
Synergistic proinflammatory interactions of microbial toxins and
structural components characteristic to moisture-damaged
buildings

Abstract Indoor exposure to microbes and their structural and metabolic
compounds is notoriously complex. To study proinflammatory interactions
between the multiple microbial agents, macrophages derived from human THP-
1 monocytic cells were exposed to several concentrations of microbial toxins
alone (emodin, enniatin B, physcion, sterigmatocystin, valinomycin) and in
combination with microbial structural components (bacterial
lipopolysaccharide [LPS] or fungal b-glucan). While the expression of
proinflammatory cytokines TNFa and IL-1b to single toxins alone was modest,
low-dose co-exposure with structural components increased the responses of
emodin, enniatin B, and valinomycin synergistically, both at the mRNA and
protein level, as measured by RT-qPCR and ELISA, respectively. Co-exposure
of toxins and b-glucan resulted in consistent synergistically increased expression
of several inflammation-related genes, while some of the responses with LPS
were also inhibitory. Co-exposure of toxins with either b-glucan or LPS induced
also mitochondrial damage and autophagocytosis. The results demonstrate that
microbial toxins together with bacterial and fungal structural components
characteristic to moisture-damaged buildings can have drastic synergistic
proinflammatory interactions at low exposure levels.
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Practical Implications
In this study, we evaluated joint effects between indoor microbial toxins and structural components of bacteria and
fungi commonly found in moisture-damaged buildings, using human macrophages. We show here that microbial tox-
ins can potentiate the inflammatory effects of structural components at very low exposure levels drastically increasing
the severity of proinflammatory responses. Co-effects are accompanied by morphological alterations indicative of
mitochondrial damage and autophagy-related activation pathways. The synergistic nature of interactions may help in
understanding the adverse health effects observed in occupants of moisture-damaged buildings.

Introduction

Microbial toxins are secondary metabolites pro-
duced by fungi and bacteria with known or
assumed toxic effects on human or animal cellular

systems. Both microbes and their secondary metabo-
lites are ubiquitously present in indoor environ-
ments. In moisture-damaged spaces, their amounts
and numbers appear to be increased (Kirjavainen
et al., 2015; Miller and McMullin, 2014; Nevalainen
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et al., 2015; Peitzsch et al., 2012; T€aubel and
Hyv€arinen, 2015; T€aubel et al., 2011). Exposure to
indoor dampness and moisture damage is associated
with airway and systemic inflammation, exacerba-
tion and development of asthma, various respiratory
symptoms and repeating infections (Kanchongkit-
tiphon et al., 2015; Mendell et al., 2011; World
Health Organization, 2009). While indoor dampness
and mold-related microbial exposure is assumed to
be a key factor in adverse health outcomes of occu-
pants, the causative components and the mecha-
nisms are not known.

Microbial toxins are typically stable, non-volatile,
and highly bioactive compounds that may, depending
on their chemical structure, have cytotoxic, inflamma-
tory, immunosuppressive, and carcinogenic effects
(Bennett and Klich, 2003; Council for Agricultural
Science and Technology, 2003). They act via a variety
of different mechanisms, which are better understood
for ingestion exposure, but largely unknown for
chronic, low-level inhalation exposure scenarios. In
moisture-damaged indoor environments, microbial tox-
ins do not occur as individual compounds, but are pre-
sent with a variety of fungi and bacteria, their spores,
cell wall components, and cell fragments together with
allergenic proteins and volatile organic compounds
(Nevalainen et al., 2015). Toxicological interactions
between different microbial agents are likely (Huttunen
et al., 2004; Murtoniemi et al., 2005; Penttinen et al.,
2005), but poorly characterized. In particular, microbial
cell wall components, such as the fungal polysaccharide
b-glucan and bacterial lipopolysaccharide (LPS), are
ubiquitous and potent inducers of inflammatory
responses. Some synergistic interactions between tri-
chothecene mycotoxins and LPS have been shown in
human macrophages (Kankkunen et al., 2009, 2014)
and mouse nasal airways (Islam et al., 2007).

The majority of indoor mycotoxin studies have so
far focused on macrocyclic trichothecenes, especially
satratoxins following initial observations on their pres-
ence in severely moisture- and mold-damaged buildings
where occupants suffered from severe and sometimes
fatal health outcomes (Dearborn et al., 1999; Etzel
et al., 1998; Flappan et al., 1999; Jarvis et al., 1998;
Johanning et al., 1996). Macrocyclic trichothecenes are
not, however, highly common in building materials or
floor dust of moisture-damaged schools or homes in
Europe (Huttunen et al., 2015; Kirjavainen et al.,
2015; Peitzsch et al., 2012; T€aubel et al., 2011). Based
on recent studies that have targeted multiple microbial
toxins rather than a few selected compounds of pri-
mary toxicological interest, the variety of compounds
with potential health implications is impressive (Kir-
javainen et al., 2015; Peitzsch et al., 2012; T€aubel
et al., 2011). At present, it is not well established what
is their potential for toxicological interactions and
what is their relevance to occupant health.

The objective of this study was to evaluate interac-
tions between common indoor microbial toxins and
microbial cell wall components LPS and b-glucan. Our
hypothesis was that the structural components modu-
late the effects of toxins, or vice versa, on proinflamma-
tory responses, namely on the expression of
proinflammatory cytokines TNFa and IL-1b, which
both play a central role in mold-induced adverse health
effects (Kankkunen et al., 2009; Pestka and Zhou,
2006). For this purpose, we studied the effects of five
structurally different microbial toxins on inflammatory
response and cell morphology of human macrophages
in vitro. Macrophages were chosen as they are responsi-
ble for the first line protection and triggering the
inflammatory response through secretion of signaling
molecules. THP-1 cells used in this study have become
one of the most widely used cell line to investigate
immune responses. After differentiation to monocyte-
derived macrophages, they show similarities to those of
peripheral blood mononuclear cells (Chanput et al.,
2014). The selected fungal toxins are commonly
detected in dust samples of moisture-damaged build-
ings (Kirjavainen et al., 2015; Peitzsch et al., 2012;
T€aubel et al., 2011). Emodin, enniatin B, sterigmato-
cystin, and physcion are fungal mycotoxins, while vali-
nomycin is predominantly produced by Streptomycetes
bacteria. Both valinomycin and enniatin B belong to
cyclohexadepsipeptide mycotoxins and function as
ionophores by transporting monovalent ions across the
cellular membranes (Kamyar et al., 2004; Paananen
et al., 2000; Tonshin et al., 2010). Emodin and phys-
cion are naturally occurring anthraquinones, produced
not only by fungi but also by some plants, and sterig-
matocystin is a polyketide mycotoxin structurally
related to aflatoxin B1 (Nielsen, 2003).

Materials and methods

Chemicals

All microbial toxins were purchased from Sigma-Aldrich
(≥90% pure) and were dissolved in dimethyl sulfoxide
(DMSO). Also LPS (lipopolysaccharides from Escheri-
chia coli 0111:B4) and b-D-glucan hydrate (curdlan from
Alcaligenes faecalis) were obtained from Sigma-Aldrich.
b-glucan was first diluted in 0.05 M NaOH to prepare a
stock solution of 10 mg/ml, and after that, serial
dilutions were prepared in phosphate buffered saline
(PBS). Serial dilutions of LPS were prepared from a
ready-made solution 1 mg/ml in cell culture medium.
Media, serum, and other products for cell culturing were
supplied byGibco (Invitrogen, Paisley, UK).

Cell culture and treatments

Human acute monocytic leukemia cells (THP-1) were
purchased from American Type Culture Collection and
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differentiated into macrophages with phorbol 12-myris-
tate 13-acetate (PMA, Sigma-Aldrich). The cells were
grown in RPMI medium supplemented with 10% Fetal
Bovine Serum, 2 mM L-glutamine, 0.05 mM 2-mercap-
toethanol, 100 U/ml penicillin, and 100 lg/ml strepto-
mycin at 37°C in a humidified atmosphere of 5% CO2

in air. The cells were grown in suspension, and the den-
sity was kept between 200 000 and 800 000 cells/ml by
performing routine cell counts. The cells turned adher-
ent after 48-h differentiation with 50 nM PMA.

For the gene expression and cytokine analysis, cells
were plated on 6-well plates, 1.6 million cells per well.
Differentiation was started by adding 50 nM PMA in
the cell culture medium and replacing the fresh PMA-
medium on the next day. After 48 h, the differentiation
medium was replaced with exposure medium. Expo-
sure medium contained single toxins, combinations of
toxins and b-glucan and/or LPS, or DMSO vehicle
only, so that the final concentration of DMSO was
only 0.1%. At the end of the exposure, medium was
removed and cells were harvested for gene expression
analyses or cell morphology studies, or the medium
was stored for cytokine analyses.

Cell viability assay

For the proliferation test, cells were grown on 96-well
plates. Cell proliferation was determined by colorimet-
ric assay using Cell Proliferation Reagent WST-1
(Roche, Mannheim, Germany). First, medium was
removed and WST-1 reagent added to wells. Cells were
incubated for 1 h. After shaking the cell plate for
1 min, the absorbance of the samples was measured
using a plate reader at 450 nm (EnSpire, Perkin Elmer,
Waltham, MA, USA).

RT-qPCR

RNA was isolated from the pelleted cells and after
determining its concentration, purity and integrity,
generated into cDNA, and used as a template for
quantitative PCR as described earlier (Koskela et al.,
2012). The expression levels of proinflammatory
cytokines as well as reference gene GAPDH were ana-
lyzed using following primers: TNFa (NM-000594),
tgcccctccacccatgtgct and cagccccctctggggtctcc; IL-1b
(NM-000576), tcgccagtgaaatgatggct and ggtcgga-
gattcgtagctgg; GAPDH (NM-002046)
cgcatcttcttttgcgtcgcca and ccacgacgtactcagcgccag
together with Power SYBR Green PCR Master Mix
and Applied Biosystems 7000 Real-Time PCR System
(Applied Biosystems, Foster City, CA, USA) accord-
ing to manufacturer’s protocol. Dissociation curves
were run to confirm the absence of non-specific amplifi-
cation. Standard curves were generated using isolated
and purified PCR products produced with the same
primers. Negative controls were included in each run.

The expression levels were related to mRNA concen-
trations of housekeeping gene GAPDH to normalize
the amount of cDNA in PCR reactions.

PCR arrays

RNA was isolated using RNeasy Mini Kit and
RNAse-free DNase (Qiagen, Hilden, Germany). The
concentration of RNA was determined using Nano
Drop (Thermo Scientific, Wilmington, DE, USA).
1 lg of RNA was generated into cDNA using RT2
First Strand Kit (Qiagen). cDNA samples were
mixed with RT2 qPCR Master Mix (Qiagen) and dis-
tributed in every well on PCR array plate (Human
Inflammatory Cytokines & Receptors by Qiagen).
This PCR Array profiled the expression of 84 key
genes mediating inflammatory response, such as
chemokines, cytokines, and interleukins involved as
well as their receptors. The array also contained con-
trols for RT reaction and PCR reaction as well as a
genomic DNA control. Applied Biosystems 7000
Real-Time PCR System was used to determine Ct-
values of each well according to the manufacturer’s
protocol. The fold changes in Ct-values were calcu-
lated using SABiosciences’ web-based data analysis
program (www.SABiosciences.com/pcrarraydataanal-
ysis.php).

Cytokine ELISA

The secretion of TNFa and Il-1b into the cell culture
medium was determined using commercial kits Human
TNFa and IL-1b DuoSet ELISA Development System
combined with Ancillary Reagent Kit (R&D Systems,
Minneapolis, USA) according to the manufacturer’s
instructions.

Cell morphology studies

For the electron microscopic examination, the cells
were firstly fixed with 2.5% glutaraldehyde (Electron
Microscopy Sciences) prepared in 0.1 M PBS for
2 h at RT. Samples for scanning electron micro-
scope (SEM) were dehydrated through ascending
series of ethanol: 50%, 60%, 70%, 80%, 90%,
94%, and absolute ethanol followed by hexamethyl-
disilane (HDMS). The coverslips were then air-
dried, mounted on aluminum stub, and coated with
a thin layer of gold. Samples were examined and
imaged with Zeiss Sigma HD VP scanning electron
microscope (Carl Zeiss Microscopy Ltd, Cambridge,
UK).

After pre-fixation, the samples for transmission elec-
tron microscope (TEM) were post-fixed with 1%
osmium tetroxide in 0.1 M PBS for 1 h at RT and
dehydrated through ascending series of ethanol: 70%,
90%, 94%, and absolute ethanol. The samples were

3

Synergistic interactions of microbial agents



then infiltrated in epoxy resin for 2 h at RT and poly-
merized for 24 h in 37°C followed by 48 h at 60°C.
Thin sections were cut using Ultracut UC7 ultramicro-
tome (Leica Microsystems, Wien, Austria) and stained
routinely with uranyl acetate and lead citrate. Samples
were examined and imaged with JEM-2100F transmis-
sion electron microscope operated at 200 kV (Jeol Ltd,
Tokyo, Japan).

Bench mark dose modeling, statistics, and analysis of interactions

Dose-responses were analyzed using the benchmark
dose (BMD) method, PROAST version 38.9 in R
software (Slob, 2002). Based on the likelihood ratio
test, the best-fitted models were selected among the
exponential and the Hill model families. Benchmark
doses (critical effect dose) and their lower and upper
95%-confidence bounds were calculated at a 50%
change in response compared with unexposed con-
trol.

Statistical analysis was performed by the ANOVA
followed by the Least Significant Difference test
(IMB SPSS Statistics 22). In the case of non-homo-
genous variances, the Mann–Whitney U-test was
used. The limit of statistical significance was set at
P < 0.05.

The interaction after co-exposure was considered
synergistic, when the ratio of measured co-response to
the sum of individual responses to toxins and b-glucan
or LPS was more than 1. If this ratio was about 1, the
interaction was additive, while ratios below 1 meant
antagonistic interaction.

Results

Comparison of cytotoxic and inflammatory responses

As potencies and toxicity profiles of the selected micro-
bial toxins were not known, dose-responses and time
trends were first determined separately for each toxin,
LPS and b-glucan. The strongest increase in mRNA
expression of proinflammatory cytokines TNFa and
IL-1b was observed at 3 or 6 h for most toxins and at
3 h for both b-glucan and LPS (data not shown). The
following time points were selected for further studies:
3 h for gene expression studies, 3 h and 24 h for cell
viability assessment, and 24 h for cell morphology
studies and analysis of TNFa and IL-1b production.

All toxins, except physcion, increased TNFa and IL-
1b mRNA expression and decreased cell viability.
Half-maximal effective concentrations (EC50) for cyto-
kine mRNA responses and cell viability are shown in
Table 1. Bacterial toxin valinomycin was the most
potent toxin for inflammatory and cytotoxic responses
even at low nanomolar level, while the other toxins
caused responses at micromolar levels. With the excep-
tion of valinomycin, toxins induced mRNA expres-

sions at the lower concentrations than caused
cytotoxicity. The potency order for cytokine responses
was valinomycin > enniatin B > sterigmatocystin >
emodin > physcion. The order for decreased cell via-
bility was the same except that at 3 h emodin was more
potent than sterigmatocystin, which was cytotoxic only
at 24 h. Physcion did not cause significant cytokine or
cell viability responses at any tested concentrations
(0.5–100 lM).

Effects of toxin mixtures and structural components

For mimicking real-life exposure situations, the cells
were exposed to mixtures of toxins in different combi-
nations alone and together with LPS and b-glucan
(Figure 1). The used proportions of emodin, enniatin
B, physcion, sterigmatocystin, and valinomycin were
selected to mimic real-life situations detected in indoor
air (Kirjavainen et al., 2015; Peitzsch et al., 2012; and
unpublished data) and were 100, 5, 250, 5, and 0.1 (on
molar basis), respectively. The concentration of emo-
din was set to 10 lg/ml (=37 lM), and the concentra-
tions of other toxins were set in relation to emodin:
0.5 lg/ml enniatin B (0.8 lM), 25 lg/ml physcion
(88 lM), 0.5 lg/ml sterigmatocystin (1.5 lM),
0.01 lg/ml valinomycin (0.009 lM). LPS and b-glucan
were used at the lowest concentrations able to evoke
the mRNA expression of TNFa and IL-1b (5 ng/ml
LPS and 100 ng/ml b-glucan). TNFa mRNA levels
were only slightly increased after exposure of cells to
single toxins or mixtures of enniatin B + emodin,
enniatin B + emodin + physcion, or enniatin
B + emodin + sterigmatocystin, suggesting that these
toxins have no additive interaction at the used concen-
trations. Addition of valinomycin to the mixtures
increased the response about ninefold (Figure 1a). The
expression of IL-1b, however, was comparable regard-
less of composition of the toxin mixture (Figure 1b).
Most remarkably, simultaneous treatment of cells with
b-glucan, LPS, and toxin mixtures strongly elevated

Table 1 Half-maximal effective concentrations of toxins (EC50) and 95% confidence inter-
vals for cytokine mRNA responses and cell viability. Dose-responses for cytokine expres-
sion after 3-h exposure and for cell viability after 3- and 24-h exposure were modelled by
PROAST using exponential and Hill model families

Endpoint

EC50 (95% confidence intervals) in lM

Emodin Enniatin B Sterigmatocystin Valinomycin

TNFa mRNA 42.9
(41.5–73.5)

2.4 (1.4–3.4) 10.3 (9.4–12.0) 0.037 (0.025–0.079)

IL-1b mRNA 15.1
(13.5–16.7)

1.8 (1.0–2.5) 11.5 (10.6–13.9) 0.006 (0.005–0.007)

Cell viability,
3 h

82.0
(77.6–87.7)

19.9 (17.4–23.1) NA 0.006 (0.006–0.007)

Cell viability,
24 h

79.3
(69.6–91.3)

26.4 (13.7–74.0) 57.5 (41.1–95.7) 0.009 (0.007–0.010)

NA = not applicable (no dose-response).
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the mRNA expression of TNFa. After 3-h co-treat-
ment with toxin mixtures enniatin B + emodin,
enniatin B + emodin + physcion or enniatin B +
emodin + sterigmatocystin, and low concentrations of
b-glucan and LPS, the TNFa mRNA levels were
clearly higher than the sum of individual effects (ratios
of measured co-responses to the sum of responses to
structural components and toxin mixtures were about
2.5) indicating a synergistic interaction (Figure 1a).
The presence of valinomycin in mixtures seemed to pre-
vent the synergistic co-responses in TNFa expression
and even inhibit the IL-1b responses (Figure 1a,b).
The combined effects of the toxin mixtures enniatin B +
emodin, enniatin B + emodin + physcion or enniatin
B + emodin + sterigmatocystin plus b-glucan, and
LPS on the IL-1b mRNA expression were additive
(Figure 1b). In addition, the IL-1b responses to all
toxin mixtures were at the same level as individual
responses to emodin or valinomycin alone (Figure 1b).

Interactions after co-treatment with single toxins and structural
components

Next, human macrophages were exposed to individual
toxins alone or in combination with b-glucan or LPS
to characterize their specific interactions. The concen-
trations of toxins were selected, so that they evoke
proinflammatory response, but are not highly cytotoxic
to cells. The cell viabilities (% of control) after 3-h
treatment with selected concentrations were as follows:
40 lM emodin 80.3 ! 2.1 (n = 4), 5 lM enniatin B
85.0 ! 2.8 (n = 5), 20 lM sterigmatocystin 101.6 !
3.7 (n = 2), and 5 nM valinomycin 63.1 ! 1.3 (n = 4).
After 24-h treatment, the cell viabilities were 73.5 !
1.5, 94.1 ! 1.5, 71.7 ! 1.8, and 83.6 ! 1.9, respec-
tively. LPS and b-glucan were used at low concentra-
tions to avoid masking the effects of toxins, as
especially LPS has high potency to stimulate the pro-
duction of proinflammatory cytokines. The selected
concentrations, 5 ng/ml LPS and 100 ng/ml b-glucan,
were not cytotoxic to cells, as the cell viabilities after 3-
or 24-h treatments were between 99.7% and 121%.

Synergistic interactions in the expression of TNFa
and IL-1b were observed after simultaneous treatment
of cells with emodin, enniatin B, and valinomycin
together with LPS or b-glucan (Figure 2). The interac-
tion after co-exposure to sterigmatocystin and b-glucan
or LPS was additive (Figure 2a–d). For the combina-
tions of emodin, enniatin B, and valinomycin plus LPS
or b-glucan, the synergistic interactions in protein
secretion of both cytokines (Figure 2a,b) were notably
higher than in the corresponding mRNA expressions
(Figure 2c,d). The strongest synergistic interaction was
observed after simultaneous treatment of enniatin B
and LPS; the calculated ratios of measured co-response
to the sum of individual responses were over 8 for the
production of both TNFa and IL-1b (Figure 2a,b).
The calculated ratios also revealed that the co-treat-
ment with toxins and b-glucan caused somewhat stron-
ger synergistic effects in TNFa responses than toxins
and LPS (Figure 2a,c). At the mRNA level of IL-1b,
the co-effects of these toxins and b-glucan or LPS were
only slightly increased, but very high at the protein
level (Figure 2b,d).

Effects of co-exposure on cell morphology

TEM revealed increased mitochondrial damage after
simultaneously 24-h co-exposure to toxins and struc-
tural components (Figure 3) in almost every sample.
Mitochondrial swelling and fracture of cristae were
especially evident after co-exposure of cells to valino-
mycin and b-glucan or LPS, but not so obvious in cells
treated with valinomycin alone. Mild mitochondrial
damage was also seen after exposure to b-glucan or
LPS alone in some samples. Another common conse-
quence of co-exposure was induction of autophagocy-
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Fig. 1 TNFa (a) and IL-1b (b) mRNA responses after treat-
ment of macrophages derived from THP-1 monocytic cells with
mixtures of toxins consisting of 10 lg/ml emodin (Emo),
0.5 lg/ml enniatin B (EnB), 25 lg/ml physcion (Phy), 0.5 lg/ml
sterigmatocystin (Ste), and 0.01 lg/ml valinomycin (Val) alone
and together with structural components 5 ng/ml LPS and
100 ng/ml b-glucan (b-glu) for 3 h. Columns represent
mean ! s.e. of 3 replicates from one representative experiments
of two independent experiment. Statistically significant differ-
ences (P < 0.05) are indicated by a, b, or c: a, different from
medium control; b, different from b-glucan + LPS; and c, differ-
ent from the same toxin mixture without b-glucan + LPS
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tosis. The increased number of autophagosomes was
observed in particular after exposure to LPS together
with enniatin B, valinomycin (Figure 3), or sterigmato-
cystin. Sterigmatocystin alone caused also disruption
of cell and nuclear membranes in about half of the
treated cells (data not shown). Co-treatment of cells
with enniatin B, sterigmatocystin, or valinomycin
together with b-glucan or LPS caused more damage to
organelles than emodin together with b-glucan or LPS
(data not shown).

Vacuolization was very common in all treated cells,
but it was observed also in cells treated with vehicle
only (0.1% DMSO) as compared to untreated control
cells. Cytoplasmic vacuoles differed in size and state of
condensation among different treatments (Figure 3).

In SEM, enniatin B revealed many vacuolization,
which was stronger after co-treatment with b-glucan
and LPS. Ample vacuolization was also seen after com-
bined exposure to valinomycin and b-glucan, and some
after co-treatment with LPS (data not shown). Overall,
electron microscopy revealed that co-exposure to tox-
ins with b-glucan or LPS clearly increased the severity
of damage.

Effects of co-exposure on inflammatory-related genes

In the PCR array, emodin (40 lM), enniatin B (5 lM),
and valinomycin (5 nM) alone evoked slight up- or
downregulations of inflammatory response-associated
genes (encoding e.g., chemokines, cytokines, and inter-
leukins, as well as their receptors). Even a very low

concentration of LPS (5 ng/ml) strongly increased the
expression of several genes. The magnitude of fold
changes after treatment of cells with low concentration
of b-glucan (100 ng/ml) was on average between the
effects of toxins and LPS.

When the combined response of toxin and LPS was
divided by the effect of LPS alone, the overall trend
was that emodin and enniatin B seemed to inhibit the
effects of LPS (Figure 4). When taking into account
only over twofold changes in this ratio, emodin, enni-
atin B, and valinomycin inhibited the expression of 12,
24, and 10 genes, respectively. The strongest inhibitory
effects on LPS-induced inflammatory responses of indi-
vidual genes were seen after emodin exposure (Fig-
ure S1). On the contrary, toxins largely potentiated the
effects of b-glucan. Simultaneous exposure to b-glucan
and emodin, enniatin B, or valinomycin synergistically
increased the expression of 28, 34, and 36 genes,
respectively, over twofold of the effects caused by b-
glucan alone (Figure 4).

Discussion

We show here that microbial toxins abundant in mois-
ture-damaged indoor environments can act synergisti-
cally in co-exposures with bacterial and fungal
structural components, drastically increasing the sever-
ity of proinflammatory responses in human macro-
phages. These synergistic effects are apparent already
at concentrations where the toxins alone show only
slight or modest effects. It is also noteworthy that this
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Fig. 2 The production of TNFa (a) and IL-1b (b) protein and the mRNA expression of TNFa (c) and IL-1b (d) in macrophages
derived from THP-1 monocytic cells. Cells were exposed to emodin, enniatin B, or valinomycin (at concentrations of 40 lM, 5 lM,
and 5 nM, respectively) and structural components (=SC) b-glucan (100 ng/ml) or LPS (5 ng/ml) alone and in combinations. TNFa
and IL-1b mRNA expression was measured after 3 h and protein secretion after 24 h exposure. Columns represent mean ! s.e. of 3
replicates from 3 to 7 (mRNA expression) or 2 (protein secretion; one experiment with sterigmatocystin) independent experiments
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synergistic interaction is seen at very low concentra-
tions of LPS and b-glucan. In addition, simultaneous
co-exposure to toxins and structural components
caused more morphological changes than individual
exposures alone. This synergistic nature of interactions
may help in understanding the adverse health effects
observed in occupants of moisture-damaged buildings,
where exposure situations are characterized by com-
plex mixtures of individual microbial and chemical
agents, and the levels of individual exposing agents are
often not sufficiently high to explain the health com-
plaints.

The fungal toxins used in this study (emodin, enni-
atin B, physcion, and sterigmatocystin) represent com-
pounds abundantly present in moisture-damaged
indoor environments, some of them at high prevalence,
such as emodin, enniatin B, or physcion (Kirjavainen
et al., 2015; Peitzsch et al., 2012; T€aubel et al., 2011).
While some of these compounds (emodin, physcion)
are not exclusively produced by filamentous fungi but
also by some plants or might not be produced by spe-
cies that are part of what are considered traditionally
building fungi (enniatins), we have observed associa-
tions of these compounds with moisture damage and
indoor dampness in those studies listed and some fur-
ther, yet unpublished work. We consciously chose to
base our selection of model toxins on actual measure-
ment data from partly extensive indoor sample materi-
als, using analytical methodology targeting a large
variety of different fungal and bacterial secondary
metabolites, rather than restricting to the ‘classic’
indoor mycotoxins, such as macrocyclic trichothecenes,

sterigmatocystin, and some Penicillium metabolites
only. Co-occurrence of fungal metabolites with bacte-
rial toxins has been shown (T€aubel et al., 2011), which
is why valinomycin was included here. It is evident,
however, that toxic microbial compounds also occur in
buildings without moisture problems (Kirjavainen
et al., 2015; Peitzsch et al., 2012), meaning that micro-
bial toxins indoors is not a phenomenon of ‘moldy
buildings’ only. There are very little data on cellular
and health effects of these toxins as the vast majority of
earlier studies have concentrated on satratoxins and
other macrocyclic trichothecenes that are potent
immunomodulators, but not highly prevalent in many
European climates (Kirjavainen et al., 2015; Peitzsch
et al., 2012). Dose-response modeling of the cytokine
and cell viability data revealed that the ionophore tox-
ins valinomycin and enniatin B are more potent than
the others in almost all measured endpoints.

After detailed dose-response studies, we ended up
using low concentrations of LPS (5 ng/ml) and b-glu-
can (100 ng/ml) to avoid masking the effects of toxins
in interaction studies. Selected concentrations were suf-
ficient to evoke a mild proinflammatory response
alone, but high enough to accomplish strong synergis-
tic interactions in co-exposures with toxins. In many
previous in vitro studies, much higher LPS concentra-
tions have been used, typically 100 or 1000 ng/ml. In
these studies, co-exposure to mycotoxins and LPS
either reduced the cytokine production (at 100 ng/ml)
(Johannessen et al., 2009) or in most studies increased
it, sometimes synergistically (Gammelsrud et al., 2012;
Islam and Pestka, 2006; Kankkunen et al., 2009, 2014;

EnB EnB + -glu EnB + LPS

Val Val+ -glu Val+ LPS

ctrl vehicle β-glu LPS

β

β

Fig. 3 TEM images after 24-h treatment of macrophages derived from THP-1 cells with toxins enniatin B (5 lM) and valinomycin
(5 nM) alone and simultaneously with structural components b-glucan (100 ng/ml) or LPS (5 ng/ml). Cells were also treated with
structural components and DMSO vehicle (0.1%) (upper panel). Examples of damaged mitochondria are indicated with yellow
arrows, autophagosomes with red, and condensed vacuoles with blue arrows. Scale bar is 2 lm
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Zhou et al., 1999). The immune responses to LPS can
vary between species (Munford, 2010) and depend on
the dose (Morris and Li, 2012).

We observed that the combinations of four fungal
toxins at proportions mimicking real-life exposure situ-
ations showed no enhanced effects on the TNFa or IL-
1b mRNA levels, but the presence of bacterial toxin
valinomycin in the toxin mixture synergistically
increased the TNFa mRNA expression. Addition of
LPS and b-glucan to these mixtures further amplified
the TNFa mRNA response. Interestingly, this syner-
gistic joint effect was not observed in the IL-1b expres-
sion, but the co-effect was mostly additive or even
inhibitory. In many earlier studies, additive or syner-
gistic interaction induced by mycotoxin mixtures in
contaminated foodstuff (Alassane-Kpembi et al., 2013;
Prosperini et al., 2014; Ruiz et al., 2011; Wan et al.,
2013) or by indoor relevant molds (Mueller et al.,
2013; Wan et al., 2013) has also been described. The
molecular mechanisms of studied toxins or toxicologi-
cal interactions were not explored in this study, but will
be addressed in further investigations.

Co-exposure of human macrophages to enniatin B,
emodin or valinomycin, and either b-glucan or LPS
resulted in synergistic interactions in TNFa or IL-1b
responses both at the mRNA and protein level. Toxins
together with b-glucan caused somewhat stronger syn-
ergistic proinflammatory response than together with
LPS. To our knowledge, co-effects of toxins together
with low concentrations of b-glucan and LPS have not
been earlier compared. When considering larger group
of inflammatory-related genes, combinations of emo-
din, enniatin B, and valinomycin together with b-glu-
can mainly potentiated the expression of
inflammatory-related genes, while emodin and enniatin
B together with LPS inhibited the expression of many
of these genes. These observations suggest that struc-
tural components and toxins together may have com-
plex, even contrasting effects on immune system
depending on the combinations of exposing agents and
their concentrations, and therefore the consequences of
total exposure are difficult to predict.

Our results show that interactions of toxins and struc-
tural components can cause morphological changes in
cells that are more severe than effects of individual
agents alone. These changes occurred at the same expo-
sure levels as the synergistic effects on proinflammatory
responses. Co-exposure to toxins and structural compo-
nents induced mitochondrial damage and autophagocy-
tosis. Swollen and distorted mitochondria have been
reported earlier in human NK cells exposed to valino-
mycin at 100 ng/ml (Paananen et al., 2000). In our
study, similar mitochondrial damage was induced by
almost 20-fold lower concentration of valinomycin only
after co-exposure with either b-glucan or LPS. In mouse
RAW267.4 macrophages, 10 lM enniatin B increased
the vacuolization suggesting induction of autophagy
(Gammelsrud et al., 2012). We observed increased num-
ber of vacuoles at 5 lM enniatin B, while induced
autophagocytosis was more clearly detectable after co-
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Fig. 4 Interactions in inflammation-related genes after co-expo-
sure of THP-1 cells to emodin (40 lM), enniatin B (5 lM) or
valinomycin (5 nM), and b-glucan (100 ng/ml) or LPS (5 ng/
ml) for 3 h. The change in gene transcription caused by co-expo-
sure to toxin and structural component was divided by the
effects of structural component alone (e.g., (Emo + LPS)/LPS).
Only ≥twofold changes are shown. Red color indicates upregu-
lation (addition/synergism), green downregulation (inhibition),
and gray no interaction (<2-fold change)
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exposure with LPS. In general, autophagocytosis is a
mechanism involving degradation of unnecessary or
dysfunctional cellular components, while mitochondrial
damage is more harmful as it directly affects cellular
energy metabolism and cell activity.

Microbial toxins are non-volatile, but are associ-
ated and do get airborne with spores or other partic-
ulate. Concentrations of toxins within spore’s
immediate microenvironment could be extremely high
(Carey et al., 2012), and structural components are
simultaneously present, making local adverse effects
on the site of impaction, for example lung cells, plau-
sible (Behm et al., 2012; Carey et al., 2012). Inhala-
tion exposure to microbial agents is likely to be
toxicologically more significant than the other rele-
vant routes of exposure. It has been shown in mice
that trichothecene mycotoxin T-2 is more toxic
through inhalation than by ingestion (Creasia et al.,
1987). Only a few epidemiological studies with partly
conflicting outcome have investigated the association
between inhaled toxins and health effects. An associa-
tion between mycotoxin load in school dust and
nasal symptoms has been observed in Finnish teach-
ers (Zock et al., 2014). In contrast, a protective trend
of a mycotoxin on respiratory symptoms has been
reported in school children in Malaysia (Cai et al.,
2011) and no association between asthma develop-
ment and moisture-damage linked individual toxins
in homes of Finnish children (Kirjavainen et al.,
2015). These results together with our findings high-
light the complexity of this phenomenon.

Conclusions

Microbial toxins potentiated the low-dose proinflam-
matory effects of the key structural components of bac-

teria and fungi in human macrophages. These
interactions in proinflammatory cytokine responses
were synergistic both at the mRNA and protein level
and accompanied by morphological alterations indica-
tive of mitochondrial damage and autophagy-related
activation pathways. Toxins together with the fungal
cell component b-glucan induced synergistic effects
also on the expression of many other inflammatory-
related genes, while interactions with the bacterial cell
wall component LPS were mostly inhibitory. There-
fore, an inflammatory response induced by complex
exposures to multiple different microbial agents are
potentially significant and cannot be predicted based
on data on one individual component alone. The
research on causative agents should be focused more
on mixtures as this is the most common scenario.
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