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Abstract

Occupational exposure to mycotoxins is supposedly very frequent, but it is rarely reported in the
scientific literature. Several recent studies described occupational exposure to the aflatoxin B, (AFB,)
mycotoxin in different occupational settings. Previously, exposure to other mycotoxins was shown
in the animal husbandry and food processing sectors, confirming that occupational exposure cannot
be negligible. However, no guidelines or standard methodologies are available for helping occupa-
tional hygienists to consider mycotoxin exposure in their interventions. This article reviews the litera-
ture on this problem and recommends some actions for the better management of this risk factor in
occupational settings, especially where environmental conditions are favorable to fungal presence.

Keywords: exposure assessment; fungi metabolites; occupational risk factor; organic dust

Introduction documented. Occupational assessments of biological
risks in workplaces usually include the monitoring of
bioaerosols in the air. This measurement of airborne
biological agents usually only includes an estimation of
the concentration of cultivable bacteria and fungi and

Workers in numerous sectors are exposed to organic
dust originating from such diverse organic matter as soil,
plants, animals, food, and fecal matter. This dust con-

tains lots of different bacteria and fungi and their com-

. sometimes a measurement of endotoxin concentrations.
ponents such as endotoxins and glucans. Furthermore,

. . . Indeed, guidances and recommendations for occupa-
some fungi can actively produce secondary metabolites

. tional exposure limits exist mainly for these three con-
called mycotoxins.

. . taminants. Although some researchers have started to
Some mycotoxins can have serious human health
effects when ingested, but their health effects follow-

ing inhalation or dermal contact are insufficiently

measure biological substances with potential impact in
human health, such as mycotoxins, in the workplace, the
measurement has never been done routinely.
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The goals of this review are to take stock of the cur-
rent knowledge about occupational exposure to myco-
toxins and to discuss the important things to consider
when performing an occupational risk assessment of
activities that may result in exposure to mycotoxins.

What is a mycotoxin? What are the most
common? What are the fungi responsible
for their production?

Mycotoxins are fungi metabolites produced by spe-
cific fungal genera, primarily Aspergillus, Penicillium,
Alternaria, Fusarium, and Claviceps (Bennett and Klich,
2003; Marin et al., 2013). Mycotoxin molecules are
small and stable, with a low molecular mass. To date,
more than 300 mycotoxins have been identified; more
will surely be discovered in the near future. Only 30 of
these mycotoxins have been subjected to research aimed
at highlighting their toxic proprieties (Surai et al., 2008).
A specific fungal species may produce several different
mycotoxins due to the influence of various types of envi-
ronmental stress (Halstensen, 2008).

As reviewed in Halstensen (2008), mycotoxins can be
present in the environment even in the absence of any
visible fungi since they can resist adverse environmental
factors such as high or low temperatures and can per-
sist long after the death and disintegration of the fungal
species responsible for their production. They are also
difficult to eliminate or inactivate from the source even
after being exposed to temperatures such as boiling or
roasting processes (Peraica et al., 1999).

Aflatoxin B1 (AFB,) is perhaps the most hazardous
mycotoxin found in agricultural products since it is an hep-
atocarcinogen, inducing DNA adducts leading to genetic
changes in target liver cells (Chen et al., 1997; Vineis and
Xun, 2009). It has been found on grains, peanuts, and
other human and animal foodstuffs (Rocha et al., 2014).

Aspergillus flavus and Aspergillus parasiticus are the
most common species associated with aflatoxin contami-
nation. However, recently, additional species of section
Flavi (closely related species that cannot be clearly dis-
tinguished morphologically) have been reported to be
responsible for aflatoxin production (Varga et al., 2015;
Lamoth, 2016). Contamination can occur naturally on
crops or after incorrect storage and/or process condi-
tions. The dust generated during the handling of these
products can also contain AFB1 (Brera et al., 2002).

Besides aflatoxin, the other relevant groups of myco-
toxins found in food are the following: ochratoxin
A produced by both Aspergillus and Penicillium; ster-
igmatocystin produced by Aspergillus; trichothecenes
(type A: HT-2 and T-2 toxin; type B: deoxynivalenol),

zearalenone, fumonisins B1 and B2, and the emerging
mycotoxins (fusaproliferin, moniliformin, beauvericin,
and enniatins) produced mainly by Fusarium species;
ergot alkaloids produced by Claviceps; and altenuene,
alternariol, alternariol methyl ether, altertoxin, and tenu-
azonic acid produced by Alternaria species (Bottalico and
Logrieco, 1998; Barkai-Golan and Paster, 2008; Marin
et al., 2013). Some of these toxigenic genera (Aspergillus
and Penicillium) are commonly found on asessments
done to moisture-damaged buildings (Viegas et al., 2015).

Particular attention should be given to these myco-
toxins since, currently, they are unregulated and were
shown to occur frequently in agricultural products.The
evidence of their incidence is rapidly increasing and gaps
in toxicological knowledge have been identified for sev-
eral compounds not allowing a proper risk assessment
(Gruber-Dorninger et al., 2017).

Routes of exposure

Occupational routes of exposure to mycotoxins are
inhalation and dermal contact.

Most mycotoxins are not volatile. However, myco-
toxins can be present in airborne dust (Flannigan, 1987;
Brera et al., 2002) and in the fungal spores and frag-
ments (Brasel et al. 2005; Huttunen and Korkalainen,
2017). Therefore, airborne dust, spores, and hyphae
fragments can act as carriers of mycotoxins to the lungs
(Brasel et al. 2005; Huttunen and Korkalainen, 2017)
and potentially, exposure in occupational settings occurs
essentially via inhalation, particularly in the form of
airborne dust (Brera et al., 2002; Lavicoli et al., 2002;
Mayer et al., 2007; Mayer, 2015; Viegas et al., 2016).

Moreover, dermal contact could also be a frequent
route of workplace exposure, especially where workers
without protection have to handle contaminated materi-
als such as food. This is particularly relevant in occupa-
tional settings where the use of short-sleeved clothes is
possible or when hands are in contact with solutions con-
taining mycotoxins (Degen, 2008; Boonen et al., 2012;
Viegas et al., 2016). Moreover, dust particles containing
mycotoxins can be deposited in the skin promoting der-
mal absorption. Additionally, work surfaces contaminated
with dust particles can also be touched creating opportu-
nities for further skin contact (Boonen et al., 2012).

Health effects

Several factors influence the severity of the disease
caused by mycotoxins exposure, namely the toxicity of
the mycotoxin, the exposure route, the extent of expos-
ure (duration and intensity), the age and nutritional
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status of the individual, and the potential synergistic
effects with other chemicals, including other mycotox-
ins, to which the individual has been exposed (Peraica
etal., 1999).

Although effects on human health are well known
via the ingestion of contaminated food, very few stud-
ies have investigated the health effects of mycotoxins via
inhalation or dermal contact.

The symptoms and effects attributed to the inhala-
tion of mycotoxins are mucous membrane irritation,
skin rash, nausea, immune system suppression, acute
or chronic liver damage, acute or chronic central nerv-
ous system damage, endocrine effects, and cancer (Olsen
et al., 1988; Huttunen and Korkalainen, 2017).

Regarding local effects, the nasal passage is a primary
target for several inhaled toxicants (Harkema ez al.,
2006; Huttunen and Korkalainen, 2017); its epithelial
lining is often the first tissue to be directly injured, for
example, by the spores or mycotoxins of Stachybotrys
chartarum (Huttunen and Korkalainen, 2017). Pestka
et al. (2008) also suggested that the toxicity of tri-
chothecenes might be a reason for many of the adverse
effects of S. chartarum.

Concerning systemic effects, several mycotoxins
have caused human health effects following exposure
via inhalation. For instance, there is some evidence that
inhalation of AFB, can cause lung cancer (Dvorackova,
1976; Dvorackova and Pichovd, 1986; Hayes et al.,
1984; Olsen et al., 1988). The mechanism behind its
carcinogenicity in the lung is suggested to be oxidative
DNA damage (Guindon-Kezis et al., 2014; Huttunen
and Korkalainen, 2017). Inhalation of ochratoxin (OTA)
has been linked to acute renal failure and respiratory
distress in workers exposed to Aspergillus producers
of OTA in a granary (Di Paolo et al., 1994). OTA has
been found in the sinonasal tissue and mucus of 22% of
chronic rhinosinusitis patients, and in the urine of 83%
of patients suffering from chronic fatigue syndrome
(Brewer et al., 2013).

Moreover, it is important to note that some studies
have demonstrated that the inhalation of some myco-
toxins can be more harmful than oral exposure due
to the health effects that can be caused in the respira-
tory system (Creasia et al., 1990; Amuzie et al., 2008;
Degen, 2011).

Although there is no detailed information about cel-
lular local concentration of the different mycotoxins in
the skin, local skin effects can be expected. Apoptosis
of epidermal cells and development of skin tumors
were already observed after dermal mycotoxin expo-
sure (Rastogi et al., 2006; Boonen et al., 2012). Another
aspect to consider is the the fact that mycotoxins can

accumulate and persist in the skin cells (Baert and De
Spiegeleer, 2011) and in this way not only the workers
exposed continuosly but also the ones exposed sporadi-
cally have an increased risk for epidermal apoptosis,
skin cancers, and immune related diseases (Boonen et al.,

2012).

Occupational exposure to mycotoxins

Evidence from air or surface metrology studies
Dust containing mycotoxins is released during tasks
involving high exposure to organic dust, such as stor-
age work, loading, handling, or milling contaminated
materials (grain, waste, and feed), and others such as
caring for animals in animal husbandry settings. Animal
feed processing plants are particularly risky for myco-
toxin exposure since the authorized level of concentra-
tion in this type of food is 10 times higher than it is for
human food. As example, the maximum levels author-
ized for deoxynivalenol in unprocessed maize is 1750 pg
kg while it is 750 pg kg™ in cereals intended for direct
human consumption (Pinotti et al., 2016).

Specific environmental and ecological conditions—
temperature, relative humidity, availability of nutrients,
and use of fungicides—can enhance or limit fungal
growth and dissemination. In 2015, Mayer made an
extensive review aiming to identify previously reported
incidents of occupational mycotoxin exposure (Mayer,
2015, 2016).

Table 1 summarizes the results of measurements
performed in specific workplaces. To the best of our
knowledge, 15 studies reported occupational exposure
to mycotoxins between 1981 and 2017. The articles
were dedicated to settings related to animal husbandry,
farming, or food and feed processing. After 2000, the
number of articles increased and the focus changed from
studying one mycotoxin at a time to studying several
mycotoxins across the same sample. This was probably
due to the development of analytical resources allowing
the characterization of occupational exposure to several
mycotoxins simultaneously. All the studies demonstrated
the presence of mycotoxins in working environments
and therefore the possibility for workers to be exposed
to mycotoxins via inhalation or dermal contact.

Evidence from biomonitoring studies

One study, carried out in India, showed that aflatoxins
were significantly more frequently detected in the serum
of food-grain workers than in the urine of a control
group suggesting an occupational exposure (Malik et al.,
2014). In Egypt, concentrations of serum aflatoxin were
significantly higher in workers exposed to wheat (millers
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and bakers) than in controls (Saad-Hussein et al., 2014).
In Portugal, AFB, was detected in the serum of 50%
of poultry workers, whereas it was absent from all the
serum from controls (Viegas et al., 2016). On the other
hand, a study in Germany using biomonitoring to assess
exposure to certain mycotoxins in mill workers failed to
reveal such exposure in urine spot samples (Follmann
et al., 2016). Indeed, no significant difference in bio-
marker levels was observed between mill workers and
control group.

A recent study using intact and damaged human
skin in an in vitro Franz diffusion cell set-up showed
that beauvericin and enniatins can penetrate the skin
(Taevernier et al., 2016).

Table 2 summarizes the results obtained in 15 stud-
ies which used biomonitoring to assess occupational
exposure to mycotoxins; some of these studies also used
environmental samples and are therefore already men-
tioned in Table 1. Similarly to the studies reported in
Table 1, until 2015, studies focused on one mycotoxin
alone (aflatoxins and ochratoxins were the most stud-
ied); but some studies were subsequently able to report
on several mycotoxins in the same biological sample, as
analytical resources expanded. These articles (Féllmann
et al., 2016; Ferri et al., 2017; Viegas et al., 2017) again
demonstrated that the most common exposure scenario
is co-exposure to several mycotoxins. However—and
this is one of the limitations of using biomonitoring—
it is impossible to conclude whether exposure results
solely from the working environment or whether food
intake is a also a contributing factor. Most of these stud-
ies (12/16), however, had included a control group, usu-
ally including workers from administrative companies in
the same locality, which enabled to take into account the
exposure by food intake and a better understanding of
the role of working environments in the total burden of
mycotoxin exposure (Viegas et al., 2013b).

Exposure assessment—What to consider?

Levels of exposure can vary greatly between differ-
ent tasks within the same industry, and characterizing
exposure implies performing measurements on each task
separately to identify those most at risk. For example,
in swine husbandry, Viegas et al. (2013b) suggested
that feed was one of the contamination sources since
AFB, exposure was higher in workers performing ani-
mal feeding than in workers doing other type of tasks.
In a waste management setting, where high exposure to
AFB, was also measured, waste was supposed to be the
source of contamination (Viegas et al., 2015) and expos-
ure remains stable over a working day since workplace

conditions and tasks are the same during the entire
work shift.

Moreover, within the same task, levels of exposure
could also vary over time depending on the quality of
the materials and products handled. For example, in
food processing plants, certain batches of products
(foodstuffs) could be highly contaminated, whereas
other batches were contaminant free. Therefore, the
contamination of the material should be checked before
handling and actions taken to avoid or prevent expo-
sure. As an example, contaminated material should be
rejected or collective preventive measures reinforced or,
as a last resort, personal protective equipment (respira-
tory protections, gloves, and goggles) worn. Even if the
mycotoxin concentration in a product or material is
low, handling high amounts of it can cause an elevated
airborne mycotoxin concentration in the workplace at
a specific moment that then endures depending on how
tasks develop (Mayer, 2015). For example, in France,
measurements in food industries (cereals, vegetables, and
spices) showed no contamination of the products han-
dled above regulatory limits. However, workers’ expo-
sure via inhalation was high for all settings since the air
measurements revealed significant levels of mycotoxins
bound to dust particles (Jargot and Melin, 2013). Dry
products or materials with high specific surface areas,
like hay or plant fibers, tend to release large amounts
of dust that act as the carrier for fungi and mycotoxins
and increase the probability of inhalation. Similarly, the
manual sorting or transport of contaminated products
will contribute to an elevated release of contaminated
dust and consequently to potentially high exposure to
mycotoxins. Some tasks common to all food and agri-
culture processing plants, such as cleaning activities
involving sweeping or dust removal using compressed
air, are well known to be associated with high exposure
to dust (Mayer, 2015).

Another very significant point to consider is that co-
exposure to different mycotoxins is very likely to occur
since the contamination of foodstuffs by several myco-
toxins has frequently been demonstrated (Grenier and
Oswald, 2011; Gerding et al., 2014; Assuncado et al.,
2015; De Ruyck et al., 2015; Alassane-Kpembi et al.,
2017). Synergistic or additive effects should therefore
also be taken into account when performing a risk
assessment, and measurements should look for several
mycotoxins. It is also well known that the proximity of
a worker’s head to the material handled increases expos-
ure risk (Mayer, 2015; Viegas et al., 2016). Therefore,
besides identifying the tasks generating high exposure,
it is important to identify workers’ behaviors (such as
not wearing protection equipment such as gloves or
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respiratory protection devices) or workplace specificities
which might influence exposure. Personal sampling in
the worker’s inhalation zone should always be preferred
to stationary sampling since it is a better assessment of
the true occupational exposure.

Difficulties in interpreting exposure
measurements

The absence of exposure limits makes it difficult to inter-
pret exposure measurements. Currently it is not possible
to determine acceptable workplace exposure concen-
trations of mycotoxins to ensure workers’ good health.
Keeping exposure as low as possible should undoubt-
edly be an objective. Because these compounds are so
infrequently monitored in occupational environments it
is impossible to compare exposure levels between differ-
ent workplaces and to have an idea of what constitutes
a normal background concentration. This highlights
the great importance of documenting exposures using
standard methods of sampling and analysis. Currently,
because it is possible to quantify airborne fungi more
easily, this is often used as an indirect indicator of
the presence of mycotoxins (Halstensen et al., 2006).
However, this approach lacks reliability since mycotox-
ins can be present in the environment long after fungi
have been eliminated. Also, not all the fungi produce
mycotoxins (Halstensen, 2008; Alborch et al., 2011).
Finally, exposure to mycotoxins is frequently character-
ized by simultaneous exposure to several mycotoxins
(see details in Tables 1 and 2). This co-occuring exposure
to several mycotoxins is also the most common scenario
in the food and feed sector (Grenier and Oswald, 2011;
Assungao et al., 2015; De Ruyck et al., 2015; Viegas
et al., 2016; Alassane-Kpembi et al., 2017). This aspect
brings new challenges to occupational risk assessment.

Measurement, methodology, and biomonitoring
The French National Research and Safety Institute for
the Prevention of Occupational Accidents and Diseases
(INRS) has developed a validated method for measuring
seven of the most frequently occurring mycotoxins in the
workplace; it comes with a detailed sampling and ana-
lytical protocol (fiche MetroPol) and meets the criteria
required for reproducibility and reliability. Air samples
are collected on foam pads, using the CIP 10 personal
aerosol sampler (http://www.bio-rad.com/en-ch/product/
cip10-m-air-sampler) which has an inhalable health-
related aerosol fraction selector. Samples are solvent
extracted, cleaned using immunoaffinity columns, and
analyzed using liquid chromatography with fluorescent
detection (Jargot and Melin, 2013). This method allows

the measurement of ochratoxin A, fumonisins and afla-
toxins and zearalenone, in the dust extract to which they
are normally bound. The method ensures that mycotoxin
measurements using conventional analytical equipment
is applicable to occupational assessment (Jargot and
Melin, 2013).

As an alternative or as a complement to air monitor-
ing, biomonitoring is another way of assessing exposure
to mycotoxins. Biomonitoring can include the detection,
in easily accessible body fluids such as blood and urine,
of the parent compound (mycotoxin) and its metabolites
(De Nijs et al., 2016). However, the use of biomonitor-
ing implies the availability of information related with
each mycotoxin toxicokinetics, metabolism, and bio-
availability to be able to interpret correctly the results
(Escriva et al., 2017).

Recent research using biomarkers (Warth et al.,
2013a,b; Gerding et al., 2014, 2015; Heyndrickx et al.,
2014) revealed a level of exposure to mycotoxins from
food consumption which was above the widely accepted
tolerable daily intake values (Assuncao et al., 2015). It
is important to note that data on background dietary
exposure to mycotoxins is needed to determine the addi-
tional burden of respiratory and dermal exposure in the
workplace (Degen, 2008). If this background data are
unavailable, a control group of individuals from the gen-
eral population should be included to exclude the pos-
sibility of exposure by diet (Degen, 2008).

However, as mentioned above, the most common
exposure scenario is simultaneous co-exposure to sev-
eral mycotoxins. This exposure is due to several fac-
tors, including the ability of some fungi to produce
several mycotoxins simultaneously (Wallin ez al., 2015).
It is, therefore, extremely relevant, from an occupa-
tional health point of view, to be able to measure sev-
eral mycotoxins in one sample, and the most recent
research has indeed developed approaches using multi-
mycotoxin biomonitoring (Warth et al., 2013a; Gerding
et al., 2014; Solfrizzo et al., 2014; Wallin et al., 2015;
Osteresch et al., 2017). Additionally, approaches meas-
uring several mycotoxins in the same sample from dif-
ferent environmental matrices allow to understand and
recognize the true exposure scenario (Schenzel et al.,
20125 Jargot and Melin, 2013; Van de Perre et al., 2014;
Mayer et al., 2016; Viegas et al., 2017) and to perform a
more accurate exposure and risk assessment.

Conclusions

Despite increasing numbers of recent published works
on the subject, there remains much to be done to
have mycotoxins recognized as real and common
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occupational risk factors in certain specific settings. It
is therefore extremely important to properly character-
ize mycotoxin exposure (which mycotoxins, at which
concentrations, for which duration) in the occupational
settings where exposure is probable and to understand
which factors can influence that exposure. Standardized
methodologies (sampling and analysis) are needed to
allow comparisons between different studies. Moreover,
to date, there have been insufficient epidemiological
studies to assess the acute and chronic health effects of
occupational exposure and provide a clear picture of the
health risks. This is particularly challenging since one
mycotoxin can elicit more than one type of effect and
these can occur at different exposure levels.

These studies are also crucial to the future develop-
ment and implementation of occupational exposure lim-
its for each mycotoxin separately and for mixtures of
different mycotoxins that produce the same health effect
or share the same mode of action.

Only once this has been accomplished will it be pos-
sible to ensure appropriate occupational health interven-
tions: implementation of exposure monitoring programs,
application of suitable preventive and protective meas-
ures, and implementation of an adequate health surveil-
lance programs for workers who are potentially exposed.

In the meantime, researchers should work together
to select/develop an optimal sampling and analysis
methodology and participate in large-scale, multi-
center, epidemiological studies to obtain relevant data.
Occupational hygienists must be aware of these risks and
able to recognize critical situations; they should antici-
pate exposure by implementing preventive measures.
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