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ABSTRACT

Previously, researchers have demonstrated that mycotoxin deoxynivalenol (DON) significantly enhances immunocyte
activation. However, the interaction between DON exposure and immune disorders remains unclear. In this study, we
aimed to investigate whether acute and subacute oral exposure to DON exacerbates the development of respiratory allergy
using a mite allergen (Dermatophagoides farina, Derf)-induced mouse model of asthma. The direct relationship between DON
exposure and asthma development was examined following acute oral DON administration (0, 0.1, or 0.3 mg/kg body
weight), immediately before the final mite allergen challenge. Simultaneously, the influence of subacute oral exposure via
low dose DON contaminated wheat (0.33 ppm) was evaluated using the same settings. To detect the proinflammatory
effects of DON exposure, we examined the total and Derf-specific serum IgE levels, histology, number of immunocytes, and
cytokine and chemokine secretion. Acute oral DON significantly enhanced the inflammatory responses, including cellular
infiltration into bronchoalveolar lavage fluid, infiltration of immunocytes and cytokine production in local lymph nodes,
and cytokine levels in lung tissues. Corresponding proinflammatory responses were observed in a mouse group exposed to
subacute oral DON. In vivo results were validated by in vitro experiments using the human bronchial epithelial (BEAS-2B)
and human eosinophilic leukemia (EOL-1) cell lines. Following exposure to DON, the secretion of interleukin (IL)-1b, IL-6, IL-
8, and/or tumor necrosis factor-a in BEAS-2B cells, as well as EoL-1 cells, increased significantly. Our findings indicate that
DON exposure is significantly involved in the proinflammatory response observed in respiratory allergy.

Key words: mycotoxin; deoxynivalenol; inflammation; asthma; Dermatophagoides farina; IL-33; TSLP; BALB/c mouse; eoshino-
phil; bronchial epithelial cell.

VC The Author(s) 2020. Published by Oxford University Press on behalf of the Society of Toxicology.
All rights reserved. For permissions, please e-mail: journals.permissions@oup.com

229

TOXICOLOGICAL SCIENCES, 179(2), 2021, 229–240

doi: 10.1093/toxsci/kfaa168
Advance Access Publication Date: 10 November 2020
Research Article

D
ow

nloaded from
 https://academ

ic.oup.com
/toxsci/article/179/2/229/5970504 by BIBLIO

SAN
 R

em
ote C

ILEA C
LAS user on 30 January 2021

http://orcid.org/0000-0003-3510-3272
https://academic.oup.com/


Contamination with mycotoxins such as type B trichothecenes
(eg, deoxynivalenol, DON) is known to exert toxic effects on
farm animals, causing distress and reduced productivity
(Gruber-Dorninger et al., 2019). Furthermore, some mycotoxins
may transfer into livestock products, including meat, eggs, and
milk (Becker-Algeri et al., 2016), thereby compromising the
safety of human consumers. DON is one of the most prevalent
mycotoxins produced by groups of Fusarium fungi, and grains
(family of wheat) are often exposed to DON. According to the re-
cent international survey by Becker-Algeri et al. (2016), 64% of
the 74 821 samples collected from 100 countries were contami-
nated with DON; DON demonstrated the highest median con-
centrations of all mycotoxins, reportedly 388 lg/kg. Therefore,
the safety assessment of DON necessitates immediate
attention.

DON is regarded as a vomitoxin, with many previous reports
indicating its influence on the digestive system, resulting in
vomiting and diarrhea (Amuzie et al., 2009; Kang et al., 2019; Luo
et al., 2019; Meky et al., 2001; Metzler-Zebeli et al., 2020; Pierron
et al., 2018; Wang et al., 2019). Additionally, several studies have
demonstrated the immunotoxic effect of DON, including en-
hanced proinflammatory cytokine production in the immune
system, resulting in vomiting, diarrhea, and immune disorders.
These reports suggest that there exists a possible interaction be-
tween DON exposure and the development of immune disor-
ders. Bol-Schoenmakers et al. (2016) have reported that DON
facilitates allergic sensitization to food proteins and the devel-
opment of sensitization can be induced by distinct molecular
mechanisms and local immune responses. Recently, our group
has investigated whether DON exposure is involved in the de-
velopment of cutaneous allergy using a mouse model of allergic
dermatitis (Aihara et al., 2020). Acute, as well as subacute, oral
exposure to DON significantly exacerbates the proinflammatory
responses, including the ear swelling response, histological
observations, cellular infiltration into the auricular lymph
nodes (LNs), and cytokine secretion in skin tissue; however, no
influence was observed on pruritic responses. Furthermore,
Aihara et al. (2020) have demonstrated that DON exposure sig-
nificantly enhances cytokine release by dendritic cells (DCs) and
keratinocytes, indicating the direct impact of DON on immuno-
cytes and epithelium. Based on these findings, we hypothesized
the probable involvement of DON exposure in the development
of respiratory allergy. Previously, Schutze et al. (2010) have in-
vestigated the effect of mycotoxin patulin in a murine model of
allergic asthma, demonstrating that intestinal exposure to
patulin increases the allergic immune response in mice by mod-
ulating the Th1/Th2 balance via direct effects on interleukin
(IL)-12 secretion in DCs, as well as by inducing oxidative stress.
Hence, mycotoxins, which are secondary metabolites of molds,
may be responsible for the exacerbation of respiratory allergy
by interfering with immunocytes and the epithelium function,
resulting in an increased Th2 differentiation.

Therefore, the aim of this study was to investigate the asso-
ciation between DON exposure and the development of respira-
tory allergy using a mite allergen (Dermatophagoides farinae,
Derf)-induced mouse model of allergic asthma. In humans, as
well as in companion animals, Derf has been recognized as a
prevalent allergen responsible for atopic dermatitis and asthma
(Sybilski et al., 2015). Additionally, an in vitro cytokine-release as-
say was used to elucidate the direct effect of DON exposure on
the function of eosinophils and bronchial epithelial cells.
Moreover, the goal of this study is to provide a proof of concept
that oral exposure promotes allergic asthma rather than per-
forming risk-assessment of DON. In line with the above

concept, we selected a rather high dose of DON particularly in
acute-exposure protocol.

MATERIALS AND METHODS

Experimental animals. Six-week-old female BALB/c mice were
kindly provided by Japan SLC, Inc. (Shizuoka, Japan). A maxi-
mum of 4 mice was housed per cage under controlled condi-
tions (lighting, 12-h light-dark cycle; temperature, 22�C 6 3�C;
humidity, 55% 6 15%). The mice received a certified pellet diet
and tap water ad libitum. All aspects of this study were con-
ducted in accordance with the Animal Care and Use Program of
Azabu University (Approval No. 1910097).

Exposure to DON. The acute and subacute-exposure protocols
were simultaneously performed in a mouse study (Figure 1). For
the acute-exposure protocol, the mice were orally administered
the vehicle-alone or DON at 0.03, 0.1, or 0.3 mg/kg body weight
(b.w.; diluted in corn oil), at 48, 24, and 1 h before the final chal-
lenge with Derf to confirm the direct effect of DON exposure on
the allergic reaction (Figure 1A). DON doses were selected based
on a previous study (Aihara et al., 2020), as well as based on the
fact that DON is occasionally detected at higher levels (5–20 mg/
kg) in food intended for animal or human consumption (EFSA,
2017). DON (CAS No. 51481-10-8), procured from Sigma-Aldrich
Co., LLC. (Tokyo, Japan), was used for the acute-exposure proto-
col (Supplementary Figure 1a) and in vitro experiments. In the
subacute-exposure study, a diet contaminated with a low dose
of DON (0.3 ppm) was continuously fed to mice during the ex-
perimental period to mimic real-world DON exposure
(Figure 1B). A low dose of DON (0.3 ppm) was generated by mix-
ing a standard rodent diet (CE-2, CLEA Japan, Inc., Tokyo, Japan)
and wheat grain samples (Minaminokaori, a Japanese hard red
spring wheat) to obtain a final DON concentration of 0.3 ppm
based on a previously described method (Aihara et al., 2020).
Detailed information including stability and representative
HPLC chromatograms were also described in Aihara et al. (2020).
The control diet also contained the same amount of normal
wheat.

Mouse model of allergic asthma. A mouse model of allergic asthma
was generated by repetitive intranasal sensitization and a
house dust mite extract challenge (Derf extract for immuniza-
tion, Derf, 1 mg/ml, ITEA Inc., Tokyo, Japan) based on the proto-
col described by Tashiro et al. (2016), with a slight modification.
Briefly, mice were intranasally sensitized with Derf (25 lg in
25 ml phosphate-buffered saline [PBS]; FUJIFILM Wako Pure
Chemical Corporation, Osaka, Japan) under isoflurane anesthe-
sia on days 1, 8, and 15. One week after the last sensitization,
the mice were intranasally challenged with 5 lg Derf in 25 ml PBS
under isoflurane anesthesia on consecutive 3 days (days 22–24).
Twenty-four hours after the final Derf challenge, the mice were
euthanized under isoflurane anesthesia. Subsequently, serum,
bronchoalveolar lavage fluid (BALF), hilar LNs, and lung samples
were isolated for further analysis. The reproducibility of results
was confirmed by utilizing other settings with a limited number
of animals (5 or 6 mice receiving 0.3 mg/kg DON and 0.3 ppm
DON), and the other settings demonstrated the same tendencies
as the main study.

Measurement of total and Derf-specific IgE in serum. Total
serum immunoglobulin E was determined using an enzyme-
linked immunosorbent assay (ELISA), according to the manufac-
turer’s protocol (Thermo Fisher Scientific, Inc., Kanagawa,
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Japan). Derf-specific IgE were detected on plates coated with a
50 mg/ml solution of Derf. Mouse serum was diluted in PBS (1/2,
1/4, 1/8, 1/16, and 1/32). The diluted serum was added to each
well and incubated for 2 h at room temperature. Biotin-
conjugated rat anti-mouse IgE monoclonal antibody (BD
Pharmingen, Tokyo, Japan) was added to each well and incu-
bated for 1 h at room temperature. Optical density was read at a
wavelength of 450 nm with a microplate reader (iMark micro
plate reader, Bio-Rad Laboratories, Inc., Tokyo, Japan). Antibody
titers were expressed as serum dilution factors to reach 0.5 of
optical density.

Histopathological evaluation of lung tissue. A portion of the right
upper lobe of the lung was fixed in a 10% formalin solution, em-
bedded in paraffin wax, sectioned to 5 mm thickness, and
stained with hematoxylin and eosin. A semiquantitative histo-
pathological evaluation was performed for alveolar inflamma-
tion, alveolar multinucleated giant cell, alveolar fibrosis, and
perivascular inflammation, in a blinded fashion using the fol-
lowing grading system: 0, within normal limits; 1, mild; 2, mod-
erate; and 3, severe. The total score of lesions was statistically
evaluated.

BALF analysis. BALF was collected by cannulating the trachea and
lavaging the lungs 3 times with 1 ml PBS containing 0.1% bovine
serum albumin (Thermo Fisher Scientific, Inc.; Tajiki-Nishino
et al., 2018; Watanabe et al., 2019). The supernatant from the first
fraction of BALF was used for measuring chemokine levels.
Eotaxin and RANTES levels were measured using ELISA, according
to the manufacturer’s protocol (R&D Systems, Minneapolis,
Minnesota). Furthermore, the cell pellets of all 3 fractions were
used for measuring the total number of live cells, as well as the
differentiation of eosinophils, neutrophils, and macrophages. The
total number of live cells was measured using the Tali Image-
Based Cytometer (Thermo Fisher Scientific, Inc.). For flow

cytometric analysis, 5� 105 cells were first incubated with 1mg of
mouse Fc Block (Miltenyi Biotec K.K., Tokyo, Japan) prior to incuba-
tion with monoclonal antibodies (antimouse CCR3, antimouse
CD11c, antimouse CD11b, and antimouse Gr-1 for neutrophils,
Miltenyi Biotec K.K.). The cells were washed and analyzed using
an EC800 flow cytometer (Sony Imaging Products & Solutions Inc.,
Tokyo, Japan); 10 000 events were collected from the disaggregated
BALF to analyze cell surface marker expression.

Analysis of hilar LNs. Single-cell suspensions were prepared from
LNs obtained from each mouse and were used for flow cytomet-
ric and cytokine analysis (Tajiki-Nishino et al., 2018; Watanabe
et al., 2019). The total number of live cells was measured using
Tali Image-Based Cytometer. Flow cytometric analysis was con-
ducted as described in the BALF analysis, using monoclonal
antibodies (antimouse CD3, antimouse CD4, antimouse IgE,
antimouse CD19, antimouse CD11c, and antimouse CD40,
Miltenyi Biotec K.K.). For cytokine evaluation, single-cell sus-
pensions of LNs (5� 105 cells/well) were incubated with
Dynabeads mouse T-Activator CD3/CD28 (Thermo Fisher
Scientific, Inc.) for 24 or 96 h. IL-4, IL-5, IL-9, IL-13, and IL-17 con-
centrations in the supernatant were evaluated using ELISA
according to the manufacturer protocols (R&D Systems).

Cytokine levels in the lung tissue. Frozen lung tissue was homoge-
nized with an electric homogenizer in RPMI-1640 medium
(FUJIFILM Wako Pure Chemical Corporation) containing Halt
Protease and Phosphatase Inhibitor Cocktail (Bio-Rad
Laboratories, Inc.), as described by Watanabe et al. (2019). The
protein content in the isolated supernatant was determined us-
ing a DC protein assay kit (Bio-Rad Laboratories, Inc.) according
to the manufacturer’s protocol. The levels of IL-1b, IL-4, IL-9, IL-
13, IL-17, IL-33, and thymic stromal lymphopoietin (TSLP) were
measured using ELISA, following the manufacturer’s instruc-
tions (R&D Systems).

Figure 1. Experimental protocol used to sensitize and challenge BALB/c mice with Derf. Acute-exposure protocol (A); mice were orally administered vehicle-alone, 0.03,

0.1, or 0.3 mg/kg b.w. of DON (diluted in corn oil), at 48, 24, and 1 h before final Derf challenge. Subacute-exposure protocol (B); a diet containing DON-contaminated

wheat (0.3 ppm DON as the final concentration) or a diet containing noncontaminated wheat was continuously fed to mice during the experimental period.

Abbreviations: Derf, Dermatophagoides farinae; DON, deoxynivalenol; i.n., intranasal.
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Cytokine-release assay in the EOL-1 cell line (human eosinophilic leuke-
mia). EOL-1 cells were obtained from the European Collection of
Cell Cultures (ECACC) and cultured in RPMI 1640 medium
(FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan) sup-
plemented with 10% fetal calf serum (Sigma-Aldrich Co. LLC.)
and penicillin-streptomycin (FUJIFILM Wako Pure Chemical
Corporation). EOL-1 cells (5� 104 cells) were seeded in 200 ll
complete medium at 70% confluency in 96-well culture plates
and were treated with 0.01, 0.1, or 1 lmol/l DON for 24 h. Next,
the cells were stimulated with toll-like receptor (TLR) ligand li-
popolysaccharide (LPS, 1 lg/ml, Sigma-Aldrich Co., LLC) or Derf
(20 lg/ml) for an additional 24 h. The concentrations of IL-1b, IL-
8, and tumor necrosis factor (TNF)-a in the supernatant were
quantified using ELISA (R&D Systems). The DON concentrations
used in this experiment were determined based on a cytotoxic-
ity test conducted before the experiments (data not shown).
Cytotoxicity was not observed even at the highest concentra-
tions. To verify experimental reproducibility, a minimum of 3
independent experiments were performed using different pas-
sages of EOL-1 cells.

Cytokine-release assay in BEAS-2B (human bronchial epithelium).
The BEAS-2B cell line, obtained from the ECACC, was cultured
in the bronchial epithelial cell growth media (BEGM; Lonza
Japan Ltd., Tokyo, Japan), according to a previously reported
protocol (Tajiki-Nishino et al., 2018; Watanabe et al., 2019). Cells
(1� 104 cells/200 ll) at a 70% confluence were seeded in a 96-
well culture plate and were exposed to DON at 0.4, 2, or 10 mmol/
l for 24 h, followed by stimulation with LPS (1 lg/ml) or Derf
(20 lg/ml) for another 24 h. The concentrations of IL-1b, IL-6,
and IL-8 in the supernatant were quantified using ELISA (R&D
Systems). The DON concentrations used in this experiment
were determined based on a cytotoxicity test conducted before
experimentation (data not shown). Cytotoxicity was not ob-
served even at the highest concentrations. To verify experimen-
tal reproducibility, a minimum of 3 independent experiments
were performed using different passages of BEAS-2B cells.

Statistical analyses. Data are expressed as the mean 6 standard
error of the mean (SEM). Concerning the Derf-specific IgE titers
in serum, a probit method was used to draw a linear line then
calculate the dilution factor to reach 0.5 of optical density.
Fisher’s exact test (1-sided analysis) was used for the evaluation
of the incidence of pathological findings. Other in vivo and
in vitro findings were analyzed using analysis of variance, fol-
lowed by Dunnett’s multiple comparison test. Statistical signifi-
cance was estimated at 5% and 1% probability levels. The data

were analyzed using GraphPad Prism version 8 (GraphPad
Software, San Diego, California).

RESULTS

Effect of Acute or Subacute DON Exposure on Inflammatory
Responses and Total IgE Levels in a Derf-Induced Mouse Model of
Allergic Asthma
Initially, we investigated the influence of DON exposure on in-
flammatory responses in the lung and total serum IgE levels.
Table 1, Supplementary Table 1, Figure 2A, and Supplementary
Figure 1 present the histological evaluation of lung after acute
or subacute oral DON exposure in a Derf-induced mouse model
of allergic asthma. In the acute DON exposure groups, a slightly
higher extent of alveolar inflammation, alveolar multinucleated
giant cells, alveolar fibrosis, and perivascular inflammation

were observed when compared with the Derf þ vehicle control
group; however, no significant changes were observed. In the
subacute DON exposure group, a significant exacerbation was
observed only in alveolar inflammation when compared with
the Derf þ vehicle control group. Additionally, total serum IgE
was greater in both acute and subacute DON exposure groups;
however, no significant difference was observed when com-
pared with the Derf þ vehicle control group (Figure 2B). On the
other hand, Derf-specific IgE in serum was significantly en-
hanced by acute (0.3 mg/kg) and subacute (0.3 ppm) DON expo-
sure compared with the Derf þ vehicle control group (Figure 2C).
In the second setting, both total IgE and Derf-specific IgE levels
were significantly upregulated by the acute and subacute DON
exposure (Supplementary Figure 2).

Acute and Subacute Oral Exposure to DON Promotes Eosinophil,
Neutrophil, and Macrophage Infiltration, but Not Chemokine
Secretion in BALF of a Derf-Induced Mouse Model of Allergic Asthma
To confirm the proinflammatory response following DON expo-
sure, we analyzed eosinophil, neutrophil, and macrophage infil-
tration, as well as chemokine (eotaxin and RANTES) secretion,
in BALF of the Derf-induced mouse model of allergic asthma. In
BALF, acute oral DON exposure significantly induced eosinophil
(CD11cintCCR3þ), neutrophil (Gr-1þ), and macrophage
(CD11bintCD11cint) infiltration in a dose-dependent manner
(Figs. 3A–C). Furthermore, subacute oral DON exposure signifi-
cantly induced eosinophil and macrophage infiltration (Figs. 3A
and 3C). Conversely, the chemokine levels in BALF were not im-
pacted following DON exposure (Figs. 3D and 3E).

Table 1. Histological Evaluation of the Lung Following Acute or Subacute Oral Administration of DON in a Derf-Induced Mouse Model of
Allergic Asthma

Group Derf Vehicle
Acute Acute Acute Subacute

DON 0.03 mg/kg DON 0.1 mg/kg DON 0.3 mg/kg DON 0.3 ppm

Alveolar inflammation 1.20 6 0.20 1.40 6 0.40 1.83 6 0.17 1.60 6 0.24 1.83 6 0.17*
Alveolar multinucleated giant cell 0.00 6 0.00 0.20 6 0.20 0.00 6 0.00 0.20 6 0.20 0.17 6 0.17
Alveolar fibrosis 0.00 6 0.00 0.00 6 0.00 0.00 6 0.00 0.40 6 0.24 0.33 6 0.21
Perivascular inflammation 1.40 6 0.40 1.60 6 0.24 1.33 6 0.21 1.40 6 0.24 1.17 6 0.17
Total score 2.60 6 0.51 3.20 6 0.49 3.17 6 0.31 3.60 6 0.24 3.50 6 0.56

A histological score (0, within normal limits; 1, mild; 2, moderate; and 3, severe) was given to each observation. Results are expressed as the mean 6 SEM (n ¼ 6 per

group).

Abbreviations: Derf, Dermatophagoides farinae; DON, deoxynivalenol.

*p < .05 (Dunnett’s multiple comparison test) versus the Derf þ vehicle control group.
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Influence of Oral DON Exposure on Immunocyte Infiltration and
Cytokine Production in LN After Derf Challenge. To examine the in-
fluence of DON exposure on the local immune reaction, the num-
ber of DCs (CD11cþCD40þ), helper T cells (CD3þCD4þ), and IgE-
positive B cells (CD19þIgEþ) in the hilar LN were measured using
flow cytometry. Acute oral DON exposure dose-dependently
upregulated the number of DCs, helper T cells, and IgE-positive B
cells (Figs. 4A–D). Subacute oral DON exposure also significantly
induced DCs, helper T cells, and IgE-positive B cells when com-
pared with the Derf þ vehicle control group (Figs. 4A–C). To fur-
ther elucidate whether DON affects T cell function, we analyzed
IL-4, IL-5, IL-9, IL-13, and IL-17 production by T cells stimulated
with the CD3/CD28 antibody. IL-4, IL-5, IL-9, and IL-13 were in-
creased following acute DON exposure in a dose-dependent man-
ner, and significant changes were observed in DON 0.1 and
0.3 mg/kg exposure groups when compared with the Derf þ vehi-
cle control group (Figs. 5A–D). Subacute oral DON exposure signif-
icantly enhanced all cytokines when compared with the Derf þ
vehicle control group (Figs. 5A–E).

Impact of Oral DON Exposure on Cytokine Levels in the Lung Tissue
of a Derf-Induced Mouse Model of Allergic Asthma
In the acute-exposure protocol, mice treated with 0.3 mg/kg
DON exhibited significantly higher levels of IL-1b and TSLP in

the lung homogenate 24 h after the final Derf challenge when
compared with those treated with Derf þ vehicle (Table 2).
Subacute oral DON exposure significantly upregulated the levels
of IL-33 and TSLP (Table 2).

Effect of DON Pre-Exposure on LPS- or Derf-Stimulated Eosinophils
In Vitro
To assess whether exposure to DON directly affects eosinophil
function in vitro, we evaluated LPS- or Derf-induced IL-1b, IL-8,
and TNF-a production in EOL-1 cells. In DON pretreated EOL-1
cells, the production of IL-1b, IL-8, and TNF-a increased in a dose-
dependent manner; these values differed significantly from those
observed in the vehicle-alone control group (Figs. 6A–C). To con-
firm the upregulatory effect of DON using another stimulus, we
additionally measured Derf-induced IL-8 production. In DON-
exposure groups, Derf-induced IL-8 production was significantly
enhanced in a dose-dependent manner (Figure 6D).

Cytokine Secretions in LPS- or Derf-Stimulated Human Bronchial
Epithelium (BEAS-2B) Are Significantly Increased by DON Pre-
Exposure In Vitro
Comparable with EOL-1 cells, IL-1b, IL-6, and IL-8 secretions
were significantly increased in LPS- or Derf-stimulated BEAS-2B
cells following 24 h of DON pre-exposure (Figs. 7A–D).

Figure 2. Histological evaluation and serum IgE levels in the Derf-induced mouse model of allergic asthma. Representative microscopic features of the lung of the Derf

þ vehicle control group and the 0.3 mg/kg DON group (A). A slight upwards trend in total serum IgE levels (ng/m) (B) and significant upregulation in Derf-specific IgE lev-

els (titers) are observed after acute and subacute DON administration; however, no significant changes are observed. Bar ¼ 100 lm. Each result is presented as the

mean 6 SEM (n¼6 per group). Abbreviations: Derf, Dermatophagoides farinae; DON, deoxynivalenol.
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DISCUSSION

The aim of this study was to identify the possible association
between exposure to the mycotoxin DON and the development
of allergic asthma. We elucidated the possible interaction be-
tween acute or subacute DON exposure and allergic asthma de-
velopment. Our findings identified several crucial aspects: (1) in
a mouse model of Derf-induced allergic asthma, acute oral
treatment with DON significant increased inflammatory
responses, including cellular infiltrations in BALF, with in-
creased numbers of DCs, helper T cells, and IgE-positive B cells
in LN, as well as enhanced cytokine production; however, che-
mokine levels in BALF and total serum IgE levels were not sig-
nificantly upregulated; (2) subacute oral exposure to a low dose
of DON significantly exacerbated the inflammatory responses
in the mouse model of allergic asthma; (3) these in vivo findings
were confirmed by the enhanced cytokine secretion demon-
strated by EOL-1 and BEAS-2B cells pretreated with DON.

Previously, the World Health Organization has reported that
approximately 235 million individuals globally suffer from

asthma (Chuchalin, 1994), and currently 1–18% of populations
across various countries still experience asthma (D’Amato et al.,
2016). Asthma, characterized by hyper-responsiveness of the re-
spiratory tract, is emerging as one of the most serious medical
conditions worldwide (Backman et al., 2017; Gern 2015; Jackson
et al., 2016; Lundback et al., 2016; Rehman et al., 2018).
Nevertheless, pathogenesis and triggers of asthma remain elu-
sive as a variety of factors can trigger asthma, including viral
infections, air pollution, exercise, as well as physical and emo-
tional stress. Therefore, there is a growing need to discover and
explore biomarkers providing further insight into factors that
may predispose individuals to asthma. From this perspective,
our research group has recently investigated the allergic proper-
ties of environmental factors, including endocrine disruptors,
certain pesticides, and ligands of the aryl hydrocarbon receptor,
which could be immediate threats in humans, as well as in
companion animals (Tajiki-Nishino et al., 2018; Tajima et al.,
2019; Watanabe et al., 2019).

Among these environmental factors, we currently focused
on the interaction between mycotoxin exposure and immune

Figure 3. Acute and subacute oral DON administration induces cellular infiltration but not cytokine secretion in BALF of the Derf-induced mouse model of allergic

asthma. Eosinophil, neutrophil, and macrophage infiltration in BALF following DON administration (A–C). Eotaxin (D, pg/ml) and RANTES (E, pg/ml) levels in BALF are

not affected by DON exposure. Each result is presented as the mean 6 SEM (n¼6 per group). **p< .01 (Dunnett’s multiple comparison test) versus the Derf þ vehicle

control group. Abbreviations: Derf, Dermatophagoides farinae; DON, deoxynivalenol; BALF, bronchoalveolar lavage fluid.
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disfunction. Exposure to indoor allergens, such as from house
dust mites, animals, and molds, is considered an important risk
factor for asthma (Platts-Mills et al., 1997). Epidemiological evi-
dence suggests that molds found in indoor environments are
associated with an increased prevalence and exacerbation of re-
spiratory symptoms and asthma (Langley et al., 2003), with sev-
eral previous studies demonstrating the association between
exposure to mycotoxins, which are secondary metabolites of
molds, and observed health effects (Bunger et al., 2004; Jarvis
and Miller 2005). However, the mechanisms underlying the
allergy-promoting effects of mycotoxins remain unclear, partic-
ularly, when mycotoxins enter the body via the ingestion of
contaminated food. Recently, we have documented the direct
proinflammatory effects of oral mycotoxin DON exposure on
cutaneous allergy development in a mouse model of Th2-driven
allergic dermatitis (Aihara et al., 2020), and our findings indicate
that DON exacerbates similar Th2-dependent allergic diseases,
such as allergic asthma. The aim of this study was to confirm
the link between DON exposure and the development of allergic
asthma.

In this study, we investigated the direct and chronic effects
of DON using acute and subacute oral exposure protocols in a
highly reliable mouse model of Derf-induced allergic asthma,
widely used for evaluating toxicological and pharmacological
effects of agents, including a b2 adrenergic agonist and satu-
rated fatty acid (Kato et al., 2014; Tashiro et al., 2016, 2017). The

proinflammatory effects of acute and subacute DON exposure
were demonstrated by IgE levels in serum, an enhanced infiltra-
tion of eosinophils, neutrophils, and macrophages in BALF, con-
firmed by the significantly increased number of DCs, helper T
cells, and IgE-positive B cells in hilar LNs. In stimulated T cells
and lung tissues, the enhanced cytokine production (IL-4, IL-5,
IL-13, IL-9, IL-17, IL-33, and TSLP) was supported by the proin-
flammatory responses observed following acute DON exposure.
Several reports have revealed the crucial role of eosinophils,
neutrophils, and macrophages in patients with asthma and
antieosinophilic drugs have recently been investigated as a
novel therapeutic option for asthma therapy (Bel and Ten
Brinke 2017; Busse et al., 2019; Maslan and Mims 2014; Patel
et al., 2018). Our findings revealed that acute and subacute DON
exposure directly influences the infiltration of these cells into
lung tissues. Conversely, eotaxin and RANTES, which are major
chemotactic factors for eosinophils, neutrophils, and macro-
phages, were not influenced by DON exposure in this study.
One possible reason is the time course of necropsy. Chemokines
are secreted before the immigration of these cells, and thus
modifying the protocol might allow better detection of chemo-
kines affected by DON exposure. Additionally, this observation
could be attributed to other factors infiltrating these cells. In
this study, we monitored IL-33 and TSLP which are mainly se-
creted by the bronchial epithelial cells and play a pivotal role in
the pathogenesis of allergic airway diseases (Penberthy et al.,

Figure 4. Impact of acute and subacute oral DON administration on immunocytes infiltration in LN of a Derf-induced mouse model of allergic asthma. A significant in-

crease in dendritic cells (A), helper T cells (B), and IgE-positive B cells (C) is observed in the DON-exposure group. Representative dot plot images of IgE-positive B cells

in the Derf þ vehicle control group and the acute DON exposure group (D). Each result is presented as the mean 6 SEM (n¼6 per group). *p< .05, **p< .01 (Dunnett’s

multiple comparison test) versus the Derf þ vehicle control group. Abbreviations: Derf, Dermatophagoides farinae; DON, deoxynivalenol; LN, lymph node.
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2014; Willart et al., 2012; Yao et al., 2018). The major targets of IL-
33 in vivo are tissue-resident immune cells, including mast cells,
group 2 innate lymphoid cells, and regulatory T cells. Other

cellular targets include Th2 cells, eosinophils, basophils, DCs,
Th1 cells, CD8þ T cells, NK cells, iNKT cells, B cells, neutrophils,
and macrophages. Thus, IL-33 is emerging as a crucial immune

Figure 5. Cytokine production induced by activated T cells in the auricular LN after acute or subacute oral DON administration in a Derf-induced mouse model of aller-

gic asthma. A significant increase in interleukin (IL)-4 (A), IL-5 (B), IL-9 (C), IL-13 (D), and IL-17 (E) is observed in the DON-exposure group. Each result is presented as the

mean (pg/ml) 6 SEM (n¼6 per group). *p< .05, **p< .01 (Dunnett’s multiple comparison test) versus the Derf þ vehicle control group. Abbreviations: Derf,

Dermatophagoides farinae; DON, deoxynivalenol; LN, lymph node.

Table 2. Responses in the Lung Tissue to Acute or Subacute Oral Administration of DON in a Derf-Induced Mouse Model of Asthma

Acute Acute Acute Subacute
Group Derf Vehicle DON 0.03 mg/kg DON 0.1 mg/kg DON 0.3 mg/kg DON 0.3 ppm

IL-1b (pg/mg protein) 330 6 44 336 6 28 440 6 67 548 6 65* 415 6 29
IL-4 (pg/mg protein) 941 6 144 922 6 88 1026 6 203 1485 6 196 1026 6 201
IL-9 (pg/mg protein) 392 6 27 575 6 49 615 6 66 661 6 119 599 6 122
IL-13 (pg/mg protein) 307 6 91 286 6 13 328 6 40 384 6 86 558 6 185
IL-17 (pg/mg protein) 595 6 14 796 6 60 996 6 104 1188 6 373 806 6 231
IL-33 (pg/mg protein) 868 6 45 2136 6 405* 1865 6 280 1865 6 269 2114 6 467*
TSLP (pg/mg protein) 33 6 3 41 6 9 48 6 6 77 6 18* 77 6 11*

Lung samples were collected 24 h after the Derf challenge. Results are expressed as the means 6 SEM (n ¼ 6 per group).

Abbreviations: Derf, Dermatophagoides farinae; DON, deoxynivalenol; IL, interleukin; TSLP, thymic stromal lymphopoietin.

*p < .05 (Dunnett’s multiple comparison test) versus the Derf þ vehicle control group.
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modulator with pleiotropic activities in type-2, -1, and regula-
tory immune responses; furthermore, it may play important
roles in allergic and chronic inflammatory diseases (Cayrol and
Girard 2014; Liew et al., 2016; Molofsky et al., 2015). Additionally,
TSLP is an epithelial cell-derived cytokine, synthesized in re-
sponse to various stimuli, including protease allergens and
microorganisms such as viruses and bacteria. TSLP polarizes
DCs to induce type 2 inflammation and directly expands and/or
activates Th2 cells, ILC2s, basophils, and other immune cells.
Thus, TSLP is considered a master regulator of type 2 immune
responses (Bell et al., 2013; Pandey et al., 2000). In this study, our
findings indicated that the significant enhancement of IL-33

and TSLP secretion, via acute and subacute DON exposure,
might directly activate eosinophils, neutrophils, macrophages,
and other immune cells, resulting in the exacerbation of proin-
flammatory responses in respiratory allergy. Our findings also
show the absence of a dose response detection of IL-33 while
TSLP and other cytokines in the lung tissue were elevated in a
dose-dependent manner. IL-33 is distinguished from other cyto-
kines by the extensive posttranslational modifications that pro-
foundly modulate its ability to activate ST2-expressing cells,
thus the time course of secretion possibly different from other
cytokines. Different time courses may cause the peak out of the
IL-33 levels in higher concentrations of DON.

Figure 6. Direct effects of DON exposure on human eosinophilic leukemia (EOL-1) functions in vitro. Levels of IL-1b (A, pg/ml), tumor necrosis factor-a (B, pg/ml), and in-

terleukin (IL)-8 (C, pg/ml) in LPS-induced EOL-1 are significantly enhanced by pre-exposure to DON in a dose-dependent manner. DON pre-exposure significantly indu-

ces IL-8 secretion by Derf-stimulated EOL-1 (D, pg/ml). Each result is presented as the mean 6 SEM (n¼ 7 per group). **p< .01 (Dunnett’s multiple comparison test)

versus the vehicle-alone control group. Abbreviations: Derf, Dermatophagoides farinae; DON, deoxynivalenol; LPS, lipopolysaccharide.
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The mouse model used in this study mainly represents the
Th2 immune responses in allergic asthma. Hence, the signifi-
cant enhancement of Th2 cytokines, including IL-4, IL-5, and IL-
13, reflect the direct link between DON exposure and Th2 im-
mune responses. Conversely, IL-9 is reportedly released from
Th9 cells in allergic asthma models. Additionally, IL-9 plays an
important role in mast-cell accumulation and activation (Sehra
et al., 2015). Th17 cells, a helper T-cell subset that secretes IL-17,
play an important role in the development of allergic asthma
(Ahn et al., 2020; McGeachy and Cua 2008). Although the mouse
model used in this study was a Th2-dominated allergy model,

Th9 and Th17 immunoreactions were also influenced following
acute and subacute DON exposure.

We demonstrated that in vivo proinflammatory responses
were associated with eosinophil infiltration and IL-33/TSLP ex-
pression in bronchial epithelial cells. Therefore, we performed
in vitro experiments using EOL-1 and BEAS-2B cell lines to con-
firm the results observed in the in vivo experiments. We previ-
ously used TLR-activated human eosinophils and bronchial
epithelium to demonstrate the proinflammatory effect of
Bisphenol A and estrogen-receptor agonist (Tajiki-Nishino et al.,
2018; Watanabe et al., 2019). In the assay examining TLR- or

Figure 7. Proinflammatory cytokine secretion in human bronchial epithelium cell line (BEAS-2B) following DON exposure. Levels of interleukin (IL)-1b (A, pg/ml), IL-6

(B, pg/ml), and IL-8 (C, pg/ml) in LPS-induced BEAS-2B are significantly enhanced by pre-exposure to DON in a dose-dependent manner. DON pre-exposure significantly

induces IL-8 secretion by Derf-stimulated BEAS-2B (D, pg/ml). Each result is presented as the mean 6 SEM (n¼ 7 per group). *p< .01 (Dunnett’s multiple comparison

test) versus the vehicle-alone control group. Abbreviations: Derf, Dermatophagoides farinae; DON, deoxynivalenol; LPS, lipopolysaccharide.
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Derf-stimulated cytokine production, DON exposure signifi-
cantly influenced the production of IL-1b, IL-6, IL-8, and/or TNF-
a while there was no influence on cytokine production only by
DON without any stimulus (data not shown). Our in vitro find-
ings indicated that several pathways are involved in the DON-
mediated development of allergic airway inflammation.
Notably, overexpression of IL-33 and TSLP, induced by regulat-
ing the airway epithelium function, indicates a direct associa-
tion with eosinophil functions (Figure 7).

Collectively, the findings of this study indicated that acute
and subacute oral DON administration significantly exacerbates
allergic asthma responses by enhancing the migration of eosi-
nophils, neutrophils, and macrophage into the lung, activating
Th2-, Th9-, and Th17-immune responses, and elevating IL-33
and TSLP secretion in a mouse model of allergic asthma.
Furthermore, in vitro evidence demonstrated that DON exposure
significantly increases cytokine release in activated eosinophils
and bronchial epithelial cells. Further studies using IL-33/TSLP-
deficient mice should be performed to additionally characterize
the underlying mechanism by which DON induces proinflam-
matory responses.

SUPPLEMENTARY DATA

Supplementary data are available at Toxicological Sciences
online.
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Supplemental TABLE 1 

Histological evaluation of the lung following acute or subacute oral administration of DON in a 

Derf-induced mouse model of allergic asthma (2nd experiment) 

A histological score (0, within normal limits; 1, mild; 2, moderate; and 3, severe) was given to each 

observation. Results are expressed as the mean ± SEM. n = 6 per group. * p < 0.05 (Dunnett’s multiple 

comparison test) vs. the Derf + vehicle control group. 

 
 

 

 

 

 

 

 

 

 

  

Group Derf vehicle 
Acute 
DON 0.3 mg/kg 

Subacute 
DON 0.3 ppm 

Alveolar inflammation 0.75 ± 0.25 1.25 ± 0.25 2.00 ± 0.58 

Bronchial excessive mucoid 0.75 ± 0.25 1.25 ± 0.25 1.75 ± 0.75 

Perivascular inflammation 1.50 ± 0.29 2.25 ± 0.25 2.25 ± 0.48 

Total score 3.00 ± 0.58 4.75 ± 0.75 6.00 ± 1.78 
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Supplemental Figure. 1 Representative microscopic features of the lung of the Derf + vehicle 

control group and the subacute 0.3 ppm DON group in the additional setting. 
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Supplemental Figure. 2 Total (a) and Derf-specific (b) IgE levels in the Derf-induced mouse 

model of allergic asthma of the second setting. Significant increase in total and Derf-specific 

serum IgE levels (ng/mL) are observed after acute and subacute DON administration. Each result 

is presented as the mean ± SEM. n = 6 per group. Derf, Dermatophagoides farinae; DON, 

deoxynivalenol. 
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