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Abstract

Alternaria molds can produce a variety of different mycotoxins, often resulting in food contamination with chemical mixtures,
posing a challenge for risk assessment. Some of these metabolites possess estrogenic properties, an effect whose toxicologi-
cal relevance is questioned in the light of the strong genotoxic and cytotoxic properties of co-occurring toxins. Thus, we
tested a complex extract from A. alternata for estrogenic properties in Ishikawa cells. By assessing alkaline phosphatase
activity, we did not observe estrogen receptor (ER) activation at non-cytotoxic concentrations (< 10 pug/ml). Furthermore, an
extract stripped of highly genotoxic perylene quinones also did not mediate estrogenic effects, despite diminished genotoxic
properties in the comet assay (> 10 pg/ml). Interestingly, both extracts impaired the estrogenicity of 17p-estradiol (E2) at
non-cytotoxic concentrations (5—10 pg/ml), indicating anti-estrogenic effects which could not be explained by the presence
of known mycoestrogens. A mechanism for this unexpected result might be the activation of the aryl hydrocarbon receptor
(AhR) by Alternaria metabolites, as indicated by the induction of CYPIAI transcription. While a direct influence on the
metabolism of E2 could not be confirmed by LC-MS/MS, literature describing a direct interplay of the AhR with estrogenic
pathways points to a corresponding mode of action. Taken together, the present study indicates AhR-mediated anti-estrogenic
effects as a novel mechanism of naturally co-occurring Alternaria toxin mixtures. Furthermore, our results confirm their
genotoxic activity and raise questions about the contribution of still undiscovered metabolites to toxicological properties.
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Abbreviations qRT-PCR Quantitative real-time PCR

AhR Aryl hydrocarbon receptor STE-III Stemphyltoxin-III

AME Alternariol monomethyl ether

AIP Alkaline phosphatase

AOH Alternariol Introduction

AP Alterperylenol

ATX Altertoxin Black molds of the genus Alternaria are ubiquitous fungi

DMEM/F12 Dulbecco’s modified Eagle medium/F-12 with a still unclear relevance as food contaminants. The
nutrient mixture infestation of crops designated for human consumption may

DMSO Dimethyl sulfoxide result in the occurrence of a variety of toxic metabolites—

E2 17-estradiol the so-called Alternaria toxins—in food products. Particu-

FBS Fetal bovine serum larly, tomatoes, vegetable oils, wheat flour and berries have

MEM Minimum essential medium been reported as potential sources of exposure (Lee et al.

NR Neutral red 2015; Puntscher et al. 2018a; Tournas and Katsoudas 2005).

PBS Phosphate-buffered saline solution Alternaria spp. produce a cocktail of secondary metabo-
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lites, whereby the composition depends on the fungal strain
and the respective growth conditions (Zwickel et al. 2016,
2018). The metabolite of highest prevalence in food samples
is usually tenuazonic acid (TeA), a tetramic acid derivative
(Fig. 1a). It exerts mild acute toxic properties, and is of little
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Fig. 1 Chemical structures of selected Alternaria toxins, grouped as a tenuazonic acid, b dibenzo-a-pyrones, ¢ perylene quinones and d miscel-

laneous structures

concern for human health according to regulative authorities
(EFSA 2016).

Alternariol (AOH) and alternariol monomethyl ether
(AME) represent the so far most-studied Alternaria metab-
olites. Together with other compounds including altenuene
(ALT), iso-altenuene (iso-ALT) or altenuisol (ATL), they
form the dibenzo-a-pyrone group of Alternaria toxins
(Fig. 1b). Both AOH and AME have been found to act cyto-
toxic in different human cell lines in two-digit micromo-
lar concentrations (Fehr et al. 2010). Also, they have been
described to exert genotoxicity in colon carcinoma cells,
an effect which is mainly caused ascribed to their ability to
poison topoisomerase enzymes, which are crucial for main-
taining DNA integrity by avoiding torsion stress during
replication and transcription (Fehr et al. 2009). Moreover,
the induction of oxidative stress might contribute to their
DNA-damaging properties (Aichinger et al. 2017; Tiessen
et al. 2013a). Recently, AOH and AME were also reported
to cause cytotoxicity and genotoxicity in liver cell models,
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while metabolic activity contributes to cellular detoxification
(Hessel-Pras et al. 2019). Thus, the latter metabolites are
today considered as the main toxicological concern associ-
ated with Alternaria contaminations (EFSA 2016). How-
ever, AOH and several of its phase I and II metabolites were
recently reported to act as mimetics of 17p-estradiol (E2),
thus being able to bind to and activate estrogen receptors
(ER), indicating the endocrine disruptive potential of these
compounds (Dellafiora et al. 2018; Lehmann et al. 2006).
Additionally, AOH was demonstrated to impact the endo-
crine system by increasing E2 and progesterone production
and by up-regulating progesterone receptor expression (Friz-
zell et al. 2013). Furthermore, AOH was shown to potentiate
the effects of other xenoestrogens, even at low concentra-
tions where it does not exert estrogenic effects itself (Vej-
dovszky et al. 2017).

Another group of Alternaria toxins is constituted by the
perylene quinones alterperylenol, altertoxins (ATX) I-III
and stemphyltoxins (STE) I-III (Fig. 1c). Until now, these
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compounds were found, if at all, in comparably low concen-
trations in food (Puntscher et al. 2018a). Nevertheless, the
analogues bearing an epoxide moiety like ATX-II possess
potent genotoxic and mutagenic properties in vitro, which is
suspected to result from the formation of DNA adducts (Ties-
sen et al. 2013b). In line with this hypothesis, ATX-II was
shown to greatly exceed the DNA-breaking properties of AOH
and AME, and to be one of the main genotoxic constituents
in a complex extract of Alternaria alternata cultured on rice
(Schwarz et al. 2012b). Another perylene quinone epoxide,
STE-III, was recently described to impair DNA integrity to
a comparable extent as ATX-II (Fleck et al. 2016). However,
these toxins are expected to be rather unstable under physi-
ologic conditions (Aichinger et al. 2018b) and during food
processing (Puntscher et al. 2018b). Thus, their toxicological
relevance in vivo remains to be clarified.

Lastly, Alternaria spp. produce further secondary metabo-
lites with miscellaneous structures, whose toxic properties are
not yet elucidated sufficiently (Fig. 1d).

With risk assessment strategies strongly relying on expo-
sure and toxicity data of single compounds, the general
co-occurrence of mycotoxins in chemical mixtures poses a
potential problem. Cumulative or even synergistic combina-
tory effects might exceed the effects of single compounds,
and it is unclear which bioactive mechanism is of significant
impact for adverse outcomes, and which are overlaid by other,
potentially dominating, pathways. This particularly applies to
the estrogenicity of dibenzo-a-pyrones, as growth-stimulating
effects triggered by endocrine disruption are obviously only
of potential relevance in sub-cytotoxic and sub-genotoxic
concentrations.

Hence, in the present study, we addressed the question
whether Alternaria toxins exert estrogenic effects also in com-
plex mixtures or whether the cellular effects are dominated
by genotoxic constituents. Therefore, a naturally occurring
mixture of Alternaria toxins was generated as an extract from
Alternaria alternata strain DSM 62010 cultured on rice. In
addition, to allow conclusions on the role of genotoxic per-
ylene chinones, a “reduced extract” (RE) was produced, that
was stripped of ATX-II and STE-III by fractionation. Further-
more, as compared to the complete extract, the composition
of the RE correlates better with occurrence data of Alternaria
toxins in food, where epoxide-carrying perylene quinones are
usually not reported. In Ishikawa cells, an estrogen-sensitive
cell model expressing both isoforms of the estrogen receptor
(ER), we investigated and compared estrogenic versus geno-
toxic properties of these extracts.

Materials and methods
Chemicals and assay kits

Cell culture media and supplements were obtained from
GIBCO Invitrogen (Karlsruhe, Germany), cell culture
flasks and dishes from Sarstedt (Niirnbrecht, Germany).
17p-Estradiol, alternariol, alternariol monomethyl ether,
ethidium bromide, neutral red, triton X-100, benzo[a]
pyrene and 4-nitrophenyl phosphate were purchased from
Sigma-Aldrich (Schnelldorf, Germany). Maxwell 16 LEV
simplyRNA kit was obtained from Promega, QuantiTect®
Reverse Transcription Kit, QuantiTect® SYBR® Green
PCR Kit and primers for CYPIAI, ESRI, ESR2, ALPP,
GADPH and ACTB from Qiagen (Hilden, Germany). Nor-
mal and low melting Agarose were purchased from Bio-
Rad, formamidopyrimidine-DNA glycosylase from New
England Biolabs (Frankfurt, Germany).

Generation and characterization of Alternaria
extracts

A complete extract (CE) of rice infected with the Alter-
naria alternata strain DSM 62010 was generated as
recently described (Puntscher et al. 2019). To generate a
“reduced extract” (RE), stripped of the highly genotoxic
perylene quinones altertoxin-II (ATX-II) and stemphyl-
toxin-IIT (STE-III), aliquots of the CE were dissolved
in acetonitrile/water (50/50, v/v) and injected into a
HPLC-DAD system using a gradient of water and ace-
tonitrile, a constant flow rate of 1 ml/min and a Phenom-
enex Luna 5u C18 column for separation of the contained
metabolites. Fractions were collected manually. The
fractions from min 2 to 14 and from min 19 to 36 were
rejoined to form the RE, whereas the fraction containing
ATX-II and STE-III (min 14-min 19) was sampled sepa-
rately. Both extracts were characterized using a LC-MS/
MS multi-method as recently described (Puntscher et al.
2018a).

Cell culture

Ishikawa cells were purchased from ECACC (Wiltshire,
UK). Produced cells stocks were kept in liquid nitrogen and
routinely checked for the absence of mycoplasma contami-
nation. Roughly 2 weeks before starting experiments, cells
were taken into culture and grown in minimum essential
medium (MEM), supplemented with 5% (v/v) heat-inacti-
vated fetal bovine serum (FBS), 1% rL-glutamine and 1%
penicillin/streptomycin (P/S). For all assays, cells were
seeded in “assay medium”, a phenol red-free Dulbecco’s
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Modified Eagle Medium/F-12 nutrient mixture (DMEM/
F12) supplemented with 5% charcoal-dextran stripped
(CD-) FBS and 1% P/S.

Sulforhodamine B (SRB) assay

10,000 Ishikawa cells/well were seeded to 96-well plates in
assay medium, allowed to grow for 48 h, and then incubated
with the test mixtures and the respective controls for another
48 h. Subsequently, cells were fixed by addition of trichlo-
roacetic acid. After 1 h at 4 °C, plates were washed four
times with water and allowed to dry overnight. Afterwards,
they were incubated with a solution of 0.4% (w/v) SRB for
1 h at room temperature, washed twice with water, twice
with 1% (v/v) acetic acid and again dried overnight. Then,
a TRIS buffer with a pH of 9 was added to resolve the dye,
and the absorbance at 570 nm was determined with a Perki-
nElmer Victor’V plate reader. All samples were measured
in triplicate per plate and their mean values, a measure for
the protein content of the wells, were related to the solvent
control (1% v/v DMSO).

Neutral red (NR) assay

Cell seeding and incubation were carried out as described
for the SRB assay. Neutral red medium (4 pg/ml neutral
red in DMEM/F-12 supplemented with 5% FCS and 1%
P/S) was prepared 1 d before its use, incubated overnight
at 37 °C, centrifuged for 10 min at 600 rcf and filtered to
remove formed crystals. After 48 h incubation, cells were
incubated with neutral red medium for 3 h at 37 °C. Sub-
sequently, the medium was removed and cells were washed
with Dulbecco’s PBS. After adding a destaining solution
(1% acetic acid in a 1:1 mixture of water and ethanol),
the plates were rapidly shaken and then, the absorption at
540 nm was measured with a PerkinElmer Victor’V plate
reader. All samples were measured in triplicate per plate and
their mean values, a measure for the ability of viable cells to
incorporate the dye into their lysosomes, were related to the
solvent control (1% v/v DMSO).

Single-cell gel electrophoresis (“comet assay”)

The comet assay was performed according to the guide-
lines of Tice et al. (Tice et al. 2000) with some modifica-
tions. Briefly, 200,000 cells were seeded to petri dishes
(d,,=3.5 cm) using assay medium and allowed to attach
for 24 h. Then, cells were incubated with the test mixtures
or the solvent control for 1 h. After washing them thrice
with PBS, trypsin was added to harvest singularized cells.
An aliquot of the cells was stained with trypan blue for
counting and assessing the viability. In case the latter was
below 80%, the assay was not continued. 2x 30,000 cells per
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sample were embedded in agarose on object slides. Those
were put in a lysis buffer (1% lauroyl sarcosilate, EDTA, 1%
Triton-X100) overnight. Subsequently, slides were treated
with formamidopyrimidine-DNA glycosylase (FPG) or FPG
buffer for 30 min at 37 °C. After equilibrating for 20 min,
electrophoresis (25 V, 300 mA) was carried out for 20 min
under strong alkaline conditions (pH 13). Afterwards, the
slides were neutralized and stained with ethidium bromide.
Microscopic analysis was carried out on a Zeiss Axioskop,
and the “Comet Assay IV” software (Perceptive Instruments,
UK) was used to score 100 cells per slide, whose mean tail
intensity was calculated as a measure for DNA damage.

Alkaline phosphatase (AIP) assay

The activity of AIP after 48 h of incubation was determined
as a measure for ER activation as recently described (Aich-
inger et al. 2018a). In brief, we used assay medium to seed
10,000 cells/well into 96-well plates. After allowing to
attach for 48 h, cells were incubated with E2, the extracts
or combinations of the latter for another 48 h. Afterwards,
cells were washed thrice with PBS and lyzed by quick freez-
ing at — 80 °C for at least 20 min. Plates were allowed to
thaw at room temperature for 5 min before the detection
buffer (5 mM 4-nitrophenylphosphate, 1 M diethanolamine,
0.24 mM MgCl,, pH 9.8) was added. Subsequently, the
increase of absorption at 405 nm was measured for 1 h every
3 min. The slope of the linear range of the obtained curve
was calculated as a measure for the activity of the enzyme.
Every incubation was measured in triplicate, and means of
these technical replicates were used for further analysis.

Quantitative real-time (qRT-) PCR

100,000 Ishikawa cells/well were seeded in 12-well plates
and grown for 72 h, using assay medium. Then, the cells
were incubated with the solvent control, two concentrations
of CE, 1 nM E2, a combination of CE and E2 or 5 uM of
benzo[a]pyrene (B[a]P), which served as a positive control,
for 24 h. RNA extraction was performed using a Maxwell™
16 LEV simplyRNA Cells kit (Promega) according to the
manufacturer’s manual. Briefly, the medium was removed,
cells were washed with PBS, and a homogenization solu-
tion was added to the wells. Cells were harvested, singular-
ized and lyzed. The lysates were transferred to cartridges
and RNA extraction was carried out with the Maxwell™
16 instrument. After centrifugation, the RNA content of
the resulting supernatant was determined with a Nanodrop
2000/2000c spectral photometer.

A QuantiTect® Reverse Transcription Kit was used to
convert mRNA to cDNA according to the manufacturer’s
protocol. In brief, 1 ug RNA of each sample was mixed
with RNAse-free water plus a gDNA wipeout solution,
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and was incubated for 2 min at 42 °C. The RT-MasterMix
was added and the tubes were incubated for another 15 min
at 42 °C and for 2 min at 95 °C. The resulting solutions
of cDNA were stored at — 20 °C until further processing.

gRT-PCR was conducted with primers for CYPIAI,
ESRI, ESR2 and ALPP genes, with GAPDH and ACTB
serving as housekeeping genes. cDNA was mixed with a
SYBR-green kit and the respective primer, and PCR was
performed with a StepOne Plus™ thermocycler. 2—AACT
values were calculated for each gene for a relative quanti-
fication of gene transcription as suggested by Schmittgen
and Livak (2008).

LC-MS/MS

LC-MS/MS measurements to determine E2 metabolism
were performed on a Dionex Ultimate 3000 UHPLC sys-
tem coupled to a TSQ Vantage triple quadrupole mass
spectrometer (Thermo Scientific). An Acquity UPLC®
HSS T3 column (1.8 um, 2.1 X 100 mm; Waters) equipped
with a VanGuard pre-column (1.8 pm) served to achieve
chromatographic separation. As mobile phases, water with
0.3 mM ammonium fluoride as additive (A) and acetoni-
trile (B) were used at a flow rate of 0.4 mL/min. Measure-
ments were performed in the negative electrospray ioniza-
tion mode.

Results
Extract composition

Both the complete and the reduced extract were analyzed
for a number of important Alternaria toxins with a LC-MS
multi-method as described previously in detail (Puntscher
et al. 2018a). Representing more than 50% of the total
extract weight, tenuazonic acid (TeA) was found to be the
dominant compound of the CE, followed by the perylene
quinones STE-III, ATX-II, alterperylenol (AP) and ATX-I
with concentrations around 1-2% (Table 1). AOH and AME
were much less abundant, with a cumulative content of
0.16%. The aim in generating the RE was to strip the extract
of the highly genotoxic ATX-II and STE-III. By removing
the corresponding fractions, both compounds were reduced
to levels below the LOD. Furthermore, small parts of AOH,
AME, tentoxin (TEN), ATX-I and alterperylenol were lost
during the work-up. Of note, altenusin (ALS) was the only
metabolite that was found to be more concentrated in the RE.
Additionally, the method included iso-altenuene, altenuic
acid and several glycosides and sulfates of AOH and AME,
all of which were not found in the extracts.

Table 1 Characterization of the used extracts by LC-MS

Alternaria toxin Concentration (mg toxin/g

extract)

CE RE
Altertoxin-II 14.1 <LOD
Stemphyltoxin-IIT 21.0 <LOD
Alternariol 0.79 0.56
Alternariol monomethyl ether 0.65 0.40
Tenuazonic acid 597 507
Altenuene 0.78 0.19
Iso-altenuene <LOD <LOD

Tentoxin 0.02 0.01

AOH-3-glucoside <LOD <LOD
AOH-9-glucoside <LOD <LOD
AOH-3-sulfate <LOD <LOD
AME-3-glucoside <LOD <LOD
AME-3-sulfate <LOD <LOD
Altertoxin I 9.92 7.48
Alterperylenol 12.6 12.3
Altenuic acid III <LOD <LOD
Altenusin 0.28 1.04

Impact of extracts on ER stimulation

Estrogenicity of extracts was determined via assessing the
activity of alkaline phosphatase (AlP), an enzyme whose
transcription is regulated by ER activity. The impact on the
expression of AIP was measured after 48 h incubation of
Ishikawa cells as conversion of 4-nitrophenylphosphate to
4-nitrophenol, which was determined photometrically. No
induction of estrogenic stimuli could be observed for con-
centrations up to 10 pg/ml for both extracts (Fig. 2a). At
even higher concentrations, the signal significantly declined,
probably due to cytotoxicity.

However, when the extracts were incubated in combina-
tion with 1 nM E2, a significant decrease in 4-NP formation
was observed at concentrations >5 ug/ml (Fig. 2b), thus
indicating anti-estrogenic properties of both extracts, inde-
pendent from the content of ATX-II and STE-III.

Contribution of AOH and AME

To assess whether at least a part of the observed anti-
estrogenic effects was caused by the previously described
mycoestrogens AOH and AME, the two compounds were
purchased, mixed in the ratio at which they were found
in the CE, and used to perform AIlP assays in Ishikawa
cells. Those measurements revealed no estrogenic effects
for up to a cumulative concentration of 550 nM, and no
diminishing effect on the estrogenicity of 1 nM E2 at any
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Fig.2 Estrogenic impact of Alternaria extracts, a alone or b on the
activity of E2, as measured by the AIP assay. All values are depicted
as means +SD of at least four independent experiments and in rela-
tion to the stimulative effect of 1 nM E2. Significant differences to
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Fig.3 The possible contribution of AOH and AME to the estro-
genic impact of extracts, as measured by the AIP assay. Values are
depicted as means+ SD of at least three independent experiments and
in relation to the positive control (1 nM E2). Significant differences
to the solvent control were calculated using one-way ANOVA, fol-
lowed by Fisher’s LSD post hoc testing, and are indicated with “*#*”
(p<0.001). No significant differences were found between the combi-
nations of AOH, AME and E2 with both E2 alone or the combination
with the lowest applied mycotoxin concentration

applied concentration (Fig. 3). AlP activity was signifi-
cantly increased only at the highest measured dose (2.5 pM
AOH/2 uyM AME), which would correspond to a complete
extract concentration of approximately 830 ug/ml, a dose
high above any applied concentration and clearly beyond
the cytotoxic/genotoxic threshold range.
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the respective solvent control (a) or the lowest applied concentration
of the respective extract (b) were calculated using one-way ANOVA,
followed by Fisher’s LSD post hoc testing, and are indicated with
“kEE” (p<0.001)

Cytotoxicity

The influence of Alternaria extracts on cell viability and
growth of Ishikawa cells was assessed at the level of protein
content (SRB assay) after 48 h incubation. For the CE, the
onset of cytotoxicity was observed at concentrations > 10 ug/
ml (Fig. 4a). Of note, the removal of ATX-II and STE-III
failed to diminish cytotoxicity. The RE also reduced the
cellular protein at concentrations > 10 pg/ml, but at 5 pg/
ml, already a non-significant reduction was apparent. Cell
viability was significantly lower after treatment with the
RE as compared to the CE at both 5 pg/ml and 10 pg/ml.
At 50 pg/ml, both extracts were highly toxic and reduced
cell viability below 40%, regardless of a combination with
E2. The incubation with 1 nM E2 alone did not result in an
increase of cellular protein.

To exclude false-negative results, data for the CE were
reconfirmed by assessing lysosomal activity by neutral red
staining (Fig. 4b). Herewith, no significant cytotoxic effect
of the CE could be observed for up to 10 pg/ml. Of note,
1 nM E2 lead to a significant (one-sided Student’s  test,
p <0.05) increase of absorption, but the combination with
10 pg/ml CE reduced the lysosomal activity to 91.5%, which
could point at a reduction of estrogen-induced cell growth.

Genotoxicity

The induction of DNA strand breaks was measured by comet
assay after 1 h incubation of Ishikawa cells with the extracts.
Herewith, we found both extracts to significantly damage the
DNA at concentrations > 5 ug/ml (Fig. 5). The genotoxicity
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Fig.5 DNA strand breaks after 1 h incubation with reduced extract
(RE) and complete extract (CE), as measured with the comet assay.
UV radiation served as a positive control (PC). Data are presented
as mean+SD of at least four independent experiments. Significant
differences (p <0.05) to the respective solvent control (SC, 1% v/v
DMSO) were calculated by one-way ANOVA, followed by Fisher’s
LSD post hoc test and are indicated with “+” (p <0.05). Significant
differences (p <0.05) between the same concentrations of RE and CE
were calculated by Student’s 7 test are indicated by “#”. “*”Indicate
significant differences (p <0.05) between FPG treated and untreated
samples, which were analyzed by Student’s 7 test

are indicated with “a” (p<0.05). Significant differences of extract/
E2 to 1 nM E2 were calculated using one-way ANOVA, followed by
Fisher’s LSD post hoc testing, and are indicated with “b” (p <0.05).
Differences between the two extracts at the same concentration were
analyzed by Student’s ¢ test and are indicated by “*” (p <0.05)

of the CE was significantly higher as compared to the RE at
5 and 10 pg/ml. Additionally, we observed both extracts to
induce FPG-sensitive sites at different concentrations, thus
indicating an oxidative damage of DNA bases at doses as
low as 1 pg/ml.

Gene transcription

A possible influence of a 24 h incubation of Ishikawa cells
with 5 uM or 10 uM of the complete Alternaria extract on
the transcription of several genes was analyzed by measuring
mRNA transcript levels with qRT-PCR in comparison to the
solvent control (1% DMSO). For both concentrations, and
also for 1 nM E2, we did not observe any significant change
of ESRI (ERa) or ESR2 (ERp) transcription (Fig. 6a) as
compared to the solvent control.

The transcription of ALPP (AIP) was 18-fold induced
by 1 nM E2, but not by the extract (Fig. 6b). Of note, the
combined incubation of E2 with 10 pg/ml CE resulted in
significantly lower ALPP transcript levels (RQ=3.9), thus
confirming the antagonistic interaction observed in ALP
assays.

Likewise, we measured mRNA levels of CYPIAI, a
gene induced by the aryl hydrocarbon receptor (AhR) acti-
vation, after a 24 h incubation of Ishikawa cells with the
CE (Fig. 6¢). Here, a dose-dependent increase of gene tran-
scription was observed at 5 ug/ml (RQ=3.9) and 10 pg/ml
(RQ=11.0). Furthermore, 5 uM of the known AhR activator
B[a]P, which served as a positive control, potentiated gene
transcription by a factor of 16.8. As expected, E2 did not
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Fig.6 Transcript levels of a ESR, b ALPP and ¢ CYPIAI genes in
Ishikawa cells after a 24 h incubation with CE and/or E2, as meas-
ured by qRT-PCR. mRNA quantities in relation to the solvent control
(RQ), normalized to p-actin and GADPH (2724T) are shown. Data

induce CYPIAI transcription by itself or alter the impact of
the CE in this regard.

E2 metabolism

To assess whether the observed induction of CYPIAI tran-
scription might enhance the metabolic degradation of E2, we
incubated Ishikawa cells for 24 h with the hormone both in
and without the presence of 10 pg/ml CE. After incubation,
E2 levels were measured in supernatant media by LC-MS/
MS. E2 was quite stable in cell culture medium, declin-
ing only marginally from 0.83 nM to 0.68 nM after 48 h
of incubation at 37 °C. In the presence of cells, E2 levels
were reduced to 0.170+0.026 nM (mean + SD) over 24 h of
incubation. The depletion was not significantly different in
the presence of the CE (0.143 +0.025 nM). Of note, consid-
erable amounts of a metabolite with m/z 351 were observed
only in the samples incubated with both the CE and E2. Both
the mass and the fragmentation pattern were identical with
estradiol-3-sulfate, which was included in our method, but
the retention time differed. Hence, the exact identity of this
compound could not be revealed. A shift in retention time of
estradiol-3-sulfate due to effects of the matrix or the appear-
ance of another estradiol sulfate isomer seems possible.

Discussion

In the past, significant research has been conducted to inves-
tigate the effects of Alternaria toxins as individual com-
pounds. However, these fungi produce a large and diverse
pattern of toxins, which might lead to an overlay of distinct
bioactivities depending on the qualitative and quantitative
compositions of the exposure. In particular, it is up to ques-
tion whether estrogenic effects of dibenzo-a-pyrone deriva-
tives are of relevance for risk assessment considering the
co-occurrence with highly genotoxic compounds.

@ Springer

CE 10 pg/ml  Cf

n
]

* [ cYP1A1

3
!

*

!
relative gene transcription (RQ)
B 5
*
*

o o
i !
T
i
:

i
i

;

i
R
=)
=
13
9]

T T T
CE 5 pg/ml CE 10 yg/ml CE 10 pg/ml  1nME2 5 uM Bla]P
+1nME2

£ 10 pg/ml
+1nME2

1nME2

are presented as mean+SD of three independent experiments. Sig-
nificant differences (p <0.05) were calculated by Student’s ¢ test and
are indicated with “*” (compared to the solvent control) or “#” (com-
pared to other samples)

To address these points, we focused on determining
estrogenic and genotoxic effects of Alternaria toxins in
a realistic mixture, an extract of the Alternaria alternata
strain DSM 62010 cultured on rice.

The characterization of the full extract by LC-MS
revealed TeA, a rather weak toxin, to be the most abun-
dant constituent. However, the most outstanding result of
the extract analysis arises from comparison of the toxin
pattern to the metabolome of other Alternaria strains
(Zwickel et al. 2018). Under the applied culture condi-
tions, DSM 62010 apparently produces much higher
amounts of the perylene quinones ATX-I, ATX-II, AP and
STE-III (Table 1). Thus, it was speculated that the well-
described cytotoxic and genotoxic effects of ATX-II and
STE-III (Fleck et al. 2016; Schwarz et al. 2012b) might
overlay any possible impact of co-occurring dibenzo-a-
pyrones on ER stimulation. However, we recently demon-
strated that the stability of ATX-II appears to be limited
under physiological conditions, presumably due to the
reactivity of the epoxide moiety (Aichinger et al. 2018b).
This might contribute to the fact that—on the contrary to
AOH and AME—ATX-II and STTX-III were not detect-
able in the urine or feces of rats after administration of
our extract (Puntscher et al. 2019). Therefore, it cannot be
excluded that ATX-II and STE-III might be of relevance in
the gastrointestinal tract, but the present data argue about
a potential loss of these genotoxic perylene chinones, so
they are likely insignificant for the evaluation of systemic
toxic effects like endocrine disruption. For that reason, we
produced a reduced extract (RE) which consisted of the
complete extract (CE) stripped of those two metabolites
and compared the two extracts regarding their toxicologi-
cal impact on the estrogen-sensitive human adenocarci-
noma Ishikawa cell line.

Interestingly, even as the absence of genotoxic perylene
quinones was confirmed by LC-MS/MS (Table 1), the RE
exerted similar cytotoxic properties as the CE after 48 h of
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cell incubation (Fig. 4). It seems that other compounds are
mainly responsible for those effects.

A similar picture was revealed at the level of genotoxicity,
which was measured by Comet assay after a 1 h incubation
of Ishikawa cells with both extracts. In this setting, the CE
was found to impair DNA integrity at concentrations > 5 ug/
ml, and at 1 pg/ml, significant oxidative damage of DNA
bases was detectable (Fig. 5). But also the RE caused DNA
damage, albeit at slightly higher concentrations (10 ug/mL),
which suggests that other compounds are contributing sig-
nificantly to the genotoxicity of the applied extracts. How-
ever, it seems highly unlikely that one of the other Alternaria
toxins whose concentration in the extracts was assessed by
LC-MS plays an important role in that regard. AOH and
AME were previously reported to act genotoxic in two-
digit micromolar concentrations in vitro (Fehr et al. 2009;
Schwarz et al. 2012a), but their cumulative concentration in
the highest applied extract dose was calculated to be 54 nM
and is thus approximately a factor 1000 lower than needed
to impair DNA integrity. The toxicity of ATX-I is not very
well described in literature, but the compound was found to
be more than 10 times less genotoxic as compared to ATX-
II in several cell lines (Fleck et al. 2014), while it was less
concentrated in the CE than both ATX-II and STE-III. For
AP, no data on its impact on the DNA exists so far. However,
the compound is structurally similar to ATX-I and particu-
larly also lacks the epoxide group that is suspected to cause
strong genotoxicity of other perylene quinones. Thus, one
can assume that we missed one or several major contributing
genotoxicants. One suspect compound could be ATX-III,
a perylene quinone carrying two epoxide groups, which is
usually not included in analytical methods due to low preva-
lence, but is suspected to be of even higher mutagenicity and
genotoxicity than ATX-II (Stack and Prival 1986).

Due to the genotoxic and cytotoxic properties of both
extracts, their potential estrogenicity could not be observed
in AIP assays (Fig. 2a). But interestingly, when combined
with 1 nM E2, both extracts were able to diminish the estro-
genic stimulus of the endogenous hormone to trigger AIP
enzyme synthesis (Fig. 2b), an effect that was also confirmed
at the level of gene transcription (Fig. 6b). Of note, this
effect was observed at non- and low-cytotoxic concentrations
(<10 pg/ml, Fig. 4), thus proving a direct interplay with ER
activation or signaling. This finding could be of toxicologi-
cal relevance, as the interference with endogenous estrogenic
stimuli is considered a toxic mode of action, potentially
causing problems with fertility and adverse pregnancy out-
comes (Kaplan-Kraicer et al. 1996; Zhang et al. 2017).

It is, however, not entirely clear which of the present
Alternaria toxins are responsible for this anti-estrogenic
effects. For AOH and AME, two compounds previ-
ously reported to interact with the ER (Dellafiora et al.
2018; Lehmann et al. 2006), we tested concentrations

corresponding to the amount of the substances in the CE by
AlP assay, both with and without adding E2. At the doses
present in 10 ug/ml CE (25 nM AOH, 20 nM AME), we did
not observe any effects as compared to the controls (Fig. 3).
Only at a 100-fold higher concentration, this binary mixture
induced ER-related enzymatic activity, while a suppressing
effect on E2 estrogenicity could not be found at any concen-
tration. This suggests that other compounds are responsible
for the anti-estrogenic activity of the extracts.

Regarding the underlying mechanism for the latter effect,
we could rule out a possible influence of the extracts on
ER gene transcription by qRT-PCR (Fig. 6a). One conceiv-
able mode of action is an interplay of AhR/ARNT signaling
with ER-related responses. This receptor is activated by the
presence of molecules with a planar hydrocarbon structure
and subsequently triggers the transcription and expression
of phase I metabolic enzymes, in particular CYP1A1 (Hu
et al. 2007; Pahlke et al. 2016). Interestingly, CYP1A1 is
also involved in the metabolic inactivation of E2, and thus
an activation of the AhR/ARNT pathway was previously
reported to increase the metabolic degradation of E2 (Suchar
et al. 1996).

Additionally, the AhR was described to interact with
estrogen-mediated processes by increasing the ubiquitinyla-
tion and proteasomal degradation of the ER (Ohtake et al.
2009; Wormke et al. 2003) as well as by competing with ERs
for nuclear co-regulatory proteins (Beischlag et al. 2002;
Nguyen et al. 1999).

Recently, both AOH and AME were found to activate the
AhR, resulting in enhanced transcription of CYP1A1, an
enzyme of phase I metabolism with both compounds repre-
senting substrates as well (Pahlke et al. 2016; Schreck et al.
2012). But ATX-II was also found to induce CYPIA] tran-
scription as a marker for AhR activation in human esophagal
cells, even at very low concentrations (Pahlke et al. 2016),
giving reason to speculations that due to their planar struc-
ture, AhR/ARNT signaling is a common molecular mecha-
nism for perylene quinones in general.

Thus, we assessed the ability of the CE to induce AhR/
ARNT signaling via determining a possible induction of
CYPIA] transcription, and found the extract to act potently
in that regard (Fig. 6¢). This lead us to the question whether
an incubation of cells with the extract would lead to an
enhanced degradation of E2, which we assessed by LC-MS
measurements. Therewith, E2 levels were found to be
slightly and non-significantly lower in co-incubated sam-
ples (see LC—MS results section). Of note, we observed the
occurrence of an additional metabolite, presumably an estra-
diol sulfate not included in our analytical method. However,
one has to note that the impact of the CE on E2 metabolism
is—if present at all—much too low to explain the strong
anti-estrogenic effects. As explained above, AhR activation
is expected to interfere with ERs by additional modes of
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actions, which might be responsible for causing the intrigu-
ing activities of the investigated extracts.

Taken together, we hereby report complex extracts of
Alternaria alternata to act genotoxic and anti-estrogenic
in Ishikawa cells. The known toxins ATX-II and STE-III
contributed, as expected, to the overall genotoxicity of the
extract, but additional genotoxic constituents remain to be
identified. In sub-cytotoxic concentrations, the complex
extract suppressed the estrogenic effectiveness of E2, argu-
ing for an endocrine disruptive potential of Alternaria tox-
ins. Concerning the underlying mechanisms, we found the
complete extract to induce the AhR/ARNT pathway, which
might at least in part contribute to the observed phenomena.
With respect to the endocrine disruptive potential, the pre-
sent study shows that naturally occurring complex mixtures
of Alternaria toxins might not only contain weak estrogens
like AOH, AME and respective metabolites, but seem to
provide also anti-estrogenic activity, whereby the relevant
compounds remain to be identified.
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