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Abstract: Human biomonitoring (HBM) data provide information on total exposure regardless of
the route and sources of exposure. HBM studies have been applied to quantify human exposure
to contaminants and environmental/occupational pollutants by means of determining the parent
compounds, their metabolites, or even their reaction products in biological matrices. HBM studies
performed among the Portuguese population are dispersed and limited. Thus, to overcome this
knowledge gap, this work reviews the published Portuguese HBM information concerning mycotox-
ins detected in the urine, serum, milk, hair, and nails of different groups of the Portuguese population.
This integrative approach to the available HBM data allows us to analyze the main determinants and
patterns of exposure of the Portuguese population to the selected hazardous compounds, as well as
to assess the potential health risks. We also aimed to identify the main difficulties and challenges of
HBM through the analysis of the enrolled studies. Ultimately, this study aims to support national
and European policies in promoting human health by summarizing the most important outcomes
and lessons learned through the HBM studies carried out in Portugal.

Keywords: biomarkers of exposure; mycotoxins; health risks

1. Introduction

In everyday life, humans are exposed to a broad range of hazardous substances and
their mixtures, which are present in air, soil, water, and food. It is of the utmost importance
to gather scientific evidence on these in order to provide early protection for human health,
since some of these chemicals cause deleterious effects, and prolonged human exposure,
even at low doses, can be related with chronic diseases and cancer [1]. Different approaches
can be followed, namely, the assessment of environmental/occupational levels of hazardous
pollutants and food contaminants, and/or the determination of the cumulative chemical
burden through human biomonitoring (HBM) actions [2]. HBM represents an adequate
tool to assess human exposure to hazardous substances and/or the associated health
risks through the measurement of chemicals and their metabolites or reaction products
in biological matrices (e.g., blood, urine, breastmilk, saliva, etc.) [3]. HBM studies allow
the determination of total exposure to mixtures of contaminants/pollutants with growing
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concern for human health risk assessments, regardless of the route of exposure (inhalation,
ingestion, or dermal uptake) and taking into account personal characteristics and individual
lifestyles [4,5]. HBM can help to find: (1) new emerging chemical exposures, as well as
new trends and variations in such exposure; (2) populations or groups that are more
vulnerable or have higher exposures; (3) the patterns of exposure not only among the
general population but also among specific population groups. The use of HBM studies can
help to clarify the association between environmental/occupational exposure with personal
internal exposure and early health risks; however, no causal correlation can be established,
either in terms of the identification of the sources or the route of exposure. When performed
over time, HBM studies allow the assessment of exposure trends, and comparison of the
data obtained with the available reference guidelines and/or with the values obtained
for control groups helps to assess the health risks for exposed individuals and to conduct
corrective actions if necessary [6]. Moreover, data generated with HBM studies should
be communicated to health professionals, regulators and policy makers, as they are of
great relevance to health risk management, in particular through the implementation of
measures to prevent exposure and to mitigate the identified risks [7]. HBM has been seldom
performed simultaneously with the collection of environmental exposure data [8–10].
Additionally, the majority of HBM studies only consider exposure to one or a few chemicals
at a time [11]. Still, the HBM4EU initiative, a European project with 30 participating
countries, including Portugal, and with the support of the European Environment Agency
(https://www.hbm4eu.eu/, accessed on 22 December 2021), is coordinating and advancing
HBM across Europe. It has defined a list of priority hazardous substances including, but
not limited to, emerging substances, flame retardants, phthalates, polycyclic aromatic
hydrocarbons (PAHs), pesticides, benzophenones, mycotoxins, and some heavy metals
and metalloids [12]. Several HBM studies have been performed among the Portuguese
population; however, the available information remains dispersed. Thus, the present
work aims to bring together the information retrieved from HBM studies related with the
Portuguese population’s exposure to mycotoxins over the last 15 years. A critical review
of the available information is performed, taking into consideration the existent national
and international guidelines. Moreover, by integrating the main challenges and lessons
learned through Portuguese HBM studies, the main potential health risks are also reviewed,
contributing support for safety, health, and environment policies in Europe.

2. Methodology

The available scientific literature was searched using the Thomson Reuters ISI Web of
Knowledge, PubMed, Science Direct, and Google Scholar databases. Combinations of at
least two of the following keywords were used: “Portugal”, “Portuguese”, “human biomon-
itoring”, “biomarkers of exposure”, and “mycotoxins”. All the HBM studies assessing
exposures to mycotoxins within the Portuguese population were selected.

The inclusion criteria for the selected studies were the determination of mycotoxins
and/or their biomarkers of exposure in biological fluids and having full access to the study;
studies not reporting original data or surveying populations not including Portuguese
subjects were excluded. Overall, the literature search identified a total of 18 HBM studies
published between 2006 and 2020.

3. Mycotoxins

Mycotoxins are secondary metabolites of low molecular weight, produced before
and after harvest, by several species of filamentous fungi [13]. The presence of these
chemically diverse substances in feed and food crops cannot be completely avoided under
current agricultural practices [14]. Thus, the main route of exposure to mycotoxins, both
for humans and animals, is through the ingestion of contaminated food, although exposure
through dermal contact or inhalation may occur, notably in the context of occupational
exposure [15,16]. Among the numerous pathophysiological effects of mycotoxins, the
primary concern relates to chronic effects resulting from low levels of exposure. However,
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proving mycotoxin exposure and establishing a diagnosis of mycotoxicosis are hindered
not only by their general insidious nature but also by the different factors influencing the
pathogenesis of the disease [17]. Mycotoxins are considered highly relevant agricultural
contaminants since several are classified by the IARC as known and/or potential human
carcinogens [18]. Mycotoxins feature a marked resistance to most technological food
processing techniques, along with a global occurrence and a broad variety of foodstuffs that
are susceptible to contamination. In the specific case of Portugal, the climate promotes the
growth of various mycotoxigenic molds and hence contributes to a higher risk of mycotoxin
production. Furthermore, as part of the traditional Mediterranean diet, the Portuguese diet
is characterized by a food pattern with a high consumption of plant foods, such as poorly
refined cereals, and dried nuts. It is also noteworthy that a significant part of the food
consumed in the country is imported from countries outside the EU without any maximum
levels or regulations, nor any monitoring of the presence of mycotoxin contamination [17].

3.1. Aflatoxins

Concerning human toxicity, aflatoxins (AFs) represent the group of mycotoxins of
greatest concern, as they are considered one of the most potent natural carcinogens [18].
AFs are produced by Aspergillus species, namely, A. flavus and A. parasiticus. These are
widely found in several agricultural crops, including cereals such as corn, nuts such as
peanuts and almonds, and spices [19]. The presence of AFs in foods has a worldwide
distribution, predominantly in regions with a tropical and subtropical climate. Aflatoxin
B1 (AFB1) exerts its hepatotoxic, teratogenic, mutagenic, and carcinogenic effects after
biotransformation into the reactive compound AFB1-epoxide by means of cytochrome P450
(CYP) enzymes. This epoxide can react with nucleic acids and proteins and cause mutation
in codon 249 of the tumor suppressor gene p53 [20]. CYP enzymes also metabolize AFB1
into the aflatoxin M1 (AFM1), the main metabolite. This metabolite can thus be used as a
biomarker of exposure to AFB1 [21–23]. AFB1 and AFM1 are IARC Group 1 carcinogens,
with the first featuring at least 10 times higher carcinogenic potency [24]. The acute toxicity
is comparable between both mycotoxins [23,25]. Furthermore, AFs present acknowledged
immunosuppressive effects [19]. In children, exposure to aflatoxins may also be associated
with growth retardation, malnutrition, and neurological impairment [26]. Breastfed babies
are recognized as particularly vulnerable to AFM1 toxicity due to their high metabolism and
consumption per kilogram of body weight, their restricted diet, and their low detoxification
capability [27].

In the first AFM1 breastmilk biomonitoring study conducted in Portugal [28] (Table 1),
roughly 33% of the analyzed samples contained detectable levels of AFM1 (7.4 ± 1.9 ng L−1),
with values reaching 10.6 ng L−1. The determined incidence rate was comparably higher
than in HBM studies performed in Brazil [22], Iran [21,29], and Turkey [30]. The average
and maximum levels were comparable with studies previously conducted in Cyprus [31]
and Lebanon [32]. However, the maximum level determined among the Portuguese popu-
lation was nearly 10 times below the maximum levels registered in studies conducted in
Jordan [33] and Egypt [34]. It was also noteworthy that none of the analyzed Portuguese
breastmilk samples surpassed the maximum limit set in the EU for commercial infant
and follow-on formulae (25 ng L−1 [35]). Variations in the analytical performance of the
methods applied in each of the studies may justify the differences between the incidences
and levels reported in the HBM surveys [28].

In the Portuguese survey performed by Bogalho et al. [28], it was possible to iden-
tify some determinants of exposure, given that all the participating mothers completed a
questionnaire covering lactation, socio-demographic, and food consumption (7-day recall
period) information. AFM1 contamination of breastmilk was associated with statistical sig-
nificance to the mother’s lower level of education and higher consumption of chocolate and
rice. Contamination was also associated with the early stage of lactation and the summer
season. Although without statistical significance, several trends of food consumption were
further identified, namely, the consumption of yogurts, coffee, cereals, and cereal-derived
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foods, such as cookies. The AFM1 estimated daily intake (EDI) in the Portuguese study [28]
demonstrated that both the youngest (with less than 7 kg; 1.06 ng kg−1 b.w./day) and
the oldest (heavier than 7 kg; 0.86 ng kg−1 b.w./day) subjects exceeded the proposed
tolerable daily intake (TDI = 0.2 ng kg−1 b.w.) [36]. These findings were of concern given
the mentioned features that render breastfed infants more vulnerable to AFM1 exposure.
This is also of concern because above the level of 1.0 ng kg−1 b.w./day, there is a risk of
hepatic cancer [37].

Although exposure is mainly of a foodborne nature, occupational exposure can further
contribute to the total exposure. Previously, occupational exposure to AFB1 was assessed
through the biomonitoring of blood of Portuguese workers from waste management [38],
and from swine [39] and poultry [40,41] farms and slaughterhouses [38]. Overall, higher
levels were detected among these workers, in comparison with the respective control
groups comprising subjects without any type of agricultural activity, in which AFB1 was
not detected (Table 1). Despite AFB1in blood is not considered a validated biomarker of
exposure to dietary intake of aflatoxins, it was considered in this work because it was
measured in these cited studies regarding a potential occupational exposure. In a recent
HBM study conducted among 25 swine production workers, urinary AFM1 was the second
most frequent mycotoxin encountered in a total of 42 mycotoxins considered (16%), after
deoxynivalenol-glucuronic acid conjugate (52%) [42].

Table 1. The occurrence and levels (ng L−1) of aflatoxins (AFM1 and AFB1) in different biological
samples collected among the Portuguese population.

Biomarker Matrix Sample Incidence (%) Range Average ± SD Reference

AFM1 Urine Swine farm workers 4/25 (16%) (n.d.–5400) 4900 [42]

AFM1 Breastmilk Breastfeeding mothers 22/67 (32.8%) (n.d.–10.6) 7.4 ± 1.9 [28]

AFB1 Blood serum
Waste management

workers
Control group

41/41 (100%)
0/30

(2500–25,900)
n.d.

9900 ± 5400
n.d. [38]

AFB1 Blood serum
Poultry slaughterhouse

workers
Control group

14/30 (47%)
0/30

(1060–4030)
n.d.

1730
n.d. [43]

AFB1 Blood serum Poultry farm workers
Control group

18/31 (59%)
0/30

(n.d.–4230)
n.d.

2000 ± 980
n.d. [41]

3.2. Ochratoxins

The most important and most frequently occurring members of the ochratoxins fam-
ily is ochratoxin A (OTA). OTA has been reported as a widespread food contaminant,
principally in cereals and their derivatives (e.g., bread, flour, and breakfast cereals) [44].
OTA is categorized as a possible human carcinogen by IARC (group 2B) and numerous
toxic effects were described in animal models, namely, hepatotoxicity, neurotoxicity, terato-
genicity, and immunotoxicity [45]. Regardless of the source of exposure and the animal
species considered, OTA exerts primarily nephrotoxic effects [46] and an epidemiological
association between OTA food exposure and biomarkers of exposure has already been
demonstrated in the etiology of endemic nephropathy in the Balkan region [47], whereas
chronic interstitial nephropathy has been reported in northern Africa countries, such as
in Egypt [48] and Tunisia [46,49,50]. The toxicokinetics of OTA determine not only its
toxicity, but also the features of biomonitoring. The unfavourable OTA elimination kinetics
in humans contribute to its fairly long serum half-life (T1/2; 35 days), which is particularly
useful in HBM studies [51,52].

Taking into account the exposure assessments through OTA blood biomarkers, the
population of central Portugal has been the most frequently studied (Table 2). OTA blood
exposure biomarkers were initially studied in individuals under hemodialysis, living in
the cities of Coimbra and Aveiro [53]. Overall, hemodialysis patients living in Coimbra
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presented slightly higher levels of serum OTA than in healthy controls (500 ± 290 vs.
420 ± 180 ng L−1), which can be justified by the positive effect of the dialysis treatment
(Table 2). Furthermore, for subjects living in the city of Aveiro, men presented higher
levels than women (520 ± 240 vs. 440 ± 180 ng L−1). In a study by Lino et al. [54] all
the 104 healthy residents from Coimbra (urban) and two nearby villages (rural) presented
detectable levels of OTA. No association was found between OTA levels with the gender of
participants (men vs. women) or their residence (rural vs. urban). Nevertheless, it was re-
ported that men featured higher mean levels than women (460–1010 vs. 380–600 ng L−1). In
addition, populations from the two rural villages presented higher serum values (780 ± 530
and 440 ± 310 ng L−1) than those living in the Coimbra urban area (420 ± 180 ng L−1).
The authors justified such differences based on differences in climate conditions and
dietary habits.

Even though OTA exposure occurs mainly through food consumption, occupational
exposure has also been demonstrated through blood HBM studies. Viegas et al. [55]
demonstrated a high exposure to OTA, concerning both incidence and levels, in workers
from a waste sorting plant. However, the authors simultaneously determined, in the same
blood samples, a high occurrence of 2′R-ochratoxin A, an OTA degradation product formed
only during coffee roasting and thus related to coffee consumption. Enniatin B, a Fusarium
mycotoxin also surveyed in the same study, was found in the serum of all workers from
the waste sorting plant, although at much lower levels (10 to 150 ng L−1).

OTA biomarkers in urine are considered a promising alternative in exposure assess-
ments. Indeed, despite the higher OTA serum levels, OTA in urine has demonstrated
improved correlations with food consumption. Nevertheless, the small levels of the myco-
toxin in urine require the adoption of analytical methodologies with higher sensitivity [52].
Another disadvantage reported by Duarte et al. [56] is the high intra-individual variation
of the levels of OTA in urine, confirming OTA as a short-term exposure biomarker. Thus,
just like serum OTA levels, urine OTA levels are more useful in characterizing the exposure
of a (sub)population, rather than at the individual level.

One study [56] reported a nationwide Portuguese two-year survey enrolling
472 participants (Table 2). The urine biomonitoring in four regions (Porto, Coimbra, Lisboa,
and Alentejo) showed a high incidence (86%) although at low average levels (19 ng L−1).
Considering previous studies from other countries, as reviewed by Malir et al. [46] the
incidence was among the highest reported, whereas the mean levels were the lowest. The
population from the Alentejo region was the most exposed, as revealed by the highest
incidence of contamination and mean levels. In addition to different climate conditions,
the authors identified different food consumption patterns and socioeconomic levels as
potential determinants of exposure. Considering all the four studied regions, no signif-
icant difference was found between years and seasons, but samples collected in winter
featured higher contamination levels with a difference close to significance (p = 0.0623). It
could thus be reasonable to consider that besides climate conditions, a possible seasonal
difference in eating habits can cause variations in food intake throughout the year. The
major contribution of transversal consumption throughout the population, regardless of
socio-demographic features, in terms of the OTA exposure of a staple food, could explain
the lack of correlation with potential socio-demographic determinants studied [56]. Two
previous studies [57,58] analyzing urine-collected winter samples from healthy inhabitants
of Coimbra, presented lower frequencies of contamination (Table 2). It is worth mentioning
that the urine collection in the study reporting the lowest incidence (43% [58]) was carried
out during the driest winter registered in 80 years.

More recently, a multi-mycotoxin study in Portugal evaluated 24-h and first-morning
urine paired samples from 94 participants enrolled within the scope of the National
Food, Nutrition, and Physical Activity Survey of the Portuguese General Population
(2015–2016) [59]. The analysis revealed 11 and 12 out of the 37 mycotoxin biomarkers of
exposure in 24-h urine and first-morning urine samples, respectively. OTA was detected in
27% of first-morning urine samples, respectively, confirming the exposure of the Portuguese
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population to this mycotoxin. The concentrations determined in first-morning urine sam-
ples ranged between 7–610 ng L−1. OTα was not detected. It should be mentioned that the
average OTA levels determined in this study were 3- to 10-fold lower than those reported
in other European countries, which can be justified by differences in the analytical methods
applied [59].

Considering this reported widespread occurrence, a recent study [60] analyzed OTA
exposure in children between 2 and 13 years old. Although considered a more susceptible
population, infant exposure to this mycotoxin had only been surveyed in three previous
studies in Cameroon [61], Sierra Leone [62] and Belgium [63]. The first survey that analyzed
OTA in urine samples from Portuguese infants showed widespread OTA exposure. Indeed,
in samples from the 85 healthy children enrolled, the majority (92.94%) were found to
be positive, with up to 52 ng L−1 (114.45 ng g−1 of creatinine). Furthermore, taking into
account the mean OTA levels determined, the risk assessed ranged from 10% to 194%, and
were thus of concern [60].

Adult occupational exposure to OTA also showed widespread contamination (80%)
through analyzed urine samples from workers from swine farms, although with only a
single sample higher than the limit of quantification [42]. Control groups also showed
widespread urine contamination (68%), which suggests that inhalation in the context of oc-
cupational exposure could additionally contribute, although less significantly, to exposure
to OTA. Exposure assessments in another occupational setting (a fresh dough company)
revealed that OTA was the second most prevalent mycotoxin (after deoxynivalenol glu-
curonide), although the control group presented a higher frequency of contamination. In
both working and control groups, OTA was below the limit of quantification [64].

Table 2. The occurrence and levels of OTA (ng L−1) in different biological samples collected among
the Portuguese population.

Biomarker Matrix Sample Incidence (%) Range Average ± SD Reference

OTA Urine Children (2–13 years old) 79/85 (92.94%) (n.d.–52) 20 ± 13 [60]

OTA Urine Swine farm workers
Control group

20/25 (80%)
13/19 (68%)

(n.d.–100)
<LOQ

100
<LOQ [42]

OTA Urine
Fresh dough company

workers
Control group

10/21 (48%)
13/19 (68%)

<LOQ
<LOQ

<LOQ
<LOQ [64]

OTA Blood serum Waste management workers
Control group 42/42 (100%) (441–6047) 1007

[55]

R-OTA Blood serum Waste management workers
Control group 34/42 (81%) (n.d.–627) 334

OTA Urine

All participants 408/472 (86.4%) (n.d.–122) 19 ± 14

[56]
Porto 90/111 (81.1%) (n.d.–62) 17 ± 10

Coimbra 77/94 (81.9%) (n.d.–69) 16 ± 11
Lisboa 127/150 (85.3%) (n.d.–94) 19 ± 14

Alentejo 113/117 (96.6%) (n.d.–122) 23 ± 16

OTA Blood serum General adult population
(Coimbra) 104/104 (100%): (190–960) 420 ± 180 [54]

OTA Urine General adult population 13/30 (43.3%) (n.d.–208) 19 ± 41 [58]

OTA Blood serum
Hemodialyzed patients from:

-Coimbra
Aveiro

50/50 (100%)
45/45 (100%)

120–1520
150–1030

500 ± 290
490 ± 220 [53]

OTA Urine General adult population 42/60 (70%) (n.d.–105) 38 [57]

OTA Urine General adult population 27% 7–610 [59]
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3.3. Fumonisins

Fumonisins (FBs), mycotoxins with different structurally related analogues, are pre-
dominantly produced by Fusarium verticillioides and F. proliferatum, which are present in
maize and its derivatives [65,66]. The use of contemporary agricultural practices, the
existence of regulated food processes, marketing systems, and legislated contamination
levels have significantly decreased the human exposure to mycotoxins. Structurally similar
to sphinganine (Sa) and sphingosine (So), fumonisins inhibit ceramide synthase and block
the biosynthesis of complex sphingolipids, causing several biological effects in animals
and humans [67]. In the Transkei region, in South Africa and China, fumonisin B1 (FB1),
the most prevalent and toxic fumonisin [68,69], was epidemiologically related to human
esophageal cancer [66], whereas in South Texas, USA, it was associated with neural tube
defects [70]. Therefore, FB1 was classified by the IARC as possibly carcinogenic to humans,
Group 2B [71].

However, to assess the impact of FBs on human health, it is crucial to evaluate expo-
sure by estimating the EDI through food consumption or by determining biomarkers that
reveal the total exposure, overcoming issues such as differences in food contamination and
consumption, diet habits, food preparation practices, as well drawbacks in terms of sam-
pling representativeness and the accurate assessment of these parameters [72]. Given the
non-existence of quantifiable metabolites, FB1 has been recommended as a biomarker. Stud-
ies on toxicokinetics with labeled and unlabeled FBs have demonstrated that a portion of
the amount ingested is excreted via urine [73,74] and consequently urine, instead of plasma
or feces, can be considered a good indicator to monitor human exposure [61,72,73,75–78].

An HBM study assessed the urinary levels of FBs in both rural and urban populations
from the central zone of Portugal [77]. Those authors found that none of the 68 subjects
presented detectable levels of FB1 or fumonisin B2 (FB2), which can be explained by their
low bioavailability given the reduced exposure levels and rapid elimination from the
body [72]. In addition, only up to 1% of the ingested FB1 is excreted through urine [74].
Recently, the above-mentioned multi-mycotoxin study reported that FB1 was found in 7%
and 3% of 24-h urine and first-morning urine samples, respectively. The biomarkers FB2,
fumonisin B3 (FB3), and the hydrolysed metabolite HFB1 were not detected in any of the
analyzed samples [59].

Other studies have also recommended the use of FB1 and FB2 as biomarkers of
exposure to FBs, principally in populations with short-term exposures and under high
degrees of exposure [72,74,75,79]. HBM studies performed in Italy and Sweden detected
the presence of FBs in human urine [80,81]. A multi-biomarker analytical methodology,
applied to evaluate the prevalence and levels of FB biomarkers in the urine samples of
52 volunteers inhabiting the Apulia region in Southern Italy, showed that 56% of the study
population presented FB1 [80]. Although maize and its derivatives do not belong to the
typical Italian diet, they are usually consumed as chips, polenta, popcorn, beer, cornflakes,
snacks, muesli, and mixed cereals. The mean concentrations of FB1 were 0.055 µg L−1,
which represented an estimated human exposure that was lower than the TDI established
for these mycotoxins [80]. Moreover, Gong et al. [76] and Westhuizen et al. [74] could
positively correlate the consumption of tortillas and maize with urinary FB1 concentrations
in Mexican and South African populations, respectively. However, there are HBM studies
that were not able to detect FBs in the urine of German, Belgian, or Spanish subjects.

Extensive research on the biomarkers of FBs has been carried out based on their mode
of action, specifically the inhibition of the biosynthesis of de novo sphingolipids. Ceramide
synthase inhibition causes an elevation in the Sa concentration and, subsequently, an in-
crease in the Sa-to-So ratio in various animal species and in humans [72]. In Portugal,
the analysis of 68 human urine samples obtained from participants living in the Central
zone of the country, namely, a rural and an urban area, showed that the Sa/So ratio was
0.43 ± 0.22 and 0.42 ± 0.17, respectively; no significant differences were found between
populations [82]. Moreover, a prior study performed in this region revealed that these pop-
ulations, even the rural one, were certainly under low exposure levels [82]. Data retrieved
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from Portuguese HBM studies comply with data found in the literature for French [83] and
Italian [80,84] populations. Castegnaro et al. [83] investigated urine provided by 14 female
and seven male healthy French participants, and verified normal values of the Sa/So ratio.

Nonetheless, a study in China [85] advocated that human sphingolipid metabolism
can be influenced by the intake of FB1, and that the Sa/So ratio in urine may be helpful for
assessing high FB1 exposure, claiming that males are more susceptible to FB1 inhibition
of sphingolipid metabolism than females. In 2001, the potential role of FBs in endemic
nephropathy, a chronic renal disease, was studied in Brodska Posavina, Croatia. The Sa/So
ratio was evaluated in healthy participants and in patients from this endemic region. The
results, both in urine and in serum, revealed sphingolipid metabolism damage, possibly
caused by FBs or fumonisin-like mycotoxins. Since statistically significant differences
were verified when comparing them to the participants not affected by endemic nephropa-
thy, impairment in sphingolipid metabolism might be regarded as an initial sign of this
disease [86].

Concentrations of FBs have also been determined in other human biological samples
such as in serum [83,86] and plasma [84]. The average Sa/So ratio in the serum of nine
healthy female participants from France was 0.43 (0.18–0.78), whereas in nine male partici-
pants it was 0.31 (0.11–0.57). In South Africa, in 13 female participants the ratio was 0.22
(0.09–0.44), and in patients with esophageal cancer it was 0.23 (range 0.16–0.36). Therefore,
despite the small number of cancer patients (n = 4), no statistical difference was observed in
the Sa/So ratio compared with the control group of esophageal cancer patients [83]; these
results are also in accordance with those obtained in several other studies.

Notwithstanding the analytical progress made in the determination of Sa and So, some
questions remain to be addressed. The ratio must be evaluated individually, along with FB
exposure, and may only be helpful in highly exposed populations, with levels close to or
above the established TDI.

3.4. Others

Deoxynivalenol (DON) is a tricothecene produced by F. graminearum and F. culmorum.
Unmetabolized DON, along with its glucuronide conjugate, is among the major compounds
found in human urine. However, some reports have also shown the presence of the
metabolite deepoxy-deoxynivalenol (DOM-1) in human urine [87,88]. In Portugal, the
natural occurrence of DON and its metabolites in human urine samples from the north
zone of Portugal was preliminary evaluated in 2012 in 13 volunteers of both female and
male sexes [87]. Free DON and total DON (free and conjugated) were detected in 15%
and 69% of the samples, respectively. Free DON was found at the levels of 1800 and
8800 ng L−1, whereas total DON levels ranged from 1900 to 26,200 ng L−1 with a mean
of 16.3 ng L−1. DON metabolites, DOM-1, 3-acetyldeoxynivalenol (3-AcDON) and 15-
acetyldeoxynivalenol (15-AcDON) were not detected in any of the analyzed samples. These
results were in agreement with those obtained by other researchers [88,89].

A recent Portuguese multi-mycotoxin study also reported the exposure of the Por-
tuguese population to DON, zearalenone (ZEN), alternariol, and citrinin (CIT) [58]. DON
and its metabolites (DOM-1, 3-AcDON, and 15-AcDON) were most frequently found in
24-h urine samples, at 63%, 41%, 44%, and 52%, respectively. Considering DON and its
metabolites, 78% of participants were exposed to DON. The median concentration levels re-
ported were of 2210, 240, 330, and 173 ng L−1 for DON, DOM-1, 3-AcDON, and 15-AcDON,
respectively. In first-morning urine samples, DON and metabolites were the second most
commonly detected biomarkers (30%, 32%, 11%, 24%, and 39%, respectively), confirming
the results obtained for the 24-h urine samples [59].

Zearalenone (ZEN), a metabolite primarily associated with several Fusarium species is
a mycoestrogen, along with its alcohol metabolites, α-zearalenol (α-ZEN) and β-zearalenol
(β-ZEN). This non-steroidal estrogenic toxin was categorized into Group 3 (not classifiable
as to its carcinogenicity to humans) by the IARC [90]. In the above-cited study, ZEN was
the second most frequently detected mycotoxin with 48% of 24-h urine samples found to be
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positive. In first-morning urine samples, ZEN was the most frequent detected mycotoxin
(57%). Regarding the metabolites, its glucuronide conjugate, ZEN-14-GlcA, was detected
in the same proportion for 24-h urine and first-morning urine samples, and α-ZEN was
only detected in 5% of first-morning urine samples. The median concentration levels
reported for 24-h samples were 170 ng L−1 for both ZEN and ZEN-14-GlcA, whereas for
first-morning samples, levels of 1300, 150, and 2700 ng L−1 for ZEN, ZEN-14-GlcA, and
α-ZEL, respectively, were found [59].

CIT is a polyketide mycotoxin produced by fungi belonging to the genera Penicillium,
Aspergillus, and Monascus [91]. Exposure to CIT is of toxicological interest since it disturbs
kidney function in several species, specifically in the renal tubules. CIT induced micronuclei
in human-derived liver cells (HepG2) at levels equal to or greater than 10 µM and decreased
in a dose-dependent manner the percentage of binucleated cells [91]. The Portuguese
exposure to CIT was found to be low since it was detected in only 2% of both types of
urine samples in median levels of 850 and 750 ng L−1, for 24-h and first-morning urine
samples, respectively. Surprisingly, it was verified that samples that were positive for CIT
were negative for OTA [59].

Alternariol (AOH), a Fusarium alternaria toxin, is regarded as an emerging toxin that
also presents estrogenic activity and is regarded as a potential endocrine disruptor [92].
AOH was also recently identified in Portuguese urine samples, confirming the human
exposure to this mycotoxin [59]. The presence of AOH in 24-h urine samples correlated
well with first-morning urine samples, with median values of 280 and 210 ng L−1. AOH
was identified for the first time in urine samples from a European country [59].

4. Final Remarks

HBM has contributed to the availability of data related to exposure to mycotoxins in
the Portuguese population. The identified exposure determinants could be the starting
point for further studies and health promotion policies and programs, particularly in
population groups that were found to be more frequently associated with higher exposure
to mycotoxins.

Among the several mycotoxins that were included in the studies, OTA and AFs were
the predominant ones. A recent HBM study demonstrated infant exposure to OTA and
AFs [60]. Indeed, some breastfed infants presented exposure levels to AFs that were five
times greater than the TDI value proposed in [36] (0.2 ng kg−1 b.w.), and the mother’s
consumption of chocolate and rice, a lower level of education, and the period when the
samples were collected (summer and at the beginning of lactation) were potential determi-
nants of exposure [28]. Serum concentrations of OTA were increased in rural populations
from the central region of Portugal [54]. Furthermore, the available evidence demonstrated
a high exposure to urinary biomarker in residents from Alentejo region [56]. Although to
a lesser extent, the contribution of occupational exposure to mycotoxins was also demon-
strated in different working settings. Despite the Portuguese participation in the European
Human Biomonitoring Program HBM4EU, the present study revealed the limited nature of
the existing information regarding the evaluation of Portuguese exposure to the selected
hazardous substances. The difficulty in mobilizing a representative sample (by gender, age,
region, and informed agreement) to study a wide range of health indicators and obtain
more robust results was also identified as a limitation. This has not only hindered an
integrated view of the problem, but has also hampered consistent comparisons between
obtained results, ultimately resulting in a difficulty in implementing policies based on
scientific evidence. Therefore, more HBM studies are needed to better characterize Por-
tuguese exposure to the selected health-hazardous contaminants/pollutants and compare
the results with total exposure levels determined in other European populations. The
paucity of specific and properly validated biomarkers, as well as the lack of information on
the toxicokinetics that persist for these chemicals, hinders objective risk assessments. In
addition, for many chemicals, the lifetime health impacts associated with exposure remain
unknown and guidance is largely missing. These limitations were in line with the main
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hurdles and challenges of HBM, considering the risk assessment of chemicals identified
by EU and extra-EU regulators [3]. In spite of the recognized limitations, HBM makes it
possible to assess trends in temporal exposure, to characterize geographical patterns of
exposure, compare different population groups, and identify vulnerable subpopulations [7]
to serve as the starting point for the implementation of preventive measures and assess the
effectiveness of policy actions [93].

Author Contributions: Conceptualization, A.P.; writing—original draft preparation, S.D., A.M.P.T.P.,
L.J.G.S., C.S.M.L. and M.O.; writing—review and editing, S.D., A.M.P.T.P., L.J.G.S., M.O., S.M. and
A.P.; supervision, A.P., C.L. and S.M.; funding acquisition, A.P., C.L. and S.M. All authors have read
and agreed to the published version of the manuscript.

Funding: This work received financial support from European (FEDER funds through COMPETE)
and National (Fundação para a Ciência e Tecnologia project UIDB/QUI/50006/2020) funds.

Acknowledgments: The authors are also grateful to the Fundação para a Ciência e Tecnologia
(FCT) for the financial support through the projects “PCIF/SSO/0017/2018-A panel of (bio)markers
for the surveillance of firefighter’s health and safety” and “PCIF/SSO/0090/2019-Firefighting oc-
cupational exposure and early effects on the health of operational forces”, which are funded by
Portuguese National Funds. M. Oliveira thanks FCT/MCTES for the CEEC-Individual 2017 Program
Contract: CEECIND/03666/2017. L. Silva thanks FCT/MCTES for funding through program DL
57/2016—Norma transitória (REF. DL-57-2016/ICETA/02).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Neira, M.; Prüss-Ustün, A. Preventing disease through healthy environments: A global assessment of the environmental burden

of disease. Toxicol. Lett. 2016, 259, S1. [CrossRef]
2. Angerer, J.; Ewers, U.; Wilhelm, M. Human biomonitoring: State of the art. Int. J. Hyg. Environ. Health 2007, 210, 201–228.

[CrossRef] [PubMed]
3. Louro, H.; Heinälä, M.; Bessems, J.; Buekers, J.; Vermeire, T.; Woutersen, M.; van Engelen, J.; Borges, T.; Rousselle, C.; Ougier, E.;

et al. Human biomonitoring in health risk assessment in Europe: Current practices and recommendations for the future. Int. J.
Hyg. Environ. Health 2019, 222, 727–737. [CrossRef] [PubMed]

4. Berman, T.; Goldsmith, R.; Levine, H.; Grotto, I. Human biomonitoring in Israel: Recent results and lessons learned. Int. J. Hyg.
Environ. Health 2017, 220, 6–12. [CrossRef] [PubMed]

5. Reynders, H.; Colles, A.; Morrens, B.; Mampaey, M.; Coertjens, D.; Koppen, G.; Schoeters, G.; Loots, I.; Chovanova, H.; Winderickx,
W.; et al. The added value of a surveillance human biomonitoring program: The case of FLEHS in Flanders (Belgium). Int. J. Hyg.
Environ. Health 2017, 220, 46–54. [CrossRef]

6. Ganzleben, C.; Antignac, J.P.; Barouki, R.; Castaño, A.; Fiddicke, U.; Klánová, J.; Lebret, E.; Olea, N.; Sarigiannis, D.; Schoeters,
G.R.; et al. Human biomonitoring as a tool to support chemicals regulation in the European Union. Int. J. Hyg. Environ. Health
2017, 220, 94–97. [CrossRef]

7. World Health Organization. WHO Human Biomonitoring: Facts and Figures; World Health Organization: Geneva, Switzerland,
2015; pp. 1–88.

8. Choi, J.; Aarøe Mørck, T.; Polcher, A.; Knudsen, L.E.; Joas, A. Review of the state of the art of human biomonitoring for chemical
substances and its application to human exposure assessment for food safety. EFSA Support. Publ. 2017, 12, 724E. [CrossRef]

9. Oliveira, M.; Slezakova, K.; Delerue-Matos, C.; do Carmo Pereira, M.; Morais, S. Assessment of exposure to polycyclic aromatic
hydrocarbons in preschool children: Levels and impact of preschool indoor air on excretion of main urinary monohydroxyl
metabolites. J. Hazard. Mater. 2017, 322, 357–369. [CrossRef]

10. Oliveira, M.; Slezakova, K.; José, M.; Fernandes, A.; Paulo, J.; Delerue-matos, C.; Pereira, C.; Morais, S. Polycyclic aromatic
hydrocarbons at fire stations: Firefighters’ exposure monitoring and biomonitoring, and assessment of the contribution to total
internal dose. J. Hazard. Mater. 2017, 323, 184–194. [CrossRef]

11. Bocato, M.Z.; Bianchi Ximenez, J.P.; Hoffmann, C.; Barbosa, F. An overview of the current progress, challenges, and prospects of
human biomonitoring and exposome studies. J. Toxicol. Environ. Health Part B 2019, 22, 131–156. [CrossRef]

12. Ougier, E.; Lecoq, P.; Rousselle, C.; Ormsby, J.-N. Second List of HBM4EU Priority Substances and Chemical Substance Group Leaders
for 2019–2021; Deliverable Report D 4.5. WP4-Prioritisation and Input to the Annual Work; ANSES: Maisons-Alfort, France, 2018.

13. Escrivá, L.; Font, G.; Manyes, L.; Berrada, H. Studies on the presence of mycotoxins in biological samples: An overview. Toxins
2017, 9, 251. [CrossRef] [PubMed]

14. Duarte, S.C.; Pena, A.L.; de Matos Lino, C. Foreword. In Mycotoxins and Their Implications in Food Safety; Future Science Ltd.:
London, UK, 2014; ISBN 9781909453227.

http://doi.org/10.1016/j.toxlet.2016.07.028
http://doi.org/10.1016/j.ijheh.2007.01.024
http://www.ncbi.nlm.nih.gov/pubmed/17376741
http://doi.org/10.1016/j.ijheh.2019.05.009
http://www.ncbi.nlm.nih.gov/pubmed/31176761
http://doi.org/10.1016/j.ijheh.2016.09.008
http://www.ncbi.nlm.nih.gov/pubmed/27663636
http://doi.org/10.1016/j.ijheh.2016.09.013
http://doi.org/10.1016/j.ijheh.2017.01.007
http://doi.org/10.2903/sp.efsa.2015.EN-724
http://doi.org/10.1016/j.jhazmat.2016.10.004
http://doi.org/10.1016/j.jhazmat.2016.03.012
http://doi.org/10.1080/10937404.2019.1661588
http://doi.org/10.3390/toxins9080251
http://www.ncbi.nlm.nih.gov/pubmed/28820481


Molecules 2022, 27, 130 11 of 13

15. Al-Jaal, B.A.; Jaganjac, M.; Barcaru, A.; Horvatovich, P.; Latiff, A. Aflatoxin, fumonisin, ochratoxin, zearalenone and deoxyni-
valenol biomarkers in human biological fluids: A systematic literature review, 2001–2018. Food Chem. Toxicol. 2019, 129, 211–228.
[CrossRef] [PubMed]

16. Pereira, V.L.; Fernandes, J.O.; Cunha, S.C. Micotoxinas em Portugal: Ocorrência e Toxicidade. Acta Farm. Port. 2012, 1, 61–73.
17. Duarte, S.C.; Pena, A.; Lino, C.M. Ochratoxin a in Portugal: A review to assess human exposure. Toxins 2010, 2, 1225–1249.

[CrossRef] [PubMed]
18. Eskola, M.; Kos, G.; Elliott, C.T.; Hajšlová, J.; Mayar, S.; Krska, R. Worldwide contamination of food-crops with mycotoxins:

Validity of the widely cited ‘FAO estimate’ of 25%. Crit. Rev. Food Sci. Nutr. 2020, 60, 2773–2789. [CrossRef]
19. Alshannaq, A.; Yu, J.H. Occurrence, toxicity, and analysis of major mycotoxins in food. Int. J. Environ. Res. Public Health 2017,

14, 632. [CrossRef]
20. Oliveira, C.A.F.; Corassin, C.H. Aflatoxins. In Mycotoxins and Their Implications in Food Safety; Duarte, S., Pena, A., Lino, C., Eds.;

Future Science: London, UK, 2014; pp. 6–19. ISBN 978-1-909453-22-7.
21. Ghiasain, S.A.; Maghsood, A.H. Infants’ exposure to aflatoxin M1 from Mother’s breast milk in Iran. Iran. J. Public Health 2012,

41, 119.
22. Ishikawa, A.T.; Takabayashi-Yamashita, C.R.; Ono, E.Y.S.; Bagatin, A.K.; Rigobello, F.F.; Kawamura, O.; Hirooka, E.Y.; Itano, E.N.

Exposure assessment of infants to aflatoxin M1 through consumption of breast milk and infant powdered milk in Brazil. Toxins
2016, 8, 246. [CrossRef]

23. Schrenk, D.; Bignami, M.; Bodin, L.; Chipman, J.K.; del Mazo, J.; Grasl-Kraupp, B.; Hogstrand, C.; Hoogenboom, L.; Leblanc, J.;
Nebbia, C.S.; et al. Risk assessment of aflatoxins in food. EFSA J. 2020, 18, e06040. [CrossRef]

24. IARC Working Group on the Evaluation of Carcinogenic Risks to Humans. Chemical agents and related occupations. IARC
Monogr. Eval. Carcinog. Risks Hum. 2012, 100, 9.

25. European Food Safety Authority (EFSA). Opinion of the Scientific Panel on contaminants in the food chain [CONTAM] related to
Aflatoxin B1 as undesirable substance in animal feed. EFSA J. 2004, 2, 39. [CrossRef]

26. Giovati, L.; Magliani, W.; Ciociola, T.; Santinoli, C.; Conti, S.; Polonelli, L. AFM1 in milk: Physical, biological, and prophylactic
methods to mitigate contamination. Toxins 2015, 7, 4330–4349. [CrossRef] [PubMed]

27. Cantú-Cornelio, F.; Aguilar-Toalá, J.E.; de León-Rodríguez, C.I.; Esparza-Romero, J.; Vallejo-Cordoba, B.; González-Córdova, A.F.;
García, H.S.; Hernández-Mendoza, A. Occurrence and factors associated with the presence of aflatoxin M1 in breast milk samples
of nursing mothers in central Mexico. Food Control 2016, 62, 16–22. [CrossRef]

28. Bogalho, F.; Duarte, S.; Cardoso, M.; Almeida, A.; Cabeças, R.; Lino, C.; Pena, A. Exposure assessment of Portuguese infants
to Aflatoxin M1 in breast milk and maternal social-demographical and food consumption determinants. Food Control 2018, 90,
140–145. [CrossRef]

29. Jafari, T.; Fallah, A.A.; Kheiri, S.; Fadaei, A.; Amini, S.A. Aflatoxin M1 in human breast milk in Shahrekord, Iran and association
with dietary factors. Food Addit. Contam. Part B 2017, 10, 128–136. [CrossRef] [PubMed]

30. Atasever, M.; Yildirim, Y.; Atasever, M.; Tastekin, A. Assessment of aflatoxin M1 in maternal breast milk in Eastern Turkey. Food
Chem. Toxicol. 2014, 66, 147–149. [CrossRef]
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