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Abstract

A previous study showed that classical building-related symptoms (BRS) were re-
lated to indoor dust and microbial toxicity via boar sperm motility assay, a sensi-
tive method for measuring mitochondrial toxicity. In this cross-sectional study, we
analyzed whether teachers’ most common work-related non-literature-known BRS
(nBRS) were also associated with dust or microbial toxicity. Teachers from 15 schools
in Finland completed a questionnaire evaluating 20 nBRS including general, eye, res-
piratory, hearing, sleep, and mental symptoms. Boar sperm motility assay was used to
measure the toxicity of extracts from wiped dust and microbial fallout samples col-
lected from teachers’ classrooms. 231 teachers answered a questionnaire and their
classroom toxicity data were recorded. A negative binomial mixed model showed
that teachers’ work-related nBRS were 2.9-fold (95% Cl: 1.2-7.3) higher in classrooms
with highly toxic dust samples compared to classrooms with non-toxic dust samples
(p = 0.024). The RR of work-related nBRS was 1.8 (95% Cl: 1.1-2.9) for toxic microbial
samples (p = 0.022). Teachers’ BRS appeared to be broader than reported in the lit-
erature, and the work-related nBRS were associated with toxic dusts and microbes in

classrooms.

KEYWORDS
building-related symptoms, indoor toxicity, microbial toxins, mitochondrial dysfunction,
mitochondrial toxicity, sick building syndrome

Practical implications

e The boar sperm motility inhibition assay, a sensitive method for detecting mitochondrial tox-
icity, is a promising approach to assess the risk of adverse indoor health effects.

e In toxic classrooms, teachers' building-related symptoms are more diverse than thus far
reported.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.
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1 | INTRODUCTION

According to the World Health Organization, healthy indoor air is
a human right.! However, poor indoor air quality is common, and
building-related symptoms (BRS) have been reported worldwide for
decades in different types of buildings.2 Known BRS affect several
organ systems, including the eyes, nose, skin, respiratory, and cen-
tral nervous systems; poor indoor air quality can also cause gen-
eral and mental health symptoms.z'4 Microbial toxins indoors in
moisture and mold-damaged buildings are suspected to cause some
BRS.’

In some reports of in vitro toxicity, differences have been
found between moisture-damaged buildings and reference build-
ings. In schools with high levels of BRS, the inflammatory poten-
tial of deposited dust in human lung epithelial cell line A549 assay
was statistically significantly higher than in control schools.® In
offices, the inflammatory potential of the dusts above the floor
in lung epithelial cell A549 assay was associated with central ner-
vous system symptoms but not mucosal or skin symptoms.7 In two
moisture-damaged schools, inflammatory potential of indoor air
particles and bioaerosols were examined before and after building
renovation®; in one school, a clear decrease in both TNF-a and
IL-6 levels was observed via the mouse RAW264.7 macrophage
assay; in another school no differences in inflammatory potential
were observed. In more recent work, the inflammatory potential
of indoor air particles in mouse RAW264.7 macrophage assay was
significantly lower as measured by TNF-a and IL-6 after extensive
renovation of a moisture-damaged school.? In the same study,
inflammatory markers in teachers’ nasal lavage samples were
also lower after renovation, as were microbial concentrations in
air samples. In a multicenter study in different climatic areas in
Finland, the Netherlands and Spain, the inflammatory potential
of school deposition dust was studied with mouse RAW264.7
macrophage cells.®0 Significant differences were found between
countries, and in the pooled data, moisture-damaged schools had
slightly higher, but not statistically significant, inflammatory po-
tentials compared to reference schools. The toxicity of actively
collected particle samples in the mouse RAW264.7 macrophage
test did not differ significantly between moisture-damaged and
control schools.!

Boar sperm motility assay has been used to detect toxic mi-
crobes and dusts in moisture- and mold-damaged buildings as-
sociated with health complaints.*>?* In a recent study, a clear
temporal association was found between heavy occupational
exposure to sperm-toxic dust, during renovation of a water-
damaged building, and a cluster of 21 new occupational asthma
cases.??

We previously showed that 20 literature-known BRS
were associated with sperm-toxic dust and airborne microbes
in teachers’ working environments.?® In the present study,
we investigated whether teachers’ other work-related non-
literature-known BRS (nBRS) are also linked to dust and micro-
bial toxicity.

2 | MATERIALS AND METHODS

2.1 | Schools

A more detailed description of material and methods was previously
published.?® The Real Estate Department of Helsinki City chose 15
schools that represented different decades of construction, build-
ing technologies, and ventilation systems, some of which had been
renovated. These schools are described more detailed earlier.?® The
schools were built between 1924 and 2004. Fourteen schools were
between 2400 and 8300 m? and one school was 474 m?. Concrete
was the main structural material for all the schools. Thirteen schools
had a mechanical exhaust air system, while eight schools additionally
had a mechanical supply air system. One building was renovated in
2009. Several moisture damage and indoor air studies had been con-
ducted in eight schools, one study in one school, and no concerns
about indoor air quality or moisture damage had been identified in
six schools. These building-level data were not available to the re-

search team during the research project.

2.2 | Teachers

Teacher eligibility for the study was based on working at least seven
hours per week in the study school and for at least one year in the
same principal classroom. Further, there had to be information avail-
able on his/her workplace and participants could not be pregnant at
the time of survey. The symptoms of pupils in these schools were
not studied.

We sent a questionnaire to all teachers in the 15 schools.
The questionnaire asked whether symptoms were present in the
last 12 months, whether they were related to the workplace, and
whether they were alleviated during holidays and aggravated during
the school year. Demographic data included age, sex, smoking hab-
its and the presence of atopy. The 20 most common work-related
nBRS—symptoms which has not been published as building-related—
were selected for further investigation. According to the Ethics
Committee of Helsinki University Hospital, official approval was not

required for this type of anonymous survey.

2.3 | Testing indoor samples with boar
spermatozoa as biosensors

Two types of indoor samples (wiped dust and airborne microbes)
were collected from each teacher's principal classroom. First team
collected and analyzed health data, second team collected samples
as previously described.?® Dust samples were collected between
March 17 and June 11 in 2011. Microbial fallout samples were col-
lected during lessons between May 9 and June 1 in 2011. Cotton
balls were used to wipe dust samples from horizontal surfaces of
lamps and cupboards, which had cleaned 8-12 months before sam-
pling. Airborne microbial propagules were collected by allowing
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them to fall onto malt extract agar plates for a 1 h sampling time.
Plates were incubated for 4-6 weeks, and all growing microbial bio-
masses were harvested. No colony-forming units were counted and
no identification of species was performed. To process these two
different types of samples, the wiped dust and microbial biomasses
were extracted separately into ethanol and evaporated to dryness at
62°C. Then, the residues were re-dissolved in ethanol to a concen-

tration of 10 mg dry weight per ml.}?

Next, boar spermatozoa were
exposed to the extracts of wiped dust and microbial biomass sam-
ples for 3 days.?® Then, we determined the lowest sample extract
concentration at which 250% of the spermatozoa had lost motility in
comparison with control vehicle (ethanol).!??® The half maximal ef-
fective concentration (EC,) indicated the degree of toxicity (ie, the

lower the EC,, the higher the toxicity).

2.4 | Statistical analysis

Measurement endpoints are expressed as the median and 25th to
75th percentiles, unless otherwise stated. The number of work-
related nBRS and the number of nBRS that were alleviated during
school holidays were used as the dependent variables in negative
binomial mixed models with school (n = 15) used as a random ef-
fect. Two different adjustment sets were used when evaluating
the effect of sample toxicity on the recorded number of symp-
toms: (1) Age, sex, current smoking status, and atopy-adjusted
model, and (2) exposure time (in quartiles) -adjusted model. The
results of negative binomial models are given as rate ratios (RRs)
with 95% confidence intervals (95%Cls), which indicate the rela-
tive difference in the number of symptoms between groups. The
relationship between dust and microbial toxicities was determined
with a Spearman's rank correlation analysis. Two-tailed p values
are reported. All analyses were performed with SAS (version 9.4,
SAS Institute Inc.).

3 | RESULTS

The questionnaire was sent by email to all teachers at the 15 schools
(n = 630); 464 recipients (74%) responded.?® Of those, 231 teachers
met the inclusion criteria with a complete questionnaire and at least
one type of toxicity result (200 responders had microbial toxicity
results and 169 responders had dust toxicity results). Table 1 shows
the summary of the study population. The median age of responders
was 43 years, 81.8% were women, 9.5% were current smokers, and
10.4% had atopy. Their median working time at the primary work-
place was 22 hours per week. The median age of survey drop-outs
was 44 years, 77.7% of them were women (missing data 3.9%), 9.4%
were smokers, and 10.3% had atopy. Their median number of hours
spent at the primary workplace was 20 h per week (missing data
41.2%).

Table 2 shows the prevalence of the most common (prevalence
over 5%) work-related symptoms in this dataset. In addition, the

TABLE 1 Summary data of study population of 231 teachers

Variable

Age 43 (34-50)
Female sex,? n (%) 189 (81.8)
Current smoking, n (%) 22 (9.5)
Atopy, n (%) 24 (10.4)
Working in primary classroom, hours per week 22 (17-26)
Median number of work-related nBRS 1(0-3)
Teachers having at least one work-related nBRS, n (%) 121 (52.4)
Teachers having at least five work-related nBRS, n (%) 32(13.9)

Note: The values are presented as medians with 25th-75th percentiles
unless otherwise stated.

20ne person in the study group lacked information about gender. The
maximum possible score for work-related nBRS (non-literature-known
building-related symptoms) was 20 points.

table indicates whether the symptom is reported in the literature as
building-related (literature-known BRS) or not (non-literature-known
BRS, nBRS). Table 2 does not include work-related literature-known

BRS analyzed in previous work®

with a prevalence of less than 5% in
this dataset (fever, nose irritation, wheezing, exanthema, swollen eye-
lids, and difficulty concentrating). The 20 most common work-related
nBRS included the following: three general symptoms (repeated or
prolonged generalized feeling of sickness, decreased physical con-
dition or performance, and indefinite feeling of thermoregulation
failure); three throat symptoms (throat mucus and need to clear the
throat, itching in the throat, and globus sensation); two other respi-
ratory symptoms (sensation of pressure in the cheek or forehead,
and getting out of breath easily); two eye symptoms (redness in the
whites of the eyes, and eye discharge); three hearing symptoms (hear-
ing impaired, difficulty distinguishing speech in noisy environments,
and hypersensitivity to sound); three sleep symptoms (insomnia, dif-
ficulty falling asleep, and increased need for sleep); and four mental
symptoms (depressiveness, irritability, anxiety, and decreased stress
resistance). The median number of work-related nBRS per teacher was
one symptom. Among the 231 teachers, 121 (52.4%) had at least one
work-related nBRS and 32 (13.9%) had at least five work-related nBRS.

Dust toxicity was divided into three categories, and microbial
toxicity was divided into two categories. The distribution of toxici-
ties is shown in Table 3. There was no correlation between dust and
microbial toxicities (Spearman's rho = 0.087, p = 0.31).

According to the negative binomial mixed model adjusted for
age, gender, smoking status, and atopy (Model 1), the number of
teachers’ work-related nBRS was 2.9-fold higher (p = 0.024) when
the dust sample EC,, was 6 ug/ml, compared to symptoms in non-
toxic classrooms (dust with EC,, of 25 pg/ml or higher; Table 3).
Moreover, according to Model 1, the RR of teachers’ work-related
nBRS was 1.8 (p = 0.022), when the EC,, of fallout propagules was
<12 pg/ml, compared to an EC., >12 pg/ml.

Table 4 shows the negative binomial mixed model adjusted for
time spent in the primary workspace (Model 2), with results parallel-
ing those in Model 1.
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Teachers had more nBRS, which were alleviated during school
holidays in classrooms with highly toxic samples compared to those

in classrooms with less-toxic samples: according to Model 1 the RR

TABLE 2 Prevalence of work-related symptoms among 231
teachers divided into literature-known BRS and non-literature-
known BRS

Prevalence,
n (%)
Literature-known BRS
Fatigue 65 (28.1)
Nose stuffiness 64 (27.7)
Hoarseness 62 (26.8)
Nose dryness 52(22.5)
Headache 46(19.9)
Dry eyes 45(19.5)
Dry cough 40(17.3)
Eye irritation 39 (16.9)
Sneezing 39 (16.9)
Running nose 37 (16.0)
Mouth dryness 30(13.0)
Sore throat 27 (11.7)
Skin dryness 20(8.7)
Chills 19 (8.2)
Bloody nasal mucus 16 (6.9)
Wet eyes 15 (6.5)
Shortness of breath 12 (5.2)
Skin itching 12 (5.2)
Non-literature-known BRS
Throat mucus and need to clear the throat 50 (21.6)
Generalized feeling of sickness 46 (19.9)
Throat itching 35(15.2)
Decreased physical condition 27 (11.7)
Difficulty hearing speech in background noise 27 (11.7)
Insomnia 25(10.8)
Irritability 22 (9.5)
Sensation of pressure in the cheek or forehead 22(9.5)
Difficulty falling asleep 21(9.1)
Globus sensation 19 (8.2)
Indefinite feeling of thermoregulation failure 19 (8.2)
Decreased stress resistance 18 (7.8)
Increased need for sleep 18 (7.8)
Red eyes 18 (7.8)
Anxiety 14 (6.1)
Eye discharge 14 (6.1)
Hypersensitivity to sound 14 (6.1)
Getting out of breath easily 13 (5.6)
Depressiveness 12 (5.2)
Hearing impaired 12 (5.2)

was 3.3 (95% ClI: 1.2-9.2, p = 0.024) when classroom dust samples
had an EC,, <6 pg/ml compared to classroom samples with an EC,,
225 pg/ml, while the RR was 1.4 (95% Cl: 0.8-2.5; p = 0.22) when
classrooms microbial samples had an EC;, <12 pg/ml compared to
microbial samples with an EC,, >12 pg/ml.

TABLE 3 Negative binomial mixed model 1 results show the
relative ratios (RRs) of work-related non-literature-known BRS, in
teachers exposed to materials with different toxicities, compared to
those exposed to a reference material

EC,, (ngdry Number of p
weight/ml)? teachersN (%) RR 95% Cl Value
Surface-wiped dust
6 15(8.9) 2.90 1.16 to 7.29 0.024
12 42 (25.0) 0.82 044to1.54 0.54
25 111 (66.1) 1.00 (reference)
All 168 (100)
Cultured fallout propagules
<12 81 (40.7) 176  1.09t02.83  0.022
>12 118 (59.3) 1.00 (reference)
All 199 (100)

Note: RRs are adjusted for age, gender, smoking, and atopy; schools
were used as a random effect.

?EC,, was calculated as the concentration of ethanol-soluble sampled
material (ug dry weight/ml) that induced loss of motility in 250% of
exposed sperm cells. Lower EC; values indicate higher toxicity.

TABLE 4 Negative binomial mixed model 2 results show the
relative ratios (RRs) of work-related non-literature-known BRS, in
teachers exposed to materials with different toxicities, compared to
those exposed to a reference material

EC,, (ngdry Number of p
weight/ml)? teachers N (%) RR 95% ClI Value
Surface-wiped dust
6 15(9.1) 2.67 1.08 to 6.61 0.034
12 43(26.1) 0.84 0.46to1.56 0.58
25 107 (64.8) 1.00 (reference)
All 165 (100)
Cultured fallout propagules
<12 79 (40.9) 170 1.05t02.73  0.030
>12 114 (59.1) 1.00 (reference)
All 193 (100)

Note: RRs are adjusted for exposure time in the studied classroom;
schools were used as a random effect.

EC,, was calculated as the concentration of ethanol-soluble sampled
material (ug dry weight/ml) that induced loss of motility in 250% of
exposed sperm cells. Lower EC, values indicate higher toxicity.
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4 | DISCUSSION

Our results show that teachers’ work-related non-literature-known
BRS were linked to dust and microbial toxicity. This finding sug-
gested that the spectrum of BRS is much broader than expected.

We evaluated the statistical effect of dust and microbial toxicity
on teachers’ 20 nBRS with a negative binomial mixed model adjusted
for age, gender, smoking, and atopy (Model 1) or exposure time in
the primary workplace (Model 2). We focused on collecting and an-
alyzing individual and workstation-specific data instead of construc-
tion- and group-level data, and schools was used as a random effect
in the mixed models. These symptoms, which we have called nBRS,
have not been earlier linked to BRS. We found that the number of
teachers’ non-literature-known symptoms was significantly higher
in the more toxic classrooms. When we earlier explored teach-
ers’ classroom toxicity and 20 literature-known BRS (like cough,
wheezing, itchy eyes, stuffy nose, fatigue, headache) using Poisson
regression, the RR values for work-related BRS were 2.8 for dust
toxicity and 1.8 for microbial toxicity.?> When the relationship be-
tween teachers’ classroom toxicity and the presence of work-related
nBRS were analyzed in this study using the negative binomial mixed
model, the corresponding RR values were 2.9 for dust toxicity and
1.8 for microbial toxicity.

It was interesting to note that also teachers in toxic classrooms
had significantly more nBRS that were alleviated during school hol-
idays compared to teachers in less-toxic classrooms, when toxicity
was analyzed using two different sampling methods. The same phe-
nomenon was observed earlier in the relationship between toxic
classrooms and literature-known BRS.?

In this population, some of the teachers spent a relatively short
period of time (minimum time 4 h per week although at least seven
hours at school according to the inclusion criteria) in their primary
classroom. However, when we used the exposure time (hours per
week) in the measured classroom (Model 2), or the interaction of
exposure time and toxicity, to adjust the negative binomial mixed
model, the results were still similar.

Recently, severe occupational asthma patients have been re-
ported who prior to asthma diagnosis had a high-level, prolonged
exposure to dust that showed toxicity in the boar sperm assay.22
During an eight-month renovation period, a majority of asthma
patients’ workplace dust samples were markedly toxic; 21% were
highly sperm-toxic (EC,, <6 pg/ml) and 53% were clearly toxic (ECy,
7-12 pg/ml). After one year, in most cases, severe or moderate
asthma persisted, even though the individuals had moved to another
workplace. Those authors concluded that heavy, long-lasting toxic
exposure (months) probably produced permanent consequences. It
is important to note that toxic exposure was different in our present
study. First, the exposure time was relatively short (workdays were
less than 4.5 h, on average); second, the classrooms were tidy, with-
out visible dust; and third, based on the boar sperm assay, the dust
toxicity was clearly milder in classrooms (35% with EC., <12 g/
ml), compared to the environment tested in the asthma cases (74%
with EC,, <12 pg/ml).?? These differences might explain why the

teachers’ symptoms were reversible (alleviated during vacations),
while the work-related asthma symptoms persisted even two years
later (20/21 patients [95%] requiring regular asthma medication).

Motility of boar spermatozoa is dependent on the energy pro-
duced by mitochondria, and boar sperm motility inhibition assay is
a sensitive response-based method for detecting mitochondrial tox-
icants.?%2425 This method is suitable for large-scale field work and
has been actively used for decades to detect toxigenic microbes and
unknown toxins in moisture-damaged buildings.l“’25 Various toxins
produced by microbes isolated from damaged buildings, including
valinomycin, cereulide, amylosin, stephacidin A and B, fusaricidins,
several peptaibols, ophiobolins, chaetoglobosins, and communesins,
are known to inhibit boar sperm motility.*22%?! |n addition to micro-
bial toxins, environmental pollutants, consumer chemicals, tobacco
smoke, and particulate matter are known to impair mitochondrial
function.?¢"??

Normal mitochondrial function and signaling are prerequisites
for undisturbed physiological processes in humans, and mitochon-
drial dysfunction has been found to be associated with the patho-
physiology of many common diseases, as well as aging.2%! In asthma
and chronic obstructive pulmonary disease (COPD), dysfunction of
the airway mucosa and smooth muscle mitochondria has been found
to be central to pathophysiology.?34 Mitochondrial damage causes
local and systemic inflammation through both innate and adaptive
immunity.®>=%” The above findings have raised suspicion that envi-
ronmental mitochondrial toxic exposure is one of the major causes
of these lung diseases.’®%? These findings also generate a hypoth-
esis that in addition to asthma,?? also known BRS and thus far un-
known BRS may be associated with environmental mitochondrial
toxic exposures.

Our two different sampling methods most likely reflected dif-
ferent sources of toxicity. The surface-wiped dust samples directly
showed the presence of harmful substances, but the microbial sam-
ples represented an indirect approach, because toxicity was mea-
sured after the cultivation of airborne propagules. Moreover, the
dust that accumulated on horizontal surfaces over months reflected
potential long-term exposure, but the microbial samples potentially
reflected only short-term exposure (1 h collection time). The origin
of the dust toxicity (biological or chemical agents) could not be de-
termined. However, indoor settled dust has been previously found
to contain a massive amount of different toxic chemicals such as
phthalates and other plasticizers, flame retardants, organotins, phe-
nols, heavy metals, polycyclic aromatic hydrocarbons, and different
biocides.*® On the other hand, the microbial toxicity is originated
from viable toxigenic microbes in indoor air. The toxicities of the
dust and microbial samples were not correlated, which further sup-
ported the idea that they represented different phenomena.

Our study had some limitations. Of the 630 teachers in the
original study population, 74% responded and 50% dropped out
for different reasons.?® In addition, data related to exposure in
other areas visited by the study participants (eg, school, home,
previous work places) were not available. Furthermore, an inher-

ent limitation of our study design was that it was not possible to
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estimate the exact amount of teacher exposure using our sampling
methods. We were also unable to assess the effect of ventilation
differences on exposure and symptoms. However, we noted that,
although we only tested the teachers’ present principal class-
rooms, we found a significant association between the symptoms
and the measured toxicity in settled dust and airborne microbial
biomass.

5 | CONCLUSIONS

The spectrum of teachers’ work-related BRS appeared to be
broader than generally thought. The frequency of work-related
non-literature-known BRS, which were alleviated during school
holidays, was markedly higher among teachers exposed to class-
rooms containing toxic dusts or microbes compared to par-
ticipants who worked in classrooms with non-toxic samples.
Non-literature-known BRS were almost as common compared to
literature-known BRS.

Work-related symptoms were strongly associated with indoor
toxicity measured as inhibition of boar sperm motility, a sensi-
tive detector of mitochondrial toxicity. Thus, further studies are
needed to clarify whether there is an association between BRS
and mitochondrial function of people exposed to sources of in-

door toxicity.

ACKNOWLEDGEMENTS

We acknowledge grants from the Finnish Work Environment Fund
(TSR 113105 and 200262). We warmly thank Professor Mirja
Salkinoja-Salonen and PhD Maria Andersson (Aalto University and
University of Helsinki) for their strong support on many important

issues during completion of this study.

CONFLICTS OF INTEREST
JS owns 3% of company shares in Inspector Sec Ltd. PO and HS de-
clare no conflict of interest.

AUTHOR CONTRIBUTIONS

JS, PO, and HS: Contributed to conceptualization, investigation,
methodology, resources, validation, writing—original draft, and
writing—review and editing; JS and PO: Involved in data curation,
formal analysis, and software; JS: Involved in funding acquisition;

HS: Involved in project administration and supervision.

DATA AVAILABILITY STATEMENT

Data are available upon reasonable request. Individual-level deiden-
tified participant data (including toxicity data, symptom score, age,
gender, smoking status, atopy, school number) are available upon
request from the correspondence author if colleagues wish to verify

statistical analyzes.

ORCID

Janne Salin "= https://orcid.org/0000-0002-2510-6245

REFERENCES

1. WHO. WHO Guidelines For Indoor Air Quality: Dampness and Mould.
Geneva, Switzerland: World Health Organization; 2009.

2. Norback D. An update on sick building syndrome. Curr Opin Allergy
Clin Immunol. 2009;9(1):55-59.

3. WHO. Indoor Air Pollutants: Exposure and Health Effects. Euro Reports
and Studies 78. Copenhagen, Denmark: World Health Organization;
1983.

4. Burge PS. Sick building syndrome. Occup Environ Med.
2004;61(2):185-190.

5. Miller JD, McMullin DR. Fungal secondary metabolites as harmful
indoor air contaminants: 10 years on. Appl Microbiol Biotechnol.
2014;98(24):9953-9966.

6. Allermann L, Meyer HW, Poulsen OM, Nielsen JB, Gyntelberg F.
Inflammatory potential of dust from schools and building related
symptoms. Occup Environ Med. 2003;60(9):E5.

7. Allermann L, Pejtersen J, Gunnarsen L, Poulsen OM. Building-
related symptoms and inflammatory potency of dust from office
buildings. Indoor Air. 2007;17(6):458-467.

8. Huttunen K, Rintala H, Hirvonen MR, et al. Indoor air particles
and bioaerosols before and after renovation of moisture-damaged
buildings: the effect on biological activity and microbial flora.
Environ Res. 2008;107(3):291-298.

9. Roponen M, Meklin T, Rintala H, Hyvarinen A, Hirvonen MR. Effect
of moisture-damage intervention on the immunotoxic potential and
microbial content of airborne particles and on occupants’ upper air-
way inflammatory responses. Indoor Air. 2013;23(4):295-302.

10. Huttunen K, Tirkkonen J, Taubel M, et al. Inflammatory potential in
relation to the microbial content of settled dust samples collected
from moisture-damaged and reference schools: results of HITEA
study. Indoor Air. 2016;26(3):380-390.

11. Tirkkonen J, Taubel M, Leppédnen H, et al. Toxicity of airborne
dust as an indicator of moisture problems in school buildings. Inhal
Toxicol. 2017;29(2):75-81.

12. Andersson MA, Mikkola R, Rasimus S, et al. Boar spermatozoa as a
biosensor for detecting toxic substances in indoor dust and aero-
sols. Toxicol in Vitro. 2010;24(7):2041-2052.

13. Rasimus-Sahari S, Teplova VV, Andersson MA, et al. The pep-
tide toxin amylosin of bacillus amyloliquefaciens from moisture-
damaged buildings is immunotoxic, induces potassium efflux
from mammalian cells, and has antimicrobial activity. Appl Environ
Microbiol. 2015;81(8):2939-2949.

14. Andersson MA, Nikulin M, Kéljalg U, et al. Bacteria, molds, and
toxins in water-damaged building materials. Appl Environ Microbiol.
1997;63(2):387-393.

15. Mikkola R, Andersson MA, Hautaniemi M, Salkinoja-Salonen MS.
Toxic indole alkaloids avrainvillamide and stephacidin B produced
by a biocide tolerant indoor mold aspergillus westerdijkiae. Toxicon.
2015;99:58-67.

16. Salo MJ, Marik T, Mikkola R, et al. Penicillium expansum strain
isolated from indoor building material was able to grow on
gypsum board and emitted guttation droplets containing cha-
etoglobosins and communesins A, B and D. J Appl Microbiol.
2019;127(4):1135-1147.

17. Salo JM, Kedves O, Mikkola R, et al. Detection of chaetomium glo-
bosum, ch. cochliodes and ch. rectangulare during the diversity
tracking of mycotoxin-producing chaetomium-like isolates ob-
tained in buildings in finland. Toxins (Basel). 2020;12(7):443. https://
doi.org/10.3390/toxins12070443

18. Mikkola R, Andersson MA, Grigoriev P, Heinonen M, Salkinoja-
Salonen MS. The toxic mode of action of cyclic lipodepsipeptide fu-
saricidins, produced by paenibacillus polymyxa, toward mammalian
cells. J Appl Microbiol. 2017;123(2):436-449.

19. Andersson MA, Salo J, Kedves O, et al. Bioreactivity, guttation and
agents influencing surface tension of water emitted by actively


https://orcid.org/0000-0002-2510-6245
https://orcid.org/0000-0002-2510-6245
https://doi.org/10.3390/toxins12070443
https://doi.org/10.3390/toxins12070443

SALIN ET AL.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

growing indoor mould isolates. Microorganisms. 2020;8(12):E1940.
https://doi.org/10.3390/microorganisms8121940

Hoornstra D, Andersson MA, Mikkola R, Salkinoja-Salonen MS. A
new method for in vitro detection of microbially produced mito-
chondrial toxins. Toxicol in Vitro. 2003;17(5-6):745-751.

Castagnoli E, Marik T, Mikkola R, et al. Indoor trichoderma
strains emitting peptaibols in guttation droplets. J Appl Microbiol.
2018;125(5):1408-1422.

Hyvonen S, Syrjala H. Asthma case cluster during renovation of a
water-damaged and toxic building. Microorganisms. 2019;7(12):642.
https://doi.org/10.3390/microorganisms7120642

Salin JT, Salkinoja-Salonen M, Salin PJ, et al. Building-related symp-
toms are linked to the in vitro toxicity of indoor dust and airborne
microbial propagules in schools: a cross-sectional study. Environ
Res. 2017;154:234-239.

Vicente-Carrillo A, Edebert |, Garside H, et al. Boar spermatozoa
successfully predict mitochondrial modes of toxicity: implications
for drug toxicity testing and the 3R principles. Toxicol in Vitro.
2015;29(3):582-591.

Castagnoli E, Salo J, Toivonen MS, et al. An evaluation of boar sper-
matozoa as a biosensor for the detection of sublethal and lethal
toxicity. Toxins (Basel). 2018;10(11):463. https://doi.org/10.3390/
toxins10110463

Dreier DA, Mello DF, Meyer JN, Martyniuk CJ. Linking mitochon-
drial dysfunction to organismal and population health in the con-
text of environmental pollutants: progress and considerations for
mitochondrial adverse outcome pathways. Environ Toxicol Chem.
2019;38(8):1625-1634.

Daiber A, Kuntic M, Hahad O, et al. Effects of air pollution particles
(ultrafine and fine particulate matter) on mitochondrial function
and oxidative stress-implications for cardiovascular and neurode-
generative diseases. Arch Biochem Biophys. 2020;696:108662.
Meyer JN, Leung MC, Rooney JP, et al. Mitochondria as a target of
environmental toxicants. Toxicol Sci. 2013;134(1):1-17.
Zolkipli-Cunningham Z, Falk MJ. Clinical effects of chemical expo-
sures on mitochondrial function. Toxicology. 2017;391:90-99.
Nunnari J, Suomalainen A. Mitochondria: in sickness and in health.
Cell. 2012;148(6):1145-1159.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Wi LEYJﬂ

Mottis A, Herzig S, Auwerx J. Mitocellular communication: shaping
health and disease. Science. 2019;366(6467):827-832.

Piantadosi CA, Suliman HB. Mitochondrial dysfunction in lung
pathogenesis. Annu Rev Physiol. 2017;79:495-515.

Ten VS, Ratner V. Mitochondrial bioenergetics and pulmonary dys-
function: current progress and future directions. Paediatr Respir
Rev. 2020;34:37-45.

Wiegman CH, Michaeloudes C, Haji G, et al. Oxidative stress-
induced mitochondrial dysfunction drives inflammation and airway
smooth muscle remodeling in patients with chronic obstructive pul-
monary disease. J Allergy Clin Immunol. 2015;136(3):769-780.
Grazioli S, Pugin J. Mitochondrial damage-associated molecular
patterns: from inflammatory signaling to human diseases. Front
Immunol. 2018;9:832.

West AP. Mitochondrial dysfunction as a trigger of innate immune
responses and inflammation. Toxicology. 2017;391:54-63.

Dela Cruz CS, Kang MJ. Mitochondrial dysfunction and damage
associated molecular patterns (DAMPs) in chronic inflammatory
diseases. Mitochondrion. 2018;41:37-44.

Manevski M, Muthumalage T, Devadoss D, et al. Cellular stress
responses and dysfunctional mitochondrial-cellular senescence,
and therapeutics in chronic respiratory diseases. Redox Biol.
2020;33:101443.

Sachdeva K, Do DC, Zhang Y, Hu X, Chen J, Gao P. Environmental
exposures and asthma development: autophagy, mitophagy, and
cellular senescence. Front Immunol. 2019;10:2787.

Dong T, Zhang Y, Jia S, et al. Human indoor exposome of chemicals
in dust and risk prioritization using EPA's ToxCast database. Environ
Sci Technol. 2019;53(12):7045-7054.

How to cite this article: Salin J, Ohtonen P, Syrjala H. Teachers'

work-related non-literature-known building-related symptoms

are also connected to indoor toxicity: A cross-sectional study.
Indoor Air. 2021;31:1533-1539. https://doi.org/10.1111/

ina.12822


https://doi.org/10.3390/microorganisms8121940
https://doi.org/10.3390/microorganisms7120642
https://doi.org/10.3390/toxins10110463
https://doi.org/10.3390/toxins10110463
https://doi.org/10.1111/ina.12822
https://doi.org/10.1111/ina.12822

