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Chapter 18

Occurrence of Mycotoxins
in Indoor Environments

Martin Tdubel, Anne Hyvérinen
National Institute for Health and Welfare, Department of Health Protection, Living Environment
and Health Unit, Kuopio, Finland

INTRODUCTION AND SCOPE

Moisture damage, dampness, and visible mold in buildings are consistently
associated with adverse health outcomes. A 2011 review of the epidemiological
evidence has concluded that conditions of dampness and mold are associated
with multiple allergic and respiratory effects, including asthma development
and exacerbation, current asthma, upper and lower respiratory tract symptoms,
respiratory infections, allergic rhinitis, and eczema.' Although the link between
building dampness and adverse health is well established the causal agents and
mechanisms underlying the observed health effects are not well understood.
Microbial proliferation on indoor surfaces and in dust following the increased
availability of water in damp buildings is one of the main mechanisms in gen-
erating dampness-related indoor pollutants and links to observations of visible
mold in such buildings. The World Health Organization considers, in their WHO
guidelines for indoor air quality: dampness and mould, the following dampness-
related indoor pollutants as most relevant: allergens (from house dust mites and
fungi), bacteria, bacterial and fungal cell wall components (such as endotoxin
and fungal B-p-glucans), mycotoxins, and microbial and other volatile organic
compounds.” This WHO document concludes that even though causative agents
of adverse health effects in damp buildings have not been clearly identified,
excess levels of various microbial agents, including mycotoxins, in the indoor
environment need to be considered as a potential health hazard; microbial growth
in response to moisture problems in buildings needs to be avoided or removed.
The WHO report and other reviews'* provide the background in front of
which essentially all of the research on mycotoxins in indoor environments is
placed: dampness and visible mold are consistently associated with ill health,
but our knowledge as concerns the causal agents and disease mechanisms is
poor (Figure 1). Mycotoxins (and also the bacterial equivalents, i.e., toxic bacte-
rial secondary metabolites) are among the candidates that have been suggested
to be involved in health problems observed in damp buildings. In this chapter,

Environmental Mycology in Public Health. http:/dx.doi.org/10.1016/B978-0-12-411471-5.00018- 1
Copyright © 2016 Elsevicr [nc. All rights reserved. 299
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FIGURE 1 Moisture damage, dampness, and visible mold in indoor spaces and the related expo-
sures and adverse health.

we attempt to summarize what is known today from scientific studies that have
reported mycotoxins specifically in indoor environmental samples.

The potential involvement of mycotoxins in building dampness-related ill-
ness was probably first clearly postulated in 1986, when Croft et al. reported
an outbreak of trichothecene mycotoxicoses in a family living in a Chicago
home.’ The family members suffered from symptoms resembling those of
stachybotrytoxicosis in livestock, with central nervous symptoms that included
neuropsychiatric manifestations. Exposure to Stachybotrys spores and to mac-
rocyclic trichothecene mycotoxins produced by these molds was linked to the
health effects. In the late 1990s, the “toxic black mold” Stachybotrys chartarum
and its partly highly toxic secondary metabolites, that is, mycotoxins such as
satratoxins, roridins, verrucarins, and spirocyclic drimanes, hit the newspaper
headlines. This came after reports of a cluster of cases of pulmonary hemor-
rhage in infants in Cleveland, Ohio, and several other cases that linked severe
health outcomes to exposure to S. chartarum and its mycotoxins.®~'% Subse-
quently, mycotoxins produced by Stachybotrys strains became the major target
of research on indoor mycotoxins for almost two decades. Only more recently,
analytical methods targeting mycotoxins in indoor environmental samples have
been developed with the aim of detecting multiple different mycotoxins rather
than only a few specific target compounds, for example, Refs 11-13.

In the context of this book, more detailed discussion on what mycotoxins
are and why these compounds are produced by fungi is provided elsewhere
(Chapter 1.1). Here, mycotoxins are defined as fungal secondary metabolites
that pose a potential health risk to humans and/or animals when introduced
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by a natural route.'* Generally, secondary metabolites either have an intrinsic
function within the producing species, as for example initiation of growth and
differentiation, or act on targets external to the producing species. These com-
pounds are proposed to improve survival fitness of the producing species.'> In
this concept, mycotoxins may in many cases be relevant in the mediation of
competitive interactions between microorganisms, for example, in competition
for nutrients on a building material surface.

To date, several hundreds of different mycotoxins have been identified and
characterized, the majority of which in regard to food and feed contaminants
in agricultural settings.' Estimates, however, reach from 20,000 up to 300,000
unique mycotoxins being present in the environment.!” Characteristic for myco-
toxins is that they are nonvolatile, low-molecular-weight natural products that
are typically very stable. In indoor environmental settings—even though not
volatile—these compounds do get airborne attached to spores, fragments, and
particulate matter. Mycotoxins comprise a wide variety of chemical structures
and subsequently different biological activities and act on various organ sys-
tems in the human or animal body. Most of our knowledge on the modes of
action of mycotoxins relates to ingestion exposure; for example, inflammatory,
immune-suppressive, cytotoxic, and carcinogenic effects in various organs have
been described (detailed in Chapter 3.6).

Oral ingestion of contaminated food stuffs is the most studied, most recog-
nized, and main route for human exposure to mycotoxins. Whereas the health
threat posed by food-borne mycotoxins is a worldwide phenomenon, itis a severe
problem in countries with lower agricultural standards, high pressure in terms
of nutritional needs, and environmental conditions favoring fungal growth. The
topic of food-borne exposure to mycotoxins is addressed in Chapters 3.2 and 3.6
of this book. Dermal contact to mycotoxins as an exposure route is primarily a
problem in occupational settings, for example, through handling of mycotoxin-
contaminated grains in farms, dealing with mycotoxin-containing materialsin lab-
oratories, or in the process of remediating fungal- and mycotoxin-contaminated
building structures. Symptoms of irritation upon dermal exposure have been
reported for several mycotoxins, but the health relevance of such exposure
is little explored. Interestingly, skin irritation is also very commonly reported in
residents of “moldy buildings.” It is, however, unclear whether such symptoms
are actually caused by the mycotoxins present in these buildings or by other
exposures. Workers in farms, sawmills, or the feed processing industry can also
be exposed to high levels of very potent mycotoxins, such as aflatoxins and
ochratoxin A, via inhalation of heavily contaminated dusts.'8-20 Such exposure
situations are considered occupational health risks, and research on the potential
health implications is ongoing (Chapter 3.4).

In this chapter, we consider non-occupation-related exposure to mycotoxins in
indoor environments—such as residential homes, schools, and offices—through
inhalation. The focus is on mycotoxins but also other fungal secondary metabo-
lites, for which human health risks are not yet well established, that is, compounds
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for which the definition “mycotoxin” is not applicable following strict defini-
tions. Whereas most of the general discussion with respect to human exposure
is restricted to fungal toxins—and so is the content of this chapter—it should
be mentioned that also (toxic) bacterial secondary metabolites may be relevant
in the context of indoor exposure. Bacteria produce an enormous variety of
bioactive secondary metabolites; many thousands of such compounds have been
characterized so far.2! Such metabolites are widely used in pharmacological
products, exploiting their antibiotic, immune-suppressive, enzyme-inhibiting,
antitumor, or antiparasitic potential, to give a few examples. Some of the most
potent bacterial producers of pharmacologically active compounds are com-
monly encountered indoors and are particularly linked to conditions of indoor
dampness, for example, species of the bacterial genus Streptontyces. The find-
ing that toxic bacterial secondary metabolites co-occur alongside mycotoxins
in indoor sample materials in damp buildings®> implies that these compounds
should also be considered as part of a complex and diverse microbial exposure
situation in mold-contaminated buildings.

MYCOTOXINS IN BUILDING MATERIALS, DUST, AND AIR
FROM INDOOR ENVIRONMENTS

This chapter attempts to provide an overview of studies that report on the actual
indoor occurrence of mycotoxins and fungal secondary metabolites, that is,
studies that are supported by the detection of these compounds in naturally
infested indoor sample materials. Mycotoxin production of a given fungal
strain under laboratory conditions does not imply that any of the same myco-
toxins are necessarily produced by this fungus under “real-life conditions”, for
example in a damp building. The availability of nutrients and growth substrate
on the indoor material and water, temperature, light, and other environmental
factors,2* 2 as well as species succession and interaction with other microbes
present in this particular ecological niche, all are factors that might have an
impact on the production of secondary metabolites. It is a well-established fact
that toxigenic fungi, that is, fungi that have the potential to produce toxic sec-
ondary metabolites, occur in indoor environments and can proliferate on vari-
ous building materials.”?” However, the occurrence of a toxigenic fungus, for
example, in an indoor air sample or on a building material does not necessarily
mean that mycotoxins of this particular mold are present in the indoor environ-
ment as well. In fact, the opposite is also true, that is, detecting mycotoxins in
an indoor sample does not necessarily predict the presence of the mycotoxin-
producing molds.

There is a good body of literature that has documented mycotoxin produc-
tion under laboratory conditions by fungal strains that have been isolated from
moisture-damaged indoor environments or from species that are known to occur
indoors for example, Refs 9,24,28-37. Some authors have taken another step
forward to imitate real-life situations and investigated the secondary metabolite
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production on arificially infested building materials, such as gypsum board
or wood for example, Refs 24,25,37—41. In particular the work conducted by
K.F. Nielsen and colleagues should be highlighted here. They have laid the foun-
dations for indoor mycotoxin research in describing the vast variety of mycotox-
ins and other fungal secondary metabolites produced by indoor fungi on building
materials under experimental conditions. These studies have not only shown that
mycotoxin production can occur on building materials, but have also established
that it is species or even strain specific, dependent on growth conditions and sub-
strate (building material) and the competition/coculture with other microbes. It
has also been established that one given mycotoxin may be produced by different
fungal strains, and one fungal strain may produce different mycotoxins.

Table | provides an overview of studies that have reported mycotoxin occur-
rence in indoor sample materials. We have sorted the studies in chronological
order and provided a summary description of the aspects of the study design or
locations, sample materials, mycotoxins targeted, and analytical methodology
used and the main findings as concerns the occurrence of mycotoxins in indoor
environments. We list a total of 30 studies published between 1986 and 2013;
although we have done our best to be complete, we cannot exclude the possibil-
ity that one or another study published may be missing from this table.

There are a few general observations that can be made from almost 30 years
of studies on the indoor occurrence of mycotoxins. To start with it is obvious
that mycotoxins do occur indoors, as they have been readily detected in various
indoor sample materials in multiple studies, using different analytical method-
ologies. Most commonly, building materials (in 15 studies) and dust samples
(in 17 samples) have been collected for analyses of mycotoxins. Where building
materials are concerned, typically mold-infested or water-damaged materials
have been sampled. House dust—be it from swabs of ventilation ducts, bulk,
or vacuumed samples of floor dust, vacuum cleaner dust bag dust, or settled
airborne dust collected from elevated surfaces—has been utilized extensively, in
particular also in more recent studies. The rationale behind using house dust as
a sample material is that indoor dust links to airborne exposure through mecha-
nisms of deposition and resuspension. Such samples may be more represen-
tative in terms of human exposure indoors as they act as a sink for airbome
particles from multiple sources (e.g., mold-affected areas in a home), whereas
a material sample typically reflects the situation from a single spot in the build-
ing. House dust is moreover less affected by the known large temporal variation
of microbial concentrations in indoor air.*’ In particular vacuumed floor dust is
commonly used in population health studies for determination of contaminants
people might be exposed to in indoor environments. Concentrations reported for
various mycotoxins in building material samples (or fungal matter scraped off
mold-infested materials) are typically in the order of nanograms to micrograms
per gram of building material (range pg—mg/g) or nanograms to micrograms
per square centimeter of sampled surface. For ventilation duct dust, concentra-
tions of picograms to nanograms per gram of dust (up to pg/g) and picograms to
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nanograms per square centimeter of sampling area have been reported. Typical
concentrations in floor dust or settled dust are in the range of nanograms per
gram (can reach up to pg/g) or picograms per square centimeter of sampled
surface, for settled dust.

There are only few reports of mycotoxin findings from actively sampled
indoor air!243-43 (see Table 1). Reasons for this are (1) active air sampling is far
more cumbersome compared to, for example, obtaining a house dust or building
material sample and (2) air concentrations of mycotoxins in indoor environments
such as residential homes, schools, or offices are usually very low—disregarding
here occupational environments with expected high exposure levels, such as
grain-handling facilities. The expected low concentrations set the requirements
for using highly sensitive analytical methodology and/or on obtaining high-
volume air samples, which implies either extended sampling periods or more
expensive equipment capable of high-volume sample collection.

All four studies that report mycotoxins from indoor air are rather consistent
in that the concentrations reported are in the range of subnanograms to low nano-
grams per cubic meter of actively collected air. Based on these studies and also on
some more experimental work*¢ it can be concluded that even though mycotox-
ins are not volatile as such, they do get airborne on fungal spores, fragments, and
other particles of inhalable size, so that exposure of occupants of mold-infested
buildings takes place. Brasel et al.*> and Charpin-Kadouch et al.** used a mac-
rocyclic trichothecene-specific enzyme-linked immunosorbent assay (ELISA)
as analytical methodology for determination of mycotoxins from indoor air
samples. Whereas the authors of the first study reported significantly higher lev-
els of airborne trichothecenes in water-damaged buildings with known Stachy-
botrys contamination compared to control buildings and outdoor air, the French
study failed to show such significant difference in air samples, but reported the
presence of macrocyclic trichothecenes (MCTs) also in buildings without mold
problems. Gottschalk et al.*> provided the first report of specific mycotoxins in
indoor air determined with specific methodology, using liquid chromatography
coupled with tandem mass spectrometry (LC-MS/MS). These authors used a
method fulfilling the prerequisites for being accepted as a “confirmatory method
for organic residues and contaminants” according to guidelines provided by the
European Commission.*’ The use of ELISA or other bio/immunoassays, on the
other hand, is somewhat problematic in terms of specificity and assay interfer-
ences. Air sampling was performed in a moisture-damaged building with known
Stachybotrys contamination, in which earlier satratoxins G and H had been
found in a moldy wall paper. The same mycotoxins were detected also in indoor
air, at concentrations of 0.25 and 0.43 ng/m3 of air, respectively. Polizzi et al.'?
sampled air in seven moisture-damaged homes in Belgium and detected myco-
toxins in 6 out of total 20 air samples, using LC-MS methodology. These authors
report the detection of roquefortine C, roridin E, sterigmatocystin, chaetoglobosin
A as well as ochratoxin A, and aflatoxins B, and B, from indoor air. These
mycotoxins are likely to be produced by certain Penicillium spp., Stachybotrys
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spp., Chaetomium spp., Aspergillus versicolor, and other Aspergillus spp.
In particular the detection of aflatoxins (max. 0.15ng/m?) in indoor air in the
study of Polizzi et al.'? is surprising as these mycotoxins are generally very
rarely detected as indoor environmental contaminants.

When looking at the sampling sites listed for the individual studies in Table 1
it becomes obvious that the mycotoxin occurrence indoors is almost exclu-
sively considered in the context of dampness and mold contamination in indoor
spaces. The focus of the sample collection is on buildings (and materials) with
severe moisture damage and/or known mold contamination. It is comprehen-
sible to assume that moisture damage and mold contamination indoors relate
to excess microbial proliferation, which ultimately increases the occurrence of
mycotoxins, potentially to a level that might affect human health. It is, however,
surprising that testing such a hypothesis has not been recognized in the design
of almost any of the studies that have been conducted. Only a handful of stud-
ies have considered also sampling undamaged control environments in addi-
tion to damaged premises, and even fewer have done so with sufficient sample
numbers. This implies that in fact very little is known about what is “normal”
background with respect to the indoor occurrence of mycotoxins and which
compounds are strongly related to conditions of dampness and mold. This issue
is further discussed below.

Development of analytical techniques and instrumentation during the past
decades with respect to their specificity and sensitivity has naturally reflected
on the methods used in studies on indoor mycotoxins (Table 1). A good number
of studies have attempted to follow recommendations to use chromatographic
separation combined with mass spectrometry to imply specificity in the detec-
tion of the target compounds.*”*® For a more detailed discussion on analytical
methodology in mycotoxin research and monitoring we refer here to Chapter
3.6 in this book. Mycotoxin determination from indoor samples is a complex
and challenging task, given the multitude of potentially relevant secondary
metabolites being produced by indoor molds and considering that house dust
or building materials are very complex and sample matrices are difficult to deal
with.*8 Some of the mycotoxin findings listed in Table 1 have been doubted as
being false positive reports. For this more analytical discussion, however, we
refer to the papers in which this criticism has been formulated.?6-48

Initial studies on indoor mycotoxin occurrence focused on a few, specific
target analytes that were mostly selected based on their toxicological relevance
and suggested adverse effects on human health. Until the late 1990s, MCTs
were almost exclusively the mycotoxins of interest, owing to being partly
highly toxic and being produced by S. chartarum, which had been linked to
severe disease outcomes.®”% !0 Only since Nielsen and colleagues reported on
the immense potential of indoor molds to produce numerous fungal second-
ary metabolites on indoor surfaces have multimetabolite methods been devel-
oped and applied more frequently in indoor studies.'!~!3:224349-52 Nevertheless,
the number of studies that have considered a large variety of mycotoxins and
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sufficient sample numbers is still small. Target compounds and sample matri-
ces only partly overlap between studies, and differences in detection limits and
recovery rate for the various mycotoxins complicate an objective assessment
of prevalence based on different studies. Therefore it is not possible yet at this
point to present a final conclusion on the most important mycotoxins or fungal
secondary metabolites regarding their indoor occurrence. Considering those
studies that have used multimetabolite methods to analyze larger numbers of
samples from several indoor locations so far, the following compounds have
been listed repeatedly as being more prevalent in indoor samples: enniatins
and beauvericin (depsipeptides produced by Fusarium spp.), meleagrin and
roquefortine C (produced by Penicillium spp.), emodin and physcion (anthra-
quinone derivatives produced by Eurotium and Aspergillus spp.), sterigmato-
cystin and its precursors, as well as 3-nitropropionic acid (produced mainly by
A. versicolor and Aspergillus spp., respectively), and chaetoglobosins (mostly
produced by Chaetomium spp.). The detection of MCTs, most prominently
satratoxins G and H, either directly or through their hydrolysis product ver-
rucarol, is reported also in some of these later studies. Given the earlier, mul-
tiple literature reports on findings of MCTs in severely mold-affected indoor
environments, this group of mycotoxins should be added to the list of mycotox-
ins most commonly reported indoors.

Concerning the compounds listed here, there are two points to be made: one,
not all of them can be considered real mycotoxins in the strict sense, as their
effects on human or animal health are little explored or not well established.
Two, a source attribution for the occurrence of these metabolites indoors is not
always straightforward. Although the production of most of these compounds
by indoor molds on building materials or on cultivation medium has been
shown, the high prevalence of compounds such as enniatins, emodin, or phy-
scion in indoor dust samples suggests that also an influx from outdoor sources is
relevant.?>!:33 Some plants produce secondary metabolites identical to fungal
compounds, for example, the anthraquinone derivatives emodin and physcion.
Indoor contamination by outdoor dust and soil particles and also by plant material
may be sources of low levels of indoor mycotoxins.

MYCOTOXINS IN THE CONTEXT OF MOISTURE DAMAGE

As pointed out earlier in this chapter, the interest in mycotoxin occurrence indoors
is closely linked to moisture damage and dampness in buildings. Obviously,
indoor environments with moisture problems generally provide good growth con-
ditions for microbes because of the higher availability of water, which explains
general observations of higher microbial levels. However, molds are present and
sustain metabolic activity also in “normal” buildings without moisture problems
and may find microenvironments in which to proliferate. Thus, the occurrence
of mycotoxins in buildings per se cannot be assumed to be a phenomenon of
damp indoor environments only. Among the building-associated fungi with
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mycotoxin-producing potential are various Aspergillus and Penicillium species,
Chaetomium globosum, Wallemia sebi, Eurotium spp., Trichoderma spp., and
S. chartarum, to give a few examples. Certainly, not all of those fungi are “mois-
ture-damage molds”; several are recognized as primary colonizers in buildings
based on their lower water activity requirements’® and may be present also in
buildings without moisture problems.

Against this background it is striking to notice how few of the studies conducted
so far have used an index/reference design, that is, have collected sample materials
from buildings with and without dampness and mold problems. Only studies of
such design will ultimately allow the pinning down of mycotoxins that are actually
associated with dampness observations in buildings. The vast majority of papers
deal with the detection of a few selected mycotoxins in heavily moisture-damaged
and/or mold-infested indoor spaces. As of this writing, we have very limited
knowledge on which fungal secondary metabolites occur in undamaged indoor
environments and at what levels; we have insufficient understanding of what can
be considered a normal baseline in terms of the presence of mycotoxins indoors.

The studies that used active air sampling in buildings with severe mois-
ture damage and mold contamination and in control buildings without such
observations were briefly presented earlier.*** We wish to add here the work
published by Yike et al.,* who collected a total of 15 air samples from seven
mold-contaminated residential homes and six air samples from uncontaminated
control rooms. In their paper they describe the development of a sensitive protein
translation assay for the detection of trichothecene mycotoxin activity in airbome
particles. The assay used measures one of the biological effects of trichothe-
cenes, which is the inhibition of protein translation in target cells, but does not
specifically measure the exact amount of a given mycotoxin in a sample. This
is the reason we did not include this work in the list of studies in Table 1, as we
restricted that review to reports on actual mycotoxin detection in indoor matrices.
The authors found a strong inhibition in the assay by air particulate extracts from
mold-contaminated homes, but not from control homes, and allocated this inhibi-
tion to the presence of trichothecene mycotoxins. Stachybotrys spp. were culti-
vated from the air in almost all of the case buildings, which makes the presence of
(macrocyclic) trichothecenes in indoor air in these homes plausible.

Brasel et al.*? applied a macrocyclic trichothecene-specific ELISA on 40 air
samples collected in eight mold-contaminated buildings (from 16 rooms), 30 air
samples from four buildings with no visible contamination and history of water
damage (14 rooms), and four outdoor air samples; all samples were collected in
the state of Texas in the United States. Whereas MCTs were also detected in the
air of control environments (<10-120pg of trichothecene equivalents per cubic
meter of air), the authors reported significantly higher levels in air samples from
S. chartarum-infested rooms (<10 to >1300pg/m?). MCTs were not detected in
samples of outdoor air.

Charpin-Kadouch et al.* also used the ELISA for determination of MCTs in
samples of surface swabs from walls, floor dust, and indoor air from 15 French



316 PART | 1l Fungi and Metabolites

buildings with and nine buildings without moisture and mold problems. MCTs
were detected in all samples, both from index and from reference houses. Mean
values for MCTs were higher in moldy buildings for all three sample types;
however, a significant difference between index and reference homes was
observed only for floor dust samples, not in air or surface swab samples.

The study in schools presented by Hintikka et al.!! is not a study with a
strict index and reference design, but is nevertheless briefly mentioned here.
The “index” schools were schools that reported some rather nonspecific indoor
air problems and were referred to as typical schools in Finland, whereas the
“reference” school was chosen based on not having a history of moisture dam-
age. Dust samples were collected in the ventilation ducts of these schools.
The authors reported a variety of mycotoxins at concentrations of picograms
to nanograms per square centimeter of swabbed surface in ventilation ducts
from all schools, with the control school building actually showing the highest
number of different mycotoxins in both the supply and the exhaust air. Com-
pounds detected in the ventilation system of this school included MCTs (only
in exhaust); chaetoglobosins, beauvericin, and enniatins in both exhaust and
intake ducts; and penicillic acid, sterigmatocystin, gliotoxin, and aflatoxin B in
supply air only. The authors concluded—based on the presence of some of the
mycotoxins in intake and exhaust air ducts—that a good part of the mycotoxins
in school buildings might not originate from sources within the building, but
either are introduced through outdoor air or may be produced in the ventilation
systems, which would indicate insufficient maintenance.

A more recent study in schools compared the mycotoxin occurrence in
moisture-damaged versus non-moisture-damaged school buildings following a
robust, epidemiological design.>! The authors targeted more than 180 fungal and
bacterial secondary metabolites and presented data from 675 settled dust samples
collected in 66 index and reference schools. Index and reference status of the schools
located in the Netherlands, Spain, and Finland were based on standardized school
building inspections recording observations of moisture damage and dampness. The
authors did not find clear statistically significant differences in the occurrence of
individual mycotoxins in moisture-damaged versus non-moisture-damaged school
buildings. However, they showed a tendency for the occurrence of a larger num-
ber of mycotoxins at elevated levels in moisture-damaged schools, reaching sig-
nificance when considering all samples from three countries. The study concluded
that microbial toxins are also present in undamaged buildings as part of the “nor-
mal” microbial flora indoors. The authors suggested that not only does moisture
damage—Dby triggering microbial proliferation and metabolite production—act as
a source of mycotoxins in indoor settled dust, but also outdoor air and particulate
matter seem to have an impact on the indoor occurrence of microbial secondary
metabolites. Indeed, the presence of mycotoxins in outdoor air particulate matter
has been shown in a follow-up study conducted by some of the same authors.>’

Vishwanath and colleagues®® report mycotoxin findings from floor dust from
residential homes with moisture damage in Finland as well as from floor dust
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from two reference homes in the United States and in India. The geographical
difference in the origins of the samples forbids a direct comparison of mycotoxin
occurrence in index and reference house dusts, as differences may be related to
geographical/climatic differences. However, it can be mentioned here that in the
reference house dust fungal secondary metabolites were also detected.

A Finnish birth cohort study presented multimetabolite analysis data from
floor dust collected from 95 residential homes.”>3 Fourteen of these homes had
inspection-assessed major moisture damage in the living rooms and kitchen.
The authors found a nonsignificant tendency toward elevated total number and
load of fungal and bacterial secondary metabolites in moisture-damaged homes
compared to undamaged homes. Differences in the number of metabolites in
index versus reference homes reached statistical significance when compounds
occurring at elevated concentrations were considered (similar to the finding
reported by Peitzsch et al. in schools’!). There were suggestive associations of a
number of mycotoxins with moisture damage, but these associations were weak
and did not survive correction for multiple testing.

SUMMARY, CONCLUDING REMARKS, FUTURE CHALLENGES

This chapter identifies 30 reports in the literature that have attempted to deter-
mine mycotoxins from indoor sample materials, including building material,
surface swab, dust, and active air samples. The majority of reports refer to resi-
dential homes; schools, offices, and other public buildings are also considered
in a few studies. The research on the indoor occurrence of mycotoxins is essen-
tially exclusively conducted in the context of dampness and mold contamination
in buildings. Typically, samples are collected from severely moisture-damaged
and/or mold-infested premises; where building materials are concerned, these
are usually from mold-affected areas. The results of an analysis of samples col-
lected in undamaged, control environments are rarely presented.

In particular earlier studies, but also some of the more recent reports, used
analytical methodology that targeted only a few specific mycotoxins. Those
target compounds have been selected primarily based on the toxicological
properties of some of the fungi known to occur in damp indoor environments.
Examples here are the MCTs produced by S. chartarum or also sterigmatocystin
of A. versicolor—compounds that are partly highly toxic and are known to pose
a threat to human health upon exposure. Reports of MCTs or also sterigmato-
cystin indoors are therefore frequently found in the literature. However, there
is an enormous variety of mycotoxins produced by fungi in our environment,
with estimates starting at 20,000 unique mycotoxins. Considering this and real-
izing the limited availability of occurrence data for a wider range of mycotox-
ins, it is unclear whether compounds that have been the focus of early indoor
mycotoxin studies are also the most relevant targets with respect to their preva-
lence indoors. Not all mycotoxins that are detected in indoor dust or indoor air
originate from indoor sources. The high prevalence of some fungal secondary
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metabolites—such as enniatins, beauvericin, emodin, and physcion—observed
in indoor samples in a number of studies suggests influx from outdoor sources.
Conclusions about which would be the most relevant mycotoxins in indoor
spaces that are associated with observations of indoor dampness and mold are
impossible at this stage. There is a striking lack of studies that would have consid-
ered a large variety of microbial secondary metabolites from a sufficient number
of samples collected in a standardized manner from indoor environments with and
without moisture damage. The few studies that provide such index/reference data
have not shown very clear differences in the prevalence or levels of individual
mycotoxins. Such studies rather indicate more subtle differences, for example, a
higher number of mycotoxins occurring at elevated concentrations in damp com-
pared to reference buildings. The respective studies were, however, limited to some
extent as concemns the severity of the moisture damage conditions?! and/or the
sample numbers.’>>* There is a need for future studies recruiting severely damaged
indoor environments into a sound, epidemiological index/reference study design.
Ultimately, the aim of our research must be to answer the question “... if
mycotoxins at concentrations found in mould damaged indoor environments
make us sick,” as was formulated by Bloom in her Ph.D. thesis.”® Despite
some 30years of research dealing with the indoor occurrence of mycotoxins,
sound information on actual health effects is limited. Several of the studies on
the occurrence of mycotoxins indoors listed in Table 1 present some informa-
tion on health complaints or in a few cases clinical data for the occupants of
these buildings.>%!0:57-62 However, no formal statistical analyses relating to the
measured mycotoxin exposure of the individuals to their health outcomes were
performed in any of these studies, mostly for reasons of too few samples or
insufficient patient or mycotoxin exposure data. Support from epidemiological
studies in clarifying potential health effects upon indoor mycotoxin exposure
is almost completely absent. The fact that there are no commonly accepted bio-
markers of airborne exposure to multiple mycotoxins in non-occupational set-
tings is certainly contributing to this situation. Cai et al.®3 analyzed associations
of verrucarol (the hydrolysis product of MCTs) in surface dust collected in 32
classrooms on self-reported respiratory symptoms of 462 pupils in eight schools
in Malaysia. The authors reported an inverse association of verrucarol with day-
time breathlessness. The study was, however, limited by the fact that verrucarol
was detected in only 4 of 32 classrooms. Two studies that used multimetabolite
analysis methods in an epidemiological study setting are being prepared for pub-
lication as of this writing, with part of these data being published in conference
proceedings. Kirjavainen et al.>® (manuscript under review; see also Ref. 52)
explored associations of mycotoxins in floor dust at early life with develop-
ment of asthma in 95 pupils in a Finnish birth cohort study. The authors reported
that neither sum load nor number of individual toxins were associated with a
risk of doctor-diagnosed asthma; positive and negative indicative associations
were observed for individual mycotoxins with the development of asthma. Zock
et al.5 (full manuscript under preparation see also Ref. 55) studied respiratory
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symptoms in 645 teachers in relation to dampness and levels of microbial second-
ary metabolites in schools in Finland, the Netherlands, and Spain. Preliminary
analyses indicated a significant dose-response association of mycotoxin load in
dust with the asthma symtpom score and nasal symptoms in Finnish teachers.
There is good knowledge of the toxicological mechanisms that mycotoxins
may exert—those are discussed in another section of this book (Chapter 3.6).
However, most of what is known refers to food-borne mycotoxins and ingestion
as an exposure route. Apart from a few exceptions, much less information is
available from the more indoor-relevant metabolites and their toxicology upon
inhalation exposure. It has been suggested in the literature that inhalation of
mycotoxins may be many times more toxic than ingestion,>-6¢ but this is in fact
very little understood. Mycotoxins are present in indoor environments and inha-
lation exposure takes place. Mechanistic work*®67.98 has shown that not only
fungal spores carrying mycotoxins but also fragments may be crucial in terms
of exposure. Based on the few reports of mycotoxins in the air of mold-infested
indoor spaces, “usual” exposure levels are very low, in the concentration range
of picograms to nanograms per cubic meter of air. Thus—unless high-exposure
occupational settings are concerned, or exceptionally severe cases of indoor
contamination—acute toxic effects of mycotoxin exposure may be rare. Never-
theless, chronic low-level exposure to mycotoxins through inhalation could also
represent a health hazard. For example, Miller et al.®>70 have shown alterations
in the expression of inflammation-related genes in mouse lungs upon exposure
to “real-world” levels of various indoor mycotoxins. There are in vitro stud-
ies that indicate that synergistic effects in evoking cellular responses may be
highly relevant when considering multiple mycotoxins and mycotoxins and
other microbial compounds.”!7* These findings also link to the initial scheme
presented (Figure 1), illustrating the multitude of biological and chemical expo-
sures present in damp buildings. Measurement of single agents is probably not
sufficient if we want to attempt to elucidate the adverse health effects observed
in exposed occupants, but rather we will have to take into consideration the
complexity of the exposure situation in damp buildings in future assessments.
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