPP exposure. It
can be assumed that the dietary intake might be equal or even a greater contributor to the
total human exposure to OPFRs [6,7]. Similar to the few previous studies, we were able to
show that the dietary exposure of OPFR can have an impact on the general exposure.

4.3. Uncertainties and Limitations

The following sources of uncertainties have been considered and are summarised
in Table 5. Since we used the urinary molar excretion fraction (Fue) of TDCIPP also for
TCIPP and TCEP, we are not able to determine if the EDIs are over- or underestimated.
Further, we used non-creatinine adjusted urinary HMB-data, since we had no detailed
information on the anthropometric parameters. Some studies indicated that creatinine
adjustment is not the appropriate approach to address the urine dilution for some OPFR
metabolites, since they can be conjugated in the liver as glucuronides or sulfates and
be actively excreted by the renal tubes [28]. It shows that adjusting it to the specific
gravity, the ratio between the density of the urine and pure water, is more accurate to use.
Nevertheless, in this risk assessment we did not use adjusted urinary values, and do not
believe that it has a high impact on the outcome but it is still an uncertainty that can cause
an over- or underestimation of the EDI. The provided biomarker BCIPP might not reflect
the TCIPP exposure appropriately because of its low detection frequency. Since we have
no information on the urinary BCIPHIPP concentration, an underestimation of the TCIPP
exposure is likely.

Table 5. Qualitative evaluation of influence of uncertainties on the dietary exposure estimate and the
estimated daily intake.

Sources of Uncertainty Direction

Dietary exposure estimates
The use of aggregated occurrence and food consumption data +
Occurrence data
The used occurrence data were from a single study and from only one country +/−
Concentration data are considered applicable for all items within the entire food category +
Food consumption data
The used food consumption data were at a low hierarchy level +
The used food consumption data were collected between 2006–2014 and
might be outdated +/−
For Slovenia and Slovakia no food consumption data were available, data from the
geographically closest region was used +/−
Use of data from food consumption surveys of a few days to estimate long-term (chronic)
exposure for high percentiles (95th percentiles) +

Hazard data
Ali et al., 2012 did not provide information on the toxicological study and endpoints
from which the reference dose for TCIPP was derived +/−
Health-Based Guidance Values are only based on limited toxicological data +/−
Uncertainty factors ranged from 100 to 1000 +/−
Estimated daily intake by using HBM data
Extrapolation from single non-creatinine adjusted urine sample (spot or morning urine
sample) to a 24 h urine sample +/−
Slovakia and Denmark provided spot urine samples (less concentrated as
first morning urine) -

The estimated urinary molar excretion fraction (Fue) from TDCIPP was used for TCIPP
and TCEP +/−
Absence of individual urine excretion volume data +/−
BCIPP was the only provided biomarker for TCIPP -

+: uncertainty with potential to cause overestimation of exposure; -: uncertainty with potential to cause underesti-
mation of exposure; +/−: uncertainty can cause either an over- or underestimation of exposure.
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Based on the uncertainty of aggregated occurrence data and the low hierarchy in the
food consumption data, the used approach is rather conservative and an overestimation of
the dietary exposure is likely. Further the occurrence data originated from Belgium, which
might not represent the contamination on a European level.

The toxicological data are limited so we are not able to estimate if the used HBGVs are
leading to an over- or underestimation of the risk characterisation.

The limitations in this risk assessment and by using HBM data were the lack of
information on toxicokinetics as urinary molar excretion fraction or the oral bioavailability,
which is still assumed to be 100% and can result in an overestimation of the exposure or
a health risk. All HBGV were published between 2009 and 2012, there are no new data
available, which is also a limiting factor in the hazard assessment. Additionally, for TCIPP,
Ali et al. [23] did not provide any further information from which toxicological endpoints
the RfD was derived, it is only known that chronic NOAELs and an uncertainty factor of
1000 were used. Therefore, it is not possible to evaluate this RfD on its plausibility and
values like this one should be used carefully.

A refinement on analytical methods to achieve more sensitive LOQ and LOD is
necessary to estimate the contamination, the LOQ in the food category “fats and oils” was
rather high. Therefore, we actually do not know if an OPFR contamination in this food
category is likely or not. The same applies to the OPFRs metabolites, a more sensitive LOQ
and LOD would lead to a more accurate detection frequency of metabolites and reflects a
more realistic human body burden.

5. Conclusions

We were able to show that the dietary exposure can have an impact on the general
exposure. Under consideration of the current knowledge the estimated daily intake and
dietary exposure indicate a minimal health risk. Moreover, we showed how HBM data can
be integrated into a dietary risk assessment without performing a duplicate diet study. This
kind of approach is expensive and time intense and are mainly conducted on a regional level.
Anyways, further research is needed to overcome the data limitations e.g., occurrence data
to provide a more comprehensive picture of the OPFRs exposure in children. Uncertainties
especially information on toxicokinetics as urinary molar excretion fraction or the oral
bioavailability should be addressed and reduced. Further, it is recommended to refine the
analytical methods to achieve more sensitive LOQ and LOD to estimate the contamination
in food and body burden accurately.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/toxics10050234/s1, Table S1. Detailed description of the used HBM
studies, Table S2. Estimated dietary TDCIPP ex-posure for children in Slovenia and Slovakia (μg/kg
bw/day), Table S3. Estimated dietary TCIPP exposure for children in Slovenia and Slovakia (μg/kg
bw/day), Table S4. Estimated dietary TCEP exposure for children in Slovenia and Slovakia (μg/kg
bw/day), Table S5. Estimated die-tary TDCIPP exposure for children in Germany (μg/kg bw/day),
Table S6. Estimated dietary TCIPP exposure for children in Germany (μg/kg bw/day), Table S7.
Estimated dietary TCEP ex-posure for children in Germany (μg/kg bw/day), Table S8. Estimated
dietary TDCIPP exposure for children in Belgium (μg/kg bw/day), Table S9. Estimated dietary
TCIPP exposure for children in Belgium (μg/kg bw/day), Table S10. Estimated dietary TDCIPP
exposure for children in Den-mark (μg/kg bw/day), Table S11. Estimated dietary TCIPP exposure for
children in Denmark (μg/kg bw/day), Table S12. Estimated dietary TDCIPP exposure for children
in France (μg/kg bw/day), Table S13. Estimated dietary TCIPP exposure for children in France
(μg/kg bw/day), Table S14. Dietary exposure estimation from each cohort in μg/kg bw/d and its
contribution to the estimated intake and its relation to the RfD of 15 μg/kg bw/d (for TDCIPP) or
80 μg/kg bw/d (for TCIPP) and a p-RfD of 7 μg/kg bw/d (for TCEP) in percent.
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Abstract: Within the European Joint Programme HBM4EU, Human Biomonitoring Guidance Values
(HBM-GVs) were derived for several prioritised substances. In this paper, the derivation of HBM-GVs
for the general population (HBM-GVGenPop) and workers (HBM-GVworker) referring to bisphenol
S (BPS) is presented. For the general population, this resulted in an estimation of the total urinary
concentration of BPS of 1.0 μg/L assuming a 24 h continuous exposure to BPS. For workers, the
modelling was refined in order to reflect continuous exposure during the working day, leading to a
total urinary concentration of BPS of 3.0 μg/L. The usefulness for risk assessment of the HBM-GVs
derived for BPS and bisphenol A (BPA) is illustrated. Risk Characterisation Ratios (RCRs) were
calculated leading to a clear difference between risk assessments performed for both bisphenols,
with a very low RCR regarding exposure to BPA, contrary to that obtained for BPS. This may be
due to the endocrine mediated endpoints selected to derive the HBM-GVs for BPS, whereas the
values calculated for BPA are based on the temporary Tolerable Daily Intake (t-TDI) from EFSA set in
2015. A comparison with the revised TDI recently opened for comments by EFSA is also discussed.
Regarding the occupational field, results indicate that the risk from occupational exposure to both
bisphenols cannot be disregarded.

Keywords: human biomonitoring (HBM); HBM4EU; internal exposure; biomarkers; endocrine
disruptors; bisphenol A (BPA); bisphenol S (BPS); bisphenols; human biomonitoring guidance value
(HBM-GV); physiologically based pharmacokinetic modelling (PBPK); risk assessment

1. Introduction

Bisphenols are a group of chemical compounds with two hydroxyphenyl function-
alities. BPA, the most commonly used compound of the bisphenol family, is a monomer
mainly used in the production of polycarbonate plastics and epoxy resins [1]. Polycarbon-
ates can be used in the manufacture of many consumer items, such as food containers, baby
bottles and childcare articles, water pipes, etc. Epoxy resins are used to make protective
coatings for cans and beverages, and to make coatings used on the metal lids of jars [2].
Any residual BPA present in the final material or article made from polycarbonate plastics
or epoxy resins has the potential to migrate into the food or water with which it comes into
contact [3]. BPA is also found in air and dust particles and is used in some paper products
(thermal paper, e.g., sales receipts) as well as in many other products, such as medical
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devices, surface coatings, printing inks, dental sealants, toys, cosmetics and flame retar-
dants [2,4–7]. Human exposure to BPA is thus widespread, and ingestion of contaminated
food is a major contributor to overall internal exposure to BPA for all age groups [8].

The toxicity of BPA has been extensively characterised in several risk assessments
carried out by different bodies such as EFSA (the European Food Safety Authority), ANSES
(the French Agency for Food, Environmental and Occupational Health & Safety, Maisons-
Alfort, France) and even the Food and Agriculture Organization and the US Food and
Drug Administration [2,9–11]. The German HBM Commission also reviewed BPA in
2012 and established HBM-I values for children and adults to assess HBM results [12,13].
These values were updated in 2015 on the basis of the new EFSA temporary Tolerable
Daily Intake (t-TDI) available at that time. The latest comprehensive reassessment of BPA
exposure and toxicity (by EFSA in January 2015 leading to its t-TDI of 4 μg/kg bw/d [2]) is
based on the increase in relative kidney weight in the F0 generation of a two-generation
mouse study by Tyl et al. (2008) seen as a critical effect [14]. According to EFSA, the
risk to consumers was controlled as the highest estimates for dietary exposure and for
exposure from several sources, both oral and dermal, are 3–5 times lower than the new
TDI [2]. In 2015, the Risk Assessment Committee (RAC) of the European Chemicals
Agency (ECHA) also issued an opinion following a request for the restriction of BPA in
thermal paper. The restriction dossier was submitted by the French authorities in May
2014, following the identification of health risks for unborn children linked to the exposure
(occupational or not) of their mothers to BPA contained in these thermal papers [15]. The
RAC followed the same approach as that used by EFSA to calculate an oral Derived No
Effect Level (DNEL) for the general population. Since the proposed restriction targeted
dermal exposure when handling thermal paper, DNELs for dermal exposure (assuming
50% bioavailability) were also calculated for workers and the general population [15].
Based on these dermal DNELs and reasonable “worst case” scenario modelling, the RAC
concluded that the risk of exposure to BPA from handling thermal paper was controlled for
consumers but insufficiently controlled for workers. On 12 December 2016, the European
Commission amended Annex XVII of REACH to include a restriction which set a threshold
limit of 0.02% (by weight) for BPA in thermal paper. This restriction came into force on
2 January 2020 [16].

Nevertheless, endocrine disrupting properties of BPA at low doses are strongly sus-
pected, and concern especially exists, for particularly sensitive population groups such
as pregnant women and young children [17]. In January 2017, BPA was included on the
candidate list of substances of very high concern (SVHC) due to its reproductive toxicity. In
June of the same year, the ECHA Member State Committee supported the French proposal
to include its endocrine disrupting properties, which cause probable serious effects on
human health and give rise to a level of concern equivalent to carcinogenic, mutagenic,
toxic to reproduction (CMRs) category 1A or 1B. In 2018, an update added an additional
reason for inclusion in the candidate list of SVHC due to its endocrine disrupting properties
leading to adverse environmental effects, as proposed by Germany [18].

The EFSA Panel on Food Contact Materials, Enzymes and Processing Aids (CEP Panel)
released for a draft opinion for public consultation in December 2021 on the re-evaluation
of risks to public health due to the presence of BPA in foodstuffs [19]. In this draft opinion,
the immune system has now been identified as the most sensitive health endpoint to BPA
exposure. Specifically, an increase of Th17 cells, key players in cellular immune mechanisms
and involved in the development of allergic lung inflammation, was identified as the critical
effect. This work led the EFSA CEP Panel to reduce the previous t-TDI by an order of
magnitude of 105, which leads to a value of 0.04 ng/kg bw/day. However, as this opinion
remains at this stage a draft, the risk assessment performed in this paper will still consider
the t-TDI set in 2015.

Bisphenol S (BPS) is used in a variety of industrial applications as a substitute for
BPA, for example, as a wash fixative in cleaning products, or as a starting monomer for
the synthesis of polyether sulfone specifically used in the manufacture of baby bottles
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and children’s tableware. Available data on the presence of BPS in the environment are
more limited than for BPA. In Europe, BPS was detected in the wastewater of industrial
facilities [20] and canned food [21]. BPS is also used as a developer in thermal paper,
including in products marketed as “BPA-free paper” [22]. A survey of manufacturers
selling thermal paper in the EU conducted by ECHA indicates that the use of BPS as an
alternative to BPA in the manufacture of thermal paper had not increased markedly for the
period 2014–2016 [23]. However, it is important to continue to monitor which alternatives
thermal paper manufacturers will prefer, following the restriction on the use of BPA in
these papers. Indeed, a study in China examined the presence of thirteen bisphenol-related
compounds in paper products (120 thermal papers and 81 non-thermal papers) collected in
Beijing [24]. The results indicated that the replacement of BPA, by alternatives such as BPS,
has progressed significantly in several types of thermal paper such as stickers, train tickets,
aeroplane boarding passes, lottery tickets, etc. Due to the probably globalised production
of these products, such an increase in Europe cannot be excluded.

According to the Classification, Labelling and Packaging (CLP) regulation, BPS is
considered a presumed reproductive toxicant for fertility and development (Reproductive
Toxicant 1B). No risk assessment has yet been published for BPS, but several initiatives are
underway. The toxicological profile of BPS has however been studied by Beausoleil et al.
(2022) [25]. There is a fairly large body of data on the toxicity of BPS, including repeated
dose toxicity, reproductive toxicity and also specific effects on the endocrine system.

Human biomonitoring (HBM) is a tool of growing importance for estimating internal
aggregated exposure to chemicals and can therefore be used to improve human health
risk assessment. The European Joint Programme on Human Biomonitoring (HBM4EU)
is a joint effort of 30 countries and the European Environment Agency (co-funded by the
European Commission within the framework of Horizon 2020) with the aim of advancing
and harmonising human biomonitoring in Europe [26]. One of the limitations for the use
of HBM data in risk assessments (RA) is the lack of HBM guidance values (HBM-GV) [27]
which represent the concentration of a biomarker of exposure in a human biological matrix
at and below which no adverse effect for human health is expected according to current
toxicological knowledge. Those values are useful to risk assessors and risk managers
for comparing to the HBM data measured in biomonitoring studies. This paper aims
to characterise the risks associated with BPS and BPA according to available HBM data
in Europe. For this purpose, the derivation of HBM-GVs for exposure to BPS for both
the general population (HBM-GVGenPop) and for workers (HBM-GVWorker) has also been
performed, as has been done previously for BPA [28].

2. Materials and Methods

2.1. Characterisation of Risk

To estimate the risk due to BPA or BPS exposure, Risk Characterisation Ratios (RCRs)
are calculated by comparing the 95th percentile (P95) of the levels of biomarker measured
to the HBM-GV derived, as described in Equation (1).

RCR =
P95 (biomarker)

HBM − GV
(1)

If the RCRs are lower than 1, the risk due to BPA or BPS exposures can be ruled out
for the sampled population according to the HBM-GV derived. Conversely, if RCRs are
higher than 1, the risk cannot be ruled out for the health of the sampled population and
investigations and/or management measures are required.

2.2. Derivation of HBM-GVs: General Methodology

The HBM-GVs are derived according to a systematic methodology agreed within the
HBM4EU project and published in 2020 by Apel et al. [29].

In brief, this methodology relies on a tiered approach depending on the knowledge
and data available (Figure 1). Option 1 is followed when relevant human data proving a
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relationship between internal concentrations of an adequate biomarker and the occurrence
of adverse health effects are available. If those data are insufficient or unavailable, the
second option can be considered by translating an existing external toxicity reference value
(TRV), such as a TDI, or an Occupational Exposure Limit set by EU or relevant non-EU
bodies, into an internal value. As a final option, HBM-GVs can be derived on the basis of
critical effects observed in animal toxicological studies. This methodology has been applied
for deriving HBM-GVs for BPA and BPS and the best approach was selected.

Figure 1. General methodology used to derive HBM-GVs as presented in Apel et al., 2020 [29].

2.3. Characterisation of Internal Exposure to BPA and BPS

The Information Platform for Chemical Monitoring (IPCheM) was consulted to obtain
HBM data from European cohorts. IPCheM is a platform developed under the initiative
of the European Commission for accessing chemical data collected and managed in Eu-
rope [30]. P95 for the selected biomarkers (total BPA and total BPS) in urine from aggregated
HBM data included in the IPCheM platform was considered for the risk assessment of
BPA and BPS. To respect data ownership, only results published in the literature were
used in this paper. To document BPA exposure for the occupational population, data
from occupational studies included in the review from Bousoumah et al. (2021) [31] were
also used.

3. Results

3.1. Assessment of Risk Due to BPA Exposure
3.1.1. Derivation of HBM-GVs for BPA
Derivation of HBM-GVGenPop

The HBM-GVGenPop for adults and children was developed for total urinary BPA and
published by Ougier et al. (2021) [28]. Human data proving a relationship between internal
concentrations of a specific and sensitive biomarker of BPA and the occurrence of relevant
adverse health effects were not sufficient to derive a HBM-GV. Thus, the second option
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for HBM-GV derivation, relying on the conversion of an external guidance value into a
corresponding internal level, was adopted. For this purpose, total BPA concentrations in
urine were estimated considering a steady-state exposure at the EFSA t-TDI of 4 μg/kg
bw/d, using the PBPK model developed by Karrer et al. (2018) [32], assuming a 24 h
averaged BPA exposure that is constant and occurs 100% via the oral route. The resulting
values derived by Ougier et al. (2021) are 230 μg/L for adults and 135 μg/L for children [28]
(Table 1).

Table 1. HBM-GVs calculated for the general population for total BPA in urine.

Key Study Critical Effect
External Toxicity
Reference Value

HBM-GVGenPop
Key

Study

Tyl et al., 2008
(Two-generation toxicity

study in mice)

Increase in relative mean kidney
weight in adult males F0

t-TDI (EFSA, 2015)
4 μg/kg bw/day 230 μg/L 135 μg/L

Derivation of HBM-GVworker

For the occupationally exposed population, the absorption of BPA results mainly from
dermal exposure, in particular for cashiers.

Therefore, the total BPA level in urine was also estimated by Ougier et al. (2021) for der-
mal absorption that would generate the same level of free BPA plasma concentration as an
average 24 h oral absorption at the ECHA DNEL of 8 μg/kg bw/d for workers. A concentra-
tion of approximately 12 μg/L of total BPA in urine was calculated by Ougier et al. (2021)
as a biological threshold value not to be exceeded in workers, assuming 100% dermal
exposure in the workplace [28]. However, since this value for workers is much lower than
the recommended HBM-GVGenPop (230 μg/L) and lower than the total BPA concentrations
from some of the environmental (non-occupational) background exposures identified, no
HBM-GVworker could be recommended. Thus, the theoretical threshold value of 12 μg/L
corresponding to the worst-case scenario resulting from 100% dermal exposure was used
only as an indication for comparison with available biomonitoring data.

3.1.2. Assessment of Exposure to BPA

For the assessment of risks due to BPA exposure for the general population, data of
16 HBM studies from 16 different European countries, representative of different parts of
Europe, were compiled (Table 2). Data from the HELIX cohorts were creatinine adjusted.
To be able to compare the creatinine adjusted levels to the reported HBM-GVs, data
were converted in unadjusted levels (μg/L) using the mean value for creatinine obtained
from studies by MacPherson et al. (2018) and Lau et al. (2018) for adults and children,
respectively [33,34]. Moreover, reported levels of total BPA in urine corrected by urine
specific gravity could not be converted, and were used as they were for the calculation of
the RCR.

Regarding occupational exposure to BPA, HBM data are more limited and those iden-
tified in a review published by Bousoumah et al. (2021) from five European occupational
studies are discussed for risk assessment purposes [31]. A Finnish study by Heinälä et al.
published in 2017 and involving 49 workers was conducted in five different companies
using BPA in the production of paints, composites, tractors and thermal papers [35]. Si-
monelli et al. (2017) collected urine samples from workers suffering endometriosis and a
healthy control group, as well as information about their lifestyle, environment and work
activities [36]. Lyapina et al. (2016) also conducted a study in Bulgaria in 55 students of den-
tal medicine exposed to dental composite resins containing BPA as impurities due to their
production process, and in 29 patients treated with those composite resins but not exposed
occupationally as controls [37]. A Spanish study by Gonzales et al. (2019) has determined
the levels of eight Bisphenols including BPA, BPS and BPF in biological samples from a
controlled cohort of 29 workers in a hazardous waste incinerator located in Constantí in the
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Catalonia region [38]. Lastly, a French study performed by Ndaw et al. (2016) evaluated
the exposure to BPA in cashiers and in non-occupationally exposed workers from several
workplaces [39].

3.1.3. Risk Characterisation Due to BPA Exposure
For the General Population

RCRs were calculated by comparing total BPA levels in urine from the HBM studies to
the corresponding HBM-GVs derived for BPA (Table 2). The t-TDI based HBM-GVGenPop
for total BPA in urine for adults was used for calculating RCRs for teenagers. For studies
reporting results for children and teenagers in combination, the HBM-GV for children was
used with a conservative approach. In all cases the calculated RCRs are significantly lower
than 1, both for adults and for children, and for each set of data available, meaning that
exposure levels reported are far lower than the HBM-GVGenPop. These results indicate that
exposure to BPA for the populations sampled, according to current knowledge in a single
substance–risk assessment approach, does not constitute a risk when taking into account
the HBM-GVGenPop derived from the t-TDI established by EFSA in 2015.

Table 2. Reported concentrations of total urinary BPA in the general population (P95) and RCR
calculated using the HBM-GVGenPop recommended by HBM4EU.

Cohorts References Country Populations
P95

(μg/L)

HBM-GVGenPop

for Total Urinary BPA
(μg/L)

RCR

IBS Berman et al.,
2014 [40] Israel Adults (40–59 years old) 20.48 230 0.09

GerES IV * Becker et al.,
2009 [41] Germany Children (3–14 years old) 14 135 0.10

GerES V
Tschersich et al.,

2021 [42]
Germany

Children (3–5 years old) 7.79 135 0.06

Children (6–10 years old) 5.13 135 0.04

Children (11–13 years old) 9.95 135 0.07

Adolescents (14–17 years old) 7.65 230 0.03

3xG Study website
[43] Belgium Adults (20–39 years old) 4.61 230 0.02

FLEHS II Geens et al.,
2014 [44] Belgium Adolescents (14–15 years old) 9.6 230 0.04

DEMOCOPHES
Covaci et al.,

2015 [45]

Belgium, Denmark,
Luxembourg,

Slovenia, Spain,
Sweden

Mothers (<45 years old) 11.1 230 0.05

Children (5–12 years old) 13.1 135 0.10

Belgium Mothers (<45 years old) 11.6 230 0.05

Children (5–12 years old) 13.4 135 0.10

Denmark
Mothers (<45 years old) 11.5 230 0.05

Children (5–12 years old) 7.9 135 0.06

Luxembourg Mothers (<45 years old) 7.4 230 0.03

Children (5–12 years old) 8.3 135 0.06

Slovenia
Mothers (<45 years old) 13.4 230 0.06

Children (5–12 years old) 18.9 135 0.14

Spain Mothers (<45 years old) 12.2 230 0.05

Children (5–12 years old) 9.8 135 0.07

Sweden
Mothers (<45 years old) 5 230 0.02

Children (5–12 years old) 6.2 135 0.05
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Table 2. Cont.

Cohorts References Country Populations
P95

(μg/L)

HBM-GVGenPop

for Total Urinary BPA
(μg/L)

RCR

PBAT
Hartmann et al.,

2016 [46] Austria

Children M (6–10 years old) 7.3 135 0.05

Children F (6–10 years old) 5.8 135 0.04

Teenagers M (11–15 years old) 2.7 230 0.01

Teenagers F (11–15 years old) 5.2 230 0.02

Adults M (18–64 years old) 3.6 230 0.02

Adults F (18–64 years old) 1.3 230 0.01

Senior M (65–79 years old) 1.3 230 0.01

Senior M (65–79 years old) 4.6 230 0.02

HELIX **
Haug et al.,

2018 [47]

France, Greece,
Lithuania, Norway,

Spain, United
Kingdom.

Pregnant women (>18 years old) 22 230 0.10

Children (6–12 years old) 15.7 135 0.12

Elfe Dereumeaux
et al., 2016 [48] France Pregnant women (>18 years old) 5.3 230 0.02

Esteban
Balicco et al.,

2019 [49] France

Children (6–10 years old) 7.3 135 0.05

Adolescents (11–14 years old) 13.7 230 0.06

Adolescents (15–17 years old) 6 230 0.03

Adults M (18–74 years old) 10 230 0.04

Adults F (18–74 years old) 6.9 230 0.03

Danish-HBM Frederiksen
et al., 2014 [50] Denmark Pregnant women (>18 years old) 7.52 230 0.03

RefLim 2011 Porras et al.,
2014 [51] Finland Adults (22–67 years old) 7.9 230 0.03

RHEA
Myridakis et al.,

2015 [52] Greece

Pregnant women
(>16 years old) 4.7 230 0.02

Children (4 years old) 16.6 135 0.12

INMA
Casas et al.,

2013 [53]
Spain

Pregnant women
(≥16 years) first trimester 11.9 230 0.05

Children (4 years old) 12.3 135 0.09

TH Pregnant
women

Machtinger
et al., 2018 [54] Israel Pregnant women 14.2 230 0.06

SLO-CRP
Tkalec et al.,

2021 [55] Slovenia
Children (6–9 years old) 9.5 135 0.07

Adolescents (11–15 years old) 7.3 230 0.03

* The HBM-GV value for children was used to calculate the RCR using a protective approach. ** Conversion
carried out with concentrations of 0.75 g creatinine/L for pregnant women (MacPherson et al., 2018) and 0.68 g
creatinine/L for children (Lau et al., 2018).

For Workers

As explained above, no HBM-GV could be derived for workers exposed to BPA.
However, the concentration of 12 μg/L of total BPA in urine calculated by Ougier et al.
(2021) was used to compare the values measured in occupational studies [28]. The study by
Heinälä et al. (2017) suggests an occupational exposure of concern, with median urinary
concentrations (P50) of total BPA at the end of the shift much higher (130–150 μg/L) in an
environment where the air levels of BPA are low [35]. Elevated levels of total urinary BPA
were still observed on Monday morning after the weekend break. Taking into account this delay
in the excretion of BPA, these results suggest significant skin exposure, for which absorption is
generally slower in comparison with other routes of exposure. In addition, the highest reported
concentrations of total BPA were in the order of 1000–1500 μg/L, which is well above the value
of 12 μg/L, but also above the recommended HBM-GV for the general population (230 μg/L).
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Simonelli et al. (2017) reported urinary concentrations of total urinary BPA in work-
ers lower than in the study of Heinälä et al. (2017), with concentrations ranging from
1.17 μg/L to 12.68 μg/L, and an average value of 5.31 μg/L [36]. In the control group,
the concentrations measured are between 1.28 and 2.35 μg/L, with an average value of
1.64 μg/L. These levels are 10 to 100 times lower than those reported by Heinälä et al.
(2017) and are also below, or at the limit of, the value of 12 μg/L while also well below
the HBM-GVGenPop value (230 μg/L). In addition, the results from Simonelli et al. (2017)
show that certain professional activities generally considered to be exposed to BPA, such as
those carried out by housekeepers, are in reality slightly exposed or not exposed to BPA.
These observations could be due to the wearing of personal protective equipment. On
the contrary, other categories generally considered to have a rather small exposure to BPA
through their professional activities, such as students or salespeople, would in reality be
significantly exposed.

Lyapina et al. (2016) and Gonzales et al. (2019) also reported results below the
theoretical limit value of 12 μg/L [37,38]. The urinary concentration of total BPA was on
average 6.16 μg/L, with a standard deviation of 14.05 μg/L, in student dentists, and only
0.86 μg/L for employees working in a hazardous waste incinerator with a maximum value
of 2.82 μg/L.

The study by Ndaw et al. published in 2016 reports median urinary concentrations
of total BPA of 3.54 μg/L in controls and 8.82 μg/L in cashiers [39]. These levels are also
below both the HBM-GVGenPop and the value of 12 μg/L. However, the P95 values exceed
this limit value for both exposed cashiers and for controls with 44 μg/L and 14.2 μg/L,
respectively. However, the authors highlighted that no significant increase in the urinary
concentrations of free BPA was observed.

3.2. Assessment of Risk Due to BPS Exposure
3.2.1. Derivation of HBM-GVs for BPS
Selection of the Methodological Approach for the Derivation of HBM-GVs for BPS

The human data analysed by Beausoleil et al. (2022) were considered insufficient for
establishing a relationship between internal concentrations and relevant health effects [25].
In addition, neither toxicity reference values nor occupational exposure limits have been
proposed by the EU or by any relevant non-EU organisations so far. Regarding workers, the
scarcity of data on occupational exposure does not allow for assessment of the relationship
between atmospheric concentrations of BPS and total urinary concentrations of BPS. Thus,
the derivation method for HBM-GVs for BPS for both the general population and the
workers was based on a point of departure (POD) identified from animal experimental
studies, as tentatively proposed by Beausoleil et al., 2022 [25]. The HBM-GVs were then
derived by translating the POD into the corresponding urinary levels in humans for the
selected biomarker of exposure by using a PBPK model. Once the human equivalent dose
was derived, different assessment factors were applied to estimate the HBM-GVs.

Karrer et al. (2018) extended to BPS the PBPK model developed by Yang et al. in 2015,
used previously by EFSA in 2015 for calculating the Human Equivalent Dose Factor (HEDF)
(ratio of AUC Animal/AUC Human) and deriving the t-TDI for BPA [2,32,56]. To validate
the model, a comparison of predicted concentrations with measured concentrations of BPS
and total BPS (BPS-G + free BPS) in two volunteer studies [57–59] has been performed.
The blood flow was replaced by a plasmatic flow (BPS being mostly distributed in the
plasma) and a value for the haematocrit of 0.45 was used. Outputs of excreted urinary
BPS quantities were also replaced with urinary BPS concentrations by adding an estimated
value for the daily 24 h urinary excretion. The same daily urinary excretion rate of 0.05 L/h
previously used for BPA was considered. After oral administration, an absorption fraction
of 100% was considered.

BPS is well absorbed by the oral route. However, dermal absorption of BPS is very
limited. Based on an in vitro study by Champmartin et al. (2020) [60], it has been assumed
that the dermal route will contribute very little to the overall exposure to BPS. Lastly, the
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relative contribution of the inhalation route may also be expected to be low, based on BPS
physical-chemical properties (low vapor pressure) and by analogy with previous BPA risk
assessments. It is thus anticipated that the 100% oral exposure scenario is appropriate for
the general population, as well as for workers. Thus, the derivation method for HBM-GVs
for BPS for both the general population and workers is based on the same constant and
continuous exposure scenario to the LOAEL chosen as a POD via ingestion (100% oral
exposure scenario).

Selection of the Biomarker of Exposure for BPS

Bisphenols are largely detoxified by phase II conjugating enzymes, including UDP-
glucuronyl transferases (UGT) and sulfotransferases (SULT) (Figure 2) [61,62]. Similarly
to what has been observed for BPA, BPS clearance is mainly driven by glucuronidation
of BPS into BPS-G, principally excreted in urine [28]. Although the unconjugated form is
known to be the active one able to induce an effect, very few data are available regarding
the excretion levels of non-conjugated BPS in urine; however, these levels confirmed a
very low proportion of free urinary BPS among all the excreted forms [49]. Conversely, the
measurement of total BPS in urine allows for better compatibility with current method-
ological detection limits and is a protective approach for exposure assessment considering
possible endogenous deconjugation. Therefore, in a large majority of available biomoni-
toring studies, the urinary exposure level is estimated after enzymatic hydrolysis of the
conjugates so that the total of free and conjugated forms is finally determined. Total BPS in
urine was then selected as the appropriate biomarker of exposure to BPS to be considered
for the derivation of HBM-GV. It should be noticed that most of the existing studies have
determined exposure levels in spot urine samples.
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Figure 2. Estimated free BPS and glucuronidated BPS plasmatic concentrations (nmol/L) for a 70 kg
adult after 24 h constant and continuous oral exposure to 0.0266 μg BPS/kg bw averaged over 24 h in
the general population.

Selection of Key Studies and Choice of POD

The first two options that, according to methodology developed within the HBM4EU
programme and published by Apel et al. (2020), should be used to derive the HBM-GV
when the data available allows it, could not be followed for BPS. Therefore, the third
option is to derive an HBM-GV based on critical effects observed in animal studies. The
choice of POD is based on the recommendation formulated by Beausoleil et al. (2022)
who reviewed regulatory toxicology studies conducted in accordance with OECD Test
Guidelines, as well as numerous academic studies investigating more specific parameters
dedicated to endocrine disrupting effects [25]. Adverse effects due to BPS exposure were
reported in academic studies assessing male and female reproduction, mammary glands,
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neurobehavior and metabolism/obesity. LOAELs regarding developmental exposure to BPS
were far lower in academic studies than in regulatory ones and were expressed, respectively,
in μg/kg bw/day vs. mg/kg bw/day. Beausoleil et al. (2022) proposed to derive a HBM-GV
from values determined in academic peer-reviewed experimental studies [25].

Converging studies by Kolla et al. published in 2018 and 2019, as well as by Catanese
and Vandenberg published in 2017, were conducted by exposure via the oral route with at
least two dose levels, and identified a common LOAEL of 2 μg/kg bw/day for mammary
gland and neurobehavioral toxicity, respectively (Table 3) [63–65]. This LOAEL has been
selected as a POD for the derivation of the HBM-GVs.

Table 3. Key studies and selection of the POD for the derivation of the HBM-GVs.

Species, Exposure Duration Critical Endpoint POD References

CD-1 Mice, oral exposure, GD 9 to
PND 20

Increased number of terminal end
buds in the mammary gland

LOAEL = 2 μg/kg bw/day

Kolla et al., 2018 [63]

CD-1 Mice, oral exposure, GD 9 to
GD 16 or lactation day 20

Dose dependent increase in ductal
area in the mammary gland. Kolla et al., 2019 [64]

Rat, oral exposure, GD8/9 to
PND20/21 Neurobehavioral toxicity Catanese and Vandenberg,

2017 [65]

Prediction of the Total Urinary BPS Concentration with a 100% Oral Exposure Scenario

The derivation method for HBM-GVs for BPS for both the general population and
workers is based on the same LOAEL identified from animal experimental studies. In
addition, dermal absorption of BPS is very limited, whereas BPS is well absorbed by the
oral route. It is therefore anticipated that the dermal route will contribute very little to the
overall exposure to BPS. The relative contribution of the inhalation route may similarly be
expected to be low, based on its physical-chemical properties (low vapor pressure) and by
analogy with previous BPA risk assessments. Therefore, a 100% oral exposure scenario was
considered for the general population, as well as for workers.

The HBM-GVs were derived by translating the LOAEL of 2 μg/kg bw/day, chosen as
a POD for the corresponding urinary levels in humans of total BPS, by using the modified
PBPK model published by Karrer et al. in 2018 [32]. Moreover, an assessment factor
of 3 is applied for extrapolating a LOAEL to a NOAEL. The interspecies differences in
toxicokinetics between animal species and humans are determined by PBPK modelling,
and an assessment factor of 2.5 is applied for remaining interspecies differences (mostly for
toxicodynamic differences). A factor of 10, accounting for intra-species differences, is further
applied to the human adjusted NOAEL. Generally, this factor is set to 5 when workers
are the targeted population for which the HBM-GV is derived, in line with ECHA’s R8
guidance for deriving DNELs for workers [66]. However, as the most sensitive endpoint(s)
to be protected from are the effects on the unborn child, no differences can be assumed
between the foetuses of the general population and those of workers.

Therefore, for an adult of 70 kg, applying assessment factors of 75 (3 × 2.5 × 10)
to the POD and assuming a constant and continuous oral exposure throughout the day
of BPS leads to a constant exposure to 0.0266 μg/kg bw/day. The estimated maximal
concentration of plasmatic free and glucuronidated BPS is 9.7 × 10−3 nmol/L (2.42 ng/L)
after 24 h constant oral exposure to 0.0266 μg/kg bw/day for an adult of 70 kg (Figure 2).

The estimated concentration of total BPS (sum of estimated urinary glucuronidated
and free BPS) in urine is 4.13 nmol/L (1030 ng/L) after 24 h constant oral exposure to
0.0266 μg/kg bw/day for an adult of 70 kg (Figure 3). The HBM-GVGenPop is then rounded
to 1.0 μg/L.

Although a weight of 70 kg may not be representative of women, especially non-
pregnant women, this weight gives more conservative values for lighter women and
seems appropriate for calculating HBM-GVs for a population including men and women.
Additionally, as the most sensitive endpoint(s) to be protected from are the effects on the
unborn child, the calculated HBM-GVs for men are probably highly conservative.
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Figure 3. Estimated total urinary BPS concentration (nmol/L) for a 70 kg adult after 24 h constant and
continuous oral exposure to 0.0266 μg of BPS/kg bw averaged over 24 h in the general population.

For workers, the same approach of using the POD and modified PBPK model by
Karrer et al. (2018) was used to derive the HBM-GVworker. Applying an assessment factor
of 75 (3 × 2.5 × 10) and assuming a constant and continuous oral exposure of BPS through-
out the day would lead to a constant exposure of 0.0266 μg/kg bw/day. However, as
occupational exposure is not continuous throughout the day or week, the modelling was
refined in order to reflect a continuous exposure of 8 h per day followed by a non-exposure
period of 16 h. This 8 h exposure and 16 h non-exposure period was then repeated four
times in order to mimic a working week. Thus, this 5 day occupational scenario includes
an 8 h exposure period with 0.0798 μg/kg bw and a non-exposure period of 16 h which
then corresponds to an exposure for the entire day (0–24 h) of 0.0266 μg/kg bw/day
(Figures 4 and 5). The estimated concentration of total BPS (sum of estimated urinary BPS-
G and free BPS) in urine is 12.1 nmol/L (3028 ng/L). The HBM-GVworker is then rounded
to 3.0 μg/L.

Figure 4. Estimated free BPS and glucuronidated BPS plasmatic concentrations (nmol/L) for an adult
of 70 kg considering an occupational scenario lasting 5 days with daily exposure from 0 h to 8 h to
0.0798 μg/kg bw and from 8 h to 24 h to 0 μg/kg bw corresponding to an exposure for the entire day
(0–24 h) of 0.0266 μg/kg bw/day.
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Figure 5. Estimated total urinary BPS concentrations (nmol/L) for an adult of 70 kg considering
an occupational scenario lasting 5 days with daily exposure from 0 h to 8 h to 0.0798 μg/kg bw
and from 8 h to 24 h to 0 μg/kg bw corresponding to an exposure for the entire day (0–24 h) of
0.0266 μg/kg bw/day.

3.2.2. Assessment of Exposure to BPS

The data from studies reporting total BPS levels in urine were used to calculate
the RCRs with the corresponding HBM-GVs detailed above. For the risk assessment
for the general population exposed to BPS, data from seven studies from six different
European countries were compiled. RCRs were calculated for each available dataset,
with the exception of studies for which P95 values were not reported. Some studies also
reported results corrected by urine specific gravity. As with BPA, the results of those
studies were used as is and even though they are close to the HBM-GVs this contributes
to the uncertainty of the meaning of the corresponding RCRs calculated. In addition,
unlike BPA, a specific HBM-GVGenPop value for children was not developed for BPS and
a general value calculated based on adult weight was used. Calculating such a value
based on a lower weight that is more representative of a child population would have
led to more conservative RCRs and the characterisation of a potentially increased risk for
these populations.

Data on occupational exposure to BPS in Europe are more limited. In fact, given our
literature search, only one of the retrieved studies describes the exposure assessment of
European (French) workers to BPS and is related to thermal receipts.

3.2.3. Risk Characterisation Due to Exposure to BPS
For the General Population

Taking into account the HBM-GVGenPop developed, and the internal exposure mea-
sured in the Esteban study, the RCRs obtained with the P95 are greater than 1 for all age
groups (Table 4) [42]. Therefore, the health risk associated with exposure to BPS cannot be
excluded. Looking at other percentiles than P95, we find that this risk exists for at least 10%
of the sampled population. Regarding the Israeli study by Machtinger et al. (2018) [54], the
RCR is less than 1, which means that the health risk due to BPS exposure of the studied
population can be ruled out with respect to the HBM-GVGenPop. According to the result of
the Slovenian study by Tkalec et al. (2021) [55], BPS exposure is not a risk for children in
contrast to the adolescents sampled in this study, for whom 10% of the samples equal or
exceed the HBM-GVGenPop. The RCRs calculated with the P95 results of Norwegian studies
reported by Husøy et al. (2019) and Sakhi et al. (2018) [67,68] for adults are also lower than
1. However, the characterisation of risk is more uncertain because the results are reported
as corrected by specific gravity. This makes it difficult to draw conclusions regarding risk
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because total BPS levels are very close to the HBM-GV. Similarly, for levels measured in
children in the Sahki et al. (2018) study leading to a RCR that exceeds 1, the risk remains
difficult to characterise, as these levels are adjusted for specific gravity and are close to the
HBM-GVGenPop.

Table 4. Summary of HBM data and calculated RCRs for total urinary BPS for the general population.

Cohort Reference Country Population
HBM-GVGenPop

(μg/L)
P25

(μg/L)
P50

(μg/L)
P75

(μg/L)
P90

(μg/L)
P95

(μg/L)
RCR

Esteban
Balicco
et al.,

2019 [49]
France

Adults (18–74 years old) 1.0 0.14 0.31 0.80 2.24 6.33 6.3

Adult M (18–74 years old) 1.0 0.15 0.38 0.88 2.44 9.71 9.7

Adult F (18–74 years old) 1.0 0.13 0.27 0.72 2.15 5.39 5.4

Adults (18–29 years old) 1.0 0.16 0.44 0.99 3.38 7.13 7.1

Adults (30–44 years old) 1.0 0.17 0.36 0.91 3.77 28.93 28.9

Adults (45–59 years old) 1.0 0.14 0.29 0.7 1.97 3.33 3.3

Adults (60–74 years old) 1.0 0.10 0.22 0.66 1.59 4.11 4.1

Adults F (18–49 years old) 1.0 0.16 0.30 0.69 2.51 6.08 6.1

Adults F (50 years and older) 1.0 0.11 0.23 0.78 1.98 3.49 3.5

Euromix
Husøy
et al.,

2019 * [67]
Norway Adults (24–72 years old) 1.0 0.11 0.16 0.29 0.56 0.90 0.9

Sakhi
et al.,

2018 * [68]
Norway

Mothers 1.0 <LOQ <LOQ 0.26 0.44 0.59 0.6

Children 1.0 <LOD 0.13 0.39 0.95 1.68 1.7

TH
Pregnant
women

Machtinger
et al.,

2018 [54]
Israel Pregnant women 1.0 <LOD 0.40 0.4

SLO-
CRP

Tkalec
et al., 2021

[55]
Slovenia

Children (6–9 years old) 1.0 0.3 0.59 0.70 0.7

Teenagers (11–15 years old) 1.0 <LOQ 1 1.80 1.8

* P95 reported as corrected by urine specific gravity.

For Workers

Based on the French study by Ndaw et al. (2018) on occupational biomonitoring
for cashiers [69], RCRs were calculated considering the HBM-GVworker value of 3.0 μg/L
(Table 5). We can see that the RCRs are greater than 1 for cashiers and control workers not
exposed to BPS in their occupational activities. The two median values (P50) for cashiers
and controls do not exceed the HBM-GVworker (3.0 μg/L). Therefore, according to the
available results, although urinary total BPS levels are significantly higher in cashiers than
in control workers, it appears that risk due to BPS exposure can be ruled out for at least
50% of the population in both groups, while for at least 5% of the same populations the risk
exists. This also confirms that BPS exposure is ubiquitous in the general population and
in workers.

Table 5. Summary of HBM data and calculated RCRs for total BPS for the occupational population.

Reference Country Population
HBM-GVGenPop

(μg/L)
P50

(μg/L)
P95

(μg/L)
RCR

Ndaw et al.,
2018 [69] France

Professional
(cashiers) 3.0 2.53 19.9 6.6

Professional
(controls) 3.0 0.67 12.6 4.2
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4. Discussion

The expanding database on BPS provides convincing evidence of adverse effects
on neurodevelopment or mammary glands following exposure during early life. The
sensitivity to BPS is clearly dependent on the timing of exposure with specific periods
of development being critical. Disruption of estrogenic signalling is likely central in the
mediation of these effects although other modes of action may be involved [70–72]. The
derived HBM-GVGenPop is applicable to the whole general population and thereby is
protective for all. Nevertheless, we are also aware of the current assessment of BPS at the
EU level, which may be finalised during the coming months. Depending on the conclusion
of this assessment, the derivation of the HBM-GVs for BPS could be updated accordingly.

Consideration of the type and time of sampling is crucial, because the proposed HBM-
GVs should allow for direct comparison with urinary data on bisphenols collected from the
general population or occupational biomonitoring studies. It has to be noted that exposure
is likely to be overestimated if spontaneous urine is used because spot urine sampling
includes more sources of variability (e.g., within-person variability, within-day variability)
than 24 h urine sampling, and that generic values in that case are generally used for the
urinary output rate and bodyweight.

Additionally, 24 h urine collections would be preferable as both the urinary concentra-
tion of total BPS or total BPA, and the urinary output rate (mL/day) are measured. The
geometric mean (GM) (or median) can be directly used as an estimate for the average expo-
sure of the population. The P95 might tend to overestimate high exposure as it includes not
only the between-person variability, but also within-person and between-day variability [2].
However, collecting 24 h urine voids in large biomonitoring studies is not established and
too challenging, mainly for reasons of logistics and cost. The collection of first morning
urine is a non-random, single sampling that is not representative of daily variability, may in-
troduce a bias and may result in an over- or underestimation of average exposure; however,
the sparse evidence available from the literature does indicate comparability of the central
tendency between first morning voids, spot urine samples and 24 h urine samples [2,73,74].
The total urinary concentration of BPS (or total BPA) in an individual spot urine sample
cannot be used to arrive at a realistic estimate of daily exposure to bisphenols because
of their non-persistent nature and short elimination half-life [2]. However, a set of spot
urine samples can be used to obtain a reliable estimate of the average BPS exposure of
a sufficiently large investigated population, provided that the sampling is at random in
relation to meal ingestion and bladder-emptying times [2]. Vernet et al., who in 2018
characterised the within-day, between-day and between-week variability of phenol urinary
biomarker concentrations (e.g., BPA) during pregnancy, came to the same conclusion that
for biomonitoring purposes (and not aetiological studies) collecting spot samples was a
good option if the population was large enough [74].

Regarding the assessment of risk due to exposure to BPA and BPS, the heterogeneity
in terms of concentration units (i.e., μg/L, μg/g creatinine or μg/L corrected for urine
specific gravity), statistical descriptors to document the distribution of exposure, as well as
methodological sensitivity threshold limits of detection/limits of quantification and “qual-
ity assurance/quality control” provisions implemented to ensure consolidated consistency
of the results generated, do not allow for direct and rapid comparability between different
biomonitoring studies identified in the literature. The diversity of the subpopulations
considered, the geographical sampling areas and the sampling years also contribute to the
difficulty of comparing the reported data.

We find a clear difference between risk assessments for BPA and BPS exposure ac-
cording to our current HBM-GVs. Indeed, according to current knowledge, while risk
could be ruled out for BPA with very low RCRs for the general population, this is not the
case for BPS where RCRs are high for a large portion of the sampled population, and it
appears that protective measures need to be taken regarding BPS exposure in the general
and occupational population. This is because the HBM-GVs for BPS were established on
the basis of endocrine disruption effects in animals at very low doses, in contrast to the
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HBM-GVGenPop for BPA. As mentioned in the introduction, the EFSA CEP Panel recently
released a draft opinion for consultation regarding the re-evaluation of the t-TDI for BPA
set in 2015 in light of the latest available data [19]. The new TDI would be established
at 0.04 ng/kg bw/d of total BPA, which is 105 times lower than the current t-TDI. As the
HBM-GV is calculated under a steady-state, the new HBM-GVGenPop for BPA based on
the full new TDI using PBPK modelling would be 2.3 ng total BPA/L urine for adults and
1.4 ng total BPA/L urine for children assuming 100% oral intake in each case. Therefore, if
this new TDI is confirmed after the consultation period, comparing the P95 for total BPA
measured in the aligned studies to a HBM-GV derived from the new TDI proposed would
result in RCRs far exceeding 1. Thus, the exposure to BPA would be of concern regarding
this new value proposed, and protective measures would need to be taken. The possible
concerns of citizens and stakeholders regarding their exposure over time to BPA doses
would need to be considered. Such low levels of HBM-GVs may also be below the detection
limits of most existing analytical methods, posing the challenge of further improving the
sensitivity of detection.

The HBM-GVs developed in the HBM4EU joint programme are associated with con-
fidence levels based on expert judgments regarding the reliability of the data and the
calculation method used to derive the HBM-GVs, also taking into account: the nature
and quality of the epidemiological and/or toxicological data, uncertainties regarding the
modes of action, the choice of starting point, as well as confidence in the PBPK mod-
elling and the exposure scenario assumptions. The confidence levels for the HBM-GVs
developed for measuring BPS for the general population and for workers were considered
to be medium to low. These HBM-GVs thus need further scientific evaluation using a
weight-of-evidence approach to be validated or to improve their confidence level. Several
initiatives are underway and, depending on their findings, the risk assessment proposed
here may change.

With respect to occupational populations, more studies need to be conducted to assess
the risk of exposure to bisphenols for the European population for various occupational
activities. This is true for BPA for which data are still limited. This is even more important
for BPS and other BPA analogues in a context of BPA replacement in some products
following the restriction of BPA in thermal papers, but also the evolution of societal
concerns. Furthermore, there is a lack of knowledge at the international level regarding
the actual exposure to BPA according to occupational activities, which triggers the need
to perform biomonitoring studies for each activity. Calculating the difference in total BPA
in urine from pre- and post-work samples may help to assess exposure resulting from
workplace BPA ingestion at the individual level. This recommendation is also valid for BPS.

Overall, the available biomonitoring data indicate that the risk from occupational
exposure should not be overlooked, although in the absence of a larger data set and a
recommendable HBM-GVworker for BPA it is difficult to draw a conclusion regarding risk
to workers at this time.

5. Conclusions

In conclusion, this exercise exemplifies how biomonitoring data can be used in risk
assessment associated to exposure to bisphenols, and also highlights a number of challenges
and uncertainties related to this particular case study. The results point out the need to
harmonise the process for collecting and expressing aggregated data, and thus to establish
recommendations for conducting these biomonitoring studies, as well as the need to
develop a network of laboratories with harmonised analytical capabilities to generate
comparable exposure data. All these needs have been addressed in HBM4EU and should
be further developed and improved in the future. There is also a need to bridge gaps
in terms of knowledge of the toxicity of bisphenols A and S, particularly at low doses.
Exposure assessment at the European level needs to be harmonised to better assess the
risks. The EFSA Panel has recently reviewed new evidence of BPA toxicity, and if the
effects of BPA at very low doses as suggested is confirmed in the near future, then most
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of the European population would be at risk. It is therefore necessary to continue to
produce harmonised and accessible biomonitoring data both for the general population
and according to different occupational activities. This is particularly relevant as regulatory
action has been taken to reduce BPA, but an increase has been observed in the use and
applications of BPS and other analogues.

All of this highlights the importance of developing and harmonising the use of
biomonitoring to inform public policy, as is done in European research projects such
as the HBM4EU. The new European Partnership for the assessment of risks from chem-
icals (PARC) is also moving in this direction and is even more broadly involved in the
development of all aspects of chemical risk assessment.
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Abstract: Among particulate matter composing paints, titanium dioxide (TiO2) forms about 20% of
the final suspension. Although TiO2 is broadly used in many applications, TiO2 powders represent
an established respiratory hazard for workers with long-term exposure. In 35 workers of a paints
production plant (15 exposed and 20 not exposed), we assessed pro-inflammatory cytokines (IL-1β,
TNF-α, IL-10, IL-17), surfactant protein D (SP-D) and Krebs von den Lungen-6 glycoprotein (KL-
6) in exhaled breath condensate (EBC). In urine samples, we measured 8-isoprostane (Isop) and
Malondialdehyde (MDA) as biomarkers of oxidative stress, and Titanium (Ti-U) as a biomarker of
exposure. Health status, habits and occupational history were recorded. Airborne respirable dusts
and Ti were quantified. Particle number concentration and average diameter (nm) were detected
by a NanoTracer™ monitoring device. Ti was measurable in filters collected at the respiratory
breathing zone (0.11–0.44 μg/m3 8-h TWA). IL-1β and IL-10 values were significantly higher in
exposed workers, whereas SP-D was significantly lower (p < 0.001). KL-6 was significantly higher
in workers than in controls (p < 0.01). MDA levels were significantly increased in exposed workers
and were positively correlated with Ti-U. Exposure to TiO2 in paint production is associated with the
subtle alterations of lung pathobiology. These findings suggest the need for an integrated approach
relying on both personal exposure and biomarker assessment to improve the hazard characterisation
in occupational settings.

Keywords: paints production; TiO2 powders; biological monitoring; exhaled breath condensate;
oxidative stress; occupational health

1. Introduction

Paint manufacturing involves different operations, such as powder handling, pouring,
mixing, dispersing, bin filling and cleaning [1]. Huge volumes of the materials added in
conventional paints are handled as dry powders, and some studies have revealed that large
amounts of ultrafine particles (UFPs) can be generated during the handling of conventional
materials [2,3], which may fall under the EU definition of nanomaterials or contain a
fraction of nanoparticles. As a result, during material processing, workers are exposed to a
heterogeneous mixture of different particles, which can make the quantitative exposure
characterisation and risk assessment very complex. Recent studies have shown that the
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release of UFPs originating from the handling of conventional micron-sized materials may
be substantial [4].

Many of the pigments and fillers used in paints can cause diverse negative health
effects after lung exposure, e.g., [5–7], even though both the technological development
and the compliance of companies to safety requirements have contributed to dramatically
lowering exposure levels.

Among particulate matter composing paints, titanium dioxide (TiO2) may represent
more than 20% of the final suspension by weight. TiO2 has been used for decades in a wide
range of applications, such as photocatalysis, cosmetics and pigments for paints, mainly
due to its ability to confer whiteness and opacity to these products. Its high technological
attractiveness originates from its light-scattering properties and very high refractive index,
which means that relatively low levels of the pigment are required to achieve a white,
opaque coating, with the range of light scattered depending on particle size [8].

Although for many years TiO2 has been considered as an inert and safe material, be-
longing to low-solubility and low-toxicity particles (LSLTP), with the increasing production
of ultrafine TiO2 powders, concern about the possible consequences of workplace exposure
has emerged [9].

The European Chemical Agency (ECHA) has recently classified some TiO2 powders,
and powder mixtures containing TiO2, as carcinogenic by inhalation (Category 2, H351)
when supplied on its own or in mixtures, where the substance or mixture contains 1% or
more TiO2 particles with an aerodynamic diameter <10 μm. Liquid mixtures containing
TiO2 are not classified as carcinogenic, but if they contain particles with an aerodynamic
diameter of <10 μm, they need to be labelled as “hazardous respirable droplets may be
formed when sprayed” (EUH211) [10].

The hazard of nanoscale or ultrafine TiO2 in occupational settings has been investi-
gated in some studies concerning early health effects in workers manufacturing TiO2 [11–14].
Pelclova et al. [13,15] performed a study of 36 workers exposed to NP-TiO2 pigment and
45 controls. The median total masses of TiO2 concentrations measured in manufacturing
laboratories in 2012 and 2013 were 0.65 and 0.40 mg/m3, respectively. The median of the
concentrations measured by the scanning mobility particle sizer (SMPS) and aerodynamic
particle sizer (APS) were 1.98 × 104 and 2.32 × 104 particles/cm3, respectively, with about
80% of particles smaller than 100 nm in diameter. Most of the oxidative stress biomarkers,
assessed in the exhaled breath condensate (EBC) samples, taken before the start and at
the end of the shift, were higher in production workers than in the control groups. A
multiple linear regressions analysis confirmed the association between the production
of TiO2 and the levels of the biomarkers. The Ti concentration was determined in EBC
as a direct biomarker of the exposure of workers involved in the production of the TiO2
pigment, while the biomarkers of oxidative stress reflected the biological effects of NP-TiO2
on the respiratory tract. In a further study, Pelclova et al. [13] focused on lipid peroxidation
biomarkers both in EBC and urine to identify the most suitable oxidative stress markers
for the non-invasive routine biological monitoring of workers occupationally exposed to
NP-TiO2. Malondialdehyde (MDA), 4-hydroxy-trans-hexenal (HHE), 4-hydroxynonenal
(HNE), 8-isoprostaglandin F2α (8-ISO) and linear aldehydes (C6-C12) were determined in
the EBC and urine of 34 workers and 45 unexposed controls. All lipid peroxidation biomark-
ers were significantly higher in workers than in controls. Moreover, a dose-dependent
association was found between TiO2 and lipid peroxidation biomarkers in EBC, but not in
urine samples. These results confirm the oxidative stress hypothesis as the main mechanism
of action of TiO2 and give a consistent explanation of the lung damage occurring after
long-term exposure.

Tumor necrosis factor alpha (TNF-α) and interleukins 1-beta (IL-1 β) are cytokines
activated in the presence of oxidative stress, as they are directly up-regulated by the redox-
sensitive transcription factor nuclear factor-κB (NFκB) and/or increased upon the activation
of inflammosome [16]. An increase in the level of TNF-α and IL-1 β is indicative of the
recruitment and activation of pro-inflammatory Th1 lymphocytes [17]. In addition, IL-17
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is produced upon pro-inflammatory stimuli to indicate the recruitment of macrophages
and Th2 lymphocytes to promote the maturation of B lymphocytes in plasma cells [18].
By contrast, IL-10 is an immuno-suppressive cytokine, which reduces the recruitment of
effector T cells and counteracts the effects of TNF-α and IL-1β. It is common that the
exposure to pro-oxidant agents simultaneously increases biomarkers of oxidative stress
such as MDA, HHE, HNE and 8-ISO, and inflammatory cytokines [16]. These mechanisms
may trigger a vicious circle that amplifies the initial damage on the lung tissue, leading
to necro-apoptosis or, in the case of prolonged oxidative stress and chronic inflammation,
fibrosis [16].

Zhao et al. [14] carried out a cross-sectional study in a nano-TiO2 manufacturing
plant in eastern China. Besides TiO2 exposure, the authors assessed some biomarkers of
cardiopulmonary effects in exposed workers and in control subjects. In the packaging
workshop, the total mass concentration of particles (measured by a micro-orifice uniform
deposit impactor in a range 10–18,000 nm) was 3.17 mg/m3, with 39% of nanoparticles
accounting for the whole mass. Lung damage markers (namely, surfactant protein D—SP-
D); cardiovascular disease markers (VCAM-1, ICAM-1, LDL, and TC); oxidative stress
markers Superoxide Dismutase (SOD) and MDA; and inflammation markers (IL-8, IL-
6, IL-1β, TNF-α, and IL-10) showed association with TiO2 nanoparticles’ concentration.
Similarly, SP-D showed a (dose)-response relationship within the exposed group.

The above studies were carried out in production facilities, where high levels of
exposure are expected, whereas no studies are available among TiO2 end-users, which
usually experience lower exposure levels. Moreover, the subtle changes observed in
previous studies need to be further confirmed at lower exposure concentrations.

One existing gap is the lack of information regarding the physico-chemical and mor-
phological characterisations of the TiO2 used in the various production processes. In fact,
the most recent epidemiological studies suggest the need to adequately characterise TiO2
powders to understand which of them can cause harmful effects [19].

With the aim to fill in these gaps, we carried out a pilot study aimed at characterising
the exposure to TiO2 in an occupational setting and testing a battery of biomarkers of local
pulmonary or systemic effects in a small group of occupationally exposed workers during
the production of paints.

2. Materials and Methods

2.1. Subjects and Study Design

The study was carried out in a company producing paints in the province of Turin,
north western Italy. A workplace site visit was carried out to assess the exposure to powders,
including TiO2, and to identify the critical production phases. Therefore, 35 workers were
recruited: 15 exposed workers assigned to the production departments and 20 not-exposed
workers (control group: administration, design, and marketing). All the workers were
informed about the study through an information brochure on the aims, objectives and
the various phases of the project aims. Each subject was identified and anonymised with a
unique numeric code, and all data, in accordance with current EU legislation, have been
processed in an aggregate and anonymous manner. The study was conducted according to
the guidelines of the Declaration of Helsinki and approved by the Bioethics Committee of
the University of Turin (protocol number 256219/2019). A format to gather the informed
consent to participate in the study was signed by all the participants upon the approval
by the Bioethical Committee. A questionnaire was administered to all workers involved
to collect information about working exposure/habits and on some possible confounding
factors (e.g., age, personal and work history, drug use, smoking and alcohol habits, etc.).

2.2. Characterisation of Materials Containing TiO2

The two TiO2 powders that were mainly used as pigment in the factory are herein
indicated as (i) T-PS: a pure, untreated TiO2; (ii) T-PR: a TiO2 with traces of Al and Si and an
organic treatment. The commercial names are not reported so as to not identify the supplier.
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All samples were characterised for elemental composition, size distribution, morphology,
crystal structure, surface charge and surface reactivity.

Size distribution in the micrometric range. An analysis was performed by using a
Sysmex FPIA3000 analyser. Before the measurements, the samples were suspended in water
(0.5 mg/mL) and sonicated for 2 min with a probe sonicator (100 W, 60 kHz, Sonoplus,
Bandelin, Berlin, Germany). A high-power field (2× secondary lens) was applied allowing
us to measure particles from 1 to 40 μm.

Size distribution in the nanometric range. An analysis was performed by using a
ZetaView® PMX-120 (Particle Metrix GmbH, Inning am Ammersee, Germany) nanoparticle
tracking analyser (NTA), equipped with a light source wavelength of 488 nm. Before the
measurements, the samples were suspended in double filtered milli-Q water (5 mg/mL)
and well vortexed, then stock dispersions were further diluted in double filtered milli-Q
water (final concentration 5 × 10−5 mg/mL); the concentration was found suitable for
the NTA analysis. After the optimisation of the instrumental parameters, the sensitivity
and the shutter were set at 65 and 100, respectively; 33 videos of 1 s for each sample were
recorded analysing ~50 particles/video.

Crystalline phase. X-ray diffraction (XRD) spectra measurements were performed by
means of a diffractometer (PW1830, Philips, Amsterdam, The Netherlands) using CoKa
radiation, in the (20–90) 2q range, with step width 2q 1⁄4 0.05. Diffraction peaks have been
indexed according to the ICDD database (International Centre for Diffraction Data). The
spectra have been elaborated (X’pert Highscore 1.0c, PANalytical B.V.) in order to assess
the crystalline phase of the different specimens.

Specific surface area (BET). The surface area of the particles was measured by means
of the Brunauer, Emmett, and Teller (BET) method based on N2 adsorption at 77 K (Micro-
metrics ASAP 2020).

Surface chemistry. The ζ-potential was evaluated by means of electrophoretic light
scattering (ELS) (Zetasizer Nano-ZS, Malvern Instruments, Worcestershire, UK). TiO2
particles were suspended in ultrapure water and then sonicated for 2 min with a probe
sonicator (100 W, 60 kHz, Sonoplus, Bandelin, Berlin, Germany). The ζ-potential was
measured at different pH (2–9) by adding 0.1 M HCl or NaOH to the suspension.

Surface reactivity. The NMs surface reactivity was monitored by EPR spectroscopy
(Miniscope 100 EPR spectrometer, Magnettech, Berlin, Germany) using TEMPONE-H
(1-hydroxy-2,2,6,6-tetramethyl-4-oxo-piperidine, Enzo Life Sciences, Inc., New York, NY,
USA) as the spin probe. An amount of powder, corresponding to an exposed surface area
of 1.4 m2, was suspended in 2 mL of water or phosphate buffer containing TEMPONE-H
50 mM (1-hydroxy-2,2,6,6-tetramethyl-4-oxo-piperidine, Enzo Life Sciences, Inc., New
York, NY, USA). The suspension was constantly stirred under illumination in a quartz vial
equipped with a 500 W mercury/xenon lamp (Oriel Instruments, Stratford, CT, USA) and
an IR water filter, to avoid the overheating of the suspensions and a 400 nm cut-off filter.
The EPR spectra were recorded on 50 μL of the suspension.

EDX analysis. A qualitative elemental analysis was performed by scanning electron
microscopy (SEM—COXEM EM30AX Plus EDAX, Daejeon, Korea).

2.3. Environmental and Personal Monitoring

Airborne dust concentrations were measured at specific workstations identified during
the site visit. In particular, departments corresponding to specific operations have been
identified: (a) water-based paints and storage; (b) enamels and solvents; (c) administrative
offices; (d) quality control laboratory; (e) packaging; (f) warehouse. Among these areas,
those characterised by greater production activity were chosen for environmental and
personal sampling.

The exposure of workers was assessed by environmental and personal sampling, de-
termining the mass, number of fine/ultrafine particles and physicochemical characteristics
(shape, size, crystalline form and reactivity) of the powders containing TiO2. Air Check
Touch fixed cyclone head samplers (SKC, PA) equipped with polycarbonate filters (0.2 μm
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cut-off) were used to sample the air directly breathed by workers (personal sampling) as
well as near the main processing areas (environmental sampling).

The measurements were integrated with air sampling in the major production areas of
the company, where TiO2 is usually used, using a NanotracerTM PNT1000 particle counter
(Oxility, Bilthoven, The Netherlands). The instrument, based on the electric charge of the
airborne particles, allows the collection of information concerning these particles in the
10–300 nm dimensional range (nanoparticles and ultrafine particles). Data stored were
analysed by the NanoReporterTM software. On each of the two days of the study, we
measured the particle number concentration (#particles/cm3), the mean particle diameter
(nm) and the surface area of lung deposition, i.e., an estimate of the surface area of the
particles deposited in the various compartments of the respiratory tract per unit of inhaled
air volume (μm2/cm3).

2.4. Biological Sampling

Biological sampling involved the collection of the exhaled breath condensate (EBC)
for the measurement of both oxidative stress and inflammation biomarkers, following
the recommendations of the American Thoracic Society and the European Respiratory
Society Task Force [19,20]. The EBC was collected for each subject by means of a portable
condenser (TURBO-DECCSTM—Medivac, Parma, Italy). The TURBO is a refrigeration
device and incorporates an aluminium Peltier cooling unit, which houses the EBC collection
tube. DECCS refers to the “disposable medical plastic respiratory system”—medical
polyethylene—consisting of a mouthpiece connected to a one-way suction valve with
a saliva trap and an EBC collection tube inserted into the cooling unit set at −10 ◦C.
Subjects included in the study were asked to breathe at tidal volume into a tube through a
mouthpiece with a two-way breathing valve to separate inspiratory and expiratory air and
saliva, while wearing a nose clip. On average, 1.7 to 2.3 mL of condensate was collected
per participant. Internal standardisation was carried out by collecting a predetermined
volume of air (90 L) within about 15 min of breathing at rest by VOLMET 20, suitable for
measuring the total volume of air exhaled during an EBC collection session, placed on the
DECCS disposable collection circuits. Immediately after the sampling, the EBC samples
were divided into 200 μL aliquots in sterile EppendorfTM tubes and stored at −20 ◦C for
short-term storage (<30 days) and at −80 ◦C for long-term storage (>30 days).

In parallel, several compounds were analysed as biomarkers of early and subclinical
effects in EBC. Tumour necrosis factor alpha (TNF-α), interleukins 1-beta (IL-1β), 17 (IL-17)
and 10 (IL-10) were determined as biomarkers of inflammation and immunosuppression.
Surfactant protein D (SP-D) and Krebs von den Lungen 6 (KL-6) glycoprotein were deter-
mined as potential biomarkers of interstitial lung disease. All analyses were performed
with specific immune-enzymatic methods (ELISA).

Finally, before starting the morning work shift, the volunteers provided a spot urine
sample for the determination of urinary Titanium (Ti-U), as a biomarker of exposure, and
of oxidative stress biomarkers, namely 8-Isoprostane (IsoP) and Malondialdehyde (MDA).
Ti-U was determined by inductively coupled plasma mass spectrometry (ICP-MS). Urinary
15-F2t-IsoP concentrations were measured by a competitive enzyme-linked immunoassay
(ELISA, Oxford, MI, USA), while MDA concentrations were measured by a colorimetric
assay (Oxford, MI, USA), according to the manufacturer’s instructions and as already
described in our previous work [21]. The 15-F2t-Isop concentrations were normalized by
creatinine. Urinary creatinine was determined by the kinetic Jaffé method.

2.5. Statistical Analysis

A statistical analysis was conducted using SPSS for Windows®, Version 25.0 (Statistical
Package for Social Sciences, Chicago, IL, USA). The normality of the distribution was
assessed by the Kolmogorov–Smirnov test. The differences between the central tendency
values of the two subgroups examined were evaluated by the Mann–Whitney test and
Student’s t test. Values are here reported as mean ± standard deviation (SD) and as
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median and interquartile range (25–75th percentile) for the parametric and non-parametric
variables, respectively. The correlations between the variables were evaluated using the
Pearson correlation coefficient (r) and Spearman’s rho for the normally distributed and non-
normally distributed variables, respectively. Values of p < 0.05 were considered statistically
significant. A multiple linear regression analysis model, adjusted by smoke and working
age, was applied to assess the association between the biomarkers and workplace exposure.

3. Results

3.1. Characterisation of the Exposure

Environmental sampling: the time course of particle number concentrations in the
10–300 nm dimensional range was measured by a NanotracerTM PNT1000 particle counter
to estimate the emission profile over two standard working days (Figure 1).

970,000 

80,000 

60,000 

40,000 

20,000 

Figure 1. Time course (X-axis) of particle number concentrations (Y-axis) in the 10–300 nm dimen-
sional range: first day (blue bullet) and second day (red bullet) of the sampling. A–H markers refer
to the different working areas assessed in two subsequent days. A = TiO2 storage area (confined
area used as positive control); B = water-based paint system; C = water-based paint system during
automatic bin filling; D = water-based paint system during manual bin filling; E = manual handling
of powders, mixing and dispersion; F = manual handling, mixing and dispersion; G = office building;
H = outdoor environment (NB: the first day there was one truck to supply the silos with TiO2).

The median value of the respirable fraction of dusts was 0.064 mg/m3 in the water-
based paint production area, while the highest values were found in the enamel production
area (0.112–0.137 mg/m3). The values of the respirable fraction of airborne TiO2 were
lower, with peaks of 0.114 μg/m3 as the weighted average concentration over an 8 h
working time (8 h-TWA) in stationary samples. On the contrary, the TiO2 concentrations
(8 h-TWA) measured in the workers’ breathing zone showed slightly higher values, with a
minimum of 0.011 μg/m3 up to values of 0.462 μg/m3 detected during the production of
water-based paints.

The number of particles in the nanometer range was on average five times greater than
the environmental background measured outside the company, during the operations of
dumping bags into containers and mixing wet powders. The time course of particle number

136



Toxics 2022, 10, 171

concentration was quite similar in the two days, owing to quite standardised activities and
working tasks.

Table 1 summarises the concentration values in mass units and numbers measured in
the various areas during the production process.

Table 1. Results of the sampling of airborne dust in the different production environments. PBZ:
personal breathing one.

Company Area/
Type of Samplig

Water-Based Paint
System

Automatic Bin
Filling

Mixing and
Dispersion

Administrative
Office

Outdoor
(Day 1)

Area monitoring respirable dusts
(mg/m3 8 h-TWA) 0.064 0.013 0.112; 0.137 0.033

Area monitoring respirable Ti
(μg/m3 8 h-TWA) 0.018 0.018; 0.114 0.012; 0.024 0.013

PBZ-Ti
(μg/m3 8 h-TWA) 0.104; 0.462 0.011; 0.012 0.07; 0.014 0.012

Particle number concentrations × 103

(average aerodynamic diameter, nm)
24.98; 54.68

(64–73)
20.8; 27.68

(78–93)
40.72; 46.40

(67–95) 16.97 (71) 8.16 (72)

3.2. Physico-Chemical Characterisation of the TiO2 Powders Handled by the Workers

Physico-chemical properties are known to modulate the hazard of particulate materials.
Crystallinity [22], surface reactivity [23] and particles’ size and shape [24] have been
reported to modulate the toxicity of TiO2 powders. To predict the possible properties of
the airborne TiO2, two TiO2 powders used in the factory were analysed. Samples were
characterised for composition (EDX), size and dimensional distribution in both nano- and
micron-range (NTA, FPIA), morphology (FPIA), crystal structure (X-ray diffractometry),
specific surface area (BET), and surface charge (ELS) and surface reactivity (EPR). Table 2
summarises the results.

Table 2. Elemental composition, crystallinity, average size (hydrodynamic diameter), dimensional
distribution and polydispersion index (PdI) of the various samples of TiO2.

TiO2 Sample
Elemental

Composition
(% w/w)

Crystal Phase
Particles Size
(FPIA) (μm)

Size
(Hydrodynamic

Diameter,
NTA) (nm)

Surface Area
BET m2/g

ζ Potential
(Water) (mV)

T-PS
(untreated

TiO2)

Ti 58.7, O 40.2,
Al 1.1 100% rutile 1–4 187.1 ± 118.6 56.2 ± 0.27 −22.7 ± 0.642

T-PR
(Al, Si, organic

treatment)

Ti 55.0, O 40.9,
Al 2.3, Si 1.8 100% rutile 1–10 169.9 ± 96.6 14.66 ± 0.11 11.9 ± 1.13

Both powders were very electrostatic and able to disperse extremely quickly in the
air at minimal contact. This characteristic undoubtedly increases the possibility that they
will be absorbed through the respiratory tract by the workers who handle them. The size
distribution of the powders was analysed in the micrometric and nanometric range by
integrating FPIA (Figure 2) and NTA (Figure S1) techniques.

As expected, both powders contained particles in the micrometric range (Figure 2).
However, Ti-PR appeared to have particles in the respirable range (1–4 μm). In total, 50%
of the particles had a diameter lower than 2 μm. Ti-PS exhibited particles with a diameter
in the whole detectable range (1–10 μm), and, similarly to Ti-PR, 50% of the particles
had a diameter lower than 2 μm. Particles appeared to be mainly isometric (50% of the
particles had a circularity >0.9), but with an irregular shape, as expected by the powder
obtained by grinding. Nanometric particles were detected for both samples (Figure S1) in
similar abundance. The nanoparticles covered a wide range of size distribution, and had a
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mean hydrodynamic diameter of 187.1 and 169.9 nm for Ti-PS and Ti-PR, respectively. The
measurement of the specific surface area (SSA) gave complementary information on the
particles’ size for non-porous materials. Ti-PS exhibited an SSA of 56.2 + 0.27 m2/g typical
of a nanometric powder, suggesting that micrometric particles were formed by aggregates
of smaller particles. Conversely, Ti-PR had an SSA equal to 14.66 + 0.11 m2/g, typical of a
micrometric powder.

Figure 2. Particle size and shape distribution evaluated by flow particles images analyser (FPIA).
Particle size distribution (frequency and cumulative) of (A) Ti-PS and (B) Ti-PR; circularity (frequency
and cumulative) of (A’) Ti-PS and (B’) Ti-PR.

An XRD analysis revealed rutile as the single crystalline phase for both samples (Figure S2).
The properties of the surface of the particles were investigated by electrophoretic light scatter-
ing (ELS) measuring the ζ-potential values at different pH (Figure S3A). The ζ-potential curves
had the typical features of TiO2 powder, with positive ζ-potential values at acidic pH and
negative pH at basic pH. However, the two samples had a different point of zero charge (PZC),
suggesting the presence at the surface of coating/contaminants. These data suggest that TiO2
was exposed at the surface in both samples. This has been confirmed by EPR spectroscopy
(Figure S3B). The powders have been put in contact with a probe [25] and activated with a
UV lamp. In this condition, the probe reacts with the surface of TiO2 generating a radical
species that is detected by the EPR spectrometer. Both materials exhibited an intense EPR
signal, due to the activation of the TiO2 phase in both cases exposed to the surface. The signals
were lower than those observed for an anatase/rutile photo-reactive material (Aeroxide P25).
This was expected because of the crystalline phase (rutile), and less reactive with respect to
anatase. T-PR appeared more reactive than T-PS, despite the lower specific surface area and the
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presence of an organic treatment. This might be due to the presence of surface contaminants
possibly modifying the TiO2 reactivity.

3.3. General Descriptive of the Population under Study

Table 3 summarises the main general characteristics of the enrolled groups. The
two groups were homogeneous for age and for some characteristics (e.g., BMI) (Levene’s
test of homogeneity of variance = N.S.). Smokers reported 2–10 cigarettes/day.

Table 3. General descriptive of the population under study. No differences between groups were
detectable (Levene’s test of homogeneity of variance). Values are mean ± SD.

Main General Characteristics of the Population Investigated

General Sample
Exposed
(No. 15)

Controls
(No. 20)

Levene’s
Test

Height (cm)
Mean ± SD

174 ± 8.1 175 ± 8.9 173 ± 8 0.4

Weight (Kg)
Mean ± SD

80.7 ± 14.5 85.7 ± 14.5 82.3 ± 13.6 0.8

BMI
Mean ± SD

26.6 ± 4.1 27.9 ± 3.5 26 ± 4.4 0.5

Age (years)
Mean ± SD

47.3 ± 11.5 48.7 ± 10.05 45.9 ± 12.18 0.2

Working exposure (years)
Mean ± SD

13.8 ± 10.9 14.3 ± 10.8 13.5 ± 12 0.4

Smoke habits
(N.)

YES NO YES NO YES NO
0.1

9 26 6 9 3 17

Table 4 reports the main general values of oxidative and inflammatory biomarkers,
also distinguished by TiO2 exposure. The table also reports the results of statistics (Mann–
Whitney U test).

Table 4. General descriptive biomarkers measured in EBC and urine sample with Mann–Whitney U
test results.

EBC

Total Exposed Not Exposed Mann-Whitney U Test
TNF-α [pg/mL]

Mean ± SD, median, range, IQ
1.6 ± 1.1

0.7; [0.5–1.7]; 1.2
0.6 ± 0.2

0.6; [0.5–0.7]; 0.3
1.6 ± 1.3

1.1; [0.6–2.6]; 2 0.03

IL-1β [pg/mL]
Mean ± SD, median, range, IQ

0.4 ± 0.1
0.45; [0.3–0.5]; 0.1

0.5 ± 0.05
0.48; [0.4–0.5]; 0.07

0.3 ± 0.1
0.35; [0.25–0.45]; 0.2 <0.001

IL-10 [pg/mL]
Mean ± SD, median, range, IQ

1.6 ± 1.1
0.7; [0.5–1.7]; 1.2

0.8 ± 0.07
0.8; [0.7–0.8]; 0.09

0.6 ± 0.1
0.65; [0.5–0.7]; 0.2 <0.001

IL 17 [pg/mL]
Mean ± SD, median, range, IQ

1.1 ± 1.1
1.12; [1–1.2]; 1.12

1.1 ± 0.07
1.1; [1–1.1]; 0.09

1.1 ± 1.4
1.15; [1.1–1.2];0.12 0.11

KL-6 [U/L]
Mean ± SD, median, range, IQ

990 ± 670
820; [620–1210]; 590

1370 ± 780
1190; [780–1470]; 690

690 ± 390
750; [300–1050]; 750 0.003

SPD [pg/mL]
Mean ± SD, median, range, IQ

23.7 ± 2.7
22.8; [21.9–24.4]; 2.4

22.2 ± 0.8
22; [21.7–22.9]; 1.2

24.9 ± 3.2
23.4; [22.2–28.6]; 6.4 0.011

URINE
MDA [μM]

Mean ± SD, median, range, IQ
6.6 ± 3.8

5.7; [3.1–9.3]; 6.2
8.8 ± 3.9

9; [6–10.6]; 4.6
4.8 ± 2.8

4.4; [2.8–5.5]; 2.7 0.002

ISOP [ng/mg crea]
Mean ± SD, median, range, IQ

3.7 ± 1.2
3.8; [2.7–4.4]; 1.8

3.9 ± 1.5
3.9; [2.6–4.6]; 2

3.6 ± 1
3.5; [2.7–4.2]; 1.6 0.5

Ti-U
Mean ± SD, median, range, IQ

20.4 ± 16.2
17.9; [1.72–90.4];

17.2
25.9 ± 19.3

23.3; [10.6–90.4]; 15.7
14.5 ± 10.5

11.9; [1.72–44.4];
17.9

0.02

Among the urinary biomarkers of exposure and oxidative stress, Ti and MDA con-
centrations were significantly higher in exposed workers than in control subjects (Mann–
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Whitney: p = 0.02 and p = 0.002, respectively) (Figure 3), while IsoP was not significantly
different between the two groups.

Figure 3. Differences in exposed vs. not exposed of Ti and MDA, as biomarkers of exposure and
oxidative stress, respectively.

Figure 4 shows the results of EBC biomarkers in exposed and control workers. Pro-
inflammatory cytokines TNF-α, IL-1 β and IL-10 were significantly different between
groups (Mann–Whitney: p = 0.003, p < 0.001, p < 0.001, respectively). Conversely, IL-17
showed no significant difference between groups. SP-D values were significantly lower
in exposed workers than in controls (Mann–Whitney test: p =0.011). Conversely, the
KL-6 glycoprotein values were significantly higher in exposed workers than in controls
(Mann–Whitney test: p = 0.003).

Figure 4. Descriptive statistics of biomarkers determined in EBC (Mann–Whitney test). Pro-
inflammatory cytokines TNF-α, IL-1 β and of IL-10 were significantly different between groups
(p = 0.003, p < 0.001, p < 0.001, respectively). KL-6 glycoprotein values were significantly higher in
exposed workers than in not exposed (p = 0.003), whereas SP-D values were significantly lower in
exposed workers than in not exposed (p = 0.011).
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Positive correlations were found between the urinary biomarkers of effects and
oxidative stress. In particular, Ti-U concentrations were positively correlated to MDA
levels (Spearman’s rho = 0.841, p < 0.001). EBC biomarkers also were inter-correlated.
In particular, TNF-α was negatively correlated with IL-1β (Spearman’s rho = −0.428,
p < 0.001), with IL-10 (Spearman’s rho = −0.454, p = 0.006) and with KL-6 (Spearman’s
rho = −0.391, p = 0.02). IL-1β and IL-10 showed a positive and statistically high correlation
(Spearman’s rho = 0.705, p < 0.001), whereas IL-10 was correlated with KL-6 (Spearman’s
rho = −0.477, p = 0.004). In addition, IL-1β and KLF6 showed a positive correlation
(Spearman’s rho = 0.433, p = 0.009). Finally, significant correlations were found also be-
tween MDA and TNF-α (Spearman’s rho = −0.402, p = 0.02), MDA and IL-1β (Spearman’s
rho = 0.449, p = 0.007) and MDA and IL-10 (Spearman’s rho = 0.434, p = 0.009). Despite the
exclusion of different not-significant biomarkers, MDA and IL-1β were chosen as the gold
standard of the molecular mechanisms in urine or in the EBC matrix, respectively.

Regarding the urine matrix, the linear regression model, adjusted by smoke and
working age, proved an inverse relationship between MDA levels and the workplace
exposure (B = −2.5, p = 0.04, CI: −0.065/−0.088) (Figure 5A). In EBC, IL-1β showed a
similar significant relationship (B = −0.46, p = 0.04, CI: −0.007–0.005) (Figure 5B).

Figure 5. Regression model between working exposure and MDA (urine gold standard) (A) and IL1β
(EBC gold standard) (B).

4. Discussion

Despite the large quantities of material (tons of pigment) handled daily for the produc-
tion of paints, the present study revealed considerable compliance with safety procedures
in the company under investigation. Indeed, the concentration of TiO2 in the production
areas was therefore very low, due to the presence of highly efficient capture systems located
near the sources of potential emission, and the natural ventilation assured by the huge
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doors of the factory that were maintained open. As a result, the airborne concentrations of
respirable dusts were always much lower than the current occupational exposure limit val-
ues proposed by various international agencies. Nevertheless, the concentration of TiO2 in
the workers’ breathing zone was quantifiable to a modest extent and showed values higher
than the airborne concentrations, probably because of the close proximity of workers to the
emission sources. The dimensional characterisation of the TiO2 powders handled by the
workers confirmed the presence of particles in the micrometric range, but also the presence
of an ultrafine fraction of particles, as inferred by NTA and, for Ti-PS, BET analyses.

Currently, in Europe, there are no harmonised limits regarding exposure to TiO2
dusts neither for workers nor for the general population; however, the growing industrial
application of NP-TiO2 has led several countries to recommend threshold limit values
valid for exposures of 8 h a day, for the entire duration of working life. The National
Institute for Occupational Safety and Health (NIOSH) in 2011 recommended different
occupational exposure limits (REL = recommended exposure level) for fine TiO2 and for
ultrafine TiO2. The recommended airborne exposure limit (REL) is set at 2.4 mg/m3

for fine TiO2 and 0.3 mg/m3 for ultrafine (including engineered nanoscale) TiO2, as the
time-weighted average (TWA) [9].

Some research programs have suggested occupational exposure limits, such as EN-
RHES (Engineered Nanoparticles: Review of Health and Environmental Safety), which
defined a DNEL (derived no effect level), i.e., an exposure level above which humans
should not be exposed equal to 0.017 mg/m3 (17μg/m3) for 8 working hours. This value
was extrapolated from an NOAEC (no observed adverse effect concentration) correspond-
ing to 5 mg/m3 for repeated toxicity in a 13-week inhalation study (6 h a day, 5 days a
week, exposed to particles from 21 nm) [26].

The French Agency for Food and the Environmental and Occupational Health and
Safety (ANSES) has recommended an 8 h occupational exposure limit of 0.80 μg/m3 [27].
Interestingly, the same agency has proposed a toxicological reference value of 0.12 μg/m3

for nanosized TiO2 used when conducting health risk assessments as part of the manage-
ment of industrial facilities and sites in France [28]. The above value would represent a
benchmark value for the prevention of fibro-proliferative alterations and the progressive
alteration of the alveolar epithelium towards bronchiolysis [29,30].

However, this threshold can be applicable only to TiO2-P25 powders (consisting of
80% anatase and 20% rutile with a diameter = 21 nm), which is the only TiO2 in powder
form tested in the study used to establish this value [28]. Considering the huge variety of
TiO2 powders on the European market (more than 350 different types) and the absence
of exhaustive toxicological data for each of these, this value may not be applicable for the
other forms of NP-TiO2 (due to the different diameter, crystalline structure, surface coating,
etc.) [19]. In the present study, the powders were in the rutile form, which is considered
less reactive and hazardous compared to anatase [25]. Though one of the samples was
declared by the provider to be treated with an organic coating, in both cases, the ELS and
EPR measurements revealed TiO2 exposed at the surface of the particles.

Over the two days of measurements, some airborne mass concentrations gave values
very close to the limit value recommended by the ANSES (0.12 μg/m3). Thus, in spite of
the very low amount measured, we cannot rule out the possible effect occurring in the long
time period. This is the main reason why we have assessed both exposure and biomarkers
of effect, measured in accessible biological matrices.

Biological monitoring, a widely used practice in occupational and environmental
toxicology, combines the use of exposure indicators that provide information on the level of
exposure of the subjects, and biological indicators of the effect that aim to highlight potential
early and reversible biological alterations associated with/caused by a given exposure.

Regarding biomarkers of exposure, we were able to quantify the urinary concentration
of Titanium (Ti, element, not oxide) as a potential biomarker of exposure and internal dose.
Interestingly, we found a substantial stability of the urinary Ti levels measured in spot
urine samples of the subjects occupationally exposed at the beginning and at the end of the
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week (data not reported); the difference between the values at the end and the beginning of
the week were negligible.

Toxicokinetic studies of ultrafine/nanoparticles suggest preferential absorption via the
respiratory and oral routes with possible systemic translocation that can lead to accumula-
tion in peripheral tissues or excretion via faeces and/or urine [31]. Our findings seem to
be in agreement with information about the toxicokinetics of Ti evaluated in experimental
animals following single exposure [32,33], suggesting that the kinetics of Ti (especially at
low doses) are characterised by a persistence beyond 48 h in the lungs, with a gradual
reduction of the pulmonary dose in about two weeks, with a slow urinary excretion. These
findings suggest that even lower exposure levels (e.g., by occupation) can account for the
difference we found between the exposed and the controls, thus mirroring a sort of “steady
state” following the accumulation of Ti, which can also be taken up with the diet. However,
a clear-cut meaning in toxicological terms to the amount of Ti measured is not predictable.

In the EBC samples collected from the subjects participating in the study, some
biomarkers of effect reflecting morphological or functional alteration in the lung parenchyma
have been measured. EBC consists mainly of water vapour condensed from the respiratory
tract with small droplets of liquid lining the airways from the respiratory tract, includ-
ing the bronchial and alveolar regions of the lungs, and it is supposed to mirror lung
bio-pathology [20]. Within these droplets, there is an unknown fraction of volatile and
non-volatile substances. Volatile substances occur in the form of water-soluble compounds
in the condensed water of the EBC sample such as ammonia, hydrogen peroxide and
ethanol, while non-volatile substances can include cytokines, lipids and salts, but also
environmental contaminants, particles and viruses [20,34].

A common toxicity characteristic of the inhaled particles is their propensity to generate
oxidative stress at the cellular level, in relation to their surface reactivity which inversely
increases with particle size, and which is therefore exacerbated for nanoparticles. Among
the many approaches to assess systemic oxidative stress, the determination of 8-isoprostane
(IsoP), is of particular interest because it is a stable molecule, present in many tissues and
biological fluids, reflecting lipid peroxidation [35–37]. Isoprostanes are prostaglandins
generated by cyclooxygenase and by the peroxidation of arachidonic acid. They reliably
reflect lipid peroxidation and are ubiquitous in the body, stable in biological fluids and
not sensitive to dietary lipid intake. An increase in urinary Isop has been reported after
exposure to fine and ultrafine wood smoke particles [37], and in a recent study that aimed
to evaluate oxidative stress related to different degrees of urban pollution [17,38].

MDA is another biomarker of lipid peroxidation, which can be easily quantified
after the controlled reaction with the reactive substance of thiobarbituric acid (TBARS).
Modifications of TBARS concentrations are used to evaluate a wide range of diseases and
MDA remains, to date, the most used assay to determine lipid peroxidation [39,40].

IsoP and MDA have been used as biomarkers reflecting systemic oxidative stress,
i.e., the oxidative load supported by the organism, and have been found to increase in
acute or chronic inflammation and indicate the recruitment and activation of neutrophils
and macrophages [41]. However, in our study, urinary IsoP levels were not significantly
different between the exposed workers and the control subjects. In spite of this result, we
observed that urinary IsoP levels were generally higher if compared with the previous
literature [42,43]. This is not surprising, as ELISA assays tend to overestimate IsoP concen-
trations, mainly due to interferences, and previous authors used liquid chromatography
(LC) techniques. Our results are 10-fold higher than those reported by LC-quantified IsoP,
falling into the expected range of ELISA overestimation in urine (0.4–61.9 folds) compared
to LC [44]. We observed an increase in MDA among the exposed compared to controls, and
a positive correlation between the exposure biomarker (Ti-U) and MDA in both the overall
group and in the group of exposed workers. This confirms previous observations about
an increase in urinary biomarkers of oxidative stress in workers occupationally exposed
in the production of pigments [13,45]; although, we found generally lower levels of MDA
compared to other studies [43].
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In the EBC samples collected from the subjects participating in the study, we measured
some biomarkers of effect to assess early functional alteration in the lung biopathology, such
as TNF-α, IL-1 β, IL-17 and IL-10 as biomarkers of inflammation and immu-no-suppression.
While the increase in IL-1β we detected can be interpreted in a pro-inflammatory sense [17],
the significant decrease in TNF-α concentration in the exposed subjects is not easy to
interpret. An imbalance between pro-inflammatory TNF-α and anti-inflammatory IL-10 in
plasma has been considered a biomarker of suppression of Th1 cell-mediated immunity
and exacerbation of Th2 humoral immune response, potentially leading to the development
of allergic and autoimmune diseases [46]. We also know that TiO2 can increase the cytokine
secretion by macrophages in vitro [47]. Whether a similar pattern can occur in lung lining
fluids, as reflected by EBC determination, should be further elucidated. Overall, an immuno-
suppressive effect seems to prevail, probably linked to a reduced macrophage activity in
the airways of the exposed subjects.

Surfactant protein D (SP-D) values were significantly lower in exposed workers than in
controls. Although no studies have considered the SP-D in EBC, it is reasonable that these
pneumoproteins may be detectable and measurable. SP-A and SP-D belong to a subgroup
of type C lectin (molecular weight: 26–36 and 43 kDa, respectively), and are involved
in the regulation of pulmonary host defense and inflammation [48,49]. Our findings are
consistent with those of Zhao et al. [14], who found a slight but significant decrease in SP-D
levels in serum samples of workers occupationally exposed to nano-TiO2. These changes
were interpreted as the results of a cell injury and/or decrease in number of type II alveolar
epithelial cells caused by nanomaterial-induced oxidative stress [14]. In general, it is known
that the involvement of the distal airways caused by different types of ultrafine particulates
and gases (such as ozone) can induce a reduction in the pneumocyte population, which
can explain a reduction in lung and circulating levels of lung pneumoproteins [50].

In our study, conversely, EBC values of the Krebs von den Lungen-6 (KL-6) glycopro-
tein were significantly higher in exposed workers than in controls. Glycoprotein KL-6 is
a high molecular weight mucin (1200 kDa) which has been classified as MUC1—human
mucin [51]. Recent clinical studies have suggested that surfactant protein D (SP-D) and
Krebs von den Lungen-6 (KL-6) glycoprotein are potential biomarkers of interstitial lung
disease. For instance, in Japan they both are used in the clinical setting during the diagnos-
tic tree for the identification of idiopathic pulmonary fibrosis and other types of interstitial
lung diseases [52]. The negative correlation between KL-6 and SP-D found in particular in
the exposed group seems to suggest a relationship between the depletion of the population
of specialized epithelial cells and the activation of a pro-fibrotic cascade. Moreover, these
findings are consistent with insights gathered from the mineralogical analyses of BAL sam-
ples of patients with lung fibrosis, suggesting a role of titanium nanoparticles in idiopathic
pulmonary fibrosis [53].

The overall picture resulting from the combination of the different biomarkers reflect-
ing subtle changes in lung physiology assessed in this study suggests a mild inflammatory
status and the activation of a pro-fibrotic cascade. Most likely, these alterations are not due
to recent exposure, but could represent a condition due to previous exposure, due to the
cumulative effects of such low doses or to the higher exposure occurring in the past. The
results also reveal an association between biomarkers of systemic oxidative stress and the
exposure of concern. Although not specific, these biomarkers appear to be related to the
specific type of exposure investigated.

This biomarker-based approach to assess early effects in workers exposed to nano-
objects has been recommended as a component of a strategy to risk assessment and man-
agement in the workplace [54–56]. In order to enable feasible and acceptable routine
screenings in populations at risk, biomarkers that could be analysed in biological matrices
collected by non-invasive procedures are of particular relevance. From this perspective,
exhaled breath condensates (EBC), exhaled air (EA) and urine are three preferred biological
matrices for the non-invasive investigation of biomarkers in workers exposed to UFPs and
nanomaterials, as they give insights on local (pulmonary) and systemic oxidative stress and
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inflammatory response [13,20,21,54–59]. Although we recognise the higher performance of
the LC-MS/MS technique for the quantification of some biomarkers of oxidative stress as
compared to ELISA assays [60,61], we acknowledge that ELISA are less time-consuming
and more cost-effective techniques, which do not require particular laboratory equipment
and highly-trained operators. This may be considered both a limitation and a strength of
this study aimed at supporting an extensive quantification of oxidative stress and inflam-
matory biomarkers in non-invasively collected specimens to monitor workers’ health in
contexts other than research settings, e.g., periodical health surveillance.

5. Conclusions

Exposure to TiO2 containing dusts well below the occupational exposure limits (OELs),
but close to the threshold for preventing fibro-proliferative and progressive alteration of
epithelium, can result in subtle lung changes, as reflected by changes in KL-6 and SP-D and
an increase in biomarkers of oxidative stress. Interestingly, the lower threshold proposed
by ANSES for TiO2 represents the benchmark dose for preventing fibro-proliferative and
progression alteration of epithelium and alveolar bronchiolisation.

With regard to the exposure parameter, the setting investigated is probably represen-
tative of a series of small companies that adopt similar production processes, suggesting
a widespread micro-pollution mainly linked to operational but temporary tasks. At the
concentrations found in such an environment, however, no short- or long-term effects are
expected, owing to the compliance with the threshold limit values adopted or proposed for
workplaces. We could argue that just quantifiable aerosols in the nanometer range could
affect some health endpoints for which the current standards are not (yet) applicable.

This study suggests the need for a combined approach relying on both exposure
assessment and biomarkers of effect to improve the risk assessment in occupational settings
in which TiO2 is handled, though under strict and effective control measures.

Thus, in spite of several drawbacks in implementing an integrated strategy [54],
biomonitoring enables regular exposure and health assessment and can support effective
risk management [54–56]. Owing to the small number of subjects evaluated and the intrinsic
variability of biomarkers, the observed changes along with their health significance must
be assessed in a long-term perspective.
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Abstract: The aim of this work was to demonstrate how human biomonitoring (HBM) data can be
used to assess cancer risks for workers and the general population. Ortho-toluidine, OT (CAS 95-53-4)
is an aniline derivative which is an animal and human carcinogen and may cause methemoglobinemia.
OT is used as a curing agent in epoxy resins and as intermediate in producing herbicides, dyes, and
rubber chemicals. A risk assessment was performed for OT by using existing HBM studies. The
urinary mass-balance methodology and generic exposure reconstruction PBPK modelling were both
used for the estimation of the external intake levels corresponding to observed urinary levels. The
external exposures were subsequently compared to cancer risk levels obtained from the evaluation by
the Scientific Committee on Occupational Exposure Limits (SCOEL). It was estimated that workers
exposed to OT have a cancer risk of 60 to 90:106 in the worst-case scenario (0.9 mg/L in urine). The
exposure levels and cancer risk of OT in the general population were orders of magnitude lower
when compared to workers. The difference between the output of urinary mass-balance method
and the general PBPK model was approximately 30%. The external exposure levels calculated based
on HBM data were below the binding occupational exposure level (0.5 mg/m3) set under the EU
Carcinogens and Mutagens Directive.

Keywords: ortho-toluidine; biomonitoring; urinary mass-balance; PBPK modelling; occupational
exposure; general population

1. Introduction

Aniline and many of its derivatives are known or suspected human carcinogens.
Ortho-toluidine, OT (CAS 95-53-4), also known as 2-aminotoluene, is one of these aniline
derivatives which is manufactured and/or imported in the European Economic Area in
quantities of 10,000–100,000 tonnes per annum [1]. OT is mainly used as a curing agent
in epoxy resins, an intermediate in producing azo dyes and pigments, acid-fast dyestuffs,
triarylmethane dyes, sulphur dyes, indigo compounds, photographic dyes, synthetic
rubber, and rubber vulcanising chemicals, and an intermediate in the manufacture of
herbicides [1,2].

OT is an animal and human carcinogen, classified as a category Carcinogenic 1B
according to harmonised classification and labelling in European Union, EU (Classification,
Labelling and Packaging (CLP) regulation 1272/2008). Other CLP classifications of OT are
Acute Toxicity 3 for oral and inhalation toxicity, Eye Irritation 2 for irritative properties and
Aquatic Acute 1 for environmental toxicity. In addition, OT may cause methemoglobinemia
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in humans [1,3]. Several aniline derivatives can be found on the candidate list of substances
of very high concern (SVHCs) and the list of substances restricted under Registration,
Evaluation, Authorisation and Restriction of Chemicals (REACH) EU regulation. OT
has been added to the candidate list for eventual inclusion in Annex XIV to REACH [4].
Inclusion in annex XIV to REACH means that future use of OT requires authorisation in
the EU. For authorisation purposes, users of OT need to demonstrate the adequate control
of exposure by providing reliable and representative exposure information from their uses.
Human biomonitoring (HBM) data could be a useful data source if measured biomarker
levels can be related to cancer risk assessment.

OT is rapidly absorbed via the gastrointestinal tract, and is rapidly distributed,
metabolised, and excreted (mainly via urine) in rats. The saturation of metabolic pathways
is not apparent in the urinary excretion data. Absorption via skin as well as via respira-
tory tract has been demonstrated by acute toxicity studies and in occupationally exposed
humans [1,2]. Metabolism studies have showed that N-acetylation and hydroxylation of
the aromatic ring of OT as well as sulphate and glucuronide conjugation are the major
metabolic pathways in rats. The human metabolic pathways are expected to be similar
to those reported in experimental animals based on studies of other aromatic amines and
knowledge of the key metabolising enzymes [5].

Occupational exposure to OT can be measured either by measuring air concentra-
tions or by biomonitoring. Since dermal uptake may contribute significantly to systemic
exposure to OT, biomonitoring can give a better picture on the total exposure than air
monitoring. Both urinary OT and OT haemoglobin adduct analyses have been used to
monitor occupational exposure to OT. However, the measurement of urinary excretion of
total (free and conjugated) OT after hydrolysis is currently the most used method [1]. Since
OT is a genotoxic carcinogen, there is no health-based biological limit value. In the EU, a
binding occupational exposure limit value (BOELV) of 0.1 ppm (0.5 mg/m3) has been set for
OT [6]. This is not a purely health-based value but considers also socio-economic aspects.

Data on urinary OT levels of the general population have been used to set a biological
guidance value (BGV) for urinary OT [1]. Based on the studies by Kütting et al. [7] and
Weiss and Angerer [8], the 95th percentile of urinary OT (free and conjugated) among
the non-smoking general population is approximately 0.2 μg/L which has been set as a
biological guidance value (BGV) for workers in Germany for OT measured from post-shift
urinary samples in the end of the working week [9]. Since smoking increases urinary OT
levels, this value applies only for non-smokers or can be considered only after abstaining
from smoking.

The aim of this work was to demonstrate how biomonitoring data can be used to assess
cancer risks for workers and the general population. Using available information on the
dose–response of OT carcinogenicity and published human biomonitoring (HBM) data, a
risk assessment was conducted by applying a simple urinary mass-balance-based approach
and a more refined exposure reconstruction algorithm coupled with a physiologically based
pharmacokinetic (PBPK) model to convert urinary total OT levels as external daily intake.

2. Materials and Methods

The hazard and dose–response assessment of OT was based on the existing risk
assessment from the Scientific Committee on Occupational Exposure Limits, SCOEL [1].
Since the SCOEL assessment covers only occupational exposure, cancer dose response for
the general population was derived using a published benchmark dose lower limit (BMDL)
level for OT as a starting point and using the general approach for cancer dose response
setting described in REACH guidance R.8 [10]. A PubMed literature search was conducted
for the past 20 years on OT in combination with occupation*, biomonitoring, and smoking,
since OTs exist in cigarette smoke, to retrieve available occupational and general population
biomonitoring data. Since the available HBM studies on the occupational exposure to OT
were very limited in number, all relevant occupational HBM studies were included in the
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risk assessment. In the case of general population exposure assessment, only European
HBM studies were included.

External exposure levels of OT were calculated from biomonitoring data of the general
population and workers using a urinary mass-balance approach and by PBPK exposure
reconstruction model to evaluate the cancer risk using the dose-response data published
by SCOEL [1].

2.1. Urinary Mass-Balance Approach

The urinary mass-balance approach, as described by Angerer et al. [11], was used
as a first-tier approach for the calculation of corresponding external intake levels from
biomonitoring data. For this, the following formulas were used:

Css = (D × BW × FUE)/V24 or D = (Css × V24)/(FUE × BW)

Here, D is the external dose as mg/kg bw, Css is the urinary level of the substance at
steady state (mg/L), V24 is the estimated average 24 h urinary volume (L), and FUE is the
mass of OT, including hydrolysed conjugate metabolites, excreted in urine during 24 h per
mass of parent compound ingested (percentage).

In the calculations, OT urinary levels (Css) were assumed to represent a steady-state
level, and 75% of the dose was assumed to be excreted in urine as measured parent
compound, including hydrolysed conjugate metabolites (FUE), which was based on urine
excretions observed in s.c. dosed rats after 24 h [2,5]. A value of 1.5 L/day was used as the
24 h urinary volume (V24) and 70 kg as the average body weight (BW).

As an example, the estimated urinary OT level corresponding to the BOELV 0.1 ppm
(0.5 mg/m3 = 0.07 mg/kg) assuming default 10 m3 inhalation volume during working
day, [10] is 2.5 mg/L (0.07 × 70 × 0.75/1.5). Conversely, the urinary OT BGV of 0.2 μg/L can
be estimated to 5.7 ng/kg of OT by using parameters presented above (0.2 × 1.5/0.75 × 70).

2.2. PBPK Modelling

A generic PBPK model implemented in the INTEGRA platform for integrative expo-
sure and risk modelling [12,13] was used to reconstruct external exposures of OT from HBM
urinary data. Generic PBPK models are well-defined compartmental models capturing tox-
icokinetics of xenobiotics, accounting for real-life anatomy and physiology, independently
of the compound considered. The applicability of the model to the different substances
is ensured by parametrising the model for each compound. The generic human PBPK
model developed on INTEGRA covers major ADME processes occurring in the human
body at different stages of life. The model describes in detail the absorption, distribution,
metabolism, and excretion (ADME) process of both OT and its metabolite OH-o-toluidine.
This data was used as an input for the toxicokinetic model of INTEGRA, properly parame-
terised for the assessment of internal dose of OT. Non-compound specific parameters of
the model have been presented in Sarigiannis et al. [13], while further parameterisation
of the compound specific parameters illustrated in Table 1 was derived on quantitative
structure–activity relationship (QSAR) modelling as described in the literature [14,15].
Validation of the estimates was done by comparing the predicted OT levels with the urinary
levels obtained from occupational studies reporting urinary OT concentrations, and the
results have been presented in the European Human Biomonitoring Initiative (HBM4EU)
deliverable “AD12.3 Exposure model testing results” [16].

Regarding the exposure reconstruction, human biomonitoring data assimilation and
their conversion into intake distributions is defined formally as a computational inversion
problem. In such mathematical problems, the goal is to identify the specific input distribu-
tions that best explain the observed outputs while minimising the residual error. In our
case, inputs comprise spatial and temporal information on micro-environmental media
concentrations of xenobiotics and ancillary information on human activities, food intake
patterns, or consumer product use that results in intakes; outputs are the observed levels of
biomarkers in human biospecimens. In this study, we started from the urinary levels of OT
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and its hydrolysed conjugate metabolites; then, exposure levels were estimated for both
occupational groups and the general population.

Table 1. Compound specific PBPK parameters for ortho-toluidine and the considered metabolite
OH-o-toluidine.

Ortho-Toluidine OH-o-Toluidine

Tissue: Blood Partition Coefficients

GI: Blood 3.8 0.7
Liver: Blood 1.9 0.65
Kidney: Blood 1.8 0.68
Fat: Blood 8.3 0.18
Bone: Blood 1.7 0.42
Brain: Blood 3.6 0.75
Gonads: Blood 0.79 0.83
Heart: Blood 1.6 0.57
Muscle: Blood 2.2 0.74
Skin: Blood 5.7 0.69
Lung: Blood 2.4 0.58

Fractions

Fraction bound to plasma proteins

0.035

0.95
Fraction bound to red blood cells 0.005
Fraction of transformation from
o-toluidine to OH-o-toluidine 1

Kinetic parameters

Km (μmol/L) 27.2
Vmax (μmol/h) 2835.3

Clearances

Kidney clearance rate (L/min) 0 0.17

Absorption GI tract

Absorption fraction from GI tract 1
Absorption rate in GI tract 1

Variability and uncertainty of the overall model were addressed through the implemen-
tation of a Bayesian Markov Chain Monte Carlo [17,18] probabilistic framework. Markov
chain Monte Carlo (MCMC) techniques are numerical approximation algorithms. They are
used in Bayesian inference models to sample from probability distributions through the
construction of Markov chains. In Bayesian inference processes, the target distribution of
each Markov chain is a marginal posterior distribution. Each Markov chain begins with a
seed value; the algorithm attempting to maximise the logarithm of the non-normalised joint
posterior distribution eventually arrives at each target distribution by multiple iterations.
Each iteration is considered a state. A Markov chain is a random process with a finite
state-space. In Markov chains, the next state depends only on the current, not past, states.
The method requires defining the prior distributions, the biomonitoring data upon which it
will be applied, as well as a likelihood function, defining the likelihood of the data being
correct given a set of forward model parameters. The MCMC approach takes into account
an acceptance criterion that considers the likelihood of the data, given parameters. The
MCMC process we have used samples using algorithms based on the Metropolis Hastings
(M-H) (simulated annealing) or on differential evolution algorithms. Several studies have
used MCMC techniques combined with PBPK models for inverse modelling [19–22]. Key
factors that introduce variability are the anthropometric parameters (i.e., bodyweight) and
the metabolic constants, for which a coefficient of uncertainty equal to 30% is considered as
adequate [23]. In this study, 10,000 MCMC iterations were used in the model.
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2.3. Risk Assessment

The risk assessment was based on the SCOEL [1] OT urinary bladder cancer risk
estimation using the results from a two-year rat feeding study [24]. Since no adequate
epidemiological data were available, SCOEL identified data on the formation of the urinary
bladder transitional-cell carcinomas in female rats as being the most relevant for hazard
characterisation, and derived a benchmark dose (BMD) causing 10% tumour incidence
above background level (BMD10) of 42.2 mg/kg bw per day. This BMD10 of 42.2 mg/kg
bw per day was estimated to correspond to an inhaled dose of OT about 840 mg/m3 as
an 8 h time-weighted average (TWA) in occupational exposure [1]. This assumes a body
weight of 70 kg, a default inhaled volume of 10 m3 for an 8 h working day, and exposure
of 48 weeks/year and 5 days/week. Absorption via inhalation and oral exposure was
assumed the same. Allometric scaling of this dose level of 840 mg/m3 from rat to human
using a default value of 4 [10] provided a point of departure (POD) for 10% increase in
tumour risk of 210 mg/m3 (48 ppm). This resulted in linear OT occupational cancer risk
estimations presented in Table 2 columns one and two. Using the same default numbers
for a body weight and inhaled volume and mass-balance approach described in Section 2.1,
we calculated the intake as mg/kg bw/d and steady-state urinary levels corresponding to
the defined tumour risk levels (Table 2, columns 3 and 4).

Table 2. Ortho-toluidine linear cancer risk estimations, corresponding to occupational exposure to
specific air levels, calculated daily occupational intake, and calculated urinary steady-state levels.

Tumour
Risk

Ortho-Toluidine
Concentration, mg/m3 (ppm)

Occupational Intake
(mg/kg bw/d) 1

Steady-State Urinary
Level (mg/L) 2

1:10 210 (48) 30 1000
1:1000 2.1 (0.48) 0.3 10

1:10,000 0.21 (0.048) 0.03 1
1:100,000 0.021 (0.0048) 0.003 0.1

1:1,000,000 0.0021 (0.00048) 0.0003 0.01
1 Converted to mg/bw/working day (as occupational exposure 8 h/day, 5 d/week, 70 kg worker, inhaling 10 m3

of air during the working day). 2 Calculated urinary steady-state levels with mass-balance equation (75% of
parent compound excreted to the urine including hydrolysed conjugate metabolites (FUE), 1.5 L/day of 24 h
urinary volume (V24) and 70 kg body weight (BW).

The same BMD10 of 42.2 mg/kg bw per day was used as a starting point for the
general population cancer risk assessment. After allometric scaling of this dose level from
rat to human using a default value of 4, this provided a 10% increase in tumour risk
of 10.6 mg/kg bw/d. Since the cancer data were based on the continuous oral feeding
study in rats, no further dose adjustments were made. Linear OT lifetime cancer risks are
presented in Table 3.

Table 3. Ortho-toluidine linear cancer risk estimations for general population, corresponding to
specific lifetime cancer risk, and calculated urinary steady-state levels.

Tumour Risk
Ortho-Toluidine Intake

(mg/kg bw/d)
Steady-State Urinary Level (mg/L) 1

1:10 10.6 371
1:1000 0.106 3.71

1:10,000 0.0106 0.371
1:100,000 0.00106 0.0371

1:1,000,000 0.000106 0.00371
1 Calculated urinary steady-state levels with mass-balance equation (75% of parent compound excreted to the
urine including hydrolysed conjugate metabolites (FUE), 1.5 L/day of 24 h urinary volume (V24) and 70 kg body
weight (BW).
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3. Results

3.1. Summary of Exposure Biomonitoring Data

The literature search resulted in four relevant papers with occupational OT exposure
biomonitoring data and three relevant papers for the general population. All studies
measured OT after hydrolysis of the conjugated metabolites from urinary samples. The
studies concerning occupational and the general population HBM data selected in the risk
assessment are presented in Table 4.

Table 4. Human biomonitoring studies for ortho-toluidine in occupational settings and background
concentrations of the general populations.

Study Origin
Urine Sample Type

(n)
Urine Ortho-Toluidine (Range) Reference

Workers, Liquid SO2 plant, France Post-shift (13) Mean: 523 μg/L, P95: 962 μg/L
(<LOD-984.1 μg/L) [25]

Workers, Rubber industry, Germany Post-shift (51) Mean: 38.6 μg/L, P95: 292.4 μg/L
(<LOD-292.4 μg/L) [26]

Workers, Rubber industry, Sweden Post-shift (157) Median: 0.46 μg/L, (0.03–108 μg/L) [27]
Workers, Pigment industry, Japan Post-shift (36) Mean: 55.5 μg/L, (<LOD-129.12 μg/L) [28]
General population, Germany 24 h urine (81) Median: 61.8 ng/24 h, Max: 401 ng/24 h [29]

General population, Germany 24 h urine (20)
Mean (non-smokers): 167 ± 199.4 ng/24 h

[30]Mean (smokers): 204.2 ± 59.1 ng/24 h.
General population, Germany,
Switzerland, United Kingdom 24 h urine (1631)

Mean (non-smokers): 64 ± 128 ng/24 h
[31]Mean (smokers): 179 ± 497 ng/24 h

LOD = limit of detection, n = number of study participants, P95 = 95th percentile.

Labat et al. [25] measured urine concentrations of OT among individuals (n = 13) who
worked in a French liquid SO2-plant polluted with OT. Pre-shift urine concentrations of OT
had a range of 1.7 ± 1.5 μg/L, while the mean post-shift levels were 523 ± 321.6 μg/L, 95th
percentile being 962 μg/L. Korinth et al. [26] assessed occupational exposure to aniline and
OT among people (n = 51) working in the manufacturing of rubber products in Germany.
The measured total urinary OT concentrations in post-shift samples were 38.6 μg/L (mean)
and 292.4 μg/L (95th percentile). Li et al. [27] examined the relationship between DNA-
damaging chemicals and average telomere length in 157 workers working in the Swedish
rubber industry. OT levels were measured in urine samples collected during the last four
hours of an eight-hour shift. Measured concentration range was 0.03–108 μg/L with a
median of 0.46 μg/L. Eitaki et al. [28] studied OT-exposed workers (n = 36) in the Japanese
pigment industry. Post-shift urinary OT measurements showed a mean concentration of
55.5 μg/L and a range of 16.5–129.12 μg/L.

Seidel [29] studied urinary excretion of aromatic amines including OT in general
population in Germany. 24 h urine samples were collected from 81 non-smoking individ-
uals aged 20–61 years. The median and maximum OT levels were found to be 61.8 and
401 ng/24 h, respectively. Another German study associated with exposure to carcinogenic
aromatic amines was conducted by Riedel et al. [30]. Twenty-four urine samples were
collected from 20 people (including 10 smokers). The non-smoking group had a mean
OT concentration of 167 ± 199.4 ng/24 h while the concentration in the smoker group
was 204.2 ± 59.1 ng/24 h. Lindner et al. [31] assessed the exposure of smokers and non-
smokers to smoke constituents, including OT, by analysing 24 h urinary excretion of OT
in 1631 adults (including 1223 smokers) from three countries (Germany, Switzerland, and
United Kingdom). Exposure levels were lower in non-smokers than smokers, with mean
OT urine concentrations of 64 ± 128 and 179 ± 497 ng/24 h respectively.

3.2. Reverse Calculation of External Exposure Based on Urinary Mass-Balance Approach and
Generic PBPK Model

External exposures calculated for occupational and general population by using a
urinary mass-balance method and a generic PBPK model for reverse dosimetry are pre-
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sented in Tables 5 and 6. In addition, corresponding cancer risks estimated using linear
extrapolation as described in the Methods are presented.

Table 5. Estimated occupational cancer risk values for o-toluidine using a urinary mass-balance
method and a PBPK model in INTEGRA.

Urinary
Ortho-Toluidine (μg/L)

External
Ortho-Toluidine

Exposure (μg/kg bw/d)

Estimated
Cancer Risk

Urinary
mass-balance

Labat et al. [25] Mean: 523, P95: 962 Mean: 14.94, P95: 27.49 50–92:106

Korinth et al. [26] Mean: 38.6, P95: 292.4 Mean: 1.10, P95: 8.35 4–28:106

Li et al. [27] Median: 0.46, Max: 108 Median: 0.013, Max: 3.09 0.04–10:106

Eitaki et al. [28] Mean: 55.5, Max: 129.1 Mean: 1.6, Max: 3.69 5–12:106

PBPK model

Labat et al. [25] Mean: 523, P95: 962 Mean: 9.96, P95: 18.74 33–62:106

Korinth et al. [26] Mean: 38.6, P95: 292.4 Mean: 0.70, P95: 5.57 2–19:106

Li et al. [27] Median: 0.46, Max: 108 Median: 0.012, Max: 2.06 0.04–7:106

Eitaki et al. [28] Mean: 55.5, Max: 129.1 Mean: 1.1, Max: 2.5 4–8:106

P95 = 95th percentile.

Table 6. Estimated lifetime cancer risk values of o-toluidine for the general population using a urinary
mass-balance method and a PBPK model in INTEGRA.

Urinary Ortho-Toluidine (ng/24 h)
External Ortho-Toluidine Exposure

(μg/kg bw/d)
Estimated Cancer Risk

Urinary mass-balance

Seidel [29] non-smokers: Mean: 61.8, Max: 401 non-smokers: Mean: 0.0012,
Max: 0.008 0.0011–0.0072:106

Riedel et al. [30]
non-smokers: 167 ± 199.4 non-smokers: 0.0032 ± 0.004 0.001–0.01:106

smokers: 204.2 ± 59.1 smokers: 0.0039 ± 0.001 0.004–0.007:106

Lindner et al. [31]
non-smokers: 64 ± 128 non-smokers: 0.0012 ± 0.0024 0.002–0.005:106

smokers: 179 ± 497 smokers: 0.0034 ± 0.0095 0.009–0.018:106

PBPK model

Seidel [29] non-smokers: Mean: 61.8, Max: 401 non-smokers: Mean: 0.00078,
range 0.00012–0.00514 0.0001–0.005:106

Riedel et al. [30] non-smokers: 167 ± 199.4 non-smokers: Mean 0.00133,
range 0.0001–0.0031 0.0001–0.003:106

Lindner et al. [31] non-smokers: 64 ± 128 non-smokers: Mean 0.0008,
range 0.00006–0.0019 0.0001–0.0018:106

3.3. Comparison of the Results

External dose estimations based on the urinary mass-balance method gave approxi-
mately 30% higher OT external exposure values both for workers and the general popula-
tion when compared to corresponding values of the generic PBPK model. For example, in
the study with the highest mean OT urinary concentration [25] the urinary mass-balance
method gave a mean external exposure of 14.94 μg/kg whereas the PBPK reconstruction
model gave a corresponding value of 9.96 μg/kg. The corresponding effect on OT cancer
risk is in this example 50:106, compared to 33:106, respectively.
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4. Discussion

A cancer risk assessment was performed for OT using existing HBM studies concern-
ing workers and the general population. A urinary mass-balance method and a generic
exposure reconstruction PBPK model were both used to estimate the external intake levels
corresponding levels in urine.

In the case of OT, there are no measured correlation data on external exposure and
urinary concentrations. Therefore, the urinary mass-balance method was selected, which is
a rather rough method to correlate external exposure with the urinary levels. This can be
further refined by using PBPK models, however, there is no specific model available for
OT. A generic PBPK model was used to investigate the relation between external exposure
and urinary values. The output of both models did not differ considerably; the urinary
mass-balance method gave approximately 30% higher external exposure values. This
difference results from the fact that the PBPK model considers exposure dynamics; hence, it
can capture the intra-day variability of OT in urine and to attribute the higher concentration
identified in the post-shift samples as the result of the 8 h shift. On the contrary, the
biomonitored levels used for estimating intake with the urinary mass-balance method are
assumed as steady-state values. If this assumption is applied on samples that have been
taken from workers post-shift (representing a peak level rather than steady state level), this
may result in an overestimation of external exposure. However, the 30% differences are
minor when considering the uncertainties related to the cancer dose–response based on
animal data.

4.1. Uncertainties in the Risk Assessment

The toxicokinetics of OT in humans were assumed to correspond to toxicokinetics
observed in experimental animals. This is one source of uncertainty in this risk assessment.
In the urinary mass-balance calculations, 75% of the OT dose (FUE) was assumed to be
excreted in urine as parent compound or as hydrolysed conjugate metabolites. This was
based on urinary excretion observed in s.c. dosed rats after 24 h [2]. The urinary mass-
balance method used for reverse calculation assumes that the measured urinary levels
represent steady-state levels. This must be considered especially in case of occupational
exposure with rapidly eliminating chemicals because occupational exposure levels may
vary during the working day. The half-life of OT has been reported in human plasma to
be approximately four hours [32] and the available HBM data was based on post-shift
urinary samples. OT is absorbed also through the human skin, which [26,33] can contribute
significantly to the toxicokinetics of the compound. This should be considered when
collecting/analysing HBM samples, since dermal absorption is slower when compared to
inhalation exposure, resulting also in slower elimination. HBM data collected from 24 h
urinary samples could better highlight the exposure. On the other hand, measurement of
OT air concentrations does not consider the effect of personal protection of the worker and
cannot inform us of the dermal exposure.

The carcinogenic properties of OT cause uncertainty in cancer risk assessments, since
a threshold value for the cancer risk cannot be established. In this risk assessment, a linear
extrapolation of cancer risk for humans was used from a BMD10 reference value derived
for bladder tumours observed in rats. An allometric uncertainty scaling value of four
was used for interspecies differences between rat and human. Linear extrapolation is
considered as a conservative approach potentially resulting in the overestimation of risks
at low levels. On the other hand, there is epidemiological evidence on the carcinogenicity
of OT in occupationally exposed humans [3].

Individual variability in OT metabolism can have an influence on OT urinary levels.
Genetic polymorphisms in human N-acetyltransferases can increase susceptibility to aro-
matic amine-induced cancer for slow-acetylators [34]. However, this can be considered to
have a much smaller impact on the risk assessment than uncertainties in dose–response.
Cigarette smoking can cause uncertainty to risk assessment since smoking elevates OT
levels in the urine of smokers [31].
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4.2. Recommendations for the Regulatory Risk Assessment

This assessment gives an example how HBM data can be used in occupational and
general population risk assessments. The urinary mass-balance method may give a rough
estimate of external exposure when using workers’ post-shift urinary biomonitoring data.
Since OT is a rapidly metabolised chemical, the best option would be to collect consecutive
urinary samples covering a whole day, i.e., 24 h (i.e., pre-shift, during shift, post-shift,
evening, and next morning). The data on consecutive periods of production of urine
would be also very informative for parameterising a specific PBPK model in the future.
Development of a PBPK model for the chemical group of arylamines would benefit future
risk assessments, especially regarding exposure reconstruction modelling.

In the future, risk assessment would benefit from well-designed biomonitoring studies.
In addition, proper toxicokinetic correlation studies for controlled OT air concentration and
urine excretion in humans may benefit future modelling. Moreover, exposure assessment by
biomonitoring OT haemoglobin adducts can highlight exposure for longer and cumulative
time periods. Mean OT Hb-adduct levels have been 10 times higher in exposed versus
unexposed workers and >100 times higher than the mean levels in unexposed populations
previously studied [35]. Human metabolism and kinetics of OT should be studied further.

OT has been added to the candidate list of SVHC for eventual inclusion in Annex XIV
to REACH [4]. This risk assessment can be beneficial for chemical authorities as well as
manufacturers in the situation that the use of OT will require authorisation in EU.

5. Conclusions

In conclusion, by applying the urinary mass-balance methodology and the PBPK
modelling based on four OT biomonitoring studies, we found that workers exposed to
OT have a cancer risk of 60 to 90:106 in the worst-case scenario (i.e., the biomonitoring
study with the highest urinary levels). The exposure levels and cancer risk of OT in the
general population were orders of magnitude lower when compared to workers. Although
there is no generally agreed acceptable cancer risk levels, usually, risk levels in the order of
1:105–106 for general population and around 1:105 for workers are considered acceptable,
but in case of workers higher levels have also been considered to be tolerable under certain
circumstances [10]. The estimated external exposure levels for workers were also well below
the intake levels, corresponding to the BOELV (0.5 mg/m3) set under EU Carcinogens
and Mutagens Directive. However, results should be considered carefully because of the
limited number of HBM data. There is clearly a need for further biomonitoring data on
OT exposure.
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Abstract: Safety assessment of UV filters for human health by the Scientific Committee on Consumer
Safety (SCCS) is based on the estimation of internal dose following external (skin) application of
cosmetic products, and comparison with a toxicological reference value after conversion to internal
dose. Data from human biomonitoring (HBM) could be very useful in this regard, because it is
based on the measurement of real-life internal exposure of the human population to a chemical. UV
filters were included in the priority list of compounds to be addressed under the European Human
Biomonitoring Initiative (HBM4EU), and risk assessment of benzophenone-3 (BP-3) was carried out
based on HBM data. Using BP-3 as an example, this study investigated the benefits and limitations of
the use of external versus internal exposure data to explore the usefulness of HBM to support the
risk assessment of cosmetic ingredients. The results show that both approaches did indicate a risk to
human health under certain levels of exposure. They also highlight the need for more robust exposure
data on BP-3 and other cosmetic ingredients, and a standardized framework for incorporating HBM
data in the risk assessment of cosmetic products.

Keywords: human biomonitoring; UV filters; benzophenone-3; HBM4EU; risk assessment; RCR;
margin of safety

1. Introduction

UV filters are used in sunscreen and other cosmetic products to protect the skin by
absorbing or reflecting potentially harmful UVA and UVB rays.

UV filters in sunscreens are regulated in Europe in the Cosmetic Product Regulation
(CPR), which provides a broad regulatory framework for restricting chemicals with po-
tential risks to human health. The CPR does not include specific restrictions on endocrine
disrupting (ED) chemicals, however, and as there was concern for these substances the Eu-
ropean Commission started a review of cosmetic ingredients with ED properties in 2018 [1].
As a result of the review, the Commission established a “short” list of potential EDs in
cosmetics, which included benzophenone-3 (BP-3). Subsequently, the Scientific Committee
on Consumer Safety (SCCS), which provides opinions on health and safety risks (chemical,
biological, mechanical and other physical risks) of non-food consumer products (cosmetics,
personal-care products, toys, textiles, etc.), was mandated by the Commission to carry out
a safety assessment of BP-3 in view of concerns related to potential ED properties [2].

The SCCS approach to assessing the safety of cosmetic ingredients to the consumers
is based on first estimating the external dose that is in contact with the skin, followed by
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estimation of the internal dose that will be systemically available after crossing the skin.
The internal exposure dose is then compared to a reference value that is either derived from
human or experimental data. This toxicological reference value (TRV) is used by the SCCS
to calculate a margin of safety (MoS) [3]. In this context, human biomonitoring (HBM)
can provide a very useful tool because it provides real-life internal exposure of the human
population to a given chemical in terms of measured concentrations in human samples,
such as blood and urine. There has been an increasing use of HBM for exposure assessment
in the European risk assessment schemes in recent years, although the level of use is still
limited. Based on a survey of different risk assessment frameworks in the EU, less than
30% of respondents replied that HBM is regularly applied in the regulatory domain in their
country [4]. The use of HBM in risk assessments has also been uneven across different
frameworks; for example, compared to pesticides, biocides, and heavy metals, the use of
HBM data has been scarce in cosmetics safety assessments.

The European Human Biomonitoring Initiative (HBM4EU), running from 2017 to
2022, has established a European-Union-wide human biomonitoring program to generate
knowledge on human internal exposure to chemical pollutants and their potential health
impacts in Europe, to support policy makers’ efforts to regulate chemical safety and improve
public health in Europe [5]. One of the goals of HBM4EU is to support policy making
by providing evidence of the actual exposure of EU citizens to chemical substances and
mixtures to inform risk assessment. The current study was aimed at exploring the potential
usefulness of HBM data for supporting the risk assessment of cosmetic ingredients, using
BP-3 as an example.

2. Methodological Approach

2.1. Risk Assessment Based on External Approach

The approach used by the SCCS to assess the safety of cosmetic ingredients, for which
an opinion is required, is based on the calculation of a margin of safety. The method
followed by the committee is described in detail in the Note of Guidance [3].

2.1.1. Margin of Safety Calculation

In the risk characterization of a cosmetic ingredient, the main focus is on systemic
effects, with separate consideration of any local effects. The MoS is generally calculated
based on oral toxicity studies unless robust dermal toxicity data are available. For this,
a toxicological point of departure (PoD), derived from oral studies in test animals, has
historically been used in the following Equation (1):

MoS = PoDsys/SED (1)

where PoDsys (systemic PoD in mg/kg bw/day) is the potency descriptor, preferably a
benchmark dose (BMD) or alternatively a NOAEL (no observed adverse effect level) or
LOAEL (lowest observed adverse effect level) from a repeated-dose toxicity study. As
these values are often based on oral studies, they are corrected for the oral bioavailability
of the compounds to derive the PoDsys. It is considered that not more than 50% of an
orally administered dose is systemically available. Thus, in the absence of data, 50% of the
administered dose is used as the default oral absorption value for a cosmetic ingredient
and the PoDsys is derived from the PoD by dividing by 2. SED (systemic exposure dose in
mg/kg bw/day) is a dose descriptor for the systemic exposure to the substance calculated
as the amount of the substance systemically absorbed from cosmetic products.

Taking into account the extrapolation uncertainties corresponding to differences in
toxicokinetics and toxicodynamics between experimental animals and humans (a factor of
10), and toxicological sensitivity differences within the human population due to differences
in biology, age, sex, health status, etc. (a factor of 10), an MoS equal to or higher than 100
(10 × 10) is considered an adequate indicator of safety of the substance to human health.
Other default assessment factors (AFs) may also be applied to take into account for example
lack of data, but this was not applicable in this case [6].
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2.1.2. Hazard Assessment: Selection of an External Critical Dose

In this study, the selection of the critical effect, the key study, and the external critical
dose of BP-3, was carried out following the methodology described in the SCCS Notes
of Guidance [3]. Cosmetic safety assessments have historically used NOAEL as the tox-
icological PoD. The NOAEL is the highest dose or exposure level where no (adverse)
treatment-related effects were observed. The external critical dose of the assessed ingre-
dient (e.g., BP-3) is usually derived from a repeated-dose toxicity study that indicates an
adverse effect, such as a chronic or a reproductive toxicity study [3].

The study selection process considered the assessment of all toxicological effect(s),
their dose-response relationships, and possible threshold(s). Moreover, all periods of
exposure including the most sensitive ones were considered, and in particular, exposure
during pregnancy. The studies in which pregnant animals were exposed were therefore
more thoroughly assessed.

2.1.3. Exposure Dose (SED) Calculation Based on Skin Application

The human exposure to BP-3 can arise from cosmetic products as well as from other
sources. BP-3 is currently regulated in sunscreens as a UV-filter with a maximum allowed
concentration of 6% and in other cosmetic products with a concentration limit of 0.5%.
BP-3 is also used in other product groups, such as coating products, plasters, modeling
clay and finger paints, machine washing liquids/detergents, automotive care products,
paints and coating or adhesives, and fragrances and air fresheners [7]. Exposure to BP-3
used as a UV-filter in cosmetic products was calculated based on the exposure scenarios by
multiplying the concentration of BP-3 at the maximum approved concentrations (6% in
sunscreen products and 0.5% in other cosmetic products). The external dermal exposure
(Edermal) per day of BP-3 was then calculated taking into account the retention factor,
concentration of BP-3 in the product, and amount of product applied daily, according to
Equation (2):

Edermal BP-3 = CBP-3 × qx × fret (2)

where Edermal BP-3 (mg/day): external exposure to BP-3 available for dermal uptake from a
product category.

CBP-3 (mg/g): concentration of BP-3 in the product category.
qx (g/day): amount of product category that is applied per day.
fret: retention factor specific to the product category; for leave-on cosmetics, including

UV-cream, a fraction of 1 (100%) is used, while for rinse-off cosmetics (e.g., shower gel,
shampoo, etc.) a smaller fraction is used that depends on the type and use of the respective
product.

Next, external dermal exposure was multiplied by skin penetration value to calculate
the systemic exposure dose (SED). Skin penetration can be determined from in vivo or
in vitro studies. The approach preferred by the SCCS is based on selecting in vitro studies
using published criteria [8].

2.2. Risk Assessment Based on Internal Approach

In HBM the internal human exposure is determined by measuring a substance itself or
its metabolites in biological samples, usually blood or urine, in a human study population.
The risk is calculated by comparing this internal exposure to a human biomonitoring
guidance value (HBM-GV). As the HBM-GV used for BP-3 has no legal status, and has not
been derived as an official HBM4EU guidance value, it should be considered a provisional
HBM-GV in the context of this study.

2.2.1. Risk Characterization Based on HBM Data

Following the internal approach, the risk characterization ratio (RCR) for BP-3 is
calculated by comparing the typical case (TC) exposure estimate and the reasonable worst-
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case (RWC) exposure estimate in each study to the provisional HBM-GV, as described in
Equations (3) and (4):

RCR (TC) =
Range of median values
provisional HBM − GV

(3)

RCR (RWC) =
Range of P95 values

provisional HBM − GV
(4)

RCRs greater than 1 imply that the population assessed is (partly) exposed above the
derived guidance value, and is thus potentially at risk of adverse effects from the chemical
(e.g., BP-3).

2.2.2. Provisional HBM-GV Derivation Using the Urinary Mass Balance Approach

A provisional HBM-GV is based on a PoD, reflecting the critical endpoint identified
in hazard characterization and used as a reference point for the urinary concentration
levels measured. For the derivation of the provisional HBM-GV, the urinary mass balance
approach is applied [9]. This method can be applied to substances that are primarily
eliminated through urinary excretion, and for which regular repeated exposure is likely.
For such substances, the approach assumes a balance between the substance intake and the
substance excretion, reaching a steady-state in the urine matrix. Under this assumption,
the urinary excretion rate is a constant fraction of the intake rate [10].

Using this method, the critical dose from an experimental animal study (animal
PoD) was transformed into a human biomarker concentration consistent with that dose
(provisional HBM-GV) based on the urinary mass balance assumption. The animal PoD
was first extrapolated to a human equivalent (external) TRV with application of assessment
factors to account for extrapolation uncertainties (see Equation (5)). As for the external
approach described above, the factors for allometric scaling and remaining toxicokinetic
differences were applied to account for the differences in toxicokinetics and toxicodynamics
between experimental animals and humans. An intraspecies factor was also applied [6].

TRV =
Animal PoD
Overall AF

(5)

Next, a provisional HBM-GV was calculated from the TRV, using Equation (6), with
parameters defined as follows:

- provisional HBM-GV: the human biomonitoring guidance value below which no
adverse health effect should be expected, expressed as the substance concentration
per gram creatinine (μg/g creatinine).

- TRV: toxicological reference value, the external human value corresponding to the
animal PoD (mg/kg bw/day).

- Fue: substance-specific steady-state fraction of urinary excretion, the daily proportion
of the intake dose excreted in urine.

- Creatinine excretion rate adjusted to BW: typical 24 h creatinine excreted, adjusted
to default human bodyweight (g/kg bw/day), to compensate for differences in the
volume of urine excreted.

provisional HBM − GV =
TRV ∗ Fue (substance)

Creatinine excretion rate adjusted to BW
(6)

2.2.3. Systemic Exposure Dose Calculation Based on an Internal Approach

A systematic review was performed to assess the levels of BP-3 exposure in the Euro-
pean general population using the search engine Embase.com (Amsterdam: Elsevier) to
gather all available human biomonitoring studies. Articles were qualitatively considered
for compiling the BP-UV filter exposure database with European exposure data. Selected
articles were then quantitatively screened for meta-analysis of BP-3 exposure in the Eu-
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ropean general population. As older studies are considered less relevant for the current
situation, only data after 2006 were included. The analysis included only European studies
that applied enzymatic deconjugation of the samples and storage at <4 ◦C, as these are
generally considered critical aspects of sample treatment to obtain reliable and comparable
results [11].

After study selection based on the criteria, the overlapping cohorts amongst the multi-
ple included articles were removed. In filtering out the overlapping cohorts, studies with
larger sample sizes, more detailed data reporting, and analysis of multiple benzophenones,
were prioritized. The risk of bias of the individual studies was evaluated and studies were
excluded from the meta-analysis in case of a considerable risk of bias.

The summary statistics were calculated for a typical case exposure and a reasonable
worst case exposure. The typical case exposure is described by the median and range
(min-max) of median values from the included studies and the reasonable worst-case by
the median and range (min-max) of P95 values. Descriptive statistics that were below
LOD or LOQ were replaced with the corresponding LOD or LOQ value, conforming to
the statistical analysis of the CONTAM panel [12]. All statistical analyses were performed
in Excel.

3. Results

3.1. Risk Assessment Based on External Approach
3.1.1. Selection of External Critical Dose

Previous safety assessments of BP-3 by the European Scientific Committees [13–15]
concluded that BP-3 can be safely used as a UV-filter up to 6% in cosmetic sunscreen
products and up to 0.5% in all types of cosmetic products although it has the potential
for contact allergy and photoallergy. The recent assessment by the SCCS [2] considered
previous evaluations, as well as new information, with a particular focus on the potential
ED properties of BP-3.

The information available under REACH has categorized BP-3 as non-sensitizing,
non-irritant to eyes and skin, and suggests no acute adverse effects [7]. Both human
epidemiological and animal experimental studies have associated BP-3 exposure to repro-
ductive and developmental toxicity [2]. Within the CLP regulation (EC No. 1272/2008)
(classification, labeling, and packaging) [16], BP-3 is not considered to meet the criteria
for reproductive toxicity classification [7]. Systematic reviews have highlighted a varying
relationship between BP-3 exposure and estrogenic, androgenic, and antiandrogenic ac-
tivities frequently reported in vivo and in vitro [17,18]. However, the clinical relevance of
the endocrine effects in these studies is not always clear, and uncertainty remains over
when the observed endocrine effects can be interpreted as adverse. This led the SCCS to
conclude that the currently available evidence on ED properties of BP-3—including in silico
modeling and in vitro and in vivo studies—was inconclusive and at best equivocal when
considered individually or taken together. Therefore, the SCCS did not derive a new PoD
on ED properties to use in the risk assessment.

To calculate the MoS, the SCCS used the lowest NOAEL values (67.9 mg/kg bw/d)
derived from a study by Nakamura et al. [19]. The Nakamura et al. (2015) study [19] deter-
mined the effects of maternal and lactational exposure to BP-3 (between 0–3448 mg/kg/day)
on the development and reproductive organs of the offspring of time-mated female rats.
There were no significant differences on the reproductive/ pregnancy parameters or sex ra-
tio of the offspring between the control and BP-3-dosed groups. In the highest dose groups,
there was a significant reduction in the normalized anogenital distance on post-natal day
(PND) 23 in male pups, a decrease in serum ALT (albumin transferase) and a significant
increase in cholesterol levels in both female and male offspring at PND 23. Body, ovarian
and uterine weights were significantly reduced. Relative liver-to-body-weight ratios were
also significantly increased and paired kidney weights were lower.

In addition, in the highest dose group, seminiferous tubules contained few or no
spermatocytes compared to the control group. The SCCS considered 3000 ppm as the
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LOAEL and 1000 ppm (67.9 mg/kg bw/day) as the NOAEL based on the decrease in
spermatocytes. This value was used as a PoD for risk characterization.

3.1.2. Systemic Exposure Dose (SED) Calculation Based on an External Approach

• Skin penetration

Dermal absorption was determined using an in vitro study with 6% BP-3 that had
been considered in the previous SCCP Opinion [15]. Due to some shortcomings in this
study, the SCCS applied an additional 2 × SD (standard deviation) to the reported mean
dermal absorption value. A dermal absorption of 9.9% was used for the calculation of SED.
For other cosmetic products, a dermal absorption of 8% based on the results of the study
performed with 2% BP-3 was used [2].

• Calculation of the SED

The calculation of the SED following application of a whole-body UV-cream containing
up to 6% BP-3, the intended level of use requested by the cosmetic industry, was estimated
at 1.78 mg/kg bw/day, as detailed in Table 1.

Table 1. Systemic exposure by dermal route from whole-body UV-cream containing up to 6% BP-3
(adapted from SCCS opinion [2]).

Description Parameter Value Unit

Amount of sunscreen product used A 18 g/day

Concentration of BP-3 C 6 %

Dermal absorption DAp 9.9 %

Human body weight Bw 60 kg

Systemic exposure dose (SED) A × 1000 mg/kg × C/100 × DAp/100/bw 1.78 mg/kg bw/day

Exposure via other types of cosmetic products (UV or non-UV) by dermal, inhalation
or oral routes was also considered by SCCS (see Table 2 below).

Table 2. Calculation of margin of safety for different products containing BP-3 (adapted from SCCS
opinion [2]).

Product
Categories

Conc. Surface Total * Systemic Exposure Dose (SED) mg/kg bw/d NOAEL ** MoS

UV cream 6% whole body 1.78 67.9 38

UV aerosolized spray 6% whole body 1.89 67.9 36

UV pump spray 6% whole body 1.78 67.9 38

UV face cream 6% face 0.15 67.9 447

UV hand cream 6% hand 0.21 67.9 317

Non-UV *** 0.50% whole body 0.12 67.9 585

Lipstick 6% lips 0.05 67.9 1257

* Total = dermal + inhalation + oral, ** derived from prenatal and postnatal developmental study, oral, rat [19].
*** to protect cosmetic formulations.

3.1.3. MoS Calculation

Because of the evidence for rapid and almost complete absorption of BP-3 from the
oral route, the SCCS did not apply any adjustment for bioavailability to this NOAEL value.
Details of the calculation of systemic exposure dose (SED) are presented in the Tables in
Annex 2 of the SCCS opinion. The calculation of MoS for different product types ranged
between 1257 for lipstick and 36–38 for UV aerosolized spray and cream. MOS for hand
cream and face cream were 317 and 447, respectively (see Table 2).
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A margin of safety (MoS) of 38 was estimated for the use of BP-3 at a concentration of
6% as a UV-filter in sunscreens for the whole-body application (in the form of cream/lotion
or pump spray), 36 for sunscreen propellant spray, and 447 for the face, 317 for the hand
and 1257 for lipstick application. The MoS was estimated at 585 for the use of BP-3 at 0.5%
to protect cosmetic formulations against sunlight. As mentioned before, a default value of
100 (10 × 10) accounting for inter- and intraspecies differences is generally acceptable, and
as an MoS of at least 100 therefore indicates that a cosmetic ingredient is safe for use [3],
the SCCS assessment of BP-3 concluded that:

- The use of BP-3 as a UV-filter up to a maximum concentration of 6% in sunscreen
products is not safe for the consumer with the exception of face cream, hand cream,
and lipsticks

- The use of BP-3 up to 0.5% in cosmetic products to protect the cosmetic formulation is
safe for the consumer.

3.2. Risk Assessment Based on Internal Approach
3.2.1. Provisional HBM-GV Derivation Using the Urinary Mass Balance Approach

In this study, the same POD of 67.9 mg/kg bw/day as selected by the SCCS [2] was
used as a starting point in the derivation of a provisional HBM-GV that was used to
calculate the risk based on the biomonitoring data. In accordance with the ECHA guidance
R.8, assessment factors (AFs) for allometric scaling, remaining interspecies differences,
and intraspecies differences were applied [6]. The guidance additionally prescribes an AF
for exposure duration extrapolation, where appropriate. This AF is generally applied to
account for differences in exposure between the experimental toxicity study and real-life
situation. However, as in the study from Nakamura et al. (2015) [19], animals were exposed
during gestation, which corresponds to a sensitive window of exposure, and no other AF
were considered necessary to extrapolate from sub-acute to chronic exposure duration. In
view of this, an overall AF of 100 was constituted from the following default AFs:

• Allometric scaling (rat to human): 4
• Remaining interspecies differences: 2.5
• Intraspecies differences: 10
• Duration extrapolation: 1
• Overall AF: 4 * 2.5 * 10 * 1 = 100

The Fue was obtained from two human experimental exposure studies [20,21]. Hayden
et al. (1997) reported BP-3 levels in urine to be 1–2% of the initial dose 10 h after dermal
application to nine healthy adult volunteers [20]. Sarveiya et al. (2004) similarly reported
up to 1% BP-3 of the initial dose dermally applied to three female volunteers and measured
in urine after 48 h [21]. It was therefore considered appropriate to incorporate an Fue of
0.01 (1%) as a conservative value.

The HBM4EU default average daily creatinine excretion was incorporated in the
derivation of the provisional HBM-GV. The HBM4EU default creatinine value is based on
the calculation according to Aylward et al. (2009) [22], and amounts to an average total
amount of creatinine excreted of 1.4 g/L per day for both sexes combined. Adjusted to the
default body weight of 70 kg, as defined by ECHA R.8 [6] and followed by HBM4EU, this
amounted to an average creatinine excretion rate of 0.02 g/kg bw/day. Table 3 presents
an overview of the information and parameters incorporated in the provisional HBM-
GV calculation.

Application of the overall AF to the animal PoD in Equation (7) provided the TRV:

TRV =
67.9
100

= 0.68 mg/kg bw/day (7)

Incorporating the TRV and remaining parameters (Table 3) in Equation (8) provided
the provisional HBM-GV:
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provisional HBM − GV (GenPop) =
0.68 ∗ 0.01

0.02
= 0.34 mg/g creatine = 340 μg/g creatinine (8)

Table 3. Overview of parameter values incorporated in the provisional HBM-GV calculation, with
sources.

Parameter Value Source

Animal PoD NOAEL = 67.9 mg/kg bw/day SCCS opinion (2021) [2]

Overall AF AF = 100 ECHA R.8 guidance, SCCS opinion [6]

Fue 1% or 0.01 Hayden et al. (1997); Sarveiya et al. (2004) [20,21]

24 h creatinine 0.02 g/kg bw/day HBM4EU default from Aylward et al. (2009) [22]

3.2.2. Systemic Exposure Dose Calculation Based on an Internal Approach

The internal exposure was assessed with a meta-analysis of the biomonitoring data.
Screening and selection resulted in 17 articles with biomonitoring data on BP-3 in the Euro-
pean cohorts. After application of the exclusion criteria and selection of the studies that
used sufficient numbers of samples (>120), 8 studies were selected. Out of these, only 3 stud-
ies that had used creatinine correction were considered in the meta-analysis [23–25]. Table 4
presents the cohort characteristics and study-specific descriptive statistics of creatinine-
corrected concentrations of BP-3 and BP-1. Frederiksen et al. (2013) [25] reported BP-3
measurements in first morning urine samples of mother–child pairs in Denmark. Dewalque
et al. (2014) [24] reported BP-3 measurements in spot urine samples from the general
population in Belgium. Adoamnei et al. (2018) [23] reported BP-3 and BP-1 measurements
in first morning urine samples of male students in Spain. However, this study did not
report maximum measured concentrations.

Table 4. Cohort characteristics and descriptive statistics reported by the final three studies included
in the meta-analysis of exposure. All concentrations (P50, P75, P95, max) are creatinine-corrected and
thus expressed as μg/g creatinine. Concentrations > provisional HBM-GV in bold.

Study Sampling Period N/Sex
Age

Range
Sample Chemical

LOD
(%>LOD)

P50 P75
P95

(RCR)
Max

Frederiksen et al.
(2013)

Denmark

September 2011–December
2011 143 M/F 6–11 Morning BP-3 0.07

(97.0%) 2.00 6.30 33.00 (0.1) 408.00

154 F 31–52 Morning BP-3 0.07
(98.0%) 4.40 15.00 392.00 (1.15) 2139.00

Dewalque et al.
(2014)

Belgium
January 2013–April 2013 123 M 2–75 Spot BP-3 0.20

(82.1%) 0.60 2.00 28.80 (0.08) 414.20

138 F 1–85 Spot BP-3 0.20
(83.3%) 1.30 4.40 33.30 (0.1) 141.30

Adoamnei et al.
(2018)
Spain

October 2010–November
2011 215 M 18–23 Morning BP-3 0.20

(65.6%) 0.96 4.60 16.30 (0.05) NA

BP-1 0.10
(97.2%) 1.60 3.10 9.90 (0.03) NA

N: sample size, M: male; F: female; age range: minimum-maximum age in years; LOD: limit of detection; NA:
not available.

The TC of BP-3 exposure (based on median values across the studies) ranged from 0.60
to 4.40 μg/g creatinine, with a median of 1.30 μg/g creatinine. The RWC BP-3 exposure
(based on P95 values across the studies) varied between 16.30 and 392.00 μg/g creatinine,
with a median of 33.00 μg/g creatinine.
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3.2.3. Risk Characterization Ratio (RCR) Calculation

Comparing the TC exposure range (0.60 to 4.40 μg/g creatinine) and the RWC exposure
range (16.30 to 392.00 μg/g creatinine) with the provisional HBM-GV (340 μg/g creatinine)
in Equations (3) and (4) provided the following RCRs:

RCR (TC) =
0.60 to 4.40

340
= 0.002 to 0.01 = RCR < 1

RCR (RWC) =
16.30 to 392.00

340
= 0.05 to 1.15 = RCR > 1

For typical case exposure, the RCR was below 1, so median HBM results did not
exceed the orientation value. However, for a reasonable worst-case exposure, the RCR
slightly exceeded 1. Table 4 shows the HBM values exceeding the provisional HBM-GV
in bold, as well as the RCR values at the RWC/P95 value. The P95 value reported by
Frederiksen et al. (2013) [25] for Danish females exceeded the provisional HBM-GV. The
maximum values for female participants and children in Frederiksen et al. (2013) [25] and
for male participants in Dewalque et al. (2014) [24] exceeded the provisional HBM-GV.

In summary, HBM values did not exceed the provisional HBM-GV for a typical
exposure scenario and were therefore within safe limits. They did, however, exceed the
provisional HBM-GV slightly in the reasonable worst-case exposure scenario, indicating
potential risk to the highly exposed part of the population.

4. Discussion

In most chemical risk assessment frameworks, the default approach is to assess exter-
nal intake from different sources of exposure, as well as via different routes of exposure,
which are often assessed separately. In the context of cosmetics risk assessment, dermal
exposure is calculated using the estimated amount of a product applied, retention factor of
the product, and skin penetration value of the chemical. This approach includes various un-
certainties and often overestimates the real uptake because default, conservative estimates
are used, e.g., for the amount of product used. At the same time, actual (real-life) exposure
may be underestimated by not taking into account that exposure to a chemical substance
may occur from different sources that may fall under different legislative frameworks [4].
The use of HBM studies in chemical risk assessment has not yet become common practice,
and its value in risk assessment remains largely unexplored. Within the HBM4EU project,
it is the aim to increase the quality of HBM data and provide policymakers with tools to
use these data in risk assessment.

BP-3 is mainly used in cosmetics, and a recent safety evaluation has been performed
by the SCCS, instigated by concerns on the ED properties of BP-3. As is usual practice, the
exposure estimate in the opinion was based on the use patterns of sunscreen and other
cosmetic products (SCCS/1625/20) and dermal absorption of BP-3. No risk assessment
for exposure of the European population to BP-3 using HBM data has been performed to
date. This study used BP-3 as an example to investigate the usefulness of HBM in risk
assessment, and for informing decision-making throughout the risk assessment process—in
particular to address the additional research questions.

This study has compared two parallel risk assessment approaches—one based on
the external exposure (the SCCS approach), and the other on internal exposure data from
three different countries in Europe (the HBM approach). The results showed a remarkably
similar overall conclusion in that the highly exposed individuals would be at a (slightly)
increased risk from the intended levels of BP-3 use in certain product categories.

It needs to be noted that the internal dose approach used in HBM includes all sources of
exposure, including from cosmetics. Therefore, although the estimated RWC is only slightly
above 1, it does not truly reflect the risk to consumers from cosmetics only. The RWC was
based on the P95, which could reflect exposure to BP-3 via cosmetic products, whereas the
RTC, which is based on the mean, could be more representative of the background exposure
to BP-3 either via cosmetic products other than sun-care products or via other consumer
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products. BP-3 is indeed also used in consumer products to protect formulations from
degradation by the sun. Unfortunately, in the biomonitoring studies that have measured
BP-3 in Europe, there is no product use data to show where this exposure comes from.
In the study from Zamoiski et al. (2016) [26], the authors observed based on urinary
concentrations of BP-3 measured in NHANES 2003–2006 and 2009–2012 that BP-3 was
positively associated with self-reported frequency of sunscreen use and that concentrations
of BP-3 in the more frequent users were 116.8 μg/g creatinine, which is above the P95
reported in Belgium and Spain [23,24] but lower than the Danish values [25]. It was rather
surprising to see the highest BP-3 exposure in a study with a sampling period only in the
fall in a northern country [25]. A similarly unexpected outcome was seen in a recent study
performed in Israel, where sunscreen products are widely used, that reported relatively
low internal exposure [27]. Thus, more information on product use would be valuable
to gain more insight on the products contributing to BP-3 exposure. Moreover, the study
populations were relatively small, which adds uncertainty in the extrapolation to the entire
European population. Vogel et al. (2019) [28], recommended samples of at least 72 to
120 individuals to be able to define reference values for the general population, which is in
line with the 3 biomonitoring studies we have included in our assessment.

In contrast, the external approach, as currently used by the SCCS, is conservative as
it considers that the concentration is at the maximum requested level for all the cosmetic
products formulated with BP-3. In addition, for the aggregated exposure scenario, the
SCCS does not take into account market penetration and assumes that all the products in
the product category concerned contain BP-3. Neither of these assumptions are realistic
and they make the SCCS approach conservative. Where data are available, the SCCS
methodology incorporates a refinement in terms of the use of a probabilistic approach to
exposure assessment to take into account the distribution of values for exposure parameters,
such as concentration in the products, amounts of the products used, etc. However, this
approach is subject to the availability of data on these distributions and therefore may not
be practicable in all cases.

There are certain differences between the external and internal dose approaches that
also warrant further attention.

Both external/internal exposure-based approaches have certain advantages and dis-
advantages that are illustrated in Table 5.

HBM data provide data on exposure from all routes and sources, which can be an
advantage when there is a concern over aggregated exposure. In such situations, the avail-
ability of actual data is a distinct advantage because aggregate exposure measurements
often suffer from high levels of uncertainty. However, to answer questions on specific prod-
uct contributions, additional product-specific exposure estimations will remain a necessity.
Based on the available information, it is difficult to have a clear understanding of the expo-
sure profile to BP-3 and the contribution of different sources of exposure. BP-3 is used as a
UV-filter not only in cosmetic sun-care products, but also in other consumer products such
as washing and cleaning products, anti-freeze products, biocides (e.g., disinfectants, pest
control products), and printing inks in food contact materials [7]. Intervention studies have
shown that by avoiding the use of cosmetic products containing BP-3, internal exposure
can be significantly reduced, which indicates that cosmetics are an important source of
exposure to BP-3 [29,30].

Another consideration for biomonitoring studies is that they are by nature retrospec-
tive. They can only be used for retrospective risk management by showing the actual
exposure under a certain regulatory regime, but not to predict exposure before placing a
new product on the market, or authorizing a new ingredient. HBM data can, however, be
used to assess the impact of new regulatory measures by measuring time trends. In fact, the
HBM data used here were from before the previous decrease in maximum concentration of
BP-3 in cosmetic products that went into effect in 2017. An update of this risk assessment
will be performed within HBM4EU based on measurements from 2020, the outcome of
which will give a better understanding of the current situation.
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Table 5. Differences between current SCCS approach and HBM approach for risk assessment.

Current SCCS Approach HBM Approach

Dose estimation Modeled/estimated Measured, real-world
conditions

Exposure pathways Dermal exposure
Provides data on total

exposure from all exposure
pathways

Temporality
No time lag; can be used in a

predictive approach

Time lag between exposure
estimate and risk assessment;
only retrospective; cannot be

used in a prospective
approach

Product specificity

Calculations per product type,
combining several

conservative parameters in a
deterministic assessment may

lead to overestimation

No product-specific data:
aggregate exposure modeling

needed to identify relative
contribution of a product to

the overall exposure

Consideration for
toxicokinetic aspects

Generally uses in vitro studies
for dermal absorption and
historic animal studies for
PoD and applies an AF to
correct for animal–human

differences

Considers biotransformation
and elimination of the

substance in humans, but
requires appropriate timing of

sampling

Conclusion of risk
assessment for BP-3

Exposure at the intended use
levels exceeds safe dose for

whole-body cream and spray
but not face or hand cream

Exposure exceeds safe dose in
highly exposed individuals

Where there is a special interest in a specific, vulnerable groups within the population,
such as children or pregnant woman, HBM data have the advantage in terms of providing
an insight into the exposure of separate groups. This is equally possible through modeling
of external exposure, but only if the required use data are available for these groups.

The SCCS guidance for the testing of cosmetic ingredients and their safety evalua-
tion [3] noted that HBM data should be used to support risk assessment and risk manage-
ment. For example, HBM can serve to evaluate whether the dose estimation model over- or
under-estimates the real exposure. Especially in light of the prohibition of in vivo animal
studies on cosmetic substances, HBM offers a means to inform risk assessment by provid-
ing real-life in vivo information from human studies, without the need for interspecies
extrapolation or the limitation of a small number of subjects often used in human volunteer
studies. Indeed, HBM data were also noted in the SCCS opinion on BP-3 (SCCS/1625/20),
but not used as such in modeling the exposure, or supporting the safety assessment.

5. Conclusions

HBM has the potential to be a useful tool for regulatory risk assessment as it provides
actual exposure levels, but it is currently rarely applied in regulatory practice. Within the
HBM4EU project, it was proposed to collect and create successful examples on the use of
HBM data in chemical risk assessment. The experience from these cases could be used
as a basis for developing harmonized guidance on the use of biomonitoring data in risk
assessment, which was indicated as critical to the use of HBM. The aim of this work was
to compare an HBM case study on BP-3 with a ‘traditional’ risk assessment. The results
have shown that both the current SCCS approach and the HBM approach have their own
advantages for risk assessment of cosmetic products. In the case of BP-3, both approaches
indicated similar levels of risk. The comparison also indicated that HBM data can be useful
in supporting risk assessment by providing real-life data on exposure, and may also play an
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important role in post-approval assessment studies on exposure trends. However, before
being adopted for use on a regular basis in regulatory risk assessments, more efforts are
needed to better harmonize HBM surveys, and to obtain robust data that are representative
of the exposure of the European population. This study has also highlighted the need
for the development of a standardized framework for incorporation of HBM data in the
current risk assessment of cosmetic products.
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Abstract: The biomonitoring of nanoparticles in patients’ broncho-alveolar lavages (BAL) could allow
getting insights into the role of inhaled biopersistent nanoparticles in the etiology/development of
some respiratory diseases. Our objective was to investigate the relationship between the biomonitor-
ing of nanoparticles in BAL, interstitial lung diseases and occupational exposure to these particles
released unintentionally. We analyzed data from a cohort of 100 patients suffering from lung diseases
(NanoPI clinical trial, ClinicalTrials.gov Identifier: NCT02549248) and observed that most of the
patients showed a high probability of exposure to airborne unintentionally released nanoparticles
(>50%), suggesting a potential role of inhaled nanoparticles in lung physiopathology. Depending on
the respiratory disease, the amount of patients likely exposed to unintentionally released nanoparti-
cles was variable (e.g., from 88% for idiopathic pulmonary fibrosis to 54% for sarcoidosis). These
findings are consistent with the previously performed mineralogical analyses of BAL samples that
suggested (i) a role of titanium nanoparticles in idiopathic pulmonary fibrosis and (ii) a contribution
of silica submicron particles to sarcoidosis. Further investigations are necessary to draw firm conclu-
sions but these first results strengthen the array of presumptions on the contribution of some inhaled
particles (from nano to submicron size) to some idiopathic lung diseases.

Keywords: biomonitoring; nanoparticles; lung diseases; mineralogical analysis of broncho-alveolar
lavages; occupational exposure

1. Introduction

Nanoparticles are ubiquitous in nature, naturally occurring as by-products of wild
fires, volcanic eruptions, and other natural processes, and are usually called ultra-fine
particles (UFP). Nanoparticles can also be a result of human activities unintentionally
produced and present in polluting emissions, such as welding fumes, cigarette smoke,
aircraft waste gas, or diesel exhaust, also called UFP. In addition to these sources, a number
of artificial nanoparticles, engineered nanomaterials (NM) which exhibit unique physi-
cal, chemical and/or biological characteristics associated with their nanostructure, have
been developed and produced in a controlled, engineered manner to exploit their novel
properties and functions. Due to the tremendous development of nanotechnologies during
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the last few decades and the subsequent potential exposure of humans to nanomaterials,
nanotoxicology is a rapidly evolving research field. According to Stone et al. in a review [1],
UFP and NM toxicology are not two distinct fields. Rather, they overlap extensively with
the potential to extrapolate from one to the other in many respects. Furthermore, for these
authors, ambient particulate matter research provided evidence of potential health impacts
for UFPs, and NM toxicology has largely provided essential evidence of the mechanistic
plausibility of these health effects. Finally, according to Stone et al., it seems safe to conclude
that UFPs and NMs share the same general biological mechanisms of adverse effects.

In their review, Manno et al. defined biomonitoring as “the repeated, controlled
measurement of chemical or biological markers in fluids, tissues, or other accessible samples
from subjects exposed or exposed in the past or to be exposed to chemical, physical or
biological risk factors in the workplace and/or the general environment” [2]. Consequently,
in a context of health risk assessment, biomonitoring can be a particularly useful approach.
Biomarkers used in human health studies typically fall within three categories: biomarkers
of exposure, effect, and susceptibility [3]. They can bring critical information on the
relationship between exposure to a harmful substance and biological/pathological effects.

Biomonitoring has been widely used in pulmonology, especially in the case of pneu-
moconiosis. One typical example is the assessment of asbestosis bodies in patient lung
tissues or in broncho-alveolar lavage (BAL) fluids which has allowed defining values
specific of diseases [4–6]. More recently, it has been suggested that the chemical com-
position of BAL from idiopathic pulmonary fibrosis patients had a specific profile that
can be distinguished from that of patients with other interstitial lung diseases or healthy
subjects [7]. The extension of this approach to the nanotoxicology field, although it has
to face some technical challenges [8,9], could be very interesting especially to get new
insights into the role of inhaled biopersistent nanoparticles in the etiology or development
of some respiratory diseases. Indeed, although the impact of air pollution, including the
contribution of nano-sized particles, on human health has been well documented [10],
fewer data are available on the effects of nanoparticles, either engineered or unintentionally
released, in the context of occupational exposure.

The biological monitoring of nanoparticles in human lung tissues or fluids could
fill a gap and represents a promising way to investigate potential causal links between
an exposure to inhaled nanoparticles and biological effects and even diseases [8,11–14]
(Figure 1).

Figure 1. The mineralogical analysis of metal load extracted from pulmonary fluids could be used as an indicator of
exposure to nanoparticles and could contribute to the assessment of potential causal links between the presence of inhaled
biopersistent nanoparticles in the lungs and respiratory diseases.

Indeed, mineralogical analyses of BAL (i.e., biological monitoring of inhaled parti-
cles) allow quantifying the internal dose of inhaled biopersistent nanoparticles in a lung
sample, which differs from the external dose that can be measured by ambient monitoring
(i.e., atmospheric metrology). The assessment of the internal dose is a first step towards
the characterization of persistent nanoparticles in tissues and the understanding of this
potential source of adverse effects.

We adopted this approach to detect and quantify nanoparticles in various types of
clinical samples. We developed optimized protocols for each kind of biological matrix to
isolate the micro, sub-micro, and nano fractions of various types of inorganic particles and
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thus perform comprehensive mineralogical analyses. We were thus able to determine the
nanoparticle load in patients’ biological samples such as seminal and follicular fluids [15],
colon [16], amniotic fluids [17], or BAL [18–20]. We especially focused our attention on these
latter, as the biomonitoring of biopersitent nanoparticles in the lung could be particularly
relevant in the case of respiratory diseases. Indeed, the respiratory tract represents the
main route of entry for nanoparticles in the body and despite the lack of clear evidence it
has been suggested that inhaled engineered nanoparticles accumulated in the lungs could
be responsible, or at least could contribute, to idiopathic respiratory diseases.

We previously conducted a clinical trial on a cohort of 100 patients (NanoPI clinical
trial, ClinicalTrials.gov Identifier: NCT02549248). We separated micron-sized particles
(>1 μm) from submicron (100 nm–1 μm) and nano-sized particles (<100 nm) contained
in BAL from patients who suffered from interstitial lung diseases (ILD). We then deter-
mined the metal load in each of these size-fractions. We evidenced a concentration of
submicron silica particles higher in patients suffering from sarcoidosis than in patients
suffering from other ILD, suggesting a potential role of these inhaled particles in the eti-
ology and/or development of sarcoidosis [19]. Similarly, we observed a concentration of
titanium nanoparticles higher in patients suffering from idiopathic fibrosis than in patients
suffering from other ILD allowing to suspect a relationship between titanium nanoparticles
and idiopathic pulmonary fibrosis even though in this case we had a too limited number of
patients to reach a satisfactory statistical power to draw firm conclusions.

To complement mineralogical analyses of BAL and offer a comprehensive vision of
the events from exposure to airborne nanoparticles to the biological response induced
(Figure 1), we investigated associations between respiratory diseases and occupational
exposures. To that purpose, we estimated the exposure to inhaled unintentionally released
nanoparticles of the patients for each job held in their working life.

Thus, the objective of the present paper was to further investigate the relationship
between the biological monitoring of nanoparticles in human BAL, interstitial lung diseases,
and occupational exposure using a retrospective occupational exposure to unintentionally
released nanoparticles assessment. Getting a complete picture from exposure to disease
illustrates a comprehensive and useful approach in terms of human health risk assessment.

2. Materials and Methods

2.1. Patients

A prospective, monocentric and exploratory study called NanoPI (ClinicalTrials.gov
Identifier: NCT02549248) was carried out during two years at the University Hospital of
Saint-Etienne (Chest diseases and thoracic oncology Department). One-hundred patients
exhibiting a clinical image of diffuse ILD and in need of a bronchoscopy associated with
a BAL were included in this study after being fully informed and having given their
written consent. Our protocol was in accordance with ethical principles defined by the
World Medical Association declaration of Helsinki and subsequent amendments and was
approved by an ethics committee (Comité de Protection des Personnes, Sud-Est I) as well
as by the French agency regulating biomedical research (Agence Nationale de Sécurité du
Médicament et des produits de santé, ANSM).

The following criteria of inclusion were applied: (i) patients with an ILD determined
based on clinical signs and CT scan, requiring a flexible bronchoscopy associated with
a BAL; (ii) patients older than 18; (iii) patients who had given their voluntary, informed
and written consent; (iv) patients having a social insurance or beneficiary (mandatory
for any French clinical study). Patients were excluded in the following cases: (i) patients
who had not given their consent; (ii) when flexible bronchoscopy or BAL was not possible;
(iii) patients under legal protection or pregnant women; (iv) patients with contagious
disease (e.g., HIV infection, tuberculosis, viral hepatitis) for safety reasons.
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2.2. Broncho-Alveolar Lavages

BAL were performed by injecting 50 mL of a warmed saline solution in the selected
area of the patient lung. This solution was slowly aspirated, the collected sample constitut-
ing the bronchial wash (BW). Then, 2 to 4 additional 50 mL doses of warmed saline solution
were injected and aspirated successively, the collected sample representing the BAL strictly
speaking. After cytological analysis of the samples performed by the Histology-Cytology
Department of the University Hospital of Saint-Etienne, the remaining samples (5 mL of
BW and 20 mL of BAL) were added with an equivalent volume of sodium hypochlorite
and stored at 4 ◦C until the mineralogical analyses were performed.

2.3. Sample Pre-Treatment and Analysis

We previously developed and validated a size fractionation protocol allowing to
separate microparticles (>1 μm) from submicron particles (ranging from 100 nm to 1 μm)
and nanoparticles and ions (particles < 100 nm), described extensively in our previous
publications [18–20]. We applied this protocol to BAL and BW samples. Dynamic light
scattering (DLS) method (Nanozetasizer®, Malvern Instrument, Orsay, France) allowed
verifying the efficiency of the size fractionation. All fractions were also analyzed using
inductively coupled plasma atomic emission spectroscopy (ICP-AES, Jobin-Yvon JY138
Ultrace) to assess for each metal the quantity of matter expressed in parts-per-billion (ppb),
i.e., as ng/mL. The content of BAL and BW in aluminum (Al), beryllium (Be), cobalt (Co),
chromium (Cr), copper (Cu), iron (Fe), nickel (Ni), silicon (Si), titanium (Ti), tungsten
(W), zinc (Zn), and zirconium (Zr) was thus determined. “Blank” samples were also in-
cluded to ensure samples were not contaminated with particles present in the environment,
the materials, and solutions used. These control samples consisted of saline solution aspi-
rated through the bronchoscope and that underwent exactly the same processes as clinical
samples did.

2.4. Comparison to Clinical Data

More than 200 different conditions are grouped under the term interstitial lung dis-
ease, classified together because of similar clinical, radiographic, physiologic, or pathologic
manifestations [21]. These diseases can be subdivided into those with a known origin
(e.g., systemic disease, iatrogenic causes by drug, radiation, extrinsic allergic, pneumoco-
niosis, post-infectious) and those without, the latter usually called idiopathic interstitial
pneumonias (mainly sarcoidosis, other granulomatous ILD and idiopathic pulmonary
fibrosis). Patients from our cohort were thus first classified in two groups depending
on the origin of the disease they suffer from, either with a known etiology or idiopathic.
Details on the cohort are reported in Table 1. We then focused on sarcoidosis and idiopathic
pulmonary fibrosis, two groups for which we suspected the contribution of Si submicron
particles and Ti nanoparticles, respectively [19].

2.5. Retrospective Occupational Exposure to Nanoparticles Assessment

Patients were asked about all occupations held and industrial sectors, for at least six
months since leaving school during their working life, up to the date of the diagnosis.
For each occupation, the employer’s sector was coded into the French classification of
activities (NAF, Nomenclature d’Activités Françaises, 1999) of the National Institute for
Statistics and Economics Studies (INSEE) [22], and the occupation was coded according to
the International Standard Classification of Occupations (ISCO, 1968) of the International
Labour Organisation, The International Labour Office [23].

Patients were also asked about working conditions such as exposure to chemicals,
dusts, fumes, and the level of preventive measures used in occupational settings e.g.,
ventilation, and use of personal protective equipment. The assessment of occupational
exposure to unintentionally released nanoparticles of each patient was independently
and anonymously performed by an experienced industrial hygienist, follow-up on the
review of occupational physicians, on the basis of these data. A probability of exposure
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to unintentionally produced nanoparticles from work-processes implemented in each
occupation held by the patients was determined. Classes of probability were defined in a
four scale: 0 when it was not found, 1 when it was possible (<10%), 2 when it was likely
(10–50%), and 3 when it was very likely (>50%). Then they considered the final probability
of exposure to unintentionally released nanoparticles as the highest probability of exposure
observed in the career.

Table 1. Description of the cohort.

Disease Number of Patients
Median Age
(Min–Max)

Sex Ratio
(M:F)

Smokers
(Former Smokers)

With a known etiology 58 70.5 (22–87) 43:15 10.3% (46.6%)
Drug related ILD 15 71 (46–81) 14:1 6.7% (73.3%)

Infectious ILD 12 69.5 (42–85) 7:5 16.7% (33.3%)
Hypersensitivity

pneumonitis 7 75 (34–78) 6:1 0% (14.3%)

Auto-immune pneumonitis 5 72 (22–87) 2:3 0% (40%)
Lymphangitis

carcinomatosis/Neoplasia 4 75.5 (67–83) 2:2 0% (50%)

Desquamative interstitial
pneumonia 3 71 (48–81) 2:1 66.7% (0%)

Pneumoconiosis 2 50 (41–59) 2:0 50% (50%)
Pulmonary veno-occlusive

disease 2 73 (72–74) 2:0 0% (100%)

Antisynthetase syndrome 2 70.5 (70–71) 1:1 0% (50%)
Silicosis 1 55 1:0 0% (100%)

Microscopic polyangiitis 1 71 0:1 0% (0%)
Granulomatosis with

polyangitis (Wegener’s
granulomatosis)

1 65 1:0 0% (0%)

Left heart failure 1 59 1:0 0% (100%)
Lipoid pneumonia 1 69 1:0 0% (100%)

Bronchiolitis obliterans 1 40 1:0 0% (0%)
Idiopathic 34 67.5 (25–81) 22:12 14.7% (23.5%)
Sarcoidosis 14 47 (25–80) 6:8 14.3% (7.1%)

Idiopathic nonspecific
interstitial pneumonia 11 76 (46–81) 8:3 9.1% (27.3%)

Idiopathic pulmonary
fibrosis 9 69 (61–81) 8:1 22.2% (36.4%)

Others 8 61 (46–83) 3:5 0% (28.6%)

3. Results

3.1. Relationship between Biomonitoring of Nanoparticles in Broncho-Alveolar Lavages and
Lung Diseases

We previously separated micro from submicron and nanoparticles contained in BAL
and BW samples from 100 patients suffering from ILD. We then assessed the metal load in
each of these fractions. Results are fully detailed in our previous publications [18,19].

As shown by Figure 2A, we evidenced a concentration of submicron silica particles
higher in patients suffering from sarcoidosis than in patients suffering from other ILD.
Similarly, we observed a concentration of titanium nanoparticles higher in patients suffering
from idiopathic fibrosis than in patients suffering from other ILD (Figure 2B).
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Figure 2. (A) Si particles concentration in bronchial wash (BW) and broncho-alveolar lavages (BAL) of patients suffering
either from sarcoidosis or another type of ILD. (B) Ti particles concentration in BW and BAL of patients suffering either from
idiopathic pulmonary fibrosis or another type of ILD. Comparison between the fractions containing either the submicron
particles and the nanoparticles and ions. The median (in bold), minimal and maximal values, as well as the first and third
quartiles are indicated. The number of patients (n) from each group is reported (please note that some data are missing
because for technical reasons some BW and BAL samples could not be analyzed).

We further analyzed potential relationships between the particle load in BAL and
BW and the patients’ gender and their past or current smoking status by calculating the
Pearson correlation coefficient. No correlation was observed (data not shown).

3.2. Relationship between Lung Diseases and Occupational Exposure

To explore possible associations between interstitial lung diseases and occupational
exposure to airborne nanoparticles, we considered the highest probability of exposure to
unintentionally released nanoparticles observed in the career. Results are reported Table 2.
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Table 2. Description of the patients’ cohort in terms of lung disease, occupations and probability of exposure to uninten-
tionally released nanoparticles. The probability of exposure assessment resulted from the nanoparticle-release potential of
the considered work process (determined from the literature) which was adjusted for each occupation according to the
description of tasks and work-processes implemented as provided in the ISCO 1968 classification.

Patient
Number

Lung Disease
Group (E: Disease of

Known Etiology, I:
Idiopathic Disease)

Occupations
Probability of Exposure to Nanoparticles: 0 Not Found, 1:

Possible < 10%, 2: Likely 10–50%, 3: Very Likely > 50%

Final Exposure to
Nanoparticles

Probability: Highest
Probability of Exposure
to Nanoparticles in the

Career1 2 3 Occupation 1 Occupation 2 Occupation 3

1 Drug related ILD E Coachbuilder/painter Welder Printing machine
operator 3 3 1 3

2
Idiopathic
pulmonary

fibrosis
I Textile products

machine operator 1 1

3 Drug related ILD E Farmer Switching
operator

Switching
operator 3 1 1 3

4
Lymphangitis
carcinomato-

sis/Neoplasia
E Farmer 2 2

5 Other Mason Refractory
bricklayer

Ceramics
operator 3 3 3 3

6 Drug related ILD E Market gardener Farmer Farm hands 0 2 1 3
7 Other Seamstress Cook Childminder 1 3 1 3

8 Other Floor sander Truck
driver Pressman 3 3 1 3

9
Idiopathic
pulmonary

fibrosis
I Miner Miner Train driver 3 3 3 3

10 Drug related ILD E Miner Tile setter 3 3 3

11 Auto-immune
pneumonitis E Domestic help Domestic

help 1 1 1

12 Drug related ILD E Farmer 3 3

13 Hypersensitivity
pneumonitis E Bank employee 0 0

14 Infectious ILD E Accountant Medical
secretary 0 0 0

15 Other /

16 Infectious ILD E Printing machine
operator

Printing
machine
operator

1 1 1

17
Lymphangitis
carcinomato-

sis/Neoplasia
E Masseuse

Chocolate—
products
machine
operator

Waitress/manageress 0 0 1 1

18 Infectious ILD E Teacher Teacher 0 0 0

19
Idiopathic
pulmonary

fibrosis
I Mason 3 3

20 Drug related ILD E Truck driver Salesman Company director 3 0 0 3
21 Drug related ILD E Pipe fitter/welder 3 3

22
Desquamative

interstitial
pneumonia

E Coachbuilder/painter 3 3

23 Drug related ILD E Waitress Waitress
Candle

production
machine operator

0 2 0 2

24 Other Factory worker Factory
worker Market gardener 0 3 0 3

25
Pulmonary

veno-occlusive
disease

E Farmer 3 3

26
Idiopathic
pulmonary

fibrosis
I Printing machine

operator
Truck
driver Salesman 1 3 0 3

27

Idiopathic
nonspecific
interstitial

pneumonia

I Mason Joiner 3 3 3

28

Idiopathic
nonspecific
interstitial

pneumonia

I Secretary Secretary Domestic help 0 0 1 1

29 Drug related ILD E Mason Factory
worker 3 1 3

30 Sarcoidosis I Seamstress Childminder Seamstress 1 0 0 1
31 Drug related ILD E Baker Post officer Foundry worker 3 0 3 3
32 Pneumoconiosis E Dental prosthetist 3 3

33 Auto-immune
pneumonitis E Carer 0 0

34

Idiopathic
nonspecific
interstitial

pneumonia

I Baker 3 3

35 Bronchiolitis
obliterans E Boilermaker/welder Pipe fit-

ter/boilermaker/welder 3 3 3

36 Other Cleaner Saleswoman Waitress/manageress 0 0 1 1

37

Idiopathic
nonspecific
interstitial

pneumonia

I Domestic help Food
salesperson Cashier 1 2 0 2

38 Sarcoidosis I Farmer 3 3

39 Antisynthetase
syndrome E

40
Pulmonary

veno-occlusive
disease

E Farmer 3 3

41
Idiopathic
pulmonary

fibrosis
I Plant operator Plant

operator Cleaner 1 3 1 3

42

Granulomatosis
with polyangitis

(Wegener’s
granulomatosis)

E Joiner 3 3

43 Sarcoidosis I Seamstress Cleaner Childminder 1 1 0 1

44 Left heart failure E Boilermaker/welder Carpenter/metal
fitter

Carpenter/metal
fitter 3 3 3 3

45 Hypersensitivity
pneumonitis E Farmer 3 3
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Table 2. Cont.

Patient
Number

Lung Disease
Group (E: Disease of

Known Etiology, I:
Idiopathic Disease)

Occupations
Probability of Exposure to Nanoparticles: 0 Not Found, 1:

Possible < 10%, 2: Likely 10–50%, 3: Very Likely > 50%

Final Exposure to
Nanoparticles

Probability: Highest
Probability of Exposure
to Nanoparticles in the

Career1 2 3 Occupation 1 Occupation 2 Occupation 3
46 Infectious ILD E Joiner 3 3

47
Idiopathic
pulmonary

fibrosis
I Manufacturing

labourer
Manufacturing

labourer 3 3 3

48 Sarcoidosis I Salesman Accountant 0 0 0

49

Idiopathic
nonspecific
interstitial

pneumonia

I Butcher 1 1

50
Idiopathic
pulmonary

fibrosis
I Manufacturing

labourer Baker Mason 3 3 3 3

51 Pneumoconiosis E Joiner 3 3

52 Microscopic
polyangiitis E Saleswoman 0 0

53

Idiopathic
nonspecific
interstitial

pneumonia

I Machine-tool
operator

Manufacturing
labourer

Fiberglass plant
operator 3 1 1 3

54
Desquamative

interstitial
pneumonia

E Waitress Fruit picker
Cleaner in a

plastic products
factory

2 0 2 2

55 Sarcoidosis I Animator in
retirement home 0 0

56

Idiopathic
nonspecific
interstitial

pneumonia

I Foundry moulder 3 3

57
Idiopathic
pulmonary

fibrosis
I Hospital

caregiver 2 2

58 Sarcoidosis I Cleaner 2 2

59
Idiopathic
pulmonary

fibrosis
I

60 Other Speech therapist Speech
therapist Speech therapist 0 0 0 0

61 Infectious ILD E Gym teacher 0 0

62 Auto-immune
pneumonitis E Farmer

Textile
products
machine
operator

3 1 0 3

63 Drug related ILD E Optical assembler Butcher 0 0 0

64 Lipoid
pneumonia E Steel materials

handling

Machine-
tool

operator
Mason 3 3 3 3

65
Desquamative

interstitial
pneumonia

E Metal carpenter 3 3

66 Sarcoidosis I Secretary Policeman 0 0 0

67 Auto-immune
pneumonitis E Office worker Communications

manager Director 1 0 1 1

68 Infectious ILD E Plasterer/painter Handler 3 2 3

69 Hypersensitivity
pneumonitis E Cleaner Quality

manager
Windshield

manufacturer 2 0 3 3

70 Auto-immune
pneumonitis E Joiner 3 3

71 Other
72 Infectious ILD E Carer 0 0

73 Hypersensitivity
pneumonitis E Wood-products

machine operator Farmer 3 3 3

74 Drug related ILD E Metal polish 3 3
75 Drug related ILD E Baker Salesman Estate agent 3 1 1 3

76 Hypersensitivity
pneumonitis E Mason Train

driver 3 3 3

77 Sarcoidosis I Manufacturing
labourers

Construction
sites truck

driver

Manufacturing
labourers 3 3 3 3

78 Infectious ILD E Mason

Rubber
products

(tyre)
machine
operator

Textile products
machine operator 3 3 1 3

79 Drug related ILD E Metal industry
operator

Machine-
tool

operator
Boilermaker 3 3 3 3

80

Idiopathic
nonspecific
interstitial

pneumonia

I Manufacturing
labourers

Textile
products
machine
operator

3 1 3

81 Sarcoidosis I

82
Lymphangitis
carcinomato-

sis/Neoplasia
E Meter reader Storekeeper Executive 0 0 0 0

83

Idiopathic
nonspecific
interstitial

pneumonia

I Textile products
machine operator 1 1

84 Antisynthetase
syndrome E Baker

Machine-
tool

operator
Security officer 3 3 0 3

85 Infectious ILD E Farmer 3 3
86 Silicosis E Miner Mason 3 3 3
87 Sarcoidosis I Mason 3 3

88 Infectious ILD E Textile products
machine operator 3 3

89 Infectious ILD E
Chocolate—

products machine
operator

1 1

90 Hypersensitivity
pneumonitis E Plumber 3 3
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Table 2. Cont.

Patient
Number

Lung Disease
Group (E: Disease of

Known Etiology, I:
Idiopathic Disease)

Occupations
Probability of Exposure to Nanoparticles: 0 Not Found, 1:

Possible < 10%, 2: Likely 10–50%, 3: Very Likely > 50%

Final Exposure to
Nanoparticles

Probability: Highest
Probability of Exposure
to Nanoparticles in the

Career1 2 3 Occupation 1 Occupation 2 Occupation 3

91 Drug related ILD E Machine-tool
operator

Machine-
tool

operator

Metal coating
machine operator 3 3 3 3

92

Idiopathic
nonspecific
interstitial

pneumonia

I Boilermaker 3 3

93 Sarcoidosis I Electrician
Electrician

in food
industry

Electrician in
mining plant 1 1 3 3

94

Idiopathic
nonspecific
interstitial

pneumonia

I Farmer Machine
finishing Machine operator 3 3 2 3

95 Infectious ILD E Post officer 0 0

96
Lymphangitis
carcinomato-

sis/Neoplasia
E Machine-tool

operator Policeman 3 0 3

97 Sarcoidosis I Train controller Music
teacher 0 0 0

98 Hypersensitivity
pneumonitis E

Welder/machine-
tool

operator
3 3

99 Sarcoidosis I Electrician 3 3

100 Sarcoidosis I Mason Mover
Metal-heat-

treating plant
operator

3 1 3 3

Figure 3 reports the distribution of the patients, irrespective of the disease they suffer from,
depending on their final probability of exposure to unintentionally released nanoparticles.

Figure 3. Distribution of the patients depending on their probability of exposure to unintentionally
released nanoparticles.

We first observed that few patients (16%) had a null probability of exposure to unin-
tentionally released nanoparticles during their occupational life. On the contrary, the vast
majority of the patients (65%) exhibited a high probability of exposure to unintentionally
released nanoparticles (>50%).

As shown by Figure 4A, we then reported the distribution of patients depending on
their probability of exposure to unintentionally released nanoparticles (we grouped the
0–10% probability of exposure to unintentionally released nanoparticles on one hand and
the 10–100% probability on the other hand) and the origin of their disease (either with a
known etiology or idiopathic).

183



Toxics 2021, 9, 204

Figure 4. (A) Distribution of patients depending on the probability of exposure to unintentionally released nanoparticles
and depending on the origin of their disease. (B) Distribution of patients depending on the probability of exposure to
unintentionally released nanoparticles and depending on the nature of their disease.

The probability of exposure to unintentionally released nanoparticles was higher than
10% for a large majority of patients, either suffering from a disease with a known etiology
or from an idiopathic disease (74% and 69% respectively).

We then focused our attention on sarcoidosis and idiopathic pulmonary fibrosis,
two idiopathic diseases for which our mineralogical analyses had suggested correlations
with the concentration of submicron silica particles and that of titanium nanoparticles,
respectively (Figure 4B).

Interestingly, we observed different profiles between the two types of diseases. Re-
garding sarcoidosis, patients were almost equally distributed between the group of low
probability of exposure to unintentionally released nanoparticles and that with a probabil-
ity of exposure higher than 10%. On the contrary, for idiopathic pulmonary fibrosis, the
probability of exposure to unintentionally released nanoparticles was higher than 10% for
almost 88% of the patients.

4. Discussion

Besides the widely used in vivo and in vitro studies, mineralogical analyses of human
biological samples can bring interesting and useful information, especially to investigate
relationship between exposure to airborne nanoparticles and idiopathic lung diseases.
For these reasons, here we go one step further and couple biomonitoring to exposure
estimates based on expert judgments. Thus, we underwent a retrospective occupational
exposure to unintentionally emitted nanoparticles assessment. This was mainly based
on expert’s judgment through job title, workplace conditions and their knowledge of
occupations and similar documented situations, that may however lead to possible sources
of errors in the estimates. We thus observed that most of the patients, whatever the type of
disease they suffer from, showed a high probability of exposure to unintentionally released
nanoparticles (Figure 3). This observation could suggest a potential contribution of inhaled
nanoparticles to the development or exacerbation of lung diseases. This is particularly true
for idiopathic pulmonary fibrosis where 88% of the patients exhibited a high probability of
exposure to unintentionally released nanoparticles (Figure 4B). This finding is consistent
with our mineralogical analyses that suggested a role of titanium nanoparticles in this
disease. However, regarding sarcoidosis, only half (54%) of the patients were classified in
the group of high probability of exposure to unintentionally released nanoparticles. Once
again, this observation is in agreement with our mineralogical analyses that previously
highlighted a potential contribution of silica submicron particles, i.e., particles bigger than
nanoparticles, in this disease [19].

To the best of our knowledge, only two studies have established a clear relationship
between exposure to unintentionally released nanoparticles and long-term negative effects
in humans. Song et al. [24,25] found silica nanoparticles in clinical samples from seven
patients suffering from lung injuries after an occupational exposure. However, these
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patients were also exposed to other toxic substances; consequently, no firm conclusion
could be reached. Another study [26] had reported that pulmonary injuries were more
severe in welders than in unexposed people suggesting that nanoparticles present in
welding fumes could be responsible, at least in part, for the pulmonary inflammation.
But this study was limited to the description of few clinical cases and did not have a
significant statistical power. It was also restricted to a target population and conclusions
can hardly be extrapolated.

In the literature, the investigation of inhaled nanoparticles’ presence in patients’
lungs is rare and when it exists it is limited to electron microscopy observations that
do not allow a complete physicochemical characterization of the nanoparticles and is
not suitable for large cohort analysis as it is a time-consuming and expensive technique.
Laser-induced breakdown spectroscopy (LIBS) could appear as a promising alternative
for the direct visualization of endogenous or exogenous elements within tissues but is still
under development and not routinely used for biomedical applications [27]. Nevertheless,
the biomonitoring of nanoparticles in biological samples appears as a promising approach
to get new insights into the understanding of the genesis or evolution of lung diseases due
to nanoparticle exposure.

In the present paper, we propose to couple biomonitoring to the assessment of uninten-
tionally released nanoparticles exposure to get a larger picture on the relationship between
exposure to airborne nanoparticles and interstitial lung diseases. Although this strategy
has several advantages as previously discussed, it has also some limitations we have to take
into account. First, results should be considered with caution as we have a small number
of patients, especially in the idiopathic pulmonary disease group (nine patients). Moreover,
no significant difference between the unintentionally released nanoparticle exposure as-
sessment of different distinguished interstitial lung diseases groups was observed (results
not shown). As we said above, further investigations are necessary to confirm the results
observed. We may also remind the reader that we performed our analyses in a cohort of
patients. It should be interesting to compare these data to those obtained with healthy
control subjects. However, for ethical reasons, it is impossible to perform broncho-alveolar
lavages in healthy persons due to the invasive nature of this exam. We should mention that
we focused our analyses on occupational exposure to unintentionally released nanoparti-
cles, to be complete, we should also consider other sources of exposure to nanoparticles,
for instance environmental exposure (taking into account patients’ living area, mode of
transport, of heating, leisure or use of hygiene and cosmetics products. . . ). However, these
data are much more complex to collect with accuracy. Finally, it should be kept in mind
that the presence of a given particle in a larger amount within biological samples is not
sufficient to prove a causal link with a disease, and toxicity assessment is necessary to
demonstrate a pathogenic effect as well as mechanistic studies to understand the underly-
ing mechanisms. One perspective we propose to strengthen our array of presumptions is
to couple the nanoparticle biomonitoring in lung clinical samples to the in vitro assessment
of their toxicity [14]. For instance, by incubating cells with nanoparticles extracted from
patients’ BAL and then analyzing the cell response in terms of induction of cell death,
pro-inflammatory response, oxidative stress, etc. The advantage of such strategy is that the
in vitro assays are performed using nanoparticles which nature and dose are representative
of real-life. From such approach benefits could be expected in the therapeutic and/or
prevention fields. Indeed, the knowledge of the toxicity potential of nanoparticles can lead
to preventive measures to limit the exposure to the harmful substances.

We determined a probability of exposure to unintentionally produced nanoparticles
present in polluting emissions during each occupation held by the patients. We did not
determine intensity and frequency of nanoparticle exposure. We also observed that the
probability of exposure alone was not useful to discriminate some exposure differences
between different distinguished interstitial lung diseases groups. Furthermore, our results
did not determine the extent of occupational or daily life exposure and recent or lifetime
exposure to unintentionally released nanoparticles. However, given the current state of
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knowledge on occupational exposure levels, which is patchy and based on heterogeneous
methods, we have chosen to limit the assessment to probability [28]. The nanoparticle
assessment used in this study was possible thanks to the knowledge acquired in the frame-
work of the development of the job-exposure matrix MatPUF [29]. Such a job-exposure
matrix might be useful to improve the quality and the accuracy of nanoparticle exposure
assessment during a full occupational career, providing for each job chronological exposure
data and main chemical families of released nanoparticles. MatPUF job-exposure matrix
has already been used in epidemiological studies and has made it possible to highlight
a relationship between occupational exposure to unintentionally released nanoparticles
and small for gestational age and, cancers, such as lung cancer and brain nervous system
tumors [30,31].

Job-exposure matrices have already been used to investigate associations between
occupational exposure and idiopathic pulmonary fibrosis, however conflicting results were
reported. Indeed, while Abramson et al. showed that occupational exposures to specific
organic, mineral, or metal dusts were not associated with idiopathic pulmonary fibrosis [32],
on the contrary Andersson et al. reported that occupational exposure to inorganic dusts,
excluding silica and asbestos, was associated with increased risk of idiopathic pulmonary
fibrosis [33]. Regarding sarcoidosis, both Graff et al. and Jonsson et al. concluded that
occupational exposure to silica dust led to an increased risk of sarcoidosis [34,35]. These
studies confirmed that lung diseases such as idiopathic pulmonary fibrosis or sarcoidosis
could be caused by the inhalation of mineral particles [36–38]. Thus, such job-exposure
matrix are interesting and useful tools for the assessment of occupational UFP exposure
that can both contribute to the improvement of epidemiological knowledge of health risks
and to the implementation of prevention in the workplace.

Nanoparticles possess nanostructure-dependent properties (e.g., chemical, physical,
biological), which make them desirable for commercial or industrial applications. Workers
are increasingly exposed to nanoparticles in occupational settings. However, these same
properties may potentially lead to atypical toxicity and health risks are yet unknown.
For these reasons, there is an unceasing scientific interest to the human toxicokinetics
and toxicodynamics of nanoparticles and concerns about the potential risks of exposure
to humans have been raised. Although toxic effects have not been really demonstrated
in humans, there is accumulating evidence from experimental studies that exposure to
some nanoparticles may be harmful [39]. However, it is mostly based on in vitro tests
and animal experiments. Key questions, regarding the duration and level of exposure in
humans, the toxic behavior of nanoparticles in humans, the physiological and chemical
interaction with human body, the harmlessness of these interactions, and acute or chronic
effects adverse effects need to be resolved [40]. As potential occupational exposure to
unintentionally released nanoparticles becomes more prevalent, it is important that the
principles of risk assessment and risk management be considered for workers. The risk
assessment/risk management framework comprises three essential components: research,
risk assessment, and risk management [40]. This exploratory study had the objective
to characterize exposure to unintentionally released nanoparticles, using association of
two approaches, biomonitoring and occupational exposure to unintentionally released
nanoparticles assessment, in patients with ILD, to study possible links between with these
health outcomes and exposure to unintentionally released nanoparticles and, thus, to
contribute to the knowledge to risk factors of occupational and environmental lung ILD.
Moreover, these approaches might be used to contribute to nanoparticles risk assessment.
In fact, quantification of unintentionally released nanoparticles exposure remains the major
challenge for prevention.

5. Conclusions

Large epidemiological studies are too personnel, require financial resources,
and are time-consuming. By combining mineralogical analyses of human BAL samples and
estimation of occupational nanoparticle exposure, the relationship between occupational
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exposure to airborne nanoparticles, nanoparticle lung burden, and implications on the
etiology of lung diseases can be investigated. These complementary approaches appear as
a promising strategy to get a comprehensive picture and could bring informative data for
human health risk assessment and management.

Following this approach, it is evidenced that most of the patients from our cohort,
whatever the type of disease they suffer from, showed a high probability of exposure to
unintentionally released nanoparticles. This observation was consistent with the nanopar-
ticle lung burden previously assessed, suggesting a potential role of inhaled nanoparticles
to the development or exacerbation of lung diseases, although further experiments are
necessary to draw firm conclusions.
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Abstract: Blood is the most widely used matrix for biomonitoring of persistent organic pollutants
(POPs). It is assumed that POPs are homogenously distributed within body lipids at steady state;
however, the variability underlying the partitioning of POPs between fat compartments is poorly
understood. Hence, the objective of this study was to review the state of the science about the rela-
tionships of POPs between adipose tissue and serum in humans. We conducted a narrative literature
review of human observational studies reporting concentrations of POPs in paired samples of adipose
tissue with other lipid-based compartments (e.g., serum lipids). The searches were conducted in SCO-
PUS and PUBMED. A meta-regression was performed to identify factors responsible for variability.
All included studies reported high variability in the partition coefficients of POPs, mainly between
adipose tissue and serum. The number of halogen atoms was the physicochemical variable most
strongly and positively associated with the partition ratios, whereas body mass index was the main
biological factor positively and significantly associated. To conclude, although this study provides a
better understanding of partitioning of POPs to refine physiologically based pharmacokinetic and
epidemiological models, further research is still needed to determine other key factors involved in
the partitioning of POPs.

Keywords: adipose tissue; biomonitoring; meta-regression; partition coefficients; persistent organic
pollutants

1. Introduction

Persistent organic pollutants (POPs) are chemicals from a large class of substances
heavily produced and released in the environment during the last century, peaking in the
1970s and switching to declining trends when regulations and bans began to be enforced [1].
These chemicals attracted international attention because of their high persistence in the en-
vironment and capacity to be transported over long distances and absorbed in the fat tissues
of living organisms, prompting their magnification along trophic chains [2,3]. Additionally,
many POPs may elicit adverse health effects on animals and humans, motivating global
regulatory frameworks such as the Stockholm Convention, adopted in 2004, intended to
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reduce and monitor their worldwide production. Despite regulatory efforts, substantial
concentrations of POPs can still be found in ecosystems, or in fatty tissues and specimens
from animals and humans across the globe, decades after the banning period [1,4,5]. The
vast family of POPs includes legacy chemicals intentionally produced for agricultural appli-
cations, like pesticides (e.g., organochlorinated pesticides), or for industrial uses, including
polychlorinated biphenyls (PCBs), which can also be unintentionally released through ther-
mal processes [6]. In addition, other classes, like polybrominated diphenyl ethers (PBDE)
used as additive flame retardants, are among the substances of emerging concern [2]. Some
POPs have shown the capacity for interacting with and disrupting a variety of molecular
pathways, triggering pathogenic processes involved in human health, including impaired
reproduction [7,8], carcinogenesis [9,10] or metabolic dysregulation [11,12], among others.
Experimental and epidemiological studies on POPs have mainly relied on the effects of
a few individual congeners, whereas the effect of low-dose mixtures of POPs resembling
realistic background exposures remains scarcely explored [13]. Computational systems
biology modeling also offers a new way of investigating potential toxicological effects of
POPs [14].

Globally, POPs are characterized by their hydrophobic properties, dissolving in lipid-
based foodstuffs like fatty fish or butter, favoring diet becoming a major entry pathway in
humans [15]. The mechanism of absorption for many hydrophobic pollutants is the same
as for dietary lipids, including the lymphatic pathway or the portal vein to the liver, and
is determined by the octanol–water partition coefficients (log Kow) of chemicals [16]. For
instance, the absorption of the highly lipophilic pesticide hexachlorobenzene (HCB, log
Kow =5.7) mostly happens in the intestine; it is transported through the lymph to the tissues
within chylomicrons, being mainly stored in adipose tissue [17]. POPs stored in adipocytes
are mobilized with neutral lipids to systemic circulation upon energy demands and packed
within lipoproteins with lipids and other hydrophobic chemicals. Thus, blood is often
used as a convenient matrix for biomonitoring purposes, yet adipose tissue is considered
the gold-standard matrix for long-term POP exposure assessment [18]. Elimination of
POPs is conducted through bile acids into the intestine where they can ultimately be
evacuated within feces, whereas they can be reabsorbed within the enterohepatic recycling
process of conjugated bile acids [19]. The dynamics of lipids, and thus of POPs, may be
impaired through metabolic disorders (e.g., obesity, diabetes), and POPs may disrupt lipid
metabolism and energy balance [20]. In addition, the anthropometry of individuals and
variations of fat pad volumes during the lifespan may modify the kinetics of POPs and the
chemical exposure biomarkers in environmental health studies [21].

In the last decade, pharmacokinetic models, and especially physiologically based phar-
macokinetic (PBPK) models, have been developed to refine risk assessment of chemicals [22].
PBPK models have also been used in epidemiological studies to refine the estimation of
individual exposures at different critical life stages and/or in different target tissues [23].
They allow the simulation of toxicokinetic profiles for different sub-populations exposed to
lipophilic pollutants from single-time-point measurements of POP concentrations in differ-
ent matrices (e.g., serum, milk), potentially highlighting critical periods of vulnerability to
the toxicity of POPs [24–26]. These models incorporate physiological parameters such as
tissue-specific blood flows, metabolic processes, and tissue partitioning. An assumption
usually made for those models is a homogeneous distribution of POPs within body lipids
at steady state, thus a partitioning between adipose tissue and blood lipids close to the
unit [27,28]. The same assumption has also been generalized to the partitioning of POPs
between blood and breast milk if the concentrations are reported in lipid units, yet some
authors have reported that this approach may be too simplistic [29,30]. Compound-specific
physicochemical properties (e.g., log Kow, molar volume) and individual physiological
parameters (e.g., age, body mass index) may influence such assumptions in the case of
breast milk [30]. Nonetheless, little attention has been paid to the partitioning of POPs
between adipose tissue and blood lipids; hence, further characterization of POPs’ dynamics
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through lipid compartments is therefore needed to refine the parametrization of PBPK
models and right interpretation of blood biomarkers in epidemiological settings.

Recent publications have previously addressed the interest in adipose tissue for
biomonitoring of environmental chemicals, with a special focus on women [31] and also
in epidemiological studies [12], highlighting that adipocytes are also the target of POP.
To the best of our knowledge, there are no published studies reporting biomonitoring
data on POPs in matched lipid-based matrices (i.e., adipose tissues and blood). Another
research gap concerns the biological and physicochemical factors influencing the variability
in partitioning of POPs among lipid-based tissues reported in individual studies. Thus,
the main objective of this study was to review the state of the science of interrelationships
in POP concentrations in adipose tissue with other internal lipid-based compartments
including blood lipids, excluding breast milk. Hence, we conducted a narrative literature
review of primary articles reporting concentrations of POPs in paired samples of adipose
tissue with blood (e.g., serum) or other measured internal compartments. For those articles
with reported partition coefficients (e.g., adipose tissue: serum) in comparable metrics, a
meta-regression was conducted to identify factors responsible for the variability, otherwise
a qualitative synthesis is provided.

2. Methods

A literature search strategy was developed to identify recent human studies that
measured POPs in serum and adipose tissue from the same individuals. Although the
review is essentially narrative, we used the principles of systematic review methodology
to ensure the transparency and reproducibility of the process and PRISMA guidelines for
reporting [32]. Hence, the bibliographic search was carried out using harmonized stan-
dards [33] to develop the search protocol. In this regard, the search strategy was developed
to reflect the main key elements of the PECO statement (Table 1), including search strings
developed to cover the relevant articles in Scopus and PubMed. The search strings detailed
in Table S1 were used in Scopus and PUBMED on 05/08/2022. A ‘publication date’ filter
was applied from 2011 to July 2021 in order to focus on the most recent studies that use
highly sensitive analytical methods. Manual searches were conducted to retrieve studies
published before 2011, based on references cited in the selected studies and the expert
knowledge of the panel.

Table 1. PECO statement.

PECO Description

Population Human populations (including men, women, pregnant women, foetuses
exposed in utero, and children exposed).

Exposure All type of persistent organic pollutants (e.g., PBDEs, PCBs, etc)

Comparator Not applicable.

Outcome Simultaneous determination in adipose tissues and serum (or different
adipose tissue locations).

To be included, studies had to be conducted in human populations, measuring internal
levels of any type of POP in at least one adipose tissue location and serum or another
different adipose tissue location. Hence, articles were excluded when concentrations of
POPs in human adipose tissue, either subcutaneous adipose tissue or visceral adipose
tissue and serum or in different adipose tissue compartments, were not reported. The
search was restricted to articles in English and primary studies (review and conference
publications were excluded).

Synthesis and Meta-Analysis

Studies with comparative metrics (e.g., ratio of POP concentrations in adipose tissue:
serum-determined lipid-based weight, p.e. ng/g lipid weight) were pooled in a meta-
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analysis. The effect sizes were the adipose tissue ratio means and the respective standard
deviations. The means and standard deviations were estimated from the median and
interquartile range using the Wan method [34] for two studies [35,36]. Meta-estimates were
appraised using a random-effect meta-analysis approach implemented with the metamean
function in the “meta” R package [37,38]. Higgins & Thompson’s I2 statistic was used to
quantify the between-study heterogeneity. The influence of variables on meta-estimates
was assessed by linear meta-regression using the restricted maximum likelihood method
and implemented with the metareg function of the same package. In this regard, individual
variables (e.g., age, body mass index), year of collection and physicochemical properties
(summarized in Table 2) were assessed in single and multivariate models. A narrative
synthesis displaying the study design and main outputs was conducted for the rest of
studies excluded from the meta-analysis, i.e., those for which no ratio of POP concentrations
in adipose tissue: serum was provided.

Table 2. Physicochemical properties of included chemicals retrieved from PUBCHEM database [39]
and adapted from previous publications [40–42].

Name CAS N◦ Molecular
Mass

Log Kow
Half-Life

(Year)
N◦

Halogen
Molar

Volume

Dioxin-like Polychlorinated Biphenyls

PCB77 32598-13-3 292 6.34 0.1 4 268.2
PCB81 70362-50-4 292 6.34 0.7 4 268.2

PCB126 57465-28-8 326.4 6.98 1.6 5 289.1
PCB169 32774-16-6 360.9 7.62 7.3 6 310
PCB105 32598-14-4 326.4 6.98 2.4 5 289.1
PCB114 74472-37-0 326.4 6.98 10 5 289.1
PCB118 31508-00-6 326.4 6.98 3.8 5 289.1
PCB123 65510-44-3 326.4 6.98 7.4 5 289.1
PCB156 38380-08-4 360.9 7.62 16 6 310
PCB157 69782-90-7 360.9 7.62 18 6 310
PCB167 52663-72-6 360.9 7.62 12 6 310
PCB189 39635-31-9 395.3 7.27 22 7 330.9

Non-dioxin-like Polychlorinated Biphenyls

PCB28 7012-37-5 257.5 5.62 16 3 247.3
PCB52 35693-99-3 292 6.34 10 4 268.2

PCB101 37680-73-2 326.4 6.98 11 5 289.1
PCB138 35065-28-2 360.9 7.44 27 6 310
PCB153 35065-27-1 360.9 7.62 14.4 6 310
PCB180 35065-29-3 395.3 8.27 11.5 7 330.9

Organochlorinated pesticides

HCB 118-74-1 284.8 5.73 6 6 221.4

p,p’-DDE 72-55-9 318 6.51 10 4 305.2

p,p’-DDT 50-29-3 354.5 6.91 7 5 333.5

Brominated flame retardants

BDE28 41318-75-6 406.89 5.88 0.94 3 365.5
BDE47 5436-43-1 485.79 6.77 0.37 4 288.8
BDE99 60348-60-9 564.7 7.66 8.2 5 312.1

BDE100 189084-64-8 564.7 7.66 2 5 312.1
BDE153 68631-49-2 643.6 8.55 3.5 6 335.4
BDE154 207122-15-4 643.6 7.82 3.3 6 335.4
BDE183 207122-16-5 722.5 9.44 0.25 7 358.7
BDE209 1163-19-5 959.2 12.11 0.04 10 428.6
PBB153 59080-40-9 627.6 9.1 6.2 6 335.4
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3. Results

3.1. Study Characteristics

Finally, 249 publications were initially gathered from PubMed and SCOPUS after
duplicate removal, among which 212 did not match the selection criteria and thus were
excluded based on title and abstract (Figure 1). The remaining 37 references were evaluated
based on the full text, of which 18 studies were considered eligible articles. A final list
of 19 relevant articles reporting concentrations of POPs in adipose tissue and serum was
included, of which 6 provided comparable metrics to conduct a meta-analysis (Table 2).

n

Figure 1. PRISMA flowchart of search strategy and study selection with exclusion criteria.

The main characteristics of 19 included studies are displayed in Table 3; they were
published between 1999 [43] and 2021 [44]. Among these studies, 11 were performed in
Europe and 8 outside Europe. It should be noticed that, for most of these studies, the
sampling was conducted several years before publication, extending the exposure time-
frame by several years. Different families of compounds belonging to POPs were measured
depending on the study: the most frequently measured compounds were PCBs, either as
individual congeners such as PCB 153, 138, or 180, or as a sum of PCBs, followed by 1,1,1-
Trichloro-2,2-bis(4-chlorophenyl)ethane (p,p’-DDT), 1,1-dichloro-2,2-bis(p-chlorophenyl)
ethylene (p,p’-DDE), HCB, beta hexachlorocyclohexane (β-HCH) and PBDE. Most studies
represented a clinical population undergoing surgery exposed to background levels of
POPs, but several involved occupational exposures [36] or highly contaminated areas [45].
The study participants provided adipose tissue biopsies for the surgical intervention dur-
ing caesareans [36], breast cancer [10,43] or hepatocarcinoma interventions [45], for en-
dometriosis [46,47], or for bariatric surgery [48,49]. Hence, the majority of the population
was represented by females with a minor presence of males. Mean ages ranged between 29
and 59 years, and BMI was between 21 and 48 kg/m2. Subcutaneous adipose tissue (SAT)
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was the most frequent location for biopsies, yet some other locations were also reported,
including visceral adipose tissue (VAT), breast (BAT) and the gluteal region (GAT). A few
studies measured concentrations of POPs in two different adipose tissue types/locations
simultaneously [49–51]. Nine studies reported or provided the adipose tissue: serum ratios,
of which one only reported ratios expressing serum concentrations in wet weight [47], three
were either in lipid weight or wet weight, and six were in lipid weight.

Table 3. Summary of study characteristics.

Reference Country n Condition Gender Age a BMI a Year
Collection

Adipose
Tissue

Serum Ratio c Meta d Dioxin PCB OCP BFR

(Years) (kg/m2) Fasting Units

[52] France 86 Caesarean F 33
(20–46) NA 2004–2006 SAT Yes LW 25

[35] Spain 103 NA F 54
(SD:12) 27 2012–2014 BAT Yes WW X 3 2

[35] Spain 103 NA F 54
(SD:12) 27 2012–2014 BAT Yes LW X X 3 2

[51] Bolivia 112 NA M/F+ 31
(18–70) 27 2010 VAT NA WW X 3 3

[51] Bolivia 112 NA M/F+ 31
(18–70) 27 2010 VAT NA LW X X 3 3

[53] Spain 387 NA M/F 52 b

(37–63) 27 2003–2004 SAT No LW 1

[54] Italy 70 Caesarean F 33 b

(SD:4) 24 2006 SAT NA LW 30 3

[55] Sweden 20 Stillbirths F 25–40 21–35 2015–2016 FAT NA WW X 10 9 3

[50] Qatar 34 IR M/F 32 b (SD:
10) 45 NA SAT,

VAT No blood 28

[48] France 42 Obesity/H M/F 44/40 48/22 2006–2008 SAT(VAT) NA W/LW 17 18

[56] Korea 50 T2D/N-
T2D M/F 66/62

(8/11) 23 (3) NA SAT,VAT No blood 19 13

[10] France 48 BC F 64 24 2015 BAT No LW X X 18 8

[36] China 37–
55 Caesarean F 29 21 2011 SAT Yes LW X X 6 8

[36] China 37–
55 Caesarean F 29 21 2011 SAT Yes WW X 6 8

[43] Mexico 198 BC/H F 40
(19–78) NA 1994–1996 BAT No LW 1

[49] Belgium 52 Obesity M/F 40
(18–58) 42 2010–2012 SAT,

VAT No blood 28 2

[57] Belgium 101 Infertile F 32
(24–42) 1996–1998 SAT LW 7 7

[58] Portugal 189 Obesity M/F+ 43
(19–65) 45 (5) 2010–2011 SAT,

VAT No blood 1 11

[46] France 67 ENDO/H M+/F 34
(48–80) 24 2013–2015 VAT,

SAT NA LW X X 18 8

[47] US 473 ENDO/H F 33
(IQR:11) 26(IQR:10)2007–2009 VAT No WW X 13 5 5

[59] India 29 BC F 24–65 NA 1996–1997 BAT Yes WW X 2 3
[59] India 29 BC F 24–65 NA 1996–1997 GAT Yes WW X 2 3
[59] India 29 BC F 24–65 NA 1996–1997 BAT Yes LW X 2 3
[59] India 29 BC F 24–65 NA 1996–1997 GAT Yes LW X 2 3

[44] Australia 32 NA M/F 55
(22–89) 25 2016 SAT Yes LW X 3

[45] Italy 59 HCC M+/F 69
(48–80) NA NA VAT Yes LW X X 7

a Mean age or body mass index and range, standard deviation (SD) or interquartile range (IQR), b geometric
mean or median, c identifier of studies that reported ratios, d identifier of studies included in the meta-regression.
Abbreviations: BAT, breast adipose tissue; BC, breast cancer; BFR, brominated flame retardants; BMI, body mass
index; FAT, fetal adipose tissue; GAT, gluteal adipose tissue; F, female; F+, overrepresentation of female; H, healthy
subjects; HCC, hepatocellular carcinoma; IQR, interquartile range; IR, insulin resistance; LW, lipid weight; M,
male; NA, not available; OCP, organochlorinated pesticides; PCBs, polychlorinated biphenyls; R, identifier for
studies reporting calculated partition ratios; SAT, subcutaneous adipose tissue; SD, standard deviation; VAT,
visceral adipose tissue; WW, wet weight.
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3.2. Partition Coefficients of Persistent Organic Pollutants between Adipose Tissue and Serum

The studies tended to report the ratios considering both metrics on a lipid weight
basis, but in some cases (Table 4) reported both lipid weight and wet weight biomark-
ers [35,36,51,59]. One study chose to present the values of ratios in wet weight [47]. Among
PCBs, the congeners 138, 153 and 180 were the most reported ones in the literature because
of their abundance (eight studies). In most cases, the congeners showed adipose tissue:
serum ratios between 1.5 and 2; however, some exceptions were found. For instance, a
few studies showed mean ratios of PCB 153 close to 5 [35,44], whereas others were close
to 0.7–0.9 for the same congener [35,59]. In turn, the metabolite of the insecticide DDT,
p,p’-DDE, was the organochlorinated pesticide (OCP) most widely reported in the six
studies. As previously described for PCBs, the mean levels of ratios of OCP were mostly in
the range 1.5–2, with several exceptions. The adipose tissue: serum ratios of brominated
flame retardants (BFRs) were reported in three studies. Two French studies tended to show
consistent values for most PBDEs [10,46], showing mean values in the range between two
and three for most congeners with the exception of BDE209, which showed the highest
values (4.6–8.0). Conversely, in one study conducted in an e-waste facility area with expec-
tant women, the ratios tended to be below the unit for most congeners (0.4–1.1) [36]. In
summary, for most studies, the reported adipose tissue: serum ratios displayed a similar
pattern, with a 1.5-3-fold increased concentration of POPs in the adipose tissue, considering
the measures based on lipid weight.

Table 4. Congener-specific summary of mean coefficient partitions of persistent organic pollutants
between adipose tissue and serum, both normalized on the lipid weight basis.

Chemical [52] [51] [35] [10] [43] [36] [46] [44]
[59]
BAT

[59]
GAT

[45]

PCB101 1.8 1.5
PCB105 2.1 2.1
PCB114 2.1 2.3
PCB118 1.8 1.4 1.8 1.2
PCB123 1.6 1.9
PCB126 1.7 1.7
PCB138 3.6 4.9 2.1 1.6 2.3 5.4 2.0
PCB153 0.9 4.7 2.1 1.7 2.3 5.4 0.7 0.7 2.0
PCB156 2.1 2.6 1.7
PCB157 1.6 1.8
PCB167 1.5 1.7
PCB169 1.8 2.0
PCB169 2.2
PCB180 1.7 2.2 2.0 1.5 2.4 4.4 0.8 0.8 2
PCB189 2.6 2.6
PCB194 2.1

PCB28 1.7 1.2 1.3
PCB52 1.5 1.2
PCB77 1.6 0.4
PCB81 1.2 0.7
PCB99 1.4

p,p’-DDE 1.9 1.7 4.2 3.4 0.7 0.9
p,p’-DDT 2 1.1 1.5

HCB 1.9 2.2
β-HCH 1.1 1.6
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Table 4. Cont.

Chemical [52] [51] [35] [10] [43] [36] [46] [44]
[59]
BAT

[59]
GAT

[45]

BDE100 0.91 2.3 0.7 3.2
BDE153 2.12 2.4 1.0 3.0
BDE154 1.24 1.3 0.9 2.3
BDE183 3.0 1.1 3.2
BDE209 0.16 4.6 0.4 7.9
BDE28 1.00 2.7 0.6 2.5
BDE47 0.97 2.5 0.5 3.7
BDE99 0.36 3.0 0.5 4.1
PBB153 2.5

Abbreviations: BAT, brown adipose tissue; BDE, bromodiphenyl ether; β-HCH, β-hexachlorocyclohexane;
GAT, gluteal adipose tissue; HCB, hexachlorobenzene; PCB, polychlorinated biphenyl; PBB153, 2,2′,4,4′,5,5′-
hexabromobiphenyl; p,p’-DDT, 1,1,1-Trichloro-2,2-bis(4-chlorophenyl)ethane; p,p’-DDE, 1,1-dichloro-2,2-bis(p-
chlorophenyl) ethylene.

3.3. Physicochemical Determinants of the Variability in Adipose Tissue: Serum
Partition Coefficients

In order to gain insight into the physicochemical factors potentially affecting the
variability in adipose tissue: serum ratios, we conducted a meta-regression based on
available summary partitioning data reported in the selected studies. The meta-regression
slopes, graphically depicted by bubble plots, are displayed in Figure 2A–D. The number
of halogens was the variable most strongly associated with adipose tissue: serum ratios
(β 0.25 95% CI (0.17–0.34), p = 0.05 (Figure 2B)). Log Kow, molar weight (Mw) and molar
volume showed null or mild associations with the ratios (Figure 2A,C,D).

3.4. Biological/Individual/Instrumental Determinants of the Variability in Adipose Tissue: Serum
Partition Coefficients

Among individual variables, BMI was the most strongly associated with the adipose
tissue: serum ratios for all POPs combined (Figure 3A), β 0.26 95% CI (0.17–0.34), p < 0.001,
whereas age showed a more flattened slope than BMI, yet was statistically significant, β
0.02 95% CI (0.00–0.03), p = 0.03 (Figure 3B). Due to the close relationship between age and
BMI, we also considered both variables in the same meta-regression model, suggesting
a potential confounding effect of age, resulting in null associations for age with a minor
impact on BMI coefficient. The year of sample collection (Figure 3C) also showed a positive
association with the ratios β 0.26 95% CI (0.17–0.34), p < 0.001. For the congeners with at
least three studies reporting the adipose tissue: serum ratios and BMI, we conducted a
detailed meta-regression for individual congeners of PCBs and BDEs (Figure 4A–F). These
stratified results supported the existence of congener-specific relationships between the
ratios and BMI. For instance, BDE 209 was associated with BMI with the steepest slope,
whereas PCB180 showed the most flattened one (Figure 4).
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Figure 2. Bubble plots representing the associations between the mean partitioning ratios of persistent
organic pollutants between adipose tissue and serum reported in the literature and physicochemical
properties, including the partition octanol–water (Log Kow, (A)), number of halogen atoms (B), molar
volume (C) and molar weight (Mw, (D)).

Figure 3. Bubble plots representing the associations between adipose tissue: serum ratios with body
mass index (BMI, (A)), age (B), and year of collection (C) from the random effects meta-regression
model. The study [52] was excluded from this analysis because the BMI was not reported.
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Figure 4. Bubble plots representing the associations between adipose tissue: serum ratios and body
mass index (BMI) from the random effects meta-regression model for specific congeners including
PCB 153 (A), PCB 138 (B), PCB 180 (C), BDE 47 (D), BDE 153 (E), and BDE 209 (F). The study [52]
was excluded from this analysis because the BMI was not reported.

3.5. Variability in Levels of POPs between Adipose Tissue Types/Location

Seven studies analysed POPs in different adipose tissue locations (mainly visceral
and subcutaneous) matched from the same individuals, including obese populations and
women with endometriosis [46,48–50,56,58,59]. Globally, concentrations of organochlori-
nated and brominated chemicals analysed in paired VAT and SAT matrices showed high
correlations, for instance with R Pearson correlation >0.9 (p < 0.001) for all POPs from
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France [46] or R2 0.7–0.6 (p < 0.0001) for PCBs from Belgium [49]. Congener-specific and
strong sex-specific differences were noticed for the correlation slopes, showing lower cor-
relations of POPs between VAT and SAT among females [49]. Noteworthy, two studies
reported high correlations for individual POPs or ∑POPs between VAT and SAT locations
but statistically different concentrations, with higher concentrations of individual POPs or
∑POPs in VAT than SAT [56,58]. Concentrations of organochlorinated pesticides (p,p’-DDE,
p,p’-DDT, β-HCH) and PCBs (153 and 180) were also highly correlated between breast and
gluteal fat pads (rho > 0.7, p < 0.001), showing comparable concentration levels [59]. The
relationships between POPs in human foetal adipose tissue and maternal serum or pla-
centa have been addressed by one study, showing in general high correlations for all PCBs
and pesticides analysed (HCB, β-HCH, p,p’-DDE and transnonachlor) [55]. The authors
reported sex-specific patterns of tissue accumulation, reporting higher tissue ratios among
male foetuses than among females and lower among those with placental insufficiency.

4. Discussion

To the best of our knowledge, this is the first study attempting to summarize the
available scientific evidence on partitioning of POPs between adipose tissue and serum
from human studies. We have also aimed at characterizing and gaining insight into the
determining factors of variability for partitions, as was already done for partitioning
between serum and breast milk [30]. Data were retrieved mostly from studies conducted
with non-occupationally exposed populations, reporting matched samples on lipid-based
compartments, thus illustrating chronic low-dose exposure to POPs. Adipose tissue is
acknowledged to be the gold-standard matrix for biomonitoring internal POP levels, yet
blood (lipids) has been used as a surrogate for many years, assuming that blood POPs reflect
their adipose tissue levels in equilibrated states [60]. Consequently, blood concentrations of
POPs are extensively used for biomonitoring and epidemiological research. The widespread
presence of low doses of POPs in internal biological matrices urges a comprehensive
understanding of their kinetics for accurate use of exposure biomarkers in biomonitoring
and epidemiological studies.

4.1. Overall Variability in Adipose Tissue: Serum Partition Coefficients among POPs

All individual studies included in this review reported high variability in the partition
coefficients of POPs between adipose tissue and serum, at different levels of magnitude
depending on the specific congeners. Whereas it has often been assumed that highly
lipophilic chemicals would distribute homogeneously within lipid compartments of the
human body, similarly to 2,3,7,8-tetrachlorodibenzo-p-dioxin [60], the studies included in
this review illustrate that the mean ranges between 0.4 and 8 in a congener-specific base.
Most ratios were above 1, suggesting a higher concentration of POPs in adipose tissue
than in blood; nonetheless, in a few cases the ratios were inversed, reflecting the highest
concentrations in serum. Among the different physicochemical properties investigated in
the meta-regression, the number of halogen atoms was the most strongly and positively
associated variable with the partition ratios, at the limit of statistical significance (p = 0.05),
with the rest being statistically null (Log Kow, Mw, and molar volume). The bubble
plots reveal the strong dispersion of data for BDE209 and the underlying correlation of
physicochemical variables (e.g., BDE209 showed the largest physicochemical properties:
Log Kow = 12.11, number of halogens = 10, molar volume = 428.6 m3/mol). In addition,
the bubble plots reflect that the linear meta-regression may be strongly influenced by two
dominant studies reporting low ratios for BDE209, suggesting a non-monotonic relationship
of the ratios with these physicochemical properties. These trends are consistent with the
previous literature. For instance, positive associations between log Kow and adipose tissue:
serum ratios were reported for most POPs with the exception of PCB180 and BDE209, with
higher log Kow values (8.27 and 12.11, respectively) and a higher number of halogens [36].
Similar trends were reported for the blood/milk partitioning, which decreased among
substances with larger log Kow (>8), higher molecular weight (>400 for PCB/PCDD/Fs,
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>700 for PBDEs), and more halogen compounds (>7) [30]. A bioaccumulation factor increase
correlated with increased Kow was reported for lipophilic compounds with Kow < 7 in wild
aquatic species [61]: the bioaccumulation factor would increase for Kow < 7, then decline for
Kow > 7. A parabolic relationship was also observed between log biomagnification factor
and log Kow, with a peak for Kow of approximately 8 [62]. Lv et al. (2015) also noted that
compounds with similar log Kow but from different families (PCB vs. PBDE) exhibited
different partition ratios, lower for BDEs than PCBs [36]. It was assumed that deposition
of PBDE in human adipose tissues was lower than deposition of PCB with similar Kow;
however, these trends were not consistent in other studies [10,46].

Globally, these data support that physicochemical parameters, such as number of
halogens, may have an impact on POP partitioning between adipose tissue and serum,
but likely in a non-monotonic manner and influenced by other parameters. For instance,
the tridimensional structure and associated degree of rigidity of the different compounds
could also have an impact on the diffusion-limited partition of POPs [30]

4.2. Congener-Specific Variability in Adipose Tissue: Serum Partition Coefficients between Studies

Table 4 summarizes the high variability in partition ratios determined for the same
congener among different studies. For instance, PCB138’s reported mean ratios ranged
from 1.59 to 5.44, a three-fold difference for the same compound. Systematic differences
were appreciated between studies, in some cases even switching the direction in the
case of BDEs [36]. These differences may be influenced by specific study characteristics,
such as timing of sampling, differences in analytical procedures introducing analytical
uncertainties for POPs, or the different determinations of lipid content derived from
different equations [15].

Among the individual biological factors analyzed, BMI was the main determinant,
positively associated with the partition ratios (β 0.26 95% CI (0.17–0.34), p < 0.001), while
age was associated to a weaker degree and non-associated when both BMI and age were
considered in the multivariate meta-regression model. Globally, these findings suggest
that the larger the fat mass, the higher the concentration of POPs in adipose tissue rel-
ative to blood lipids, independently of age. These findings would empirically support
the hypothesis that populations with high adipose fractions may be sequestering more
POPs in their adipocytes, preventing their release into circulation and thus protecting other
organs [63]. Most studies that reported different types of adipose tissue deposits did not
support differences between locations (e.g., VAT vs. SAT), as high or similar concentrations
were reported. In any case, the number of studies was very limited to include the adipose
tissue location as a co-variable in the meta-regression or to conduct a stratification analysis.
One study showed different trends, with high correlations between ∑POP and AT, with
the highest concentrations in VAT rather than SAT [56,58]. These differences may be due
to the dissimilarities in lipid content [58], differences in blood flow, or in the density of
blood vessels and/or differences in metabolism, with VAT being more metabolically ac-
tive [64,65]. A PBPK model was proposed for γ-HBCD in mice [66], including an additional
compartment corresponding to the deep fat fraction of the body. For POPs with log now >4,
it was suggested that ratio of the neutral lipid-equivalent content (corresponding to neutral
lipids and phospholipids) of adipose tissue and blood was the main determinant of POP
partitioning between those tissues [67]: different types of lipids and compositions of non-
lipid molecules might play a role in POP dynamics within AT, and interactions between
POPs and lipid compounds at the molecular scale should be further investigated [46],
especially for biomonitoring with blood. It was also suggested that extracellular and
lymphatic circulation might contribute to POP storage [66]. Metabolic status and disease
condition may also play a role in POP partitioning [15], but those parameters were not
investigated in the meta-regression due to the limited number of studies. The level and
the route of exposure could also have an impact on the metabolic disruption of adipocytes,
and thus the kinetics of POPs. In this regard, the exposure scenario may also contribute to
explain the variabilities of coefficients. Nonetheless, formal statistics were not applicable
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to compare background exposures with occupational or highly contaminated sites. For
instance, one occupational e-waste study [36] showed serum levels of some BFRs 20 times
higher than in populations exposed at background levels [10,46], which would explain
ratios systematically lower, below the unit.

4.3. Limitations of the Review

First, the current review was essentially narrative, even if a robust methodology based
on systematic review principles was applied. If our review is not exhaustive, we believe
that most studies with AT and blood POP measurements published during the last decade
have been included. Because of this criterion, only a limited number of studies were eligible
in the meta-analysis. In addition, each individual study involved a modest sample size. In
order to strengthen the statistical power, studies with larger sample size will be required.
Furthermore, the selected studies explored different sets of congeners, limiting the ability to
compare ratios among studies for the same compounds and to conclude about the influence
of population biological characteristics. Actually, the studies provided few individual
variables that could be integrated in the meta-regression, but other factors may likely
impact on the kinetics of POPs and consequently on the ratios (e.g., parity, breastfeeding,
physical activity). In addition, we pooled some summary metrics through approximations,
because not all studies reported the means and standard deviations. Optimally, statistical
analyses combining raw data from individual studies would improve the accuracy of
estimates. Considering the invasive character of adipose tissue biopsies collected from
the populations with cancer or obesity the data may not be representative of the general
population. This review also stressed the need for further studies on dioxins scarcely
reported in the literature. Per/polyfluorinated substances (PFAS) are a wide class of
chemicals with some congeners listed as POPs in the Stockholm Convention commonly
characterized in blood due to their amphiphilic properties; hence, they are not represented
in the present review because they are more present in livers than in AT. Nonetheless, some
studies have shown that even non-persistent chemicals like bisphenol A or parabens can
be found in adipose tissue [68,69]. New approaches based on artificial intelligence, which
used text mining to automatically screen large literature sources and databases, could
also be considered in order to get as much information as possible. As an example, the
AOP-helpFinder tool [70,71], which helps the development of adverse outcome pathways,
could be adapted in future meta-analysis studies.

4.4. Impacts of Findings

We believe that the findings of this study are of high relevance due to the widespread
use of exposure biomarkers of POPs for biomonitoring and epidemiological research.
Biomonitoring of chemicals has been progressively integrated as a novel tool within the
chemical risk assessment process, notably by using PBPK modelling and the development
of biomonitoring equivalents [72–74]. PBPK models of POPs are often based on the as-
sumption of a homogeneous distribution of POP in lipid compartments within the body
(i.e., that adipose tissue: blood ratios are comparable). Thus, a better understanding of
partitioning of POPs between fat compartments will help the refinement of those models
and reduce uncertainty within chemical risk assessment and regulatory decision-making.
Likewise, in epidemiological research, the extensive use of blood biomarkers of POPs has
not been supported by a deep understanding of the complex relationship of POPs in blood
and adipose tissue [15]. Nowadays, different statistical methods have been proposed to
use the blood biomarkers, addressing the different causal structures depicted when the
perturbation of lipid metabolism is in the causal pathway between the exposure and the
health outcomes [75]. Although some methods may attenuate the statistical bias, none
of the methods using a single-spot blood biomarker may fully recapitulate the complex
dynamics of POPs. The problem becomes more complex from the perspective of POP
mixtures, where individual congeners may impact the kinetics of the others. Hence, a better
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understanding of the dynamics of partitions between fat compartments is of key relevance
for accurate use and interpretation of surrogates’ measures in environmental health studies.

5. Conclusions

This review supports the fact that partitioning of POPs between fat compartments
is highly variable. These findings also show that the partition ratios of POPs between fat
compartments systematically depart from the unit, even at equilibrated states, as extensively
assumed. BMI and number of halogens were the main determinants of the variability in
the adipose tissue: serum ratio of POP among the selected studies. Finally, this study
highlights that further research is still needed to better understand the behavior of POPs in
the main matrices used for biomonitoring, especially for those scarcely studied congeners.
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Abstract: The exposure of operators, workers, residents and bystanders to pesticides is of high
potential concern. Yet, reports on pesticide residues in the environment and near treated fields often
spark debates if such findings might indicate a health risk. Although the underlying models are
considered conservative, there are only limited field data on systemic exposure available. As a first
step to improve the situation, we conducted a scoping review of state-of-the-art pesticide exposure
biomonitoring studies in operators, workers, residents or bystanders. In contrast to existing reviews,
we focused on target cultures of potential high pesticide exposure such as tree-grown produce, vine
or hops. The search was conducted in Web of Science, Scopus and PubMed. Out of 17 eligible articles,
a total of 11 studies met our search criteria, and 6 of them quantified the systemic exposure of humans.
The analysis revealed that exposure was mainly driven by application of pesticides and reentry work,
resulting in a higher exposure of operators and workers than of residents and bystanders. In nearly
all cases, the systemic exposure was below the relevant toxicological reference values. The studies
were subsequently analyzed to identify key criteria for a reliable design of a biomonitoring study on
pesticide exposure.

Keywords: human biomonitoring; pesticides; exposure; operators; workers; residents; bystanders;
tree-grown produce; fruits; vine; systemic exposure

1. Introduction

In recent decades, there has been growing public concern about the effects of pesticide
use on health and the environment. Consequently, there is an increasing number of
epidemiological and toxicological studies addressing potential adverse health effects of
pesticides in humans under field conditions in which the reliable measurement of exposure
is crucial. Unfortunately, this latter point is often not sufficiently fulfilled, particularly in
epidemiological studies. This represents a major weakness and is a frequent cause for
scientific dispute and criticism [1,2].

Generally, when assessing pesticide exposure in epidemiological studies, several
approaches have to be distinguished [3]. The most basic assessment is the use of question-
naires with no temporal correlation with the actual application of the pesticides [1,2]. The
application event and resulting exposure are mainly reconstructed via a written procedure
or interviews. While procedurally easy to perform and cost effective, this approach, by
method, bears the risk of recall bias, unless it is substantiated by further data. This can be
data from geographic information systems (GISs) such as information from registries of
residents living in close proximity to the fields treated, pesticide use registers or working
accounts of operators and workers. Additionally, without additional serum measurements
or further substantiation with biomarkers, these approaches are inherently limited as they
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rely on indirect exposure assessments only. This poses a significant challenge for any
further verification and interpretation of the results which, in turn, severely impacts their
potential scientific, toxicological or regulatory use.

A promising route towards improvement in the quality, reliability and practical rel-
evance of epidemiological studies is to combine the collection of health outcomes with
human biomonitoring (HBM) data for the assessment of real exposure. HBM methods
comprise the analytical measurement of active compounds or specific metabolites. Typi-
cally, measurements will be conducted in serum or urine [4–6], yet potential matrices range
from breast milk through hair and nails to dents. Apart from exposure markers, biological
effect markers are also frequently measured. Examples comprise the inhibition of plasma
or red blood cell acetylcholinesterase, DNA adduct formation or chromosome anoma-
lies [7]. Depending on the marker, the corresponding measurements allow conclusions
regarding exposure to single substances or classes of pesticides. For example, inhibition
of plasma or red blood cell acetylcholinesterase will indicate exposure to organophos-
phorous insecticides as a class rather than a single substance. Crucially, the aim of HBM
studies is, however, the quantitation of systemic exposure and not the detection of single
exposure events (which might well lie in the past). This so-called “back (or reverse) calcula-
tion” currently often relies on physiology-based pharmacological or toxicokinetic models
(PBPK/PBTK). The reliability of such calculations increases greatly when kinetic data are
available as it is the case, for example, for some pyrethroids [8,9]. The resulting exposure
estimates can subsequently be compared to the corresponding pesticides’ reference doses.
Depending on the scenario, such data can help to retrospectively quantify exposure and
evaluate health policies but might also be helpful when trying to substantiate individual
case reports or etiologies [10–14]. The combination of HBM and epidemiological tools will
certainly increase the reliability of results but is also clearly more demanding in terms of
effort, time and costs [3]. Proper assessment of systemic exposure imminently requires that
two study criteria be met. First, the biomonitoring sampling has to be timed to the pesticide
application because many pesticides, in fact, have a half-life which actually is only in the
range of hours [15,16]. Second, repeated sampling is necessary to warrant capturing the
respective toxicokinetics [15].

In the present review, we therefore focused on biomonitoring studies which reliably
assessed pesticide exposure by means of biomonitoring and, preferably, also quantified the
systemic exposure. The latter requirement makes sure that the routes of exposure monitored
comprised all three options, that is: (i) inhalative, (ii) oral and (iii) dermal uptake [17].
This is a major advantage as the extent of exposure by each route will obviously differ for
residents as compared to operators or workers. Moreover, contrary to previous reviews
by Dereumeaux et al. and Teysseire et al. [3,17,18], the focus of the present analysis is on
biomonitoring not as an exploratory tool but as a regulatory tool. This includes addressing,
for example, the question of observance of reference values.

Two studies were identified as preliminary examples for extensive biomonitoring of
pesticide exposure, one being from the Netherlands [16], and the other from the UK [10,19].
Both studies used urine as the primary matrix for the biomonitoring. Apart from the
sampling of urine being a non-invasive method, it has the advantage of the respective
metabolite measurements being integrative across the various exposure pathways.

From a regulatory point of view, application techniques leading to a potentially high
exposure to pesticides are of special concern. Such high (and thus conservative) exposure
scenarios are expected particularly for overhead cultures with pesticide application often
being performed either by machine-drawn air blast or as a hand-held overhead spray.
Examples of such cultures are vine, tree-grown produce, such as apples, or hops. All of
these are thus a good starting point for critically assessing pesticide exposure in the field
and to draw conclusions for future studies. The further literature search hence was focused
on vine, apples and hops with particular attention on studies that used urine or blood as
integrative matrices for biomonitoring.
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2. Materials and Methods

2.1. PRISMA Extension

Our scoping review was performed according to the PRISMA extension for scoping
reviews (PRISMA-ScR) and the accompanying checklist as proposed by Tricco et al. [20]. In
Table S1 of this review, we have added an overview providing information on which pages
the various “reporting items” from the checklist have been addressed.

2.2. Search Strategy

The literature search was independently performed in the bibliographic databases
Web of Science, Scopus and PubMed from 16 to 18 March 2021 by two authors (C.T.W.
and J.P.). The construction of the search string followed our research objective and is a
specialization of the string of Teysseire et al. [17]. The search string met the demands of
our particular research question with its focus on biomonitoring studies with agricultural
pesticide application in selected target cultures of potential high exposure (tree-grown
produce such as apples, vine or hops). For exposure analysis, we included all groups
possibly exposed to pesticides used in agricultural applications in order to assess the safety
of pesticides in a regulatory and public health context. These comprised (i) operators, who
apply pesticides to plants, (ii) workers, who reenter the crops after pesticide application,
(iii) residents, who live nearby fields where pesticides are applied, and (iv) bystanders,
who might be exposed accidentally. The inclusion of either urine or serum was mandatory.
The search was restricted to articles in English. The construction of the respective search
string followed the PICOS principles (participants, interventions, comparisons, outcomes
and study design) [3] and read “(proximity or neighborhood) AND (field* OR crop* OR
agriculture*) AND (agricultural* OR rural) AND (communit* OR area*) AND (oper* OR
operator OR bystander OR appli* OR farm* OR work* OR worker OR workers OR residen*
OR resident) AND (urin*OR blood*) AND ((pesticide* OR fungicide* OR herbicide* OR
insecticide* OR agrochemical*) AND exposure*) AND (hop OR hops* OR fruit* OR wine*
OR vine* OR “tree fruit” OR bushberr* OR orchard* OR pome* OR pomi* OR apple*
OR cultivation)”.

In this string, the participants are the operators, workers, residents and bystanders.
Intervention is the application of pesticides to crops. It should be noted that this comparison
has several dimensions: comparison of the same individuals before and after the spraying
event, comparison between different individuals and groups and comparison to reference
values. The outcome is the (measured or estimated) exposure to pesticides with the target
cultures being part of the study design.

2.3. Data Collection and Storage

The search of all databases led to 86 non-duplicate articles. In total, 108 articles were
obtained and regarded as potentially relevant. All articles were stored in an Endnote file
which was shared amongst the authors together with an Excel file listing the respective
bibliographies and abstracts of all studies.

2.4. Selection of Eligible Studies

The eligibility criteria for the selection of studies were based on analyses of existing
extensive biomonitoring studies such as Figueiredo et al. [21], Vermeulen et al. [16] and
Galea et al. [10,19,22,23]. In short, studies deficient in one or more of the following criteria
were excluded:

- No biomonitoring for the assessment of pesticide exposure but sole reliance on a
geographic information system, self-reporting or a questionnaire.

- Neither blood nor urine used as a matrix for biomonitoring.
- Non-human studies or methodological studies.
- Reviews.
- Non-observational studies.
- No relationship to pesticide exposure.
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- Target cultures other than fruit growing, hops or vine (“wrong target culture”).
- Focus on pesticides banned in Germany for more than six years (since 1 January 2015),

e.g., chlorpyrifos.
- Measurement of unspecific biomarkers which only mark the presence of a group of

pesticides such as dimethylthiophosphate (DMTP) or dialkylphosphate (DAP) for
organophosphates. Such unspecific biomarkers were only considered in those few
cases where the study design allowed for clear exposure correlations: for example, if
only one pesticide was applied on the target crops during the study.

We did not exclude studies which investigated only one group of operators, workers,
residents or bystanders. These groups often overlap, and we supposed that information
gained out of the investigation of either one of these groups might be relevant for the others.

Assessment was independently performed by four authors (C.T.W., J.P., S.D. and
L.N.) by screening titles and abstracts and applying the aforementioned exclusion criteria.
Individual assessments were then subjected to within-group discussion. Subsequently,
C.T.W. and J.P. conducted a full-text analysis of the selected studies and extracted detailed
information on study design, characteristics and results.

3. Results

3.1. Basic Information

The literature search was performed as depicted in Figure 1. A systematic screen
of PubMed, Web of Science and Scopus yielded a total of 155 articles, 86 of which were
non-duplicates. Another 22 articles of potential interest were identified by screening their
reference lists or full texts and, therefore, were considered to have been obtained “from
other sources”.

 

Figure 1. Flowchart of search strategy and study selection with exclusion criteria (based on [20]).

In a stepwise approach, subsequent analysis of titles/abstracts and full texts filtered
out a total of 11 studies published in 17 articles which were eventually included in the
review (see Tables 1–4). It should be noted that articles referring to the same study cohort
(as in participants) are considered as belonging to the same study. This is, for example, the
case for Kennedy et al. [24] and Fustinoni et al. [25].
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3.1.1. Number of Articles Arranged by Target Cultures

We identified nine articles and six studies with vine as the target culture (Table 2) [24–32].
For tree-grown produce, we found eight articles based on five studies (Table 1) [10,19,23,33–37],
two of which referred to apples [35–37]. No reports were found for hops as the target culture.
Study data were collected in three regions, namely, North America (three studies [32,35–37]),
Europe (seven studies [10,19,22–31,34]) and China (one study [33]), with six of these studies
confined to a single region only [24–27,32,33,36,37].

3.1.2. Participants and Sample Size

In most studies, the participants were allocated to group cohorts depending on their
(professional) role. Generally, the studies distinguished between operators, reentry work-
ers and residents. Operators [24–27,29–31,33,35] and reentry workers [24–28,32,36,37] were
considered in six studies and residents in three [10,19,22,23,33,34]. The corresponding cohort
sizes varied significantly, with n = 7–170, 1–22 and 54–403 for operators, reentry workers and
residents, respectively. It should be noted that depending on the study design, there can be
overlaps with regard to the various groups. For example, in Mercadante et al. [27], operators
also performed reentry work. Additionally, the definition of residents varied. All studies
considered residents to be persons living in a certain radius of the treated fields. However,
depending on the study, the size of the respective radius would range from 50 m to 250 m.
Only one study explicitly included bystanders (n = 7) [26], and only two studies had control
groups [28,33].

3.1.3. Pesticides Used

As might be expected, pesticide application varied depending on the culture in-
vestigated. For tree-grown produce (Table 1), the corresponding active substances cov-
ered a range of protective uses and comprised azinphos-methyl (organophosphate in-
secticide) [36,37], captan (fungicide) [10,19,35], chlormequat (growth regulator) [10,19],
chlorpyrifos (insecticide) [10,19], cypermethrin (insecticide) [10,19], deltamethrin (insecti-
cide) [10,19], diquat (herbicide) [10,19], iprodione (fungicide) [10,19], penconazole (fungi-
cide) [10,19,34], pirimicarb (insecticide) [10,19], thiophanate-methyl (fungicide) [10,19,35],
benomyl (fungicide) [35] and imidacloprid (insecticide) [33]. Contrastingly, in vine (Table 2),
application mainly included fungicides such tebuconazole [24,25], mancozeb [26,28–31] and
penconazole [27]. Lopez-Galvez et al. [32] also investigated the insecticides imidacloprid,
clothianidin, thiamethoxam, acetamiprid and thiacloprid.

3.2. Sampling Strategies

The study duration ranged from 12 days [28,29] to up to 2 years [10,23,26,27], with all
studies relying on urine as the preferred matrix and only two studies additionally sampling
serum [19,28]. Measures for urinary metabolites are usually given as concentrations (μg/L,
μmol/L, μg/g creatinine or μmol/mol creatinine), with only a few studies also referring
to rates (excretion in μg/h [29]). In all cases, care was taken to carefully time sampling
to actual substance usage with the participating farmers calling in prior to application.
Concomitant measurements of background exposure were performed in seven studies
looking at tree-grown produce (n = 4, please see Table 1) [10,19,23,33–35,37] or vine (n = 3,
please see Table 2) [24,25,27,30]. Except for Simcox et al. [37], all these studies additionally
employed a questionnaire asking the study participants about living conditions and/or
possible confounders. Of the remaining studies, three relied on questionnaires only for
their background information [26,28,32].
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The studies measuring background exposure showed considerable variation with
regard to the respective sampling schemes. While Hines et al. [35] and Tao et al. [33]
collected the first morning urine on the day before active substance application, Simcox
et al. [37] relied on baseline measurements over a period of at least two weeks prior to the
first application. In addition, the latter also collected reference samples from the general,
non-agricultural population. Contrastingly, Galea et al. and Sams et al. collected up to
three samples during the spraying season which were not correlated with an application
event, and up to three additional samples outside the spraying season [10,19,23,34].

For the subsequent sampling of actual exposure, the studies either relied on spot
sampling or continuous sampling. Simcox et al. [37] collected daily spot urine samples at
the end of each work shift. Sampling was commenced for another week after application
and occupational exposure in the thinning season. Other studies used less systematic
sampling regimes such as Galea et al. and Sams et al., who collected urine samples
within two days after the spray event [10,19,23,34], or Tao et al. [33], who relied on spot
urine of the first, second, third, fifth and seventh days after the substance application.
Meanwhile, Lopez-Galvez et al. [32] collected morning urine on the first five days after
application. Comparable sampling strategies were followed by Medda et al. [28], who
collected spot urine samples from operators and mixers the day after substance treatment
and from reentry workers the day after starting reentry work. Likewise, Sleeuwenhoek
et al. [26] collected one sample per participant following the last exposure of the week. In
contrast, several other studies [24,25,27,30,35,37] collected the complete 24 h urine after
substance application, with some studies extending the sampling period to include the 24 h
before [25,27,30] and 48 h thereafter [27,38]. Notably, in the three latter studies, the amount
of urinary metabolites correlated best with the respective dermal exposure assessments.

3.3. Exposure
3.3.1. Routes of Exposure

There are three major routes of exposure. These are: (i) the inhalative route, (ii) the der-
mal route and (iii) the oral route. The individual contributions of these routes to the overall
exposure will obviously vary for the different cohorts monitored. For example, an operator
inhaling vapors will experience a different exposure than a worker coming into contact with
contaminated foliage or somebody ingesting dust particles. While urine measurements
are integrative, other matrices or environmental measurements might therefore prove to
be more appropriate when it comes to further dissecting the particular contributions to
overall exposure. Furthermore, absorption and metabolism will strongly depend on the
route of uptake, explaining some of the observed differences in metabolite patterns and
kinetics [16,35].

3.3.2. Inhalative Exposure

Inhalative exposure can be measured in a non-invasive way by analysis of (breathing)
filters or measurements of ambient air in the respective breathing zones [25,35,39,40]. The latter
approach is often the method of choice due to ease of use and was thus used in the few studies
that looked at the respective contribution of inhalation to overall exposure. For imidacloprid,
the inhalative route accounted for less than 1% of the total exposure, with air concentrations
being below the detection limit in the breathing zone of the workers [41,42]. Contrastingly,
captan was detected in more than 60% and 32.8% of personal breathing zone samples during
application by air blast or hand spray, respectively [35]. This is in line with previous studies
which also found inhalation to be a major route of exposure for captan [43–46].

3.3.3. Dermal Exposure

Skin exposure was assessed experimentally in several studies, most of them on vine [24,25].
One study also modeled exposure based on EUROPOEM [26]. For apples, Hines et al. used
patches and hand rinses to assess potential substance exposure for operators [35]. In this study,
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rinse sampling was restricted to only one hand per person to minimize uncertainties due to
error propagation.

Other studies used different approaches. For example, Fustinoni et al. relied on the
collection of hand washing liquids in order to distinguish between potential and actual
exposure to tebuconazole in vineyards 24 h after application [25]. This sets the amount
detected in clothes against what was washed off the skin. Exposure of the head was
recorded separately using non-woven fabric head covers. Likewise, Mandic-Rajcevic et al.
used a modified OECD patch methodology and the collection of hand washing liquids over
24 h post-exposure for determining actual and potential body skin exposure to mancozeb
in vineyards [30], while Mercadante et al. similarly looked at penconazole [27]. Meanwhile,
Lopez-Galvez et al. analyzed hand wipes of reentry workers for imidacloprid [32].

Several of the aforementioned studies identified hand exposure as a major contributor
to the overall dermal substance load as well as to total exposure (Tables 3 and 4). Other
sites of contact were the forearms and thighs [35]. Depending on the substance, study
design and group looked at, hands accounted for 17 to 97% of skin exposure [29,30]. This
contribution was particularly large for reentry workers for whom the data also showed
the largest variability [27]. Such variability could pose a problem with regard to data
evaluation. With the respective range spanning an order of magnitude of 104, the most
likely explanation is a varying use of gloves in this group.

3.3.4. Other Factors Influencing Exposure—Repeated Exposure, Substance Kinetics and
Means of Application

Many of the less systematic studies focused on actual substance application as the
major exposure event. The logic behind this is that, for groups such as operators and
bystanders, application will constitute a good part of the overall load experienced. Indeed,
for captan and cypermethrin, residential biomarker concentrations clearly correlated with
substance application, with approximately 90% of the samples being below the limit of
detection (LOD) outside the season [19]. However, repeated contact can also have a
significant impact. This is most clearly seen for azinphos-methyl, where total worker
exposure strongly depended on the number of days between application and reentry
(Table 3) [36]. When the reentry time was longer than 14 days, only 2.7% of the specimens
exceeded the reference value of 76 μg/kg bw and day for CAL EPA, whereas a reentry time
of less than 14 days led to 27% of all specimens being above the reference value. For reentry,
the respective dose–response relationship therefore strongly depends on the start of the
work. Befittingly, Simcox et al. reported generally low urinary baselines before reentry,
except for the one cohort that had started work prior to the start of the study [37].

In addition, studies need to accommodate individual substance kinetics to obtain
reliable measurements. For imidacloprid, there was an 8.5–15-fold increase in metabolite
levels in rural residents and operators one day after the spray event, with the residential
levels peaking on day two [33]. Moreover, exposure to imidacloprid was found to be
ubiquitous for the respective rural population, with metabolites found in 100% of the
sampled cohort. Notably, other substances will follow different kinetics. This is exemplified
by penconazole, where urinary metabolite excretion peaked 24 h after exposure at work [27].

Finally, the application technique (air blast or hand-held spray) will, of course, influence
the exposure route of a particular active substance and should thus be taken into account [35].

3.3.5. Use of Personal and Other Protective Equipment

The use of personal protective equipment (PPE) and other protective equipment
obviously has a huge impact on potential exposure. It is hence a key parameter when
assessing potential health impacts for workers and operators alike. Unsurprisingly, several
studies focused on the impact of PPE on substance exposure. For apples, two studies
investigated the influence of PPE [35]. Both studies saw clear effects, recommending the
inclusion of a reduction factor for pesticide exposure in the applied exposure model (AHS
model) as a result. For vine, the varying use of PPE was suspected to be partly responsible
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for the observed range of the metabolite excretion rates [25]. In particular, the use of work
suits and gloves was found to have a significant impact, with the former reducing dermal
exposure by up to 98% [25]. Training on the correct use of PPE was found to be another
significant factor for exposure minimization [32].

For operators, PPE proved to be similarly effective. In tractors, work suits reduced
skin exposure by 4 to 10 times, depending on whether it was an open (OT) or closed and
filtered system (CFT) [30]. Interestingly, while the use of gloves led to a 10 times lower
exposure during application in OTs, exposure in CFTs increased. The most likely reason
for this initial paradoxical result is operators taking their used gloves into the cabins. In
terms of CFTs, these are semi-closed systems with any contaminated PPE, hence leading
to an increased inhalative load. Likewise, Mercadante et al. found that clothing provided
good protection since actual exposure was 100 or even 1000 times lower than the potential
exposure [27]. Nevertheless, it should be noted that the use of PPE can vary significantly
depending on availability, awareness or work culture. This is exemplified by the results of
Medda et al., which found percentages of PPE use amongst workers to differ from 85.2% to
97.2% [28]. Additionally, broad use of PPE is obviously not an option for bystanders.

3.4. Assessment of Systemic Exposure

Biomarker measurements allow conclusions on the overall substance load experienced.
However, any further assessment needs information on the systemic exposure as the
potentially effective dose. To calculate this, more information is needed such as substance-
specific conversion factors and toxicokinetics. Systemic exposure was assessed in several of
the reviewed studies [36].

Most authors relied on conversion factors to calculate the absorbed dose from the
respective (urinary) metabolite measurements. Fenske et al. [36] and Sams et al. [34] used
oral conversion factors to assess systemic exposure for azinphos-methyl and penconazole,
respectively. In the case of azinphos-methyl, the exposure remained well below the US
EPA guidance value of 560 μg/kg bw and day but would exceed the more conservative
CAL EPA reference value in up to 27% of cases when reentry started prior to a 14-day pe-
riod [36]. Meanwhile, residential exposure to penconazole was determined to be extremely
low throughout [34]. The maximum measured value (1.8 μmol/mol creatinine) was 100
times lower than what was excreted in the human dosing study used for establishing the
conversion factor. Several of the studies looking at the fungicide exposure of workers in
vineyards derived the systemic exposure from the total actual dermal exposure, as the
inhalative route is negligible for many of the examined fungicides [25,27]. According to
several studies, this also applies to operators for whom inhalative exposure is reported to be
as low as 1.1% [39]. The resulting systemic exposure did not exceed the respective reference
values in any of the cases investigated. For the cohort of Fustinoni et al. [25], the mean
daily exposure was 1.73 (±1.31) μg active substance/kg bw and, as such, clearly below
the ADI and AOEL of 0.03 mg/kg bw per day [24,47]. Likewise, in the case of mancozeb,
worst-case assumptions resulted in an estimate several hundred times below the AOEL of
0.02 mg/kg bw for the corresponding metabolite (median saturation of 0.01%) [29]. Even
the highest individual exposure of workers was still a thousand times below the daily limit,
encumbering the reference value of only 1% [31].

Statistically significant correlations between dermal and urinary measurements of
metabolites were found in five studies including apples [35] and vine and were observed
for operators as well as for workers [24,25,27,29–32] (Tables 3 and 4). Reliable knowledge
on the correlation of dermal and urinary measurements facilitates the determination of
systemic exposure tremendously as it renders the elaborate and costly assessment of dermal
patches obsolete, or any other measurements for that matter [25]. Yet, although dermal
exposure often constitutes a major route of uptake, other potential routes such as inhalation
should always be accounted for. However, the extent to which inhalation contributes to
the respective urinary biomarker profile strongly depends on the respective substance and
application scenario [35].
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A few studies applied exposure models to assess systemic exposure and to predict
urinary biomarker concentrations based on information about the type and amount of
pesticide applied and culture treated [10,24,26,35].

Notably, for most cases, modeling systemic exposure resulted in overestimates when
compared to the actual measured values. This applied for the ACROPOLIS model
(www.acropolis-eu.com, accessed on 28 February 2022) [24], the UK’s residential exposure
assessment (REA) model [26] and the EUROPOEM model [10,26]. With regard to health
protection, this suggests that these models were sufficiently conservative.

Predictions of urinary metabolites for captan and penconazole by the REA model, for
example, exceeded the actual measured amounts in 98% and 97% of cases. Additionally,
for chlorpyrifos and chlormequat, the urinary biomarker concentrations were still higher
than predicted, but not significantly different from the background measurements [9].

Similarly, the ACROPOLIS model demonstrated a good predictive performance for
the dermal uptake of tebuconazole, albeit in a small cohort (n = 7) [24]. Here, the model
predicted a mean daily exposure of 1.77 μg active substance/kg bw (±1.96) as opposed to
the 1.73 μg active substance/kg bw (±1.31) measured.

Other models such as the AHS pesticide exposure intensity algorithm performed
less well [48]. When applied for the assessment of captan in apples and peaches, the
algorithm yielded a sufficiently predictive performance for dermal exposure of the thighs
and forearms but proved less reliable with regard to overall urinary metabolites or estimates
regarding the breathing zone or hand rinse. Hines et al. therefore suggested a revision of
the respective exposure weights depending on the method used for application (air blast
vs. hand spray) [35].

3.5. Health-Related Outcomes

Health-related aspects were explicitly assessed in only one study which looked at the
acute effects of mancozeb on the thyroid (Tables 3 and 4) [28,37]. The study compared
two vine-growing areas in Italy, one being iodine-deficient (Chianti), and the other iodine-
sufficient (Bolzano). Exposed workers of the first region had lower serum means of free
thyroxine (fT4) and showed higher iodine urinary excretion (>250 μg/L ETU as opposed
to >20 μg/L ETU). Moreover, workers exposed to mancozeb in the iodine-deficient area
tended to have lower thyroid volumes (≤6 mL). These findings fit well with experimental
evidence that the thyroid was a major toxicological target of mancozeb as found both
in vitro by Lori et al. (2021) and in laboratory animals as summarized by the European
Food Safety Authority (EFSA) in a recent evaluation in 2019 [49,50].

4. Discussion

This review extends the existing analyses on the exposure of operators, workers,
residents and bystanders to pesticides [3,17,18]. It also highlights the need for more
systematic studies on this issue. In striking contrast to the numerous claims made in
the literature on pesticide exposure, there are surprisingly few studies that looked at this
systematically and only in a limited range of target cultures. Focusing on tree-grown
produce, vine and hops as typical “overheads” representing a worst case, we found only
11 studies to meet the minimal requirements for any further in-depth analysis. Notably,
this was a fraction of the 108 articles initially identified and restricted mainly to apples and
vine. Altogether, the respective studies covered a period of 22 years, although the majority
were performed in 2010 or thereafter. This helps in so much as one goal of this review was
a compilation of the lessons learnt together with an outlook on what could be improved in
future studies.

Key issues to consider are the selection of the substance and culture as well as what
parameters to (bio)monitor, how to do so and how frequently. One of the lessons learnt
in this context is that questionnaires should only serve as means to support the collection
of “hard” data, not replace them. Likewise, sole measurement of urinary metabolites
without any further data on toxicokinetics or conversion factors will only allow for relative
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comparisons and thus severely limit any further analysis regarding, for example, the
absorbed dose or systemic exposure. This aspect should be considered from the start as
both of the latter factors are a precondition for the assessment of any potential health effects,
even if only speculative. Conveniently, for some pesticides, the inhalative and oral routes
apparently play a negligible role when it comes to total exposure, at least for certain cohorts.
In these cases where the dermal route is the main or sole route of exposure, actual skin
exposure can be used as a good approximation for systemic exposure.

Sampling of urinary specimens is often the method of choice for its ease of sampling
and non-invasive and integrative nature. Yet, the suitability of the matrices selected for
monitoring depends on the cohorts, routes of exposure to be assessed, the type of pesticide,
the application technique and any potential personal protective equipment used. For the
aforementioned groups, the main routes of exposure are usually dermal or inhalative, with
the oral route being mainly important in the case of intake of food or ingestion of particles
(dust), or as a proxy for inhalation [16]. Therefore, concomitant dermal or inhalative
sampling should be considered as appropriate. Both routes are experimentally accessible
in a non-invasive manner using pad dosimetry and rinse collection or respiratory filters
and air sampling, respectively. Literature searches or experimental pre-screens will also
provide data on which routes to consider and by what means [39,40,51]. The detection of
particular metabolites shows the occurrence of exposure but fails to inform on the timing,
amount or frequency. Without this additional information, further health assessments are
not possible. The abundance of pesticide metabolites in urine might hence sufficiently fuel
public concern about possible health impacts, but toxicologically, it will inherently remain
of limited relevance. State-of-the-art biomonitoring should thus aim for repeated and well-
timed sampling to establish levels of systemic exposure, absorbed doses and the respective
biokinetics. Only then will it be possible to compare the data to the corresponding reference
values and to draw informed conclusions on the likelihood and plausibility of potential
adverse health effects.

Depending on the route of uptake, metabolism and the excretion rate, the amount of
detectable metabolites can differ widely [6]. This is due to the varying potential influence of
the first pass effect. In the case of oral exposure, any xenobiotic will primarily be subjected
to hepatic metabolism, but not in cases of dermal or inhalative uptake [16]. This obviously
also affects options for back-modeling, for example, when substances with predominantly
dermal exposure feature a significant correlation between external measurements and the
excreted amount of metabolites.

Kinetic measurements or data pending such cases allow for the calculation of systemic
exposure or an absorbed dose merely based on the urinary metabolite concentrations [15,29].

Alternatively, one can rely on conversion factors which likewise have to be determined
in advance [25,29–31].

Finally, biomonitoring constitutes an important pillar in the validation and refinement of
toxicokinetic exposure models such as the ACROPOLIS model, the EUROPOEM model or the
UK’s REA model. Such models have already shown a high degree of accordance and accuracy
in studies where they were used for metabolite and exposure prediction [10,24,26,29,35]. Refined
further, they will hence undoubtedly play an increasingly important role in future studies.

5. Strengths and Limitations

Modern biomonitoring of pesticide exposure to humans is a topic of high complexity
warranting in-depth evaluation of the respective studies and data. This is particularly
important when the results are intended to be used for toxicological evaluation or risk
assessment.

The structure and presentation of this scoping review followed the extension of the
PRISMA guidelines by Tricco et al. [20]. Comparable methodological approaches for
reviews of pesticide exposures were applied in existing reviews [3,17,18]. This includes
the use of three different databases and of at least two independent assessments regarding
study selection and data extraction [17]. Important features of the respective study design
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are presented in tabular form, as are the results of the exposure assessment. A further
strength of this review is the assessment of the quantification of the respective systemic
exposures. Unlike in other reviews which focused on residents only, this review also
included groups with potentially higher exposures such as operators and workers [3,17,18].

On the other hand, our review was limited to some overhead cultures where a high
degree of exposure to pesticides would be expected. In future, additional overhead cultures
such as olive trees should also be considered, in addition to apples, vine and hops. A further
limitation of our review might be that it was confined to substances which are currently
allowed in Germany and the EU. Although it is true that biomonitoring studies are highly
specific to the cultures and substances under investigation, and thus the exclusion of
substances which are no longer in use such as DDT might be justified, the inclusion of
additional substances would have been certainly of interest, at least from a methodological
point of view.

While sampling of at least urine or serum was a mandatory requirement for the
inclusion of articles in this review, analysis of the data clearly highlighted the importance
of dermal sampling and inhalative dosimetry. Establishing clear correlations with urinary
measurements for both these parameters remains a challenge though, as does establishing
clear and unequivocal links to adverse health outcomes. With regard to the latter, one
has to differentiate between acute and long-term effects. As shown by the example of
mancozeb, it is acute health effects, in particular, that are accessible by biomonitoring if
the study is based on a confined cohort and planned accordingly. The situation is more
difficult for long-term health effects or chronic endpoints, particularly when relying on
large cohort studies such as the Agricultural Health Study (AHS) (https://aghealth.nih.gov,
accessed on 28 February 2022). Here, confounding becomes a larger issue, as does exposure
monitoring. Long-term exposures can, for example, be monitored by hair measurements,
measurement of house dust or environmental parameters such as residues on foliage [3].
However, establishing sufficiently robust dose–response relationships from these data
remains scientifically challenging.

6. Conclusions

This review is the first to systematically analyze the exposure of operators, workers,
residents or bystanders in cultures with potentially high exposure. In these cultures,
exposure is predominantly driven by the actual substance application as well as by reentry.
As might be expected, this leads to higher exposure for operators and workers than for
residents or bystanders. In nearly all cases, comparison of the relevant toxicological
reference values to the respective estimated systemic exposure showed the latter to be well
below, indicating no reason for concern. This analysis shows the potential of biomonitoring,
empowering a hitherto predominantly observational tool to become a toxicologically
informative asset for public health protection. As a first step, future studies in this field
should therefore aim to systematically establish specific active substance and culture
correlations for dermal or inhalative exposure and urinary biomarkers. A framework of
established correlations would allow future studies to be based solely on the detection
and quantification of metabolites in urine, but performed regularly, such studies could be
combined with the monitoring of short- and long-term health effects.
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Abstract: Many pathological conditions and certain airway exposures are associated with oxidative
stress (OS). Malondialdehyde (MDA) is an end-product of the oxidation of lipids in our cells and
is present in all biological matrices including exhaled breath condensate (EBC). To use MDA as a
biomarker of OS in EBC, a reference interval should be defined. Thus, we sought to summarize
reference values reported in healthy adult populations by performing a systematic review and meta-
analysis using a standardized protocol registered in PROSPERO (CRD42020146623). Articles were
retrieved from four major databases and 25 studies with 28 subgroups were included. Defining
the distribution of MDA measured in reference populations with a detection combined with a
separation technique still represents a challenge due to the low number of studies available, different
analytical methods used, and questionable methodological qualities of many studies. The most salient
methodological drawbacks have been in data collection and reporting of methods and study results
by the researchers. The lack of compliance with the recommendations of the European Respiratory
Society and American Thoracic Society was the major limitation in the current research involving
EBC. Consequently, we were unable to establish a reference interval for MDA in EBC.

Keywords: malondialdehyde; exhaled breath condensate; meta-analysis; reference values

1. Introduction

Oxidative stress is an imbalance between production and elimination of reactive oxy-
gen species (ROS), and represents a common pathological pathway for many inflammatory
diseases, including chronic and acute lung conditions, such as chronic obstructive disease
and asthma [1]. The biological effects of excess ROS production are their interactions with
membrane lipids, a process known as lipid peroxidation, which yields a series of secondary
molecules capable of exacerbating the oxidative damage [2]. Malondialdehyde (MDA)
is one of the end-products of lipid peroxidation and has been largely investigated as a
biomarker of oxidative stress. MDA correlates with different pathological states, such as
cardiovascular disease and atherosclerosis [3,4], diabetic disease [5], Alzheimer’s, DNA
damage, and ageing [6]. MDA has also been extensively investigated as a biomarker of
pulmonary oxidative stress [7] and in evaluating the impact of air pollution, smoking [8],
or respiratory exposure in occupational environments such as exposure to heavy metals [9]
and particles [10].
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MDA has attracted attention and interest as a biomarker of oxidative stress, be-
cause it can be detected in a variety of biological matrices, i.e., blood, urine, and exhaled
breath condensate (EBC), and has shown good correlations with other biomarkers of
lipid peroxidation [11].

EBC, the biological matrix considered in this meta-analysis, can be obtained by cooling
an individual’s exhaled air using a noninvasive and safe procedure. This condensate
contains low-volatile compounds and aerosolized airway lining fluid [12] which have been
diluted by water [13]. According to current recommendations from the joint task force
of American Thoracic Society and European Respiratory Society, EBC collection can be
performed by asking an individual to breathe normally into a tube connected to a cooling
apparatus while wearing a nose clip for a period of time until a reasonable amount of
condensate is collected [14]. The current ERS technical standards also include specific rec-
ommendations as follows: (a) define and report EBC volume, time of collection, collection
temperature, breathing pattern, prevention of salivary and environmental contamination,
ambient conditions; (b) keep the time between collection of EBC and analysis as short as
possible; (c) report results in terms of concentration per 100l of EBC or per minute, in order
to reduce the confounding factor of the dilution of substances in the EBC; (d) report data
concerning the intra- and inter-assay variability, limit of detection, sensitivity of detection
methods, and more generally describe the methods and techniques used to collect and
analyze the EBC; (e) note and report the time between food intake and EBC collection;
(f) schedule collection for the same time of day.

The same task force, in 2005, also released a first series of methodological recommen-
dations which were more generic than the 2017 recommendations, and the use of a nose clip
and a saliva trap have been formulated since the earlier version. The biomarkers in EBC
originate from different regions of the respiratory tract, from the lower airways and lungs
up to the oropharynx and nasopharynx [15]. Hence, the use of a nose clip is recommended
to prevent collection of mediators formed in the nose and the sinuses and to exclusively
collect from the lower airways, as well as to ensure that no sample is lost through nasal
respiration [16]. Similarly, saliva contamination needs to be avoided since it may contain
the same mediators of interests but derived from other anatomical sites than the lower
respiratory zone. It has been proposed that a saliva trap is sufficient, since there is a need
for a sensitive test for salivary alpha-amylase.

Other recommendation in the 2005 version included performing the analysis as soon
as possible after collection, noting and reporting temperature collection, and detailing the
collection devices if custom materials are used especially for the contact surface. Although a
collection time of 10 min has been recommended, further research on the effect of collection
time and temperature versus expiratory volume is needed [17]. Concerning the collection
and analysis methods, the 2005 ATS/ERS recommendations were to provide sufficient
details to ensure the reproducibility of technique.

Furthermore, reporting participants’ details, such as smoking habits, race, age, sex, as
well as eating and drinking behaviors have also been recommended since the first version
of the task force [14]. We found it crucial to detail these two series of recommendations from
the joint task force of the American Thoracic Society and European Respiratory Society,
as this could have affected the different study protocols in the studies reviewed for this
meta-analysis.
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MDA concentrations in EBC are usually quantified after collection and storage at low
temperatures for up to 6 months, by using different analytical and separation methods:
high performance liquid chromatography (HPLC) coupled with mass spectrometry (MS)
or UV photometry detection. MDA is derivatized with either thiobarbitoric acid (TBA) or
2,4-dinitrophenylhydrazine (DNPH), with TBA being less specific for MDA [18].

Different levels of MDA in the EBC have been detected in some physiological or
pathological conditions characterized by oxidative stress, but the absence of established or
recognized reference intervals has limited the interpretation of the findings of the MDA as
a biomarker in different settings. Thus, the current research has as a primary objective to
investigate the possibility of defining reference intervals for MDA in EBC.

2. Materials and Methods

The present study focuses on MDA measured in EBC and is part of a series of sys-
tematic reviews and meta-analyses for several oxidative stress biomarkers in two different
matrices: urine and EBC [19].

Our protocol followed recommendations from the Preferred Reporting Items for
Systematic Reviews and Meta-Analysis (PRISMA) [20] and is registered with the Inter-
national Prospective Register of Systematic Reviews (PROSPERO, registration number
CRD 42020146623) [21].

2.1. Literature Research

Research for scientific literature was conducted on four different databases (The
Cochrane Central Register, EMBASE, PubMed, and Web of Science), from journal apparition
up to October 2020. We performed a quick search for the period covering the end of 2020 to
end of 2021 to confirm that no new data had been published that could change our outcome.
The research string was constructed in collaboration with the library of Unisanté and their
documentarist using a combination of Medical Subject Headings (MeSH) terms and key
words. The complete research string has been described elsewhere (www.doi.org/10.16909
/dataset/17, accessed on 15 February 2022) and is available at the Unisanté data repository.

2.2. Study Selection

We included only original research studies written in English that reported MDA
concentrations in EBC among human healthy adults. The flowchart in Figure 1 represents
the selection process of the studies that were ultimately included in our meta-analysis. First,
we identified and excluded duplicates, and second, we used the Rayyan software [22] for
title and abstract screening.

The exclusion criteria were: MDA measured in any other matrix than EBC (e.g., blood/
plasma and sperm) in vitro or non-human studies (animal or plant), incorrect MDA abbrevi-
ation (e.g., mass drug administration and methylenedioxyamphetamine), and inappropriate
types of publications such as reviews or conference papers. In accordance with our reg-
istered protocol, our research string was built to cover an entire series of OS biomarkers,
and was not limited to MDA. Consequently, our initial pool of articles contained articles
that did not refer to MDA. Another factor that made this pool large was that authors often
chose keywords that were very generic such as “oxidative stress” and “biomarkers of
oxidative stress”.
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Figure 1. Flowchart of the article selection process.

2.3. Data Extraction

We extracted data according to a previously published protocol [19], including a
list of parameters regarding technical aspects of the analytical methods used to measure
MDA in EBC and lifestyle factors such as body mass index (BMI) and vitamin supplement
intake. We only extracted data on healthy subjects who were free of any disease, especially
inflammatory conditions, and who were free of known inhalation exposure, or, where
possible, who were healthy subjects before an exposure, i.e., baseline data and, if possible,
all subgroup-specific data.

2.4. Quality Assessment

Articles that underwent data extraction were also evaluated using a standardized
quality assessment checklist, previously used in other studies [22]. This allowed us to
appraise four different domains: study design and risk of bias, technical and analytical
methods, study sample, and data interpretation. We assessed different criteria for each
domain and graded them with scores from 1 to 3. The output was an overall score ranging
from 0 to 27. In this range, two cut-offs and three quality categories were established: “low”
(scores less than or equal to ≤9), “moderate” (scores less than or equal to ≤18), and “high”
(scores greater than 19). The checklist used to perform the quality assessment is detailed
in Supplementary Table S1 and the overall scores of articles elected for data extraction are
listed in Table 1.
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2.5. Statistical Analysis

We computed geometric means (GMs) and geometric standard deviations (GSDs) as
the basis of the meta-analysis. For value conversion and unit harmonization, we used
different formulae according to types of data available and as previously described in [63].

Regarding the meta-analysis itself, the first step involved estimating the geometric
means (GMs), and then representing the data with forest plots since they illustrated the
heterogeneity and the overall combined results from individual studies. Between-study
heterogeneity was evaluated with a Q test and displayed for each category in the forest
plots. Finally, we modeled the Log-transformed GMs using linear models. We reported the
results in ng/mL of MDA in EBC.

3. Results

Among the 40 full-text articles from which we extracted the data, several studies had
to be excluded due to statistical errors such as lack of variability estimates or impossible
reported ranges for the studied groups. We also excluded from the meta-analysis several
study groups that demonstrated a coefficient of variation (CV), either <20% or >200%. The
former corresponds to the analytical variability alone, and implies no between-subject
variability. The latter implies that the study is uninformative. One study was excluded as
the results had been reported using inappropriate units. The whole selection process is
illustrated in Figure 1.

Since different factors were indicated as potential confounding factors in the literature,
we wanted to assess their influence. Therefore, the results were stratified by gender, age,
smoking status, EBC collection device, duration of EBC collection, use of nose clip, and
analytical methods combined with their detection methods. We created a separate group
identified by the abbreviation NA, meaning “not available”, which was assigned when
the information was not given in the article. This resulted in the description of 28 study
subgroups. Figure 2 shows the boxplots concerning the collection device (Figure 2a),
duration of collection (Figure 2b), and gender groups (Figure 2c).

Among the included articles, we identified the following analytical and separation
methods combined with a derivatizing agent: high-performance liquid chromatogra-
phy/thiobarbituric acid HPLC/TBA, spectrophotometry/TBA, HPLC—mass spectroscopy,
HPLC-MS/initrophenylhydrazine (DNPH), and HPLC without mentioning the derivatiz-
ing agent and detection technique. A mixed effect regression analysis was performed to
verify differences among the MDA GMs measured by different analytical methods. The
same was done concerning the use of a nose clip versus no use of a nose clip, age categories,
and among smokers and non-smokers. For each category, a factor-specific Wald test within
the model was equally performed. Table 2 shows the results of the mixed-effects regression
analysis. As compared with MDA GMs measured in EBC by HPLC/TBA, which was
considered to be the reference method, the MDA GMs measured by MS/DNPH were
significantly lower. The GMs of EBC MDA collected in uncertain conditions were higher
as compared with the GMs of EBC collected while wearing a nose clip, which was the
reference group. GMs of MDA in EBC higher than the reference were also found in smokers
and in subjects 50+ years old as compared with in subjects younger than 30 years old.

These results were equally presented as separate forest plots, which better illustrate
the heterogeneity for the age categories (Figure 3) and smoking habits (Figure 4).
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(a) (b) 

 

(c) 

Figure 2. MDA concentration in EBC stratified according to: (a) Collection device; (b) duration of
collection (minutes); (c) gender group (no papers with females only). All presented results exclude
the outliers and units of the GMs are ng/mL.

Table 2. Mixed effects regression analysis according to analytical method, use of nose clip, smoking
status, and age category.

Parameters β Coefficient [95% Conf. Interval] P > |t|

Analytical method
HPLCfluo/TBA (n = 9) reference

Spectro/TBA (n = 2) 0.30 [−0.902; 1.49] 0.59
MS/DNPH (n = 9) −1.03 [−2.02; 0.032] 0.04

HPLCfluo/NA (n = 2) 1.26 [−0.079; 2.6] 0.06

Factor-specific Wald test 0.04

Use of nose clip
Yes (n = 9) reference
No (n = 8) 0.64 [−0.52; 1.81] 0.25

NA/other (n = 5) 1.14 [0.32; 1.96] 0.01

Factor-specific Wald test 0.04

Smoking habit
Non-smokers (n = 11) reference

Mixed population (n = 3) −0.71 [−1.70; 0.28] 0.14
Smokers (n = 5) 0.8 [0.08; 1.51] 0.03

NA (n = 3) 0.37 [−0.57; 1.31] 0.4

Factor-specific Wald test 0.04

Mean age (years)
<30 (n = 4) reference

30–<40 (n = 8) 0.88 [−0.014; 1.77] 0.05
40–<50 (n = 3) 0.82 [−0.51; 2.16] 0.2
≥50 (n = 7) 1.21 [0.09; 2.33] 0.04

Factor-specific Wald test 0.15

Intercept −1.15 [−2.07; −0.22] 0.02

HPLCfluo/TBA—high-performance liquid chromatography fluorescence/thiobarbituric acid; spectro/TBA—
spectrophotometry/thiobarbituric acid; MS—mass spectroscopy; NA—information not available.
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Figure 3. Forest plots of MDA in EBC concentration quantified in healthy adult participants
by age group: population with a mean age less than 30 years [28,43,46,58]; between 30 and
40 years [25,31,34,41,42,49,51,59], between 40 and 50 years [32,36,55] and above 50 years [24,26,36,46,50].

The predicted GMs in ng/mL for MDA measured in EBC is provided in Table 3, as
well as the 95% confidence interval for each parameter considered. We observe that most
of our predicted values fall in the interval of 0.18–2.87 ng/mL.
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Figure 4. Forest plots of MDA in EBC concentration quantified in healthy adult participants consid-
ering their smoking habits: non-smokers exclusively [24,25,31,32,34,36,42,43,46,50,58]; mixed pop-
ulation of smokers and non-smokers [41,49,55], smokers exclusively [24,26,36,46,51] and unknown
smoking status [28,44,59].
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Table 3. Predicted concentrations of MDA (ng/mL) in EBC using the linear model.

Parameters GM 95% Confidence Interval

Analytical method

HPLCfluo/TBA (n = 9) 1.8 [0.795; 2.814]

Spectro/TBA (n = 2) 2.43 [0.142; 4.710]
MS/DNPH (n = 9) 0.65 [0.279; 1.015]

HPLCfluo/NA (n = 2) 6.35 [−0.252; 12.954]

Use of nose Clip
NA/other (n = 5) 3.72 [1.150; 6.292]

No (n = 8) 2.27 [0.141; 4.403]
Yes (n = 9) 1.19 [0.656; 1.727]

Smoking habits
Non-smokers (n = 11) 1.2 [0.751; 1.665]

Mixed population (n = 3) 0.6 [0.074; 1.111]
Smokers (n = 5) 2.69 [1.297; 4.065]

NA (n = 3) 1.75 [0.294; 3.207]

Mean Age (years)
<30 (n = 4) 0.68 [0.186; 1.178]

30–<40 (n = 8) 1.64 [0.767; 2.520]
40–<50 (n = 3) 1.56 [0.238; 2.875]
≥50 (n = 7) 2.28 [1.150; 3.425]

4. Discussion

This meta-analysis showed that subjects older than 50 years had different MDA in
EBC values from those younger than 30 years of age. Hence, for healthy subjects aged
30–50 years, we observed MDA in EBC values ranging from 0.18 to 2.87 ng/mL. Another
observation we made was that smokers had higher values, almost double, of MDA in EBC
as compared with non-smokers.

These findings are in line with recent studies that have investigated the link between
aging and oxidative stress and have demonstrated the age dependence of oxidative stress in
humans, although on different matrices. When measuring several biomarkers of oxidative
stress, Pinchuk et al. revealed that MDA increased with age, and especially in post-
menopausal women [63], and they attributed this to changes in estrogen levels. A meta-
analysis regarding urinary MDA has made similar findings, that is, a trend of MDA
values increasing with age, probably through the pathway of proteasome dysfunction. In
addition, the association between smoking and increased oxidative stress has been well
established, i.e., smoking induces the production of reactive oxygen species (ROS) that may
activate a cascade and generate further molecular damage [64]. Although limited, there is
evidence that MDA also increases in the EBC of smokers and not just in biological matrices
such as the blood [65].

Our meta-analysis revealed significant variations in MDA levels according to the use
of a nose clip during the EBC collection. The interpretation of such a finding is flawed by
the inclusion of studies that did not specify if they used the nose clip or not. The finding
itself would be coherent with the present recommendations to use a nose clip.

Nevertheless, we do not suggest the above-mentioned value intervals as reference
intervals, due to several factors, which are discussed in the following paragraphs, such as
the high heterogeneity, the low number of studies, or the use of proximity samples in the
majority of the selected studies.

4.1. Heterogeneity

Our meta-analysis had a high level of heterogeneity, which we failed to reduce in
subgroup analysis. This may be due to several factors, such as the heterogeneity in several
steps: sample collection, chemical analytical analysis, data collection, and data reporting.
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Missing information regarding these steps also led to mitigated quality scores, mostly being
moderate to low (Table 1).

4.1.1. Heterogeneity Related to the Collection of EBC

We checked the compliance with current methodological recommendations for EBC
collection according to the date of article publication, and found three studies performed
after 2017; two of these studies respected the guidelines concerning the EBC collection.
The majority of the 26 studies included in the qualitative analysis was published between
2005 and 2017. Even though these studies should have adhered to the ERS/ATS 2005
recommendations, ten studies stated that they did not use a nose clip or did not provide the
information regarding the use of a nose clip. The reasons for omitting this information or
for not providing a nose clip to the participants as recommended by the guidelines remain
to be unclear. Similar observations were made concerning the EBC devices, collection
duration, and time of day the EBC collection was performed. Further, for about a fourth of
the studies, we did not have enough information from the published article to allow us to
understand if saliva contamination had been excluded.

4.1.2. Heterogeneity Related to the Analytical Method

Studies in our meta-analysis reported the use of different MDA derivation meth-
ods. The authors presented improved or modified already existing methodologies, which
probably contributed to the overall heterogeneity. Moreover, data concerning the limit
of detection and/or the limit of quantification, exclusion of potential contamination, and
parameters of transportation or storage were partially revealed in the articles.

4.1.3. Heterogeneity Related to Data Collection and Reporting

Concerning the data collection and reporting, almost 20% of the studies did not
specify the distribution of males and females among their control participants, 25% of
the studies did not clearly report the smoking status, and 60% of the studies did not
provide information on the BMI. Ideally, in addition to these basic data, more information
concerning lifestyle factors and dietary information, such as vitamin intake, medical regime,
occasional drug use, or living in an area with traffic-related heavy air pollution, should
be taken into consideration, to better study their influence on MDA levels [66]. As these
factors might influence the level of MDA in a reference sample, MDA reference intervals
should be stratified accordingly, avoiding any misleading estimation.

5. Study Strengths and Limitations

The strengths of our meta-analysis are our rigorous research protocol, the exhaustive
literature search by a documentarist using four databases, and our effort to harmonize
units and generate background values as geometric means. Given the time lapse between
literature research and data extraction, we also checked for studies published after October
2020, but this did not change our dataset.

Nevertheless, in this meta-analysis, the reduced number of performed studies and
their quality represented major limitations. Ultimately, this also led to the high overall
heterogeneity, which we did not manage to reduce even by performing a subgroup analysis.

6. Recommendations

Good quality and complete datasets are required to derive a reference interval of
MDA in the EBC; however, the heterogeneity among studies observed here, prompts us
to strongly recommend that researchers collect and report complete data information in
future studies. This pertains especially to:

(a) Collection and reporting of demographics and health status, namely gender, age,
smoking status, BMI, diet, living area, sports, and respiratory functions to insure
that the study sample does really correspond to the reference sample, and that it is
representative of the general healthy population and all its subgroups.
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(b) Collection and reporting of the time of EBC collection and volume of collected EBC
as this is one ERS/ATS recommendation that has not yet been fulfilled. We strongly
recommend avoiding the use of non-validated EBC collection devices since it has
been shown that the inner surface of the collection equipment can interfere with the
determination of biomarkers [67], presumably, also with MDA determination. There-
fore, EBC collections need to be standardized. A greater number of studies respecting
the current guidelines would help to get closer to establishing a standardized EBC
collection method.

(c) Reporting of analytical methods that may affect MDA quantification and other factors
influencing or supposed to influence the results, related to the analysis itself or
collection device and material.

7. Conclusions

Our systematic review and meta-analysis could not provide any reference interval
for MDA in EBC, due to the large heterogeneity among studies and the methodological
limitations encountered. Further research is needed to, first, understand the influence
of demographic and collection parameters on the MDA values in EBC, and secondly, to
harmonize analytical methods. This and a sufficient number of high-quality studies would
help to define MDA reference values in EBC.
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Abstract: Oxidative stress has been associated with various inflammation-related human diseases. It
is defined as an imbalance between the production and elimination of reactive oxygen species (ROS).
ROS can oxidize proteins, lipids, and DNA, and some of these oxidized products are excreted in urine,
such as malondialdehyde (MDA), which is considered a biomarker for oxidative damage of lipids.
To interpret changes of this biomarker as a measure of oxidative species overproduction in humans, a
background range for urinary MDA concentration in the general population is needed. We sought
to establish urinary MDA concentration ranges for healthy adult populations based on reported
values in the available scientific literature. We conducted a systematic review and meta-analysis
using the standardized protocol registered in PROSPERO (CRD42020146623). EMBASE, PubMed,
Web of Science, and Cochrane library databases were searched from journal inception up to October
2020. We included 35 studies (divided into 47 subgroups for the quantitative analysis). Only studies
that measured creatinine-corrected urinary MDA with high-performance liquid chromatography
(HPLC) with mass spectrometry (MS), fluorescence detection, or UV photometry were included. The
geometric mean (GM) of urinary MDA concentration was 0.10 mg/g creatinine and 95% percentile
confidence interval (CI) 0.07–0.12. Age, geographical location but not sex, and smoking status had a
significant effect on urinary MDA concentrations. There was a significant increasing trend of urinary
MDA concentrations with age. These urinary MDA values should be considered preliminary, as they
are based on mostly moderate to some low-quality evidence studies. Although urinary MDA can
reliably reflect excessive oxidative stress in a population, the influence of physiological parameters
that affect its meaning needs to be addressed as well as harmonizing the chemical analytical methods.

Keywords: oxidative stress; MDA; systematic review; meta-analysis; urinary biomarker; reference
range; general population

1. Introduction

Oxidative stress is defined as an imbalance between the production and elimination
of reactive oxygen species (ROS) in the body [1]. ROS targets many biological entities
but mainly lipids and polyunsaturated fatty acids [2]. When these biomolecules undergo
peroxidation, the chain reaction evolves in three steps: initiation, propagation, and ter-
mination, with various reactive products generated at each step [3]. Malondialdehyde
(MDA) (chemical structure shown in Figure 1), together with other aldehydes, is one of
polyunsaturated fatty acids’ peroxidation best-studied end-products [4].
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Figure 1. Simplified schematic process for the determination of MDA in biological samples (Urine).

MDA can be generated both through an enzymatic pathway, identical to thromboxane
A2 and prostaglandins, as well as through a non-enzymatic process [5]. MDA is not just
a biomarker of oxidative stress but also a biologically active compound having several
biological roles [5,6]. Owing to its several biological functions, MDA can also be regarded as
a biomarker of peroxidation of cell membrane fatty acids when produced via the enzymatic
process [6]. MDA can act as a signaling messenger in insulin secretion [7] and as an inducer
of collagen-gene expression in hepatic cells [8]. MDA generated via a non-enzymatic
process would, however, interact with other biomolecules, such as proteins, amino groups,
and DNA [9], to generate a multitude of adducts, ultimately resulting in a genotoxic effect.
MDA has been indicated as putatively being the most mutagenic molecule among ROS
end-products [4].

Circulating MDA can be detectable either free (unconjugated) or conjugated [10], and
the sum of the two forms is labeled total MDA. MDA forms adducts with many biological
molecules, and the majority of MDA produced is found in the conjugated form. MDA
adducts are highly immunogenic, i.e., able to trigger an immune response. They have
been found to be associated with autoimmune diseases, such as lupus erythematosus and
nephritis [11], while others have shown a correlation with the development and progression
of atherosclerosis [12] and longevity [5].

MDA concentrations in different biological samples collected from several sub-populations
have been investigated. Plasma MDA levels tend to be higher in smokers than in non-
smokers and in populations exposed to high compared to low air pollution [13]. Plasma
MDA levels are consistently higher in patients with acute stroke [14], diabetes, and chronic
inflammation [10], such as chronic obstructive disease (COPD) [15] and asthma [13] com-
pared with healthy people. Urinary MDA levels are mostly evaluated as a biomarker of
systemic oxidative stress and found to be elevated in conditions such as urinary infec-
tions [16], diabetic nephropathy [17], but also after air pollution exposure [18]. Body mass
index (BMI), sex, and age have been mentioned as potential confounding factors in a sizable
part of the literature.

Urinary MDA concentrations are quantified either by immunochemical assays or
chemical analytical methods. Figure 1 outlines the different steps generally needed for
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urinary MDA quantification, i.e., urine sample collection (step 1), storage and transportation
(step 2), and derivatization of urinary MDA with a complexing agent (step 3). This step is
needed to increase sensitivity and reduce the limit of detection. Both thiobarbituric acid
(TBA) and dinitrophenyl hydrazine (DNPH) are used as derivatization reagents. TBA is
less specific compared to DNPH [19]. The last step is the quantification of MDA with a
chemical analytical method (step 4) [6,20].

Collecting urine samples is easy, convenient, and non-invasive. These are reasons why
urinary MDA is an interesting quantifiable biomarker of systemic oxidative stress. To use
this biomarker tool to measure oxidative stress in selected populations, we need a general
population reference range. As of yet, a general population reference range has not been
generated. In addition, urinary MDA concentration ranges reported for the general popula-
tion in the scientific literature vary greatly and are inconsistent [21]. We, therefore, sought
to close this data gap by performing a systematic review and meta-analysis [22] according
to our registered Prospero protocol ((https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7
311981/pdf/ijms-21-03822.pdf) Section 4.1), and providing reference ranges for urinary
MDA concentrations in a healthy adult population. Our aim was two-fold:
Aim 1: Provide the geometric mean (GM) and standard deviation (GSD) for urinary
MDA concentrations,
Aim 2: Assess the influence of age, smoking status, geographic locations (countries), and sex on
urinary MDA concentrations.

2. Materials and Methods

We registered our study protocol in the International Prospective Register of Systematic
Reviews (PROSPERO; registration number CRD42020146623). We report our results here
following the recommendations from the Preferred Reporting Items for Systematic Reviews
and Meta-Analysis (PRISMA) [23].

2.1. Literature Search

We searched the published scientific literature from journal inception and up to
October 2020 in the following bibliographic electronic databases: EMBASE, PubMed, Web
of Science, and Cochrane library. The full search strategy, including the search string used,
can be found in (https://www.doi.org/10.16909/dataset/17, accessed on 20 February 2022).
Only original research studies written in either English or French were included. Two
researchers (CC and AT) conducted two rounds of selection, i.e., abstract screening and full-
text reading. We excluded studies without quantitative data for MDA, non-human studies,
reviews, correspondence, conference papers, expert opinions, and editorials, as well as
abstracts without full text. The reviewers (CC and AT) independently performed a first
screening of titles and abstracts retrieved during the searches, using Rayyan software [24],
a systematic review web application for title and abstract screening [25].

2.2. Study Selection

We only included original research studies conducted on healthy adult human par-
ticipants (aged > 18 years, no known disease), measuring urinary MDA. The flow chart
outlining the study selection is presented in Figure 2. An initial 21,017 records were re-
trieved and exported to the Rayyan software. We excluded 3579 articles after abstract
screening. Studies showing non-creatinine-adjusted data and values with suspected unit
mistakes were excluded during the second round of selection. Overall, 135 studies were
deemed eligible, and the corresponding papers were downloaded into the EndNote soft-
ware. We conducted a standardized quality assessment, which was developed as part of
our study protocol [26]. In a third selection round, we selected studies purposely for the
quantitative (meta-)analysis. We thus excluded studies reporting no standard deviations
(SD) or confidence intervals (CI) with their mean and median values, suspiciously low coef-
ficient of variation (CV < 20%), missing chemical analytical method entirely or descriptions
partially missing, such as separation techniques and detection method, and aberrant units.
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A total of 35 articles remained comprised of 47 different exposure groups, which we carried
forward to the meta-analysis.

 

Figure 2. Flow chart describing the selection process of the 135 studies included in the quality
assessment and the subset of 35 studies included in this meta-analysis.
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Figure 2 flow chart describing the selection process of the 135 studies included in the
quality assessment and the subset of 35 studies included in this meta-analysis.

2.3. Data Extraction

We used the standardized data extraction form developed as part of our study proto-
col [26]. In addition to populations with known diseases, groups with known occupational
and/or environmental chemical exposures were also excluded. When data on several
subgroups were available in the published article, we extracted all subgroup-specific data.
Only baseline data were extracted whenever data from several time points were available.
We also recorded possible covariates that affect the oxidative stress concentrations such
as study design, sample collection methods (spot urine samples or 24 h urine samples),
sample storage, pre-analytical methods, and vitamin supplements, as well as statistical
analysis. A statistician (PW) cross-checked all data extracted for the meta-analysis.

2.4. Quality Assessment

Whether a qualitative or a quantitative approach is most appropriate depends on
the nature and state of the existing literature, the research questions, and theoretical and
empirical issues. We used a standardized quality assessment checklist previously used in
other studies [26,27]. Briefly, the quality checklist covered four domains: (I) study sample,
(II) study design and risk of bias, (III) technical and analytical methods, (IV) data processing,
analysis, and result reporting. We assessed each domain based on a number of objective
criteria (Supplementary Table S1) by grading these criteria with sub-scores from 1 to 3. The
resulting sub-scores were first summarized in a quality score for each of the four domains,
then into an overall study quality score as described in the GRADE guidelines [28]. The
total quality scores ranged between 9 and 27 (Supplementary Table S2) and were considered
“high” when scores were equal or higher than 20, “moderate” between 14 and 19, and
“low” for equal or lower than 13 [28]. The quality assessments of the included studies were
performed by one (AT) and reviewed by two independent reviewers (NBH, IGC).

2.5. Statistical Analysis

Values of urinary biomarkers are generally log-normally distributed; we, therefore,
computed geometric means (GM) and geometric standard deviations (GSD) as the basis for
the meta-analysis, i.e., equivalently muL (log geometric means (GM)) = ln(GM) and sdL (log
geometric standard deviations (GSD)) = ln(GSD). Details of the computations are given in
Graille et al. 2020 [27]. All study-specific results were then converted to mg/g creatinine
using the molar weights of MDA and creatinine when necessary.

The chemical analytical methods used were gas chromatography (GC) and high-
performance liquid chromatography (HPLC) separation with either mass spectrometry
(MS), fluorescence, and spectrophotometry (UV) detection (we did not include immunohis-
tochemistry analyses, e.g., ELISA, but focused on chemical analytical quantification). Forest
plots were used to display GMs and 95% confidence intervals (in mg/g creatinine) of the
different study groups both graphically (the squares represent the GM and the lines around
the CI) with the study groups re-grouped by age and smoking categories, respectively.
The diamonds represent the summary GM of the categories. Between-study heterogeneity
was assessed using the Q test for homogeneity within each category and displayed on the
forest plots [29]. If the between-study heterogeneity is larger than the between-subject
heterogeneity, then any attempt of obtaining a summary value for individual participants
will not be valid. We further modeled the study group-specific log-transformed GMs using
a linear mixed model with the study ID as a random effect, without further considering
the within-study heterogeneity. Such an analysis is warranted when the between-study
heterogeneity dominates the within-study heterogeneity. The study ID as a random effect
was included in order to account for between-study heterogeneity when assessing the
effect of other parameters. We used STATA, version 16 software for data management and
statistical analysis.
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3. Results

We included 135 studies in the qualitative analysis, with a subset of 35 studies in
the quantitative analysis (Figure 2). We described the subgroups by sex (Figure 3a), age
(Figure 3b), smoking status (Figure 3c), geographical location (Figure 3d), chemical analyti-
cal methods (Figure 3e), and body mass index (BMI) (Figure 3f) subgroups, as far as these
results were available, which resulted in the description of 47 study subgroups.

(a) by sex 

 

(b) by age groups 

 
(c) by smoking status 

 

(d) by geographical location 

 
(e) by chemical analytical method 

 

(f) by BMI 

 

Figure 3. Boxplots of log-transformed urinary MDA concentration (mg/g creatinine) GM (y-axis)
by subgroups (x-axis): (a) sex, (b) age, (c) smoking status, (d) geographical location, (e) chemical
analytical method, and (f) BMI.
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We combined the chemical separation methods (LC and GC) as they did not show
significantly different results (Figure 3e). We merged UV/VIS and photometry detection
and labeled this “UV/VIS”. Consequently, the chemical analytical methods are represented
with their detection method in Figure 3e. We were unable to include chemical analytical
variables such as derivatization method, clean-up procedures, or instrumental parameters
in our analysis as these were not reported in most studies.

The chemical analytical methods were comparable (Figure 3e); thus, we did not include
this variable in the statistical analysis. This was also true for BMI (Figure 3f); thus, we did
not include this variable either. Smoking status, age group, and geographical location were
variables included in the statistical models.

The overall GM and 95% CI for urinary MDA are provided in Table 1, as well as the
GM and 95% CI for each age group. The overall between-study 95% reference range of the
study-specific GMs 0.01–0.65 (data not shown) is, of course, much wider.

Table 1. Model-based estimates of geometric mean of urinary MDA concentrations (mg/g creatinine)
by age group.

GM 95% CI Age Group GM 95% CI

Overall 0.10 0.07–0.12

<30 0.05 0.03–0.10
30–40 0.09 0.06–0.13
40–50 0.13 0.08–0.17
>50 0.12 0.09–0.18

Table 2 gives the results from the mixed-effect regression analysis. The majority of
the studies were conducted in Europe (n = 23) with North America, China/Taiwan, and
Korea with half as many studies. Urinary MDA concentrations were seldom reported for
Africa and Latin America. Geographical location has an impact on healthy populations
in Asian countries (China, Korea, and Taiwan), having higher urinary MDA levels than
in the European studies. The test for trend with age group with higher urinary MDA
concentrations in older participants was significant (p = 0.041). Smoking status had a
significant effect, even though this effect was due to differences with the included studies
that did not stratify participants by smoking status or report smoking status. Since age
and smoking status were the most relevant factors as seen from the statistical analysis, we
present the data as forest plots according to these two factors.

Table 2. Results of the mixed-effect regression analyses according to geographical location, smoking
status, and mean age of the population.

logGM Coef. Std. Err. P > |z| (95% Conf. Interval)

CatCountry
Latin America (n = 1) −0.324 0.339 0.340 −0.988 0.341
North America (n = 9) 0.283 0.156 0.070 −0.024 0.590
China/Taiwan (n = 10) 0.490 0.164 0.003 0.169 0.812

Korea (n = 10) 0.421 0.199 0.034 0.032 0.811
Other Asia (n = 4) 0.384 0.257 0.134 −0.119 0.890

Europe (n = 13) 0 (base)
SmokCat

non-smok (n = 17) 0 (base)
Mixed (n = 6) 0.008 0.084 0.922 −0.157 0.174

Smokers (n = 5) 0.102 0.061 0.096 −0.018 0.221
Not reported (n = 19) 0.389 0.141 0.006 0.113 0.665

MeanAgeCat
<30 (n = 8) 0 (base)

30–<40 (n = 11) 0.240 0.175 0.170 −0.103 0.584
40–<50 (n = 11) 0.369 0.181 0.042 0.014 0.723
>=50 (n = 17) 0.403 0.177 0.023 0.056 0.750

_cons −1.75 0.181 0.000 −2.107 −1.40
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We present the results in separate forest plots of urinary MDA concentrations (mg/g
creatinine) in Figure 4 by age groups and Figure 5 by smoking/non-smoking groups. It is
apparent from these forest plots that the between-study groups heterogeneity was much
larger than the within-study heterogeneity uncertainty to the point that the within-study
confidence intervals are barely distinguishable. This is confirmed by the highly significant
Q tests within each all the smoking and age categories.

Figure 4. Forest plot of urinary MDA concentrations quantified in healthy adults (18+ years) partici-
pants by age groups (<30: [30–35], 30–<40: [36–44], 40–<50: [42,45–51], >=50: [7,46,50,52–62]).
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Figure 5. Forest plot of urinary MDA concentration (mg/g creatinine) in healthy adult
(18+ years) by smoking/non-smoking groups (non-smok: [31–35,37,39,40,42,43,45,50,51,56,62],
mixed: [38,45,50,54,59,60], smokers: [34,37,39,42,62], NA: [7,30,36,41,44,46–49,52,53,55,57,58,61,63].
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4. Discussion

4.1. Interpretation of Findings

From the analysis of the literature, we can extrapolate and suggest a mean value
of 0.10 mg/g creatinine and an overall reference range of 0.01–0.65 mg/g creatinine for
study-population GMs of free urinary MDA concentrations in healthy adults. These
values are valid for chemical analytical methods and not necessarily for colorimetric assays
(e.g., ELISA).

The urinary MDA concentrations increase with age, which corroborates previous
findings [64]. We were able to analyze the age factor in our meta-analysis as most of the
included studies (77%) had recorded the age of their subjects. This age-related trend for
increasing urinary MDA concentrations might reflect an increase in oxidative stress, which
is expected with aging. This has previously been thoroughly discussed [65] in a joint effort
from several researchers studying oxidative stress and health-related outcomes as well
as the underlying biochemical mechanisms. Aging has been found to be related to the
dysfunction of proteasome-mediated degradation of oxidized proteins, a critical player
for protein homeostasis maintenance. Yet, proteasome up-regulation has been shown to
successfully decelerate the aging progression by enhancing resistance to oxidative stress
in genetically modified animals. Thus, increases in MDA levels with age might reflect
increased oxidative stress through the progressive dysfunction of the protective proteasome
pathway [66].

4.2. Heterogeneity

We found an overall high heterogeneity in studies included in this systematic review. A
number of unknown factors, e.g., vitamin supplements, biological variability, air pollution,
also contribute to the modification of oxidative stress levels that have yet to be characterized.
These unknowns probably contributed to the great variability in our meta-analysis [67,68].
The lack of information on these covariates led to quality scores in moderate (65% of the
studies were scored as moderate) and low (35%) levels. The heterogeneity could be related
to study designs, sample collection methods (spot urine samples or 24 h urine samples),
sample storage, pre-analytical methods, and statistical analysis. We included only 26%
(35 out of 135) of the selected studies in the quantitative synthesis. Indeed, we discarded
32% due to statistical errors; i.e., presence of extreme values (outliers); or undescribed
data distribution (GSD, IQR, CI were missing, coefficient of variations either too high
>300% or too low <20%), 23% of the studies did not have their data creatinine-corrected,
1% had no units, and 18% did not have either a complete chemical analytical or separation
method description.

4.2.1. Heterogeneity in Data Collection of Demographics

We found greater urinary MDA concentrations in the Asian populations. In spite of
no apparent reasons, environmental factors and dietary habits may account for differences
between Asian and Western countries. Air pollution measured as particular matter with
an aerodynamic diameter of 2.5 μm or smaller (PM2.5) has been associated with greater
urinary MDA concentrations [69], but so has other geographically linked parameters such
as vitamin intake [67,68]. It is therefore difficult at this stage to assess what role geographical
location plays with regard to other factors.

An increased urinary MDA value with increasing BMI has been reported [70]. How-
ever, we could not assess this effect in our meta-analysis, as BMI was missing in 54% of
the included studies. Sex differences in MDA concentrations have been demonstrated in
healthy adults [71]. For instance, urinary MDA concentrations were reported to be higher
in healthy young men compared to age-matched women [72]. Three-quarters of the studies
reported separate values for men and women; however, we could not detect a sex difference
in urinary MDA levels.

Smoking is considered a source of oxidants leading to lipid peroxidation and a factor
depleting antioxidants. Even though urinary and plasma MDA concentrations are associ-
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ated, and plasma MDA concentrations have been shown to be different in smokers and
non-smokers [73,74], we did not find a clear difference in smoking status, albeit the median
urinary MDA concentration values seemed slightly higher among smokers. Other stud-
ies [34,75] have shown urinary MDA concentrations to be significantly greater in smokers
compared to non-smokers. The lack of observed difference between these groups in our
review might be related to the number of cigarettes smoked, as suggested in a previous
review [74], which found a dose-dependent relationship between cigarette smoke exposure
and plasma MDA concentration. Furthermore, urinary MDA might not be a sensitive
biomarker for detecting the increase in oxidative stress from tobacco smoking [76], as
studies show divergent results. This has been suggested by other authors [77]. We believe
one reason might be that the use of thiobarbituric acid (TBA) as a derivatization agent in the
analysis is not sufficiently sensitive. Although no difference could be detected between the
groups of smokers, the groups of non-smokers, and the mixed smokers/nonsmoker groups
in our review, the MDA concentration was higher in nearly one-half of the study groups
for which the smoking status was not reported, leading to overall statistical significance.
Consequently, we cannot rule out that smoking has an effect on urinary MDA levels.

4.2.2. Heterogeneity in Collection of Biological Samples

Most of the studies used spot urine samples (69 study groups; some of them with-
out any indication of collection time) rather than 24 h urine collection (4 study groups).
MDA levels fluctuate [78] during the day depending on activity, and urine concentrations
represent MDA excretions from the last urine void until the next. The first urine void
provides a measure of cumulative MDA concentrations (representing excretion overnight)
and correlates well with 24 h urinary collections [27]. We included studies reporting any
spot or 24 h urine samples. This difference in urine collection time probably contributed to
the heterogeneity of the results. We found varying storage temperatures, and information
on storage time and conditions were often omitted (56 creatinine-corrected studies). Storage
conditions might have an effect on the measured concentration of MDA, knowing that
urinary MDA concentrations need to be analyzed within 24 h of collection and stored in an
airtight container at 0 ◦C [40]. In fact, one study [40] has shown a 43% ± 15% reduction in
MDA concentration when the urine sample was left at −20 ◦C for more than 3 weeks. This
decay needs to be confirmed, and standardized storage methods need to be developed, as
most population studies cannot analyze the urine sample immediately after collection.

4.2.3. Heterogeneity in MDA Analysis

The included studies reported using different derivation methods for MDA analysis,
which probably contributes to the overall heterogeneity. The most common, e.g., 96% of the
included studies used the TBARS derivatization method, which quantifies TBARS formed
as a byproduct of lipid peroxidation. This method of assay requires high temperatures
(80–100 ◦C) for an extended incubation time under strong acidic conditions. These harsh
conditions can lead to reactions with several other materials such as non-lipid-related
materials and fatty peroxide-derived decomposition products. Consequently, urinary MDA
is overestimated using TBA by a factor of almost 10 compared to another derivatization
agent 2,4 dinitrophenylhyldrazine (DNPH) [40]. DNPH requires lower temperatures (37 ◦C)
and slightly acidic pH, which should lead to results that are more specific. The DNPH
derivatization method was used only in 4% of cases of all selected studies. Therefore, we
could not compare the results from different derivatization methods. We recommend that
future studies use specific derivatizing agents such as DNPH.

We found that authors reported urinary MDA concentrations either as free, conjugated
or total, but this was rarely specified in the studies. This can contribute to the observed
heterogeneity as well. If this specification was reported, then authors more often reported
free MDA over total MDA as a biomarker of oxidative stress. Total urinary MDA would
better estimate the total body burden, but the ease and the convenience of only quantifying
free MDA, skipping the hydrolysis step will not just shorten the analysis time but also the
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cost. Urinary concentrations of free MDA and total MDA are reported to be significantly
correlated [13]; thus, the use of free or total MDA may reflect similar oxidative stress levels.

One limitation of our study is that we did not systematically record results from
studies using ELISA. Chemical analytical methods and colorimetric assays, and ELISA
have not been compared for urinary MDA analysis. Analytical methods have been shown
to provide different values for other oxidative stress biomarkers such as 8-isoprostane [27].
We cannot compare urinary MDA concentrations between ELISA and chemical analytical
methods, as we did not include ELISA in our meta-analysis.

Another limitation is that we were unable to read articles that were not in English
or French. We, therefore, do not know how many articles with relevant information
we missed.

4.3. Recommendations

We believe that the between-studies heterogeneity can be reduced and controlled if
future studies will address the effects of additional factors of interest, such as biological
mechanisms and physiological variables. Studies should clearly state whether they have
quantified total MDA or free MDA in urine. Harmonizing the unit metrics (mg/g creati-
nine) for reporting urinary MDA would also be helpful. The variation in urine flow rate,
body mass, and workload could certainly affect urinary MDA values, as is common for
other effect biomarkers. For this purpose, urinary creatinine should be used to normalize
MDA concentrations [21,79]. Creatinine normalization is appropriate whenever spot urine
samples are collected, while 24 h urine samples do not need adjustments [49]. Reporting
efforts also include the descriptive statistics provided (GM and GSD): for this, we suggest
reporting the median and the first and third quartile for a better interpretation of GSDs. In
terms of analytical methods, we recommend using the DNPH derivatization agent over
TBA and reporting both storage time and temperature.

5. Conclusions

Our systematic review and meta-analysis indicate a general population concentration
range of 0.07–0.12 mg/g creatinine for GMs of urinary MDA in healthy adults. These GMs
increase with the mean age of the study populations and cannot be used for comparison
with individual results. There were several challenges encountered when analyzing the
published data. The lack of homogeneity in data collection and storage conditions likely
affected our meta-analysis. Consequently, the values determined in this study should be
considered preliminary as they are based on moderate to low-quality studies. Further
research efforts regarding the use of urinary MDA as a biomarker for oxidative stress need
to address the following: standardize the reporting, understand the ideal urine collection
time, elucidate optimal sample storage temperature, and the best derivatization agent as
well as harmonize the chemical analytical methods.
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