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A B S T R A C T

Alternaria mycotoxins may pose significant risks to human health due to their diverse spectrum of adverse effects 
and frequent occurrences in food. A previous study demonstrated the immunosuppressive, antiestrogenic, and 
genotoxic potential of a complex Alternaria mycotoxin extract (CE). The present study aimed to elucidate specific 
Alternaria mycotoxins or combinations thereof responsible for toxicity.

Following toxicity-guided fractionation of the CE, a multiparametric panel of assays was applied to assess 
different endpoints. These included immunomodulatory effects (NF-κB reporter gene assay in THP1-Lucia™ 
monocytes), estrogenicity/antiestrogenicity (alkaline phosphatase assay in Ishikawa cells) and genotoxicity 
(γH2AX and alkaline comet assays in HepG2 cells).

LC-MS/MS analysis revealed prominent mycotoxins in the active fractions, with altersetin (AST) identified as a 
novel key compound exhibiting immunoinhibitory (≥2 μM) and antiestrogenic (≥5 μM) properties in vitro. 
Additionally, while specific mycotoxin combinations explained the toxicity of active fractions, some effects 
remained unexplained, suggesting the presence of unidentified bioactive substances.

This study underscores the significance of AST and specific toxin mixtures as major contributors to CE toxicity. 
Further, it highlights the importance of considering combinatory effects in risk assessment of Alternaria myco
toxins as well as further investigation of unknown Alternaria metabolites, which may pose additional health risks.

Abbreviations

Altenuic acid III AA-III
Aryl hydrocarbon receptor AhR
Alkaline phosphatase AlP
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Altenuene ALT
Alterperylenol ALTP
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Lipopolysaccharide LPS
Minimum Essential Medium MEM
Penicillin streptomycin P/S
Phosphate buffered saline PBS
Pooled fractions of Alternaria extract F
Reversed-phase high performance liquid chromatography RP-HPLC
Single fractions of Alternaria extract SF
Single mixtures SM
Supercritical fluid chromatography SFC
Standard deviation SD
Stemphyltoxin III STTX-III
Test over control T/C
Tenuazonic acid TeA
Tentoxin TEN

1. Introduction

Fungi of the genus Alternaria can produce a broad spectrum of 
structurally different secondary toxic metabolites known as Alternaria 
mycotoxins. Unlike other mycotoxins, such as aflatoxins and fumonisins 
produced by Aspergillus and Fusarium strains respectively, which are 
regulated by the Commission Regulation (EU) 2023/915/2006, Alter
naria mycotoxins are still classified as ’emerging mycotoxins’ (European 
Commission, 2023; Gruber-Dorninger et al., 2017). The filamentous 
Alternaria fungi grow ubiquitously and can infest various substrates 
while displaying tolerance to different environmental conditions, 
including temperature and moisture variations (Aichinger et al., 2021). 
Pertaining the toxins, they are commonly found in grains, tomatoes, and 
their respective products, as well as in sunflower seeds and oil, fruits, 
beer, and wine (EFSA, 2011). So far, more than 70 Alternaria toxins have 
been isolated and chemically characterized. Based on their chemical 
structures, they can be categorized into different groups. A selection of 
mycotoxins and the respective classification are depicted in Fig. 1
(Crudo et al., 2019; Hellwig et al., 2002; Ostry, 2008).

Some members of this class of mycotoxins are frequently detected in 

food at rather high concentrations and thus may endanger human 
health, especially that of the most exposed individuals such as vege
tarians and toddlers (Arcella et al., 2016). Over the past decades, a wide 
range of adverse effects caused by some of the known Alternaria myco
toxins was identified. For example, both single mycotoxins and complex 
mixtures were shown, amongst others, to cause genotoxic, mutagenic, 
immunotoxic and estrogenic/antiestrogenic effects in vitro (Crudo et al., 
2019; Louro et al., 2024). With regard to the immunomodulatory effects, 
the perylene quinone altertoxin II (ATX-II) and the dibenzo-α-pyrone 
AOH are known to suppress the lipopolysaccharide-induced inflamma
tion and target the NF-κB signaling pathway in THP1 monocytes and 
macrophages (Crudo and Partsch et al., 2024; Del Favero et al., 2020; 
Kollarova et al., 2018). Among the Alternaria toxins exerting genotoxic 
effects, AOH and AME were reported to induce DNA strand breaks and 
act as topoisomerase poisons in various cell lines (Fehr et al., 2009; 
Pfeiffer et al., 2007). Moreover, both compounds were described to 
induce oxidative stress, which might contribute to their genotoxic po
tential (Aichinger et al., 2017; Tiessen et al., 2013). Upon 
toxicity-guided fractionation, the epoxide-bearing perylene quinone 
ATX-II was identified as a potent genotoxic compound, exceeding by far 
the effects caused by AOH and AME. Unlike the latter, this 
epoxide-carrying metabolite was postulated to form DNA adducts 
(Schwarz et al., 2012b).

So far, research has mainly focused on individual Alternaria myco
toxins, not taking into consideration the potential overlay of effects 
caused by the natural co-occurrence of multiple mycotoxins. Facing this 
issue, a study carried out by Aichinger et al. (2019) unexpectedly 
showed that a complex Alternaria mycotoxin extract (CE), obtained by 
cultivation of an Alternaria alternata strain on long rice, exerted anti
estrogenic effects, despite the presence of the well-known mycoes
trogens AOH and AME (Aichinger et al., 2019; Lehmann et al., 2006). 
Additionally, Crudo and Partsch et al. (2024) showed the ability of the 
CE to also to suppress effectively LPS-induced activation of the NF-κB 
signaling pathway. By toxicity-guided fractionation the perylene qui
nones ATX-I and ALTP were identified as novel contributors to the 
immunosuppressive and antiestrogenic properties of complex Alternaria 

Fig. 1. Chemical structures of selected Alternaria mycotoxins. The compounds are categorized based on their chemical structures: A) dibenzo-α-pyrones, B) perylene 
quinones, C) Alternaria mycotoxins with miscellaneous structures, D) tetramic acid derivatives, E) others.
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toxin mixtures. However, the contribution of these mycotoxins to the 
overall immunosuppressive and antiestrogenic effects of the CE was 
limited, arguing for the presence of other active contributors still to be 
identified.

Apart for its immunosuppressive and antiestrogenic effects, the CE 
was also found to exert genotoxic effects, although the potency of the 
extract exceeded the expected sum of the genotoxic constituents iden
tified so far (Aichinger et al., 2019). To summarize, the currently 
available data point towards the presence of unknown or yet unin
vestigated active Alternaria mycotoxins in the CE or the occurrence of 
combinatory effects between multiple mycotoxins. Taking all this into 
consideration, it appears more crucial than ever to also investigate 
combinations of different Alternaria mycotoxins, to complement the 
existing data of isolated single compounds. Therefore, in the present 
study a complex Alternaria alternata extract with known genotoxic, 
immunosuppressive and antiestrogenic properties was selected to 
identify the Alternaria mycotoxins and/or their combinations respon
sible for its various toxicological effects. A toxicity-guided fractionation 
approach by reversed-phase high performance liquid chromatography 
(RP-HPLC) was applied and the obtained fractions were examined from 
a chemical and toxicological point of view. In detail, the fractions were 
analyzed through a liquid chromatography–tandem mass spectrometry 
(LC-MS/MS) multi-method and investigated with respect to immuno
modulatory, antiestrogenic and genotoxic potential. Based on the 
quantitative LC-MS/MS data, the most abundant mycotoxins in the 
active fractions were chosen to be examined singularly and in naturally 
occurring combinations.

2. Materials and methods

2.1. Materials

Acetonitrile and the 25 % ammonia solution were acquired from 
Honeywell International Inc. (Morristown, USA), while LC-MS grade 
methanol and ethanol were purchased from Thermo Fisher Scientific 
Inc. (Waltham, USA). Formic acid and LC-MC grade water were bought 
from VWR International (Pennsylvania, USA), and ethyl acetate and the 
ammonium acetate solution from Sigma Aldrich (St. Louis, USA). Cell 
culture media (Minimal Essential Medium (MEM); Dulbecco’s Modified 
Eagle Medium/F12 without phenol red (DMEM/F12); Roswell Park 
Memorial Institute 1640 medium (RPMI 1640)), penicillin streptomycin 
(P/S) solution, fetal bovine serum (FBS), charcoal-stripped FBS (CD- 
FBS), HEPES buffer, L-glutamine, bovine serum albumin (BSA) were 
purchased from Thermo Fisher Scientific Inc. (Waltham, USA). Zeocin® 
and Normocin® were obtained from Invivogen (San Diego, USA). Cell 
culture consumables were bought from Sarstedt AG + Co. KG (Nuem
brecht, Germany), Carl Roth GmbH + Co. KG (Karlsruhe, Germany), and 
VWR International (Pennsylvania, USA). Lipopolysaccharide (LPS) from 
Escherichia coli, dexamethasone (Dexa), 17β-estradiol (E2), doxorubicin 
hydrochloride (Doxo), Anti-phospho-Histone H2A.X (Ser139) antibody 
(clone JBW301) and Tween-20®were acquired from Sigma Aldrich (St. 
Louis, USA). The 4′,6-diamidine-2′-phenylindoledihydrochloride (DAPI) 
and the secondary antibody Alexa Fluor™ 633 F(ab’)2 fragment of goat 
anti-mouse IgG (H + L) were purchased from Thermo Fisher Scientific 
Inc. (Waltham, USA). The CellTiter-Blue® reagent was acquired from 
Promega Corp. (Fitchburg, USA), formamidopyrimidine DNA glyco
sylase (FPG) enzyme from New England Biolabs (Frankfurt, Germany) 
and ethidium bromide and dimethyl sulfoxide (DMSO) from Carl Roth 
GmbH + Co. KG (Karlsruhe, Germany). Chemicals used for the prepa
ration of buffers for the AlP assay were purchased from Carl Roth GmbH 
+ Co. KG (Karlsruhe, Germany) and Sigma Aldrich (St. Louis, USA) and 
for the comet assay from Carl Roth GmbH + Co. KG (Karlsruhe, Ger
many) and Merck kGaA (Darmstadt, Germany). Low- and normal 
melting agarose were obtained from Bio-Rad Laboratories GesmbH 
(Vienna, Austria). Analytical standards of AOH, AME, ALT, ATX-I, TeA 
and TEN were purchased from Romer Labs (Tulln, Austria), while ALS 

was acquired from Eubio, Andreas Köck e.U. (Vienna, Austria). The two 
mycotoxins isoALT and AA-III were synthesized at the Institute of 
Organic Chemistry at the Karlsruhe Institute of Technology in Germany 
(Altemöller et al., 2006; Nemecek et al., 2013), whereas ALTP was 
kindly provided by the Institute of Analytical Food Chemistry of the 
Technical University of Munich, Germany (Liu and Rychlik, 2015). 
ATX-II was previously isolated inhouse from fungal cultures grown on 
rice (Puntscher et al., 2019a). For cell culture experiments AOH was 
purchased from Sigma Aldrich (St. Louis, USA), TeA from Santa Cruz 
Biotechnology (Dallas, USA), ALTP from Cfm Oskar Tropitzsch (Mark
tredwitz, Germany), AME and ATX-I from Szabo-Scandic (Vienna, 
Austria), and AST from Molport (Riga, Latvia).

2.2. Fractionation of the CE by RP-HPLC

The fractionation of the extract, originally obtained by Puntscher 
et al. (2019b) by growing the Alternaria alternata strain DSM 62010 on 
long rice, was performed according to the method previously described 
by Schwarz et al. (2012a), with some modifications. Briefly, the 
semi-preparative HPLC-system consisted of a Knauer Smartline 1000 
(LPG) pump, a Knauer Manager 5000 controller (Knauer Wissen
schaftliche Geräte GmbH, Berlin, Germany), and a six-way manual in
jection valve. For separation, a Phenomenex Luna column (250 mm ×
21.2 mm, 5 μm) equipped with a Phenomenex SecurityGuard column 
(C18, 2 mm; Phenomenex Inc., Torrance, USA) was used. Detection was 
realized with an Agilent G1315D diode array detector (with a prepara
tive flow cell; Agilent Technologies, Santa Clara, USA) at λ = 278 nm. 
The instrument was operated with the ClarityChrom Software (Knauer 
Wissenschaftliche Geräte GmbH, Berlin, Germany), and data acquisition 
was achieved with the ChemStation analysis software (Agilent Tech
nologies, Santa Clara, USA). As eluent A, water adjusted to pH 3 with 
formic acid was used, while eluent B consisted of a mixture of 90 % 
acetonitrile and 10 % water (v/v). For the fractionation, a binary 
gradient program with a constant flow rate of 7.5 ml/min was chosen. 
The program began with 19 % eluent B for 1 min, increased to 30 % B 
over 1 min, to 50 % B over the next 5 min, to 56 % B over 12 min, and 
then to 100 % B over 17 min, holding at 100 % B for 5 min. The gradient 
was then reset to the initial conditions in 2 min, followed by an addi
tional 6 min of equilibration between runs. The extract was injected 
after resuspension in a 1:10 mixture of ethanol and eluent B, and a total 
of 27 fractions were manually collected. A representative chromato
gram, recorded at a wavelength of λ = 278 nm and showing the 
collection points, is presented in Supplementary Fig. S1.

The collected fractions were subjected to a liquid-liquid extraction 
with ethyl acetate to remove the water. Subsequently, the organic phase 
was evaporated to dryness using a SpeedVac system (Labconco Corp., 
Kansas City, USA and Vacuubrand GmbH + Co. KG, Wertheim, Ger
many). For cell culture experiments, the dried fractions were dissolved 
in DMSO at a concentration of 24 mg/ml. With the intention of mini
mizing the number of samples for the toxicological evaluation, selected 
single fractions (SF) with a similar mycotoxin profile (according to a 
preliminary qualitative LC-MS/MS analysis) were combined to obtain a 
total of eleven pooled fractions (F). The respective compositions are 
displayed in Fig. 2. All fractions obtained were stored at −80 ◦C until the 
time of analysis.

2.3. Mycotoxin quantification by LC-MS/MS analysis

The quantification of the mycotoxins in the fractions was performed 
by LC-MS/MS according to the method developed by Puntscher et al. 
(2018). Briefly, the analysis was realized with a Sciex QTrap 6500+

LC-MS/MS system equipped with a Turbo-V™ electrospray ionization 
source (Sciex, Framingham, USA). MS data were acquired in multiple 
reaction monitoring mode, applying negative electrospray ionization. 
The analytes were separated on a Supelco Ascentis Express column (C18, 
100 mm × 2.1 mm; 2.7 μm, Merck kGaA, Darmstadt, Germany) 
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equipped with a Phenomenex SecurityGuard™ precolumn (C18, 2 mm; 
Phenomenex Inc., Torrance, USA), using an Agilent 1290 series UHPLC 
system (Agilent Technologies, Santa Clara, USA). Methanol served as 
eluent B, while eluent A consisted of a 5 mM ammonium acetate solution 
in water, with the pH adjusted to 8.7 using a 25 % ammonia solution. 
Before injection, the samples were diluted with a solvent consisting of 30 
% methanol and 70 % LC-MS grade water (v/v). As a blank, the meth
anol/water solution was used, and was injected after every calibration 
set and every fraction to avoid problems caused by carry-over. For 
quantification a multicomponent stock solution containing twelve 
Alternaria mycotoxins (AOH, AME, TEN, TeA, ALT, isoALT, ALS, AA-III, 
AST, ATX-I, ATX-II, ALTP) was prepared. Every fraction was measured 
in individually prepared triplicates. Data analysis was performed using 
the Skyline software (version 23.1).

2.4. Preparation of Alternaria mycotoxin mixtures

To investigate the possible onset of combinatory effects, mixtures of 
multiple Alternaria mycotoxins were prepared in DMSO. The goal was to 
create mixtures that accurately reflect the mycotoxin profile of the 
fractions. Mycotoxins contained and identified in the mixtures (AOH, 
AME, TeA, AST, ATX-I, ATX-II and ALTP) were chosen based on their 
abundance in the fractions, the commercial availability, as well as the 
possibility to isolate the compounds in house. The specific composition 
of the mixtures with the respective concentrations of mycotoxins was 
based on the results of the LC-MS/MS analysis performed on the CE- 
fractions. Based on the activity of the fractions on the different toxico
logical endpoints, a total of ten mixtures corresponding to F3, F4, 
F6–F10, SF18, SF19 and SF22 were prepared and will in the following be 
referred to as M3, M4, M6-10, SM18, SM19 and SM22.

2.5. Cell culture

THP1-Lucia™ monocytes (Invivogen, San Diego, USA) were routinely 
cultured in RPMI 1640 medium supplemented with 10 % heat inactivated 
FBS, 25 mM HEPES buffer, 1 % P/S (100 U/ml) and 100 μg/ml Normocin®. 
To ensure the stability of the reporter gene, cells were grown under 
selection pressure by adding 100 μg/ml of Zeocin® every second cell 

passage. The human endometrial adenocarcinoma cell line Ishikawa was 
purchased from the European Collection of Authenticated Cell Cultures 
(ECACC) (Salisbury, UK). Cells were grown in MEM supplemented with 
10 % heat inactivated FBS, 1 % Lglutamine and 1 % P/S (100 U/ml). The 
human hepatocarcinoma HepG2 cell line (ECACC; Salisbury, UK) was 
maintained in RPMI 1640 medium supplemented with 10% heat inacti
vated FBS and 1 % P/S (100 U/ml). All cells were kept in a humidified 
atmosphere at 37 ◦C and 5 % CO2 and were passaged twice per week when 
they reached approximately 80 % confluency. Screening for mycoplasma 
contamination took place at regular intervals.

2.6. NF-κB reporter gene assay

To assess the impact on the NF-κB signaling pathway, the NF-κB 
reporter gene assay in THP1-Lucia™ monocytes was performed. In 
detail, cells were seeded into 96-well plates (0.1 × 106 cells/well) and 
simultaneously incubated with the pooled CE-fractions (0.3–30 μg/ml), 
the mixtures corresponding to the highest concentration of the fractions, 
AST (0.01–25 μM), a solvent control (0.25% DMSO), and a negative 
control (1 μM Dexa) for 2 h. Afterwards, to activate the NF-κB signaling 
pathway and investigate the immunoinhibitory properties of the test 
compounds, 10 ng/ml LPS was added to the wells, and the cells were 
incubated for an additional 18 h. As positive control served LPS-treated 
cells (10 ng/ml). For the assessment of the immunostimulatory effects, 
LPS was only added to the wells of the positive and negative control. At 
the end of the incubation time (20 h), the NF-κB reporter gene assay was 
performed according to the manufacturer’s protocol using Quanti-Luc 
(Invivogen, San Diego, USA), a coelenterazine-based luminescence re
agent. The NF-κB activation was determined by measuring the luciferase 
activity with a microplate reader (Cytation 3 imaging plate reader) and 
the software Gen5 (version 3.08; BioTek Instruments, Winooski, USA).

2.7. Alkaline phosphatase (AlP) assay

Potential estrogenic/antiestrogenic properties were investigated 
using the AlP assay in Ishikawa cells. Cells were seeded into 96-well 
plates (0.01 × 106 cells/well) and allowed to grow for 48 h in assay 
medium (DMEM/F12 without phenol red supplemented with 5 % CD- 
FBS). Cells were subsequently incubated for 48 h in assay medium 
with the pooled CE-fractions (0.06–6 μg/ml), the mixtures correspond
ing to the highest concentrations of the fractions and AST (0.01–10 μM). 
As a solvent control served 0.1 % DMSO, while 1 nM E2 was used as 
positive control. Cells were either co-incubated with 1 nM of E2 and the 
test substances/fractions to investigate antiestrogenic properties or 
exposed only to the test substances/fractions to assess estrogenic prop
erties. Following the incubation, cells were washed thrice with phos
phate buffered saline (PBS) and frozen at −80 ◦C for 20 min. To achieve 
lysis plates were thawed at room temperature for 5 min before the 
addition of 50 μl AlP buffer (5 mM 4-nitrophenylphosphate, 1 M 
diethanolamine, 0.24 mM MgCl2) per well. The absorbance was 
measured at λ = 405 nm every 2 min for 1 h at 37 ◦C using a microplate 
reader and the Gen5 software. The slope of the curve in the linear range 
was used for the determination of the AlP activity.

2.8. γH2AX assay

To assess genotoxic effects the γH2AX assay in HepG2 cells was 
performed. The procedure for the γH2AX assay followed the protocol 
published by Ebmeyer et al. (2019) with modifications as previously 
described by Crudo et al. (2024a). Briefly, HepG2 cells were seeded into 
clear bottom black 96-well plates (0.5 × 106 cells/well) and grown for 
24 h in growth medium. Afterwards, cells were treated with the single 
(120 μg/ml) and pooled (3–60 μg/ml) CE-fractions, the mixtures cor
responding to the highest concentrations of the fractions, solvent control 
(0.5 % DMSO) and positive control (2.5 μM Doxo) for 4 h in assay me
dium (RPMI 1640 medium with 1 % P/S). Cells were fixed with ice-cold 

Fig. 2. Radial dendrogram showing the allocation of single fractions (SF1- 
SF27) to pooled fractions (F1–F11).
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methanol for 20 min at 4 ◦C. After cells were washed three times with 
PBS-T (PBS + 0.1 % Tween-20®), they were blocked for 1 h at room 
temperature with a blocking solution consisting of 1 % BSA in PBS-T. 
Cells were washed once with PBS-T, followed by incubation with the 
primary antibody solution (anti-phospho-Histone H2A.X (Ser139), clone 
JBW301; 1:400 in blocking solution) overnight at 4 ◦C. The next day, 
cells were washed thrice with PBS-T and incubated with the secondary 
antibody solution (Alexa Fluor™633 F(ab’)2 fragment of goat 
anti-mouse IgG(H + L); 1:500 in blocking solution) for 1 h at room 
temperature in the dark. Afterwards, cells were washed thrice with 
PBS-T, and the nuclei were stained with a 3 μM DAPI solution (in PBS-T) 
for 30 min at room temperature in the dark. Finally, cells were washed 
again three times with PBS-T and plates were stored at 4 ◦C until anal
ysis. Pictures were acquired with a BioTek Lionheart FX automated 
microscope (Agilent Technologies, Santa Clara, USA) equipped with the 
software Gen5. Fluorescence signals for DAPI were detected at 380/460 
nm (λex/λem), and for γH2AX at 620/655 nm (λex/λem). Two images per 
well were acquired from different optical fields. For each optical field at 
least 120 cells were scored, and the mean γH2AX signal intensities were 
normalized against the solvent control.

2.9. Single-cell gel electrophoresis (comet assay)

The comet assay was carried out according to Tice et al. (2000), with 
some modifications. Briefly, 0.35 × 106 HepG2 cells were seeded into 
35 mm petri dishes and grown for 48 h. The cells were incubated with 
the single fractions (60 μg/ml SF18, SF19 and SF22, and 30 μg/ml SF19) 
and corresponding mixtures for 4 h in assay medium (RPMI 1640 
medium with 1 % P/S). As positive controls, cells exposed for 1 min to 
UV-B radiation and cells exposed for 1 h to 50 μM H2O2 were employed. 
As solvent control served 0.5 % DMSO. At the end of the incubation 
time, the cells were washed twice with PBS and detached with trypsin. 
Cell viability was determined through trypan blue exclusion test. Only 
samples with a cell viability above 80 % were further processed. For 
each condition, two times 30,000 cells were embedded in low-melting 
agarose onto a normal-melting agarose gel placed on a glass slide 
(two gel pads). In total two slides were prepared for each test condition. 
Both agarose solutions had a concentration of 0.8 % and were prepared 
in phosphate buffer (137 mM NaCl, 2.7 mM KCl, 1.5 mM KH2PO4, 
8.1 mM Na2HPO4). Cell lysis was performed overnight at 4 ◦C by 
immersing the slides in a lysis buffer (10 % DMSO, 1 % Triton X-100 and 
0.1 % lauroyl sarcosinate). One slide of each test condition was treated 
with FPG enzyme for 30 min at 37 ◦C to detect FPG-sensitive sites, which 
are indicative of oxidative DNA damage. All slides were equilibrated 
in the electrophoresis buffer (0.3 M NaOH, 1 mM EDTA) for 20 min, 
followed by electrophoresis at 300 mA for 20 min. Both equilibration 
and electrophoresis, were carried out on ice. The slides were subse
quently washed with a neutralization buffer (TRIS, pH 7.5), and DNA 
was stained with a 0.02 mg/ml ethidium bromide solution. Image 
acquisition was achieved with a Zeiss Axioskop (Carl Zeiss AG, Ober
kochen, Germany) at 546/590 nm (λex/λem), and the “Comet Assay IV” 
software (version 4.2.1; Perceptive Instruments, Suffolk, UK) was used 
for image analysis. In total, 50 cells per gel pad were scored for their tail 
intensity, resulting in 100 scores per biological replicate.

2.10. CellTiter-Blue® (CTB) assay

The CTB assay was carried out to determine potential cytotoxic ef
fects in the applied cell models (THP1-Lucia™ monocytes, Ishikawa and 
HepG2 cells) to ensure that the effects observed in the other assays were 
not only artefacts due to cytotoxicity. For the assessment in THP1 cells, 
the monocytes were incubated under the same conditions as described 
for the NF-κB reporter gene assay (see section 2.6). After the incubation 
time ended, 20 μl of the CTB reagent was added to each well (1:10 
dilution) and cells were incubated for 2 h. The monocytes were centri
fuged at 140 rfc for 2 min, and 100 μl of the supernatants were 

subsequently transferred to a black 96-well plate. Ishikawa and HepG2 
were treated the same way as described for the AlP assay and the γH2AX 
assay, respectively (see section 2.7 and 2.8). At the end of the incubation 
time, the test media were replaced with a 10 % CTB reagent solution 
(1:10 dilution in DMEM/F12 without phenol red for Ishikawa or DMEM 
without phenol red for HepG2 cells respectively). Cells were incubated 
for 50 min, followed by the transfer of 80 μl of the supernatants to a 
black 96-well plate. For all cells the fluorescence measurement was 
conducted at 560/590 nm (λex/λem) with a microplate reader.

2.11. Statistical analysis

Statistical analysis was performed with the Origin Pro® 2022 soft
ware (OriginLab, Northampton, USA). All cell culture-based experi
ments were performed in technical triplicates (or duplicates in the case 
of the comet assay) and in at least three biological replicates. Results 
were expressed as mean + standard deviation (SD) of the biological 
replicates and, depending on the endpoint, they were normalized to the 
respective positive or solvent controls (test over control, T/C). Student’s 
t-test was performed to evaluate significant differences between the 
controls and the different test conditions or between the fractions and 
corresponding mixtures. One-way ANOVA with Fisher-LSD post-hoc test 
was conducted to determine differences between the various concen
trations of the fractions.

3. Results

3.1. Quantification of Alternaria mycotoxins in the single and pooled CE- 
fractions

The single and pooled CE-fractions were analyzed for twelve 
different Alternaria mycotoxins with an LC-MS/MS multi-method. The 
results of the quantification of mycotoxins in the pooled fractions (12 
mg/ml) and in selected (relevant) single fractions (24 mg/ml) are re
ported in Table 1. A complete quantification of the single fractions is 
listed in Supplementary Table S1. For a clearer overview of the myco
toxin content in both pooled and single CE-fractions, the percentage 
distributions of the twelve Alternaria toxins are presented in Supple
mentary Fig. S2.

3.2. Immunomodulatory effects

The assessment of the immunomodulatory effects was performed by 
applying the NF-κB assay in THP1-Lucia™ monocytes. In detail, three 
concentrations of the pooled CE-fractions (Fig. 2), namely 0.3, 3.0 and 
30 μg/ml, were tested for their potential to inhibit the NF-κB pathway. 
As shown in Fig. 3A, all tested fractions suppressed the LPS-induced 
NF-κB pathway activation at the highest concentration tested 
(F1, F3–F11 – p < 0.001; F2 – p < 0.05). To exclude experimental 
artefacts deriving from cytotoxicity, the CTB assay was carried out in 
parallel. Data obtained only showed mild cytotoxicity following expo
sure of cells to 0.3 μg/ml of F3 and 30 μg/ml of F7, with a reduction of 
the signal to 87 % and 75 % respectively (p < 0.05 and 0.001; Fig. 3C).

Taking into consideration that all fractions contain multiple myco
toxins, the possible onset of combinatory effect was investigated. For 
this cause, the mixtures (M3, M4, M6-M10) corresponding to the highest 
concentrations of the most active fractions, namely 30 μg/ml of F3, F4, 
F6–F10, were tested for their immunoinhibitory potential. The myco
toxins included in each mixture, as well as their respective concentra
tions, are depicted in Fig. 3E. The comparison of the NF-κB results 
obtained for the mixtures and the respective pooled fractions are shown 
in Fig. 3B. Unlike F3 and F4, the mixtures M3 and M4 were not able to 
reduce the LPS-induced luciferase signal and, therefore, significantly 
differed from the corresponding fractions (p < 0.001). As for M7 and 
M9, significant decreases in the luciferase signal were measured for the 
mixtures (p < 0.001), which, however, were more pronounced than the 
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immunosuppression observed for the corresponding fractions (p <

0.001). On the other hand, the suppressive effects caused by M10 (p <
0.001) were not as strong as the one of F10 and significant differences 
were seen (p < 0.001). When comparing the immunosuppressive effects 
of M6 and M8 to F6 and F8 respectively, no significant differences were 
observed. Surprisingly, the signals obtained from the CTB assay for M7- 
M9 were much lower than those of the fractions, suggesting more potent 
cytotoxicity arising from the exposure of THP1 monocytes to the mix
tures (p < 0.001; Fig. 3D).

In addition to the immunoinhibitory effects, the pooled CE-fractions 
and respective mixtures were also tested for their potential to activate 
the NF-κB signaling pathway. As shown in Fig. 4A, incubation of the 
monocytes with 3 and 30 μg/ml of F1 (p < 0.05) and 30 μg/ml of F7, F9 
and F10 (p < 0.001) resulted in an increase of the luminescence signal in 
the absence of LPS, indicating immunostimulatory effects. However, 
none of the mixtures lead to an increased luciferase expression and, 
therefore, the effects significantly differ from F7, F9 and F10, respec
tively (p < 0.001; Fig. 4B). As for the cytotoxicity testing 
(Supplementary Fig. S3) the results were comparable to those previously 
obtained for the experiments with LPS stimulation (Fig. 3C and D).

Considering the abundance of AST in the active fractions F9 and F10 
(Table 1), it was tested for its immunomodulatory properties. Intrigu
ingly, exposure of THP1 monocytes to the mycotoxin showed a 
concentration-dependent suppression of the LPS-induced NF-κB activa
tion (Fig. 5A). The luminescence signal was significantly (p < 0.05) 
diminished starting from a concentration of 2 μM. At the highest con
centration tested, namely 25 μM, the inhibitory effects caused by the 
mycotoxin even exceeded the ones of the negative control dexametha
sone. At the same time, none of the tested concentrations caused a loss in 
cell viability (Fig. 5B). Furthermore, AST failed to activate the NF-κB 
pathway when the monocytes were exposed to the mycotoxin in the 
absence of LPS stimulation (Supplementary Fig. S4), thus proin
flammatory effects could be excluded.

3.3. Antiestrogenic effects

The CE-fractions, selected toxin mixtures, and AST were studied with 
respect to potential estrogenic and antiestrogenic effects in Ishikawa 
cells by applying the AlP assay. Ishikawa cells were exposed to CE 
fractions (0.06, 0.6 and 6 μg/ml) in the presence of 1 nM E2. In detail, all 

fractions, except F1, F2, F5, and F11, showed significant differences to 
the positive control (1 nM E2) at the highest concentration (6 μg/ml) 
tested (p < 0.001). Furthermore, antiestrogenic effects could also be 
observed for 0.6 μg/ml of F7 and F8 (p < 0.01 and p < 0.001; Fig. 6A). 
To contextualize the results with respect to cytotoxicity, also for this 
experimental workflow the CTB assay was carried out in parallel. Ac
cording to the results in Fig. 6C, only the treatments with 6 μg/ml of F7, 
F8, and F10 caused a significant decrease in cell viability (p < 0.001). 
However, the reductions observed for F8 and F10 were minor, and cell 
viability remained above 80 %. In addition, no induction of estrogenic 
stimuli could be observed for any of the fractions.

To elucidate whether combinations of selected Alternaria mycotoxins 
are responsible for the antiestrogenic properties exerted by the fractions, 
the mixtures M4 and M6-M10, corresponding to 6 μg/ml of the most 
active fractions F4 and F6–F10, were examined in the AlP assay. The 
composition of the mixtures with the respective concentrations of my
cotoxins are depicted in Fig. 6E. Incubation with M4 or M6 did not result 
in a significant decrease of the E2-mediated induction of AlP activity. 
Therefore, the effects of the complementary fractions do not align with 
these results (p < 0.001; Fig. 6B). On the contrary, for the mixtures M7- 
M10, a reduction in the signal was detected (p < 0.001). Notably, 
although the changes in AlP activity observed for M7-M10 closely 
resemble those observed for the corresponding fractions, a significantly 
stronger suppression of AlP activity was measured for M7 and M9 as 
compared to the corresponding fractions F7 and F9 (p < 0.001). More
over, F7, F8, M7 and M8 lead to significant decreases in viable cells (p <
0.001). However, the reduction caused by F8 and M8 remained above 80 
% and the comparison of the results revealed no statistical differences in 
the effects resulting from the mixtures and the corresponding fractions 
(Fig. 6D).

Considering the abundance of AST in the active fractions F9 and F10 
(Table 1), the mycotoxin was tested in the AlP assay to assess its po
tential antiestrogenic effects and, consequently, to evaluate its contri
bution to the overall effects of the fractions and ultimately the CE. When 
AST was incubated in combination with 1 nM E2, significant decreases 
in the signal intensity were observed at concentrations ≥5 μM (p <

0.001; Fig. 7A). The highest concentration tested, namely 10 μM of AST, 
resulted in an almost complete suppression of the signal. The assessment 
of cytotoxicity with the CTB assay revealed a slight reduction of the 
signal at 10 μM AST (p < 0.001), but cell viability remained above 80 % 

Table 1 
Quantification of twelve Alternaria mycotoxins in the pooled CE-fractions (F) and in selected single fractions (SF).

Fractions Concentration [μM]a

AME AOH TEN TeA ALT isoALT ALS AA-III AST ATX-I ATX-II ALTP

F1 ≤0.01 <LOD <LOD 61 <LOD <LOD <LOD <LOD 0.43 0.06 <LOD 0.06
F2 0.15 2.7 <LOD 2100 <LOD <LOD <LOD <LOD 0.61 11 <LOD 6.6
F3 ≤0.01 11 ≤0.01 1300 0.04 <LOD 0.46 0.15 0.33 32 <LOD 24
F4 0.02 0.16 <LOQ 260 0.28 <LOD 2.7 1.3 1.4 1.9 <LOD 23
F5 0.04 ≤0.01 ≤0.01 110 790 85 0.56 0.10 0.96 0.47 26 41
F6 0.03 0.06 20 300 1.1 0.10 71 1.3 0.54 2100 2.4 110
F7 ≤0.01 68 0.02 65000 0.06 <LOQ 0.31 0.32 0.26 280 0.11 160
F8 0.22 2.7 0.03 1400 3.5 <LOQ <LOD <LOD 24 14 5800 15
F9 3.6 0.25 <LOQ 690 0.85 <LOD <LOD <LOD 2200 3.8 3700 13
F10 ≤0.01 0.14 <LOQ 460 0.15 <LOD <LOD <LOD 5300 1.5 18 2.2
F11 ≤0.01 0.08 <LOD 98 0.05 <LOD <LOD <LOD 730 0.30 7.8 0.55

SF17 0.08 2.0 0.01 2700 2.8 <LOD <LOD 0.13 17 18 <LOD 22
SF18 0.03 0.18 0.01 800 2.7 <LOD <LOD 0.08 83 17 1700 8.6
SF19 0.09 0.13 <LOQ 460 0.41 <LOD <LOD 0.03 71 1.3 11000 7.9
SF20 0.17 0.14 <LOQ 1600 0.74 <LOD <LOD 0.06 120 5.6 610 21
SF21 6.7 0.08 <0.01 1500 0.53 <LOD <LOD 0.06 720 2.3 170 11
SF22 6.2 0.21 ≤0.01 880 1.4 <LOD <LOD <LOD 2400 1.6 34 5.0
SF23 4.5 1.5 <LOD 1100 0.91 <LOD <LOD <LOD 6500 7.0 11 9.5

AME: alternariol monomethyl ether, AOH: alternariol, TEN: tentoxin, TeA: tenuazonic acid, ALT: altenuene, isoALT: isoaltenuene, ALS: altenusin, AA-III: altenuic acid 
III, AST: altersetin, ATX-I: altertoxin-I, ATX-II: altertoxin-II, ALTP: alterperylenol.

a Reported concentrations refer to the mycotoxin concentration in 12 mg/ml of pooled fractions (F) and 24 mg/ml of single fractions.
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(Fig. 7B). The evaluation of the mycotoxin’s estrogenic properties 
revealed no estrogenic activity (Supplementary Fig. S5).

3.4. Genotoxic effects

3.4.1. γH2AX assay
With the γH2Ax assay the potential of the test compounds to induce 

double-strand breaks, through the quantification of the phosphorylated 
histone γH2AX by fluorescence microscopy, can be assessed. To eluci
date the impact of the different CE-fractions on the overall DNA 
damaging properties of the CE the γH2AX assay was applied. Three 
concentrations of the pooled fractions (3, 30 and 60 μg/ml) were tested 

on HepG2 cell for their ability to induce the formation of phosphorylated 
histone γH2AX. After 4 h incubation, significant increases in the 
fluorescence signal as compared to the solvent control (0.5 % DMSO) 
were observed for different concentrations of F1, F3 F5, F6 and F8–F10 
(3 μg/ml F3, 3 μg/ml F5 - p < 0.01; 60 μg/ml F1 and F6, 3 μg/ml, 
30 μg/ml and 60 μg/ml F8-10 – p < 0.001). The highest signals were 
measured for 30 and 60 μg/ml of F8–F10 (Fig. 8A). The results of the 
cytotoxicity testing showed slight but significant reductions in viability 
after exposure of the cells to 30 and 60 μg/ml of F7 and F10, and 
60 μg/ml of F9 (p < 0.001). However, all signals remained above 80 % 
(Fig. 8C). Although some fractions caused significant formation of the 
phosphorylated histone γH2AX, the effects of the active pooled fractions 

Fig. 3. Immunoinhibitory and cytotoxic impact of the pooled CE-fractions (0.3, 3 and 30 μg/ml) and selected Alternaria mycotoxin mixtures on THP1-Lucia™ 
monocytes. A) and B) report the results of the NF-κB reporter gene assay performed with simultaneous stimulation with 10 ng/ml lipopolysaccharide (LPS). As a 
negative control served 1 μM of dexamethasone (Dexa). C) and D) show the results of the CTB assay. As positive control for cytotoxicity served 0.01 % Triton X-100. 
B) and D) compare the effects of 30 μg/ml of the most active fractions with the corresponding mixtures. The values are displayed as means + SD of at least three 
independent experiments and in relation to the positive control (10 ng/ml LPS; A, B) or the solvent control (0.25 % DMSO; C, D; indicated as dotted lines). Significant 
differences between the treatments and the positive control (A, B) or the solvent control (C, D) and between the fractions and the mixtures (B, D) were calculated by 
applying the Student’s t-test (*p < 0.05, **p < 0.01, and ***p < 0.001). Significant differences between the different concentrations of one fraction (A, C) were 
calculated with one-way ANOVA followed by a Fisher-LSD post hoc test (a-c; p < 0.05). In C) bars are only marked with a star (*) when there are significant decreases 
in cell viability and in A) and C) additionally with letters only when there are significant differences between the groups. The heatmap in E) shows the concentrations 
in μM of the most abundant Alternaria mycotoxins in 30 μg/ml of the most active pooled fractions and corresponding mixtures.
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at different concentrations were quite similar and the signal intensities 
remained modest. In order to possibly see greater differences in the 
effects between different active fractions at higher signal intensities, the 
single fractions were also examined at the highest possible concentra
tion, namely 120 μg/ml. In Fig. 8A, a selection of the results of the single 
fractions (SF17-SF23), of which the most active pooled fractions F8–F9 
(Fig. 2) are composed of, are shown. Amongst the genotoxic single 
fractions SF18, SF19 and SF22 were found to be the most potent 
(p < 0.001). It must be pointed out that all tested single fractions led to 
a slight decrease in cell viability, but signals remained above 80 % 
(SF17-22 - p < 0.001, SF23 - p < 0.05). An exception was SF19, which 
resulted in a 25 % reduction in viability (p < 0.001; Fig. 8C). The results 
of all single fractions tested in the γH2AX assay and the CTB assay are 
reported in Supplementary Fig. S6.

To investigate the contribution of combinatory effects on genotox
icity exerted by the different fractions, the mixtures M8-M10 (corre
sponding to 60 μg/ml of F8–F10), and SM18, SM19 and SM22 
(corresponding to 120 μg/ml of SF18, SF19 and SF22) were tested. The 
composition of the mixtures with the respective concentrations of 

mycotoxins are depicted in Fig. 8F. Incubation of HepG2 cells for 4 h 
resulted in a significant increase in γH2AX expression for all mixtures 
tested (M8, M9, SM18 – p < 0.001, M10 – p < 0.01, SM22 – p < 0.05; 
Fig. 8B). However, significant differences in the fluorescence intensity 
between F8/M8, F9/M9, SF18/SM18 and SF19/SM19 (p < 0.001) were 
observed. While M8, M9 and SM19 resulted in stronger genotoxicity 
than the corresponding fractions, the effects caused by SM18 were not as 
strong as the one observed for SF18. On the contrary, signals measured 
for F10/M10 and SF22/SM22 were not found to be statistically different. 
Moreover, in contrast to some of the fractions, none of the mixtures 
resulted in a reduction of viable cells during the assessment of cyto
toxicity with the CTB assay. However, significant differences between 
SF19/SM19 and SF22/SM22 (p < 0.001) were observed (Fig. 8D). 
Representative fluorescence images of the controls, SF19 and SM19 are 
reported in Fig. 8E.

3.4.2. Comet assay of single CE-fractions and mixtures
To further characterize the genotoxic properties of the most active 

fractions and corresponding mixtures identified in the γH2AX assay (see 

Fig. 4. Immunostimulatory impact of the pooled CE-fractions (0.3, 3 and 30 μg/ml) and selected Alternaria mycotoxin mixtures on THP1-Lucia™ monocytes. A) 
reports the results of the NF-κB reporter gene assay while in B) the comparison between 30 μg/ml of the most active fractions and the corresponding mixtures is 
shown. As a negative control served 1 μM of dexamethasone (Dexa). The values are displayed as means + SD of at least three independent experiments and in relation 
to the solvent control (0.25 % DMSO; indicated as dotted line) after normalization to the positive control (10 ng/ml LPS). Significant differences between the 
treatments and the solvent control (A, B) and between the fractions and the mixtures (B) were calculated by applying the Student’s t-test (*p < 0.05, **p < 0.01, and 
***p < 0.001). Significant differences between the different concentrations of one fraction (A) were calculated with one-way ANOVA followed by a Fisher-LSD post 
hoc test (ab p < 0.05).

Fig. 5. Immunosuppressive and cytotoxic impact of AST (0.01–25 μM) on THP1-Lucia™ monocytes. A) reports the results of the NF-κB reporter gene assay per
formed with simultaneous stimulation with 10 ng/ml lipopolysaccharide (LPS). As a negative control served 1 μM of dexamethasone (Dexa). B) shows the results of 
the CTB assay and as a positive control for cytotoxicity served 0.01 % Triton X-100. The values are displayed as means + SD of at least three independent experiments 
and in relation to the positive control (10 ng/ml LPS; A) or the solvent control (0.25 % DMSO; B), which are indicated as dotted lines. Significant differences between 
the samples and the positive control (A) or the solvent control (B) were calculated by applying the Student’s t-test (*p < 0.05, **p < 0.01, and ***p < 0.001). 
Significant differences between the different concentrations were calculated with one-way ANOVA followed by a Fisher-LSD post hoc test (a-d; p < 0.05). In B) bars 
are only marked with a star (*) when there are significant decreases in cell viability and additionally with letters when there are significant differences between the 
concentrations.
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section 3.4.1) their potential to induce single and double-strand DNA 
breaks, as well as alkali-labile sites, was investigated by applying the 
comet assay both in the presence and absence of FPG enzyme. Since 
incubation of HepG2 cells with 120 μg/ml of SF19 resulted in a reduc
tion in cell viability below 80 % in trypan blue exclusion test, only 60 
μg/ml of all test solutions were applied. As shown in Fig. 9A, the single 
fractions SF18, SF19 and SF22 significantly induced DNA-strand breaks 
(p < 0.001), measured as tail intensity, after 4 h incubation as compared 
to the solvent control (0.5 % DMSO). Furthermore, FPG treatment 
significantly increased the DNA damage for SF18 (p < 0.01) and SF22 (p 
< 0.05). However, during the scoring of the nuclei of cells exposed to 60 

μg/ml of SF19, only ghost cells could be detected. These cells are 
characterized by a small/absent nucleoid head with a long tail and, since 
the DNA is strongly damaged, a proper scoring cannot be achieved 
(Hong et al., 2020). For this reason, 30 μg/ml of SF19 was additionally 
tested to correctly score the nuclei. For this concentration proper scoring 
could be realized and in addition to an increase in genotoxicity (without 
and with FPG – p < 0.01) significant differences between the treatment 
without and with FPG were observed (p < 0.005). With regards to the 
results obtained for the mixtures, SM18 and SM19 followed a similar 
pattern as the corresponding fractions. In detail, the incubation of 
HepG2 cells with 60 μg/ml of SM19 also resulted in the formation of 

Fig. 6. Antiestrogenic and cytotoxic impact of the pooled CE-fractions (0.06, 0.6 and 6 μg/ml) and selected Alternaria mycotoxin mixtures on Ishikawa cells. A) and 
B) report the results of the AlP assay performed with simultaneous incubation with 1 nM 17β-estradiol (E2). C) and D) show the results of the CTB assay. As a positive 
control for cytotoxicity served 0.01 % Triton X-100. B) and D) compare the effects of 6 μg/ml of the most active fractions with the corresponding mixtures. The values 
are displayed as means + SD of at least three independent experiments and in relation to the positive control (1 nM E2; A, B) or the solvent control (0.1 % DMSO; C, 
D), indicated as dotted lines. Significant differences between the treatments and the positive control (A, B) or the solvent control (C, D) and between the fractions and 
the mixtures (B, D) were calculated by applying the Student’s t-test (*p < 0.05, **p < 0.01, and ***p < 0.001). Significant differences between the different 
concentrations of one fraction (A, C) were calculated with one-way ANOVA followed by a Fisher-LSD post hoc test (a-c; p < 0.05). In C) bars are only marked with a 
star (*) when there are significant decreases in cell viability and in (A and C) additionally with letters only when there are significant differences between the groups. 
The heatmap in E) shows the concentrations in μM of the most abundant Alternaria mycotoxins in 6 μg/ml of the most active pooled fractions and correspond
ing mixtures.
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ghost cells and the signals could therefore only be considered as an 
approximation. However, treatment with 60 μg/ml of SM18 and 30 
μg/ml of SM19 resulted in significant and scorable increases in tail in
tensities as compared to the solvent control (p < 0.001) and the obtained 
results do not statistically differ from the ones of the respective fractions. 
Moreover, treatment with FPG enzyme led to a further and statistically 
significant increase in tail intensity (p < 0.05). On the contrary, expo
sure of the cells to 60 μg/ml of SM22 without FPG did not lead to any 
DNA damage. However, an increase in the signal was observed when 
FPG-treatment was applied (p < 0.001). Moreover, all signals obtained 
for SM22 differ significantly from the ones of SF22 (p < 0.001). In detail, 
while SF22 caused genotoxicity (p < 0.005; with and without FPG 
treatment), for SM22 only minor increases in tail intensity (p < 0.05) 
could be observed when FPG enzyme was added. Representative images 
of cells exposed to various treatments are reported in Fig. 9B.

4. Discussion

Species within the Alternaria genus are recognized for their produc
tion of several secondary metabolites, including a diverse array of my
cotoxins. Previous studies have explored various adverse effects 
associated with these toxins, with research focusing mainly on individ
ual compounds, thereby often limited by commercial availability. 
Notably, it was observed that multiple mycotoxins can contaminate a 
single food commodity simultaneously, potentially leading to combined 
bioactivities. These combinatory effects depend on the specific compo
sition and concentration of the toxin mixtures (Crudo et al., 2019). To 
accurately assess the risks posed by exposure to this group of structurally 
diverse molecules, the evaluation of further data on both, individual and 
combined effects, is essential. Therefore, the aim of this study was to 
fractionate a complex Alternaria mycotoxin extract to identify the indi
vidual compounds or combinations of toxins responsible for the overall 
immunomodulatory, antiestrogenic and genotoxic effects of a complex 
Alternaria alternata extract (Aichinger et al., 2019; Crudo and Partsch 
et al., 2024).

First, the fractions, which had a less complex composition compared 
to the original extract, were amongst others tested for their immuno
modulatory properties. As shown in Fig. 3A, co-incubation of THP1- 
Lucia™ monocytes with the different fractions and LPS resulted in a 
reduced luciferase activity, suggesting immunoinhibitory properties. 
Furthermore, the exposure of the cells to some of the fractions without 
adding LPS lead to an activation of the NF-κB signaling pathway 
(Fig. 4A). These results are in accordance with previously published 
results where a different set of fractions obtained by supercritical fluid 
chromatography (SFC) was investigated. Based on the results of the LC- 

MS/MS analysis (Table 1), none of the known immunosuppressive 
Alternaria mycotoxins that could be quantified in the fractions, namely 
AOH, AME, ATX-I, ATX-II and ALTP, can individually account for the 
observed effects. This is because their concentrations in the tested 
fractions were far below the levels previously reported to exert immu
nosuppressive effects (Crudo and Partsch et al., 2024; Del Favero et al., 
2020; Kollarova et al., 2018). Moreover, although TeA is present in all 
the fractions, it can be ruled out as the cause of the overall effects, as 
Crudo and Partsch et al. (2024) demonstrated that it does not exhibit 
immunosuppressive effects up to a concentration of 250 μM. Hence, 
mixtures corresponding to the most active fractions in terms of 
composition and concentration of mycotoxins were prepared and tested 
for their immunomodulatory properties (Fig. 3B). Except for M3 and 
M4, all mixtures exerted immunosuppressive effects and followed a 
similar pattern as the correlating fractions. Notably, the comparison 
between the effects exerted by F6/M6 and F8/M8 showed no significant 
differences. This suggests that the suppression of the NF-κB pathway 
observed after exposure of cells to these fractions was likely due to 
combinatory effects of the known mycotoxins present. To rule out that 
the reduced signal in the NF-κB reporter gene assay was not only due to a 
loss in viable cells, the CTB assay was carried out under the same con
ditions (Fig. 3C and D). The results of the assessment of cell viability 
revealed significant differences between F7–F9 and M7-M9 respectively, 
with the mixtures causing greater cytotoxicity than the related fractions. 
One plausible explanation could be the more complex composition of 
the fractions and the presence of unknown compounds (Crudo and 
Partsch et al., 2024).

Unlike the corresponding mixtures, F7, F9 and F10 also exerted 
immunostimulatory effects (Fig. 4A). The NF-κB transcription factor is 
involved in various cellular processes, including immune responses, 
inflammation, and apoptosis. Its role on the regulation of apoptosis is 
quite complex and context dependent. Several studies could demon
strate, that the inhibition of the NF-κB pathway leads to apoptosis 
in THP1 cells, while NF-κB activation can support survival pathways 
(Bai et al., 2013; Lee et al., 2007; Park and Kim, 2013). The unknown 
immunostimulatory compounds, which are only present in the fractions, 
might stimulate the expression of pro-survival factors and anti-apoptotic 
genes, thus preventing cell death. The fact that only the fractions act 
as immunostimulants also underpins the assumption that unknown 
Alternaria mycotoxins or other active compounds are present in the CE. 
Since the extract represents a natural product, the co-occurrence of 
additional secondary metabolites like allergens seems plausible. The 
most relevant Alternaria alternata allergen is Alt a 1, a small protein 
associated with Alternaria-induced asthma. Among all Alternaria 
alternata allergens it serves as a main compound to induce initial allergic 

Fig. 7. Antiestrogenic and cytotoxic impact of AST (0.01–10 μM) on Ishikawa cells. A) reports the results of the AlP assay performed with simultaneous incubation 
with 1 nM 17β-estradiol (E2). B) shows the results of the CTB assay. As a positive control for cytotoxicity served 0.01 % Triton X-100. The values are displayed as 
means + SD of at least three independent experiments and in relation to the positive control (1 nM E2; A) or the solvent control (0.1 % DMSO; B) indicated as dotted 
lines. Significant differences between the samples and the positive control (A) or the solvent control (B) were calculated by applying the Student’s t-test (*p < 0.05, 
**p < 0.01, and ***p < 0.001). Significant differences between the different concentrations were calculated with one-way ANOVA followed by a Fisher-LSD post hoc 
test (a-c; p < 0.05).
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sensitization. Of note, research has demonstrated that Alt a 1 triggers the 
NF-κB pathway in THP1 monocytes through interaction with TLR4 
(Hernandez-Ramirez et al., 2022). However, the presence of the allergen 
in the fractions as well as its possible contribution to the observed effects 
need to be verified in dedicated studies in the future.

Since two of the most active fractions (i.e. F9 and F10) were found to 
contain high concentrations of AST (5 and 13 μM, respectively; Fig. 3E), 
the mycotoxin was tested singularly for its immunomodulatory proper
ties. The results demonstrate the potency of AST to suppress LPS-induced 
NF-κB -induction in the absence of cytotoxicity (Fig. 5A and B). However, 
the reduction of the signal in the NF-κB assay to 80 % at 5 μM and the 
supposedly reduction to around 55 % at 13 μM were still above the effects 
caused by the two fractions. Conclusively, it can be assumed that AST is 
likely to contribute to the immunosuppressive effects of the fractions but 
is not solely responsible. To the best of our knowledge, this is the first time 

that AST has been described as an immunosuppressive compound in 
vitro. Future in vivo studies are essential to validate these findings and 
offer a more comprehensive understanding of the immunosuppressive 
effects of this mycotoxin. Of note, this unique Alternaria mycotoxin 
shares, amongst others, structural similarities with the Fusarium toxin 
equisetin and the tetramic acid derivative trichosetin (Marfori et al., 
2002; Vesonder et al., 1979). In this context, our findings show com
monalities with a study carried out by Qin et al. (2015), who showed that 
proliferatin A-C, analogues of trichosetin, suppress inflammation through 
the inhibition of translocation of the NF-κB/p65 subunit to the nucleus 
and the modulation of phosphorylation of various regulatory proteins. 
However, since this only provides an insight into the possible mode of 
action of the structurally related compound AST, further research is 
required to elucidate the exact molecular mechanisms involved in the 
immunosuppressive properties of this Alternaria mycotoxin.

Fig. 8. Genotoxic and cytotoxic impact of the pooled CE-fractions (0.3, 3 and 30 μg/ml), the single CE-fractions (120 μg/ml) and selected Alternaria mycotoxin 
mixtures on HepG2 cells. A) and B) report the results of the γH2AX assay. C) and D) show the results of the CTB assay. B) and D) compare the effects of 60 μg/ml and 
120 μg/ml of the most active pooled and single fractions respectively with the corresponding mixtures. The values are displayed as means + SD of at least three 
independent experiments and in relation to the positive control (2.5 μM doxorubicin (Doxo; A, B) or the solvent control (0.5 % DMSO; C, D), indicated as dotted lines. 
Significant differences between the treatments and the positive control (A, B) or the solvent control (C, D) and between the fractions and the mixtures (B, D) were 
calculated by applying the Student’s t-test (*p < 0.05, **p < 0.01, and ***p < 0.001). Significant differences between the different concentrations of one fraction (A, 
C) were calculated with one-way ANOVA followed by a Fisher-LSD post hoc test (a-b p < 0.05). In C) bars are only marked with a star (*) when there are significant 
decreases in cell viability and in A) and C) additionally with letters only when there are significant differences between the groups. In E) representative fluorescence 
images of the nuclei (blue), γH2AX (red) and the merged channels are depicted. The heatmap in F) shows the concentrations in μM of the most abundant Alternaria 
mycotoxins in 60 and 120 μg/ml of the most active pooled and single fractions respectively and corresponding mixtures. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.)
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The Alternaria alternata extract used in the present study was previ
ously described to suppress the E2-induced activation of the ER signaling 
pathway (Aichinger et al., 2019). So far, only ALTP and ATX-I have been 
identified as minor contributors to the overall effects, but a full elucida
tion has not yet been possible (Crudo and Partsch et al., 2024). 
In agreement with Aichinger et al. (2019) reported for the CE, and Crudo 
and Partsch et al. (2024) for the SFC set of fractions, antiestrogenic 
activity was observed for some of the fractions in the present study 
(Fig. 6A). Although the two known antiestrogenic mycotoxins ALTP and 
ATX-I were present in the most active fractions F4 and F6–F10, the 
LC-MS/MS analysis revealed that the levels were below the active 
concentrations of 0.4 and 2 μM respectively (Fig. 6E) previously reported 
by Crudo and Partsch et al. (2024). Also in this case TeA cannot be held 
responsible since it was previously shown to not possess any anti
estrogenic properties (Aichinger et al., 2019). Furthermore, the high 
levels of ATX-II in fractions F8 and F9 suggest that this mycotoxin may 
significantly contribute to the observed effects of these fractions. How
ever, a previous study by Aichinger et al. (2019) found no significant 
differences between the antiestrogenic effects of the complex extract (CE) 
and those of a reduced extract, from which ATX-II and STTX-III were 
removed. These findings imply that ATX-II is unlikely to be the primary 
compound responsible for these effects. Nevertheless, further experi
mental validation is needed to confirm this hypothesis. Because the 
overall effects cannot be explained by the presence of a known single 
compound, the mixtures consisting of the most abundant seven myco
toxins, and corresponding to the treatments with 6 μg/ml of the pooled 
fractions, were tested in the AlP assay to investigate the possible onset of 
combinatory effects. Thereby for M4 and M6, the effects differed from the 
ones of the correlating fractions (Fig. 6B) and, therefore, the mixtures – or 

rather mixture toxicology – do not provide an explanation for the effects 
exerted by the fractions. On the contrary, the signal intensities measured 
for M7-M10 followed a similar pattern as for the respective fractions 
(F7–F10). In addition, comparison of the CTB assay results between the 
fractions and the mixtures revealed no differences in signal intensities 
(Fig. 6D). Thus, the antiestrogenic properties of these four fractions 
appear to be primarily due to the combined toxicity of seven different 
Alternaria mycotoxins.

Since the AST-containing fractions F9 and F10 were also among the 
most active in the AlP assay, AST was tested for its estrogenic and 
antiestrogenic potential. The results showed the ability of AST in non- 
cytotoxic concentrations to potently counteract the estrogenicity of E2 
(Fig. 7A and B). These results support the characterization of AST as a 
novel antiestrogenic factor in natural Alternaria mycotoxin mixtures. 
However, to fully confirm these findings and gain a deeper under
standing of the actual impact of this mycotoxin on the ER-pathway, 
further in vivo studies are required. With regards to the underlying 
mechanisms, in this case only limited data exists. However, one plau
sible mechanism involves the activation of the aryl hydrocarbon re
ceptor (AhR)/AhR nuclear translocator (ARNT) pathway. The AhR can 
be activated by molecules with a planar structure, such as steroids (Hu 
et al., 2007). As for the metabolization of estrogens, it is known that 
there are several cytochrome P450 (CYP) enzymes involved. The acti
vation of the AhR may lead to an induction of target genes (e.g. CYP1A1 
gene) (Tsuchiya et al., 2005), as well as the inhibition of the expression 
of E2-responsive genes, followed by the degradation of E2 and the 
facilitated ubiquitination and proteasomal degradation of the ER, as 
suggested by Suchar et al. (1996) andWormke et al. (2000, 2003). 
Despite no information about the ability of AST to activate the AhR is 

Fig. 9. DNA-damaging impact of the single CE-fractions SF18 (60 μg/ml), SF19 (30, 60 μg/ml) and SF22 (60 μg/ml) and the correlating mixtures on HepG2 cells, 
measured in the comet assay. A) reports the tail intensities detected after exposure of HepG2 cells to the various test conditions for 4 h. As positive controls served 1 
min exposure to UV-B irradiation and treatment with 50 μM H2O2 for 60 min. Light and dark bars indicate treatments without or with formamidopyrimidine-DNA 
glycosylase (FPG) enzyme, respectively. The Student’s t-test was applied to calculate significant differences between the treatments and the solvent control (0.5 % 
DMSO; *p < 0.05, **p < 0.01, and ***p < 0.001), between treatment with and without FPG ($ p < 0.05, $$ p < 0.01, and $$$ p < 0.001), and between the fractions 
and the corresponding mixtures (#p < 0.05, ##p < 0.01, and ###p < 0.001). In B) representative fluorescence images of nuclei of cells exposed to the controls, 
SF19 and SM19 are displayed.
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currently available, some Alternaria mycotoxins (i.e. AOH, ATX-I and 
ATX-II) were previously reported to activate the receptor (Hohenbichler 
et al., 2020). This activation, in turn, induces the transcription of 
CYP1A1, which then also plays a crucial role in the metabolism of these 
mycotoxins (Pahlke et al., 2016; Schreck et al., 2012). It should be noted 
that, despite Aichinger et al. (2019) demonstrated the ability of CE to 
activate the AhR/ARNT signaling pathway and strongly induce the 
transcription of CYP1A1, this activation did not lead to any enhance
ment in E2 degradation. Ultimately, the molecular mechanisms of AST 
remain uncertain, and more research is needed to clarify if the myco
toxin can induce the CYP1A1-catalysed degradation of E2 and/or the 
ERs through the activation of the AhR/ARNT signaling pathway. Of 
note, Groestlinger et al. (2022) demonstrated that AOH reduces the 
nuclear translocation of the NF-κB/p65 subunit while also increasing the 
AhR mobilization, thus suggesting that the AhR and the known crosstalk 
between these two pathways might play a role in the immunoinhibitory 
effects of some Alternaria mycotoxins. Since the applied CE and almost 
all the fractions possess immunosuppressive as well as antiestrogenic 
properties, it might be speculated that the effects on these pathways are 
interlinked by AhR-activation effects.

With respect to genotoxicity of complex Alternaria toxin mixtures, the 
epoxide-bearing perylene quinone ATX-II has been identified as a potent 
mutagen, exceeding by far the genotoxic properties of AOH and AME. 
(Fleck et al., 2012; Pfeiffer et al., 2007; Schwarz et al., 2012a, 2012b). 
When investigating the genotoxicity of a natural Alternaria mycotoxin 
extract, Schwarz et al. (2012b) identified ATX-II and STTX-III as impor
tant contributors to the overall effect. Indeed, both mycotoxins were 
found to be present in the CE investigated in the present study, but the 
genotoxic potency of the complex extract exceeded the expected impact 
of these two perylene quinones, thus arguing for additional genotoxic 
components still to be identified (Aichinger et al., 2019). AOH and AME 
were shown to induce the formation of γH2AX in HepG2 cells, but only at 
100 μM (Hessel-Pras et al., 2019). In the comet assay the DNA-strand 
breaking potency of these two compounds seems to be cell line depen
dent. For example, the active concentration of AOH ranges from 1 μM in 
A431 and HT-29 cells to 30 μM in RAW 264.7 cells (Fehr et al., 2009; 
Solhaug et al., 2012), and for AME from 1 μM in A431 cells to 10 μM in 
HT-29 cells (Fehr et al., 2009). These concentrations are far above the 
ones present in the CE and the different fractions tested in the present 
study (Table 1) (Aichinger et al., 2019). Thus, in this study the potential 
contribution of combinatory genotoxic effects was investigated. In the 
γH2AX assay, only F10/M10 and SF22/SM22 did not significantly differ 
from each other, suggesting that the combinations of mycotoxins tested 
are likely responsible for the effects exerted by these fractions (Fig. 8B). 
Crudo et al. (2024a) recently reported that ATX-II does not trigger γH2AX 
formation in HepG2 cells and suggested that AOH might inhibit the ki
nases responsible for γH2AX formation. Since both mycotoxins are pre
sent in the active fractions, their genotoxicity was also assessed in the 
comet assay (Fig. 9). As reported in Fig. 2, amongst others F8 consists of 
SF18, F9 of SF19 and F10 of SF22. Since these three single fractions 
caused the strongest genotoxicity in the γH2AX (Fig. 8A), it was 
hypothesized that they contain important contributors to the genotoxic 
effects of the pooled fractions. For this reason, SF18, SF19, SF22 and the 
respective mixtures were selected for further testing in the comet assay. 
As positive controls served UV-B irradiation for 1 min and exposure of the 
cells to 50 μM of H2O2 for 1 h. The chemical positive control was applied 
to verify the FPG treatment. This was of importance because UV-B 
treatment did not induce FPG-sensitive sites in HepG2 cells like it does 
for example in HT-29 cells (Schwarz et al., 2012b). The effects caused by 
SM18 and SM19 followed a similar pattern as the corresponding 
fractions, and the two respective fractions and mixtures treated with FPG 
were not found to be significantly different from each other. Conclu
sively, in this case the overall effects can be attributed to the simultaneous 
presence of the seven different Alternaria mycotoxins added to the 
mixtures, resulting in combinatory effects. The significant increase in the 
tail intensity observed with FPG treatment could either be due to 

oxidative damage or DNA adduct formation (e.g., N7-guanine adduct), 
which may subsequently lead to ring-open formamidopyrimidine struc
tures (Collins, 2004; Louro et al., 2024). Of note, both perylene quinones, 
ATX-II and STTX-III, carry an epoxide group, which is postulated to form 
DNA-adducts and thereby impair DNA integrity. In fact, ATX-II was 
recently shown to form three covalent DNA adducts under cell-free 
conditions. Specifically, two adducts result though the binding of the 
epoxide group to guanin and one to cytosine (Soukup et al., 2020). Since 
rather high concentrations of ATX-II (~4.1 μM in F18/M19 and ~6.7 μM 
in SF19/SM19) are present in the fractions/mixtures under closer 
investigation, the formation of DNA adducts seems plausible. As for 
SM22, no increase in tail intensity without FPG and only mild genotox
icity with FPG treatment was observed, and therefore, the outcome 
differed greatly from the effects of SF22 as well as from what was 
observed in the γH2AX assay. The induction of γH2AX caused by SM22 
was negligible and lower than that caused by the original fraction SF22 
(Fig. 8B). The greater differences between SF22 and SM22 in the comet 
assay may be explained by the fact that this assay can detect more types of 
DNA damage, and not only double-strand breaks as in the γH2AX assay 
(Collins, 2004). Since the mixtures consist of only seven selected Alter
naria mycotoxins, it is likely that the most important mycotoxins 
responsible for the genotoxicity of SF22 were not included in the testing. 
Two suspected compounds are STTX-III, which is known to be present in 
the CE in relatively high concentrations, and ATX-III. The latter was 
previously found in an Alternaria alternata mycotoxin extract produced by 
the same strain used for the CE (Aichinger et al., 2019; Puntscher et al., 
2019b; Schwarz et al., 2012b). However, due to a lack of availability, 
ATX-III was not included in the mycotoxin quantification of the CE and 
the fractions.

Of note, the fractions that induced genotoxicity (F8-10) were also 
found to suppress LPS-induced activation of the NF-κB signaling 
pathway (Fig. 3A). Inflammation is controlled and coordinated at mul
tiple levels through multiple and intersecting pathways. In this context, 
the nuclear factor erythroid 2–related factor 2 (Nrf2) plays an important 
role in the defense machinery against oxidative stress, and the activation 
of the pathway was reported to suppress NF-κB signaling (Wardyn et al., 
2015). Recently, the mycotoxin AOH was reported to induce the for
mation of reactive ROS in different cells lines and decrease the level of 
antioxidant glutathione (GSH), a potent defense mechanism against 
ROS. Furthermore, AOH and ATX-II are known to increase nuclear Nrf2 
translocation and induce Nrf2 regulated genes (Groestlinger et al., 2022; 
Jarolim et al., 2017; Pahlke et al., 2016; Schwarz et al., 2012a; Tiessen 
et al., 2013) Thus, it is tempting to speculate that the immunosuppres
sive effects of both mycotoxins are interlinked with the activation of the 
Nrf2 pathway (Groestlinger et al., 2022).

5. Conclusion

In conclusion, this study aimed to identify the critical mycotoxins or 
mixtures thereof responsible for the immunomodulatory, antiestrogenic 
and genotoxic effects induced by a naturally occurring complex extract 
(CE) of Alternaria mycotoxins. This is a crucial step toward the 
comprehension of the toxicological potential of the broad spectrum of 
molecules produced by these mold species. Based on the LC-MS/MS 
analysis of the known mycotoxins in the CE-fractions, obtained by RP- 
HPLC, and the results of previous studies, it could be excluded that 
the observed effects could be explained by the action of single sub
stances. A comparison of the toxicological effects of the most active 
fractions and their corresponding mycotoxin mixtures revealed that, in 
some cases, combinations of several mycotoxins mimicking the different 
effects were identified. Specifically, mixtures of the seven Alternaria 
mycotoxins AOH, AME, TeA, AST, ATX-I, ATX-II and ALTP were eluci
dated as likely to be accountable. Conclusively, combinatory effects of 
several bioactive molecules seem to potentiate the effects caused by 
single substances emphasizing the importance of including mixture 
toxicology in the investigation of Alternaria mycotoxins. Of note, AST 
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was identified for the first time as an immunosuppressive and anti
estrogenic Alternaria mycotoxin, possibly contributing to the effects 
caused by complex Alternaria toxin mixtures. Nevertheless, not all toxic 
effects could be related to known Alternaria toxins or mixtures thereof. 
Thus, it is likely that unidentified compounds or additional known 
mycotoxins, currently not available for testing, also played a role in 
these effects. Therefore, further studies are essential to gain a more 
comprehensive understanding of the chemical composition of natural 
Alternaria toxin mixtures and the individual and combinatory effects of 
its constituents. The results obtained in the present study provide useful 
data for assessing the risk associated with exposure to this class of my
cotoxins, while also highlighting the need for further research into both 
the well-known and less studied compounds produced by this genus of 
molds. Future in vivo studies, along with a deeper understanding of the 
underlying molecular mechanisms, will be essential to confirm the 
current in vitro findings and provide a more comprehensive under
standing of the potential health risks posed by these mycotoxins.
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