
Archives of Toxicology (2025) 99:1791–1841
https://doi.org/10.1007/s00204-025-03988-3

REVIEW ARTICLE

Hazard characterization of the mycotoxins enniatins and beauvericin
to identify data gaps and improve risk assessment for human health

Anne-Cathrin Behr1 · Christiane Kruse Fæste2 · Amaya Azqueta3 · Ana M. Tavares4 ·
Anastasia Spyropoulou5 · Anita Solhaug6 · Ann-Karin Olsen3 · Ariane Vettorazzi7 · Birgit Mertens8 ·
Bojana Zegura9 · Camille Streel8 · Dieynaba Ndiaye10 · Eliana Spilioti5 · Estelle Dubreil11 ·
Franca Maria Buratti12 · Francesco Crudo13 · Gunnar Sundstøl Eriksen6 · Igor Snapkow14 ·
João Paulo Teixeira15,16 · Josef D. Rasinger17 · Julie Sanders8 · Kyriaki Machera5 · Lada Ivanova6 ·
Laurent Gaté10 · Ludovic Le Hegarat11 ·Matjaz Novak9 · Nicola M. Smith14 · Sabrina Tait12 ·
Sónia Fraga15,16 · Sonja Hager13 · Doris Marko13 · Albert Braeuning1 · Henriqueta Louro4 ·
Maria João Silva4 · Hubert Dirven14 · Jessica Dietrich1

Received: 5 December 2024 / Accepted: 10 February 2025 / Published online: 26 March 2025
© The Author(s) 2025

Abstract
Enniatins (ENNs) and beauvericin (BEA) are cyclic hexadepsipeptide fungal metabolites which have demonstrated antibiotic,
antimycotic, and insecticidal activities. The substantial toxic potentials of thesemycotoxins are associatedwith their ionophoric
molecular properties and relatively high lipophilicities. ENNs occur extensively in grain and grain-derived products and are
considered a food safety issue by the European Food Safety Authority (EFSA). The tolerable daily intake andmaximum levels
for ENNs in humans and animals remain unestablished due to key toxicological and toxicokinetic data gaps, preventing full
risk assessment. Aiming to find critical data gaps impeding hazard characterization and risk evaluation, this review presents
a comprehensive summary of the existing information from in vitro and in vivo studies on toxicokinetic characteristics and
cytotoxic, genotoxic, immunotoxic, endocrine, reproductive and developmental effects of the most prevalent ENN analogues
(ENN A, A1, B, B1) and BEA. The missing information identified showed that additional studies on ENNs and BEA have to
be performed before sufficient data for an in-depth hazard characterisation of these mycotoxins become available.

Keywords Enniatins · Beauvericin · Genotoxicity · Endocrine effects · Immunotoxicology · Toxicokinetics

Introduction

Mycotoxins are secondary metabolites produced by different
toxin-producing fungi species, e.g. Aspergillus spp., Fusar-
ium spp., Alternaria spp. and Penicillium spp. depending on
the prevailing environmental conditions. They may be pro-
duced either on field or under transport/storage conditions
and are thus mainly found in plant-based foodstuffs like
cereals, nuts, oil seeds, and spices. Moreover, the carry-over
to food products derived from animals fed with mycotoxin-
containing feedstuffs should be considered. Dietary exposure
to mycotoxins may result in a wide variety of chronic
and sometimes acute health effects for humans and ani-
mals (Creppy 2002). Thus, their occurrence in food shall
be kept as low as reasonably achievable, and the European

Extended author information available on the last page of the article

Commission has set maximum levels for certain mycotox-
ins (e.g., aflatoxins, deoxynivalenol, patulin, fumonisins,
zearalenone, and ochratoxin A) in certain food- and feed-
stuffs (2006/576/EC; Regulation 2023/915). In contrast,
some mycotoxin groups/compounds are neither regulated
nor covered by the analytical methods of routine official
controls. These compounds are commonly referred to as
“emerging mycotoxins” due to the lack of sufficient data
regarding the potential risks they could pose for human
health (Vaclavikova et al. 2013). Among the most promi-
nent representatives of “emerging mycotoxins” are ENNs
and BEA, which are secondary metabolites of several Fusar-
ium spp. (EFSA 2014; Urbaniak et al. 2020). The structurally
related compounds are cyclic hexadepsipeptides, consisting
of three a-D-hydroxyisovaleric acid (Hiv) residues alterna-
tively linked to three L-configured N-methyl amino acid
residues with different side chains specifying the molecule.
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Fig. 1 Structure of enniatins and
beauvericin

The structures of BEA and the four ENN representatives
(ENN A, A1, B, B1) occurring most frequently in food are
shown in Fig. 1 (EFSA 2014).

The amphiphilic ring structure of ENNs and BEA
molecules enables them to form transmembrane cation-
selective channels, providing them with ionophoric prop-
erties, which are considered the main mode of action and
responsible for the observed toxicological effects (EFSA
2014). The disturbance of the physiological cellular home-
ostasis of monovalent and divalent cations such as Na+, K+

and Ca2+ (Kamyar et al. 2004; Kouri et al. 2003) and chan-
nelling of alkali ions into liposomes (Benz 1978; Hilgenfeld
and Saenger 2005; Lifson et al. 1984) can initiate event cas-
cades leading to cell death. It has been shown that ENNs
and BEA induce apoptosis in different cell lines and act
as inhibitors of various enzymes, e.g. acyl-CoA:cholesterol
acyltransferase, topoisomerases and multidrug resistance
proteins (Dornetshuber et al. 2009a, 2009b; Hiraga et al.
2005; Ivanova et al. 2010; Tomoda et al. 1992). Additionally,
the substances have antibiotic and antimicrobial properties as
common for many mycotoxins, which serve to the fungi as
part of their defence system against predators and food com-
petitors. A mixture of ENNs called fusafungine (containing
about 2% ENN A, 16% ENN A1, 40% ENN B and 42%
ENN B1) was used as pharmaceutical (1% solution for nasal
inhalation) in the treatment of upper respiratory infections
from 1978 to 2016 in several European countries before it
was discontinued by theEuropeanMedicinesAgency (EMA)
due to concerns about the development of allergies (EFSA
2014; EMA 2016; German-Fattal 2001; Lohmann 1988).
Moreover, EMA stated that evidence for beneficial effects of

fusafungine is weak. ENNs and BEA are occurring world-
wide in grain in temperate climate. Under optimal conditions
for the producing fungi, high concentrations canbe reached in
cereals and cereal-based products that form the main dietary
source for humans in theWestern world. Furthermore, ENNs
and BEA may be present in other plant-based products like
herbal products, nuts and fruits and legumes, particularly in
dried products (EFSA 2014; Gautier et al. 2020; Gruber-
Dorninger et al. 2017). ENN B has been detected in human
serum samples, proving considerable dietary exposure to
humans: In Sweden, ENN B was found in more than 99%
of 1100 analysed serum samples (Warensjo Lemming et al.
2020), while all samples (n = 50) were positive for ENN B
in a study from Germany (Osteresch et al. 2017). In 2014,
EFSA’s Panel on contaminants in the food chain (CONTAM)
published a “Scientific Opinion on the risks to human and
animal health related to the presence of BEA and ENNs in
food and feed”. The panel concluded that there is no health
concern upon acute exposure, but risk from chronic exposure
to ENNs andBEA could not be excluded. However, the avail-
able in vivo toxicity and toxicokinetic data were insufficient
to perform a risk assessment for chronic exposure (EFSA
2014). Thus, further research in terms of hazard characteri-
sation is required for these toxins.

With this review paper, the authors aim to provide an
overview of the current published knowledge regarding the
toxicokinetics as well as the cytotoxic, genotoxic, immuno-
toxic, and endocrine effects of ENNs and BEA, both, in vitro
and in vivo. In addition, crucial data gaps are identified that
currently hinder comprehensive health risk assessments of
ENNs and BEA. Apart from BEA, the primary focus of this
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review is on ENN B, B1, A and A1, since they are the most
prevalent and relevant ENNs in food according to EFSA
(2014). Thisworkwas carried out in the framework of PARC,
which includes research activities to close toxicological data
gaps for the risk assessment of natural toxins such as the
“emerging mycotoxins” (Marx-Stoelting et al. 2023).

Toxicokinetics

Since EFSA identified missing toxicokinetic data as critical
data gap in their Scientific Opinion (EFSA 2014), several
studies providing new information have been performed.
Most data are available for BEA, ENN B and ENN B1,
whereas ENN A and ENN A1 are less investigated.

Enniatin B (ENN B)

Absorption

A study in rats showed about 8% bioavailability of ENN B
after a single oral administration of 10 mg/kg body weight
(b.w.) fusafungine containing tritiated ENN B in isotonic
saline. The radioactivity levels were measured in faeces and
urine for 72 h. However, the value might be underestimated
since the label had been incorporated into themethyl group of
the N-methyl-L-valine (N-Me-Val) moiety, which in in vitro
metabolism experiments has been shown to be subject to
oxygenation and dealkylation reactions (Faeste et al. 2011;
Ivanova et al. 2011). After application of the same dose intra-
tracheally (i.t.), the maximum concentration (Cmax) of 60%
of the applied total radioactivity was reached after 0.5 h
(Lohmann 1988). The ENN B levels in serum and urine
of female Wistar rats receiving one oral dose of an ENN
mixture containing 1.03 mg/kg b.w. ENN B in water were
below the limit of quantification (LOQ) (2 ng/mL) up to 8 h
after application. However, ENN B was detectable in fae-
ces at all sampling time points with a Cmax of 166 μg/kg
after 6 h. Metabolites of ENN B were not analysed in this
study (Escriva et al. 2015). A toxicokinetic study in broiler
chicken with oral (p.o.) and intravenous (i.v.) application of
0.2 mg/kg b.w. ENN B dissolved in ethanol resulted in an
absolute oral bioavailability of 11%. Cmax in plasma was
1.0 μg/L at 0.3 h (Fraeyman et al. 2016). A pilot study in
one pig with oral application of an ENN mixture containing
0.05 mg/kg b.w. ENN B dissolved in 1:50 acetonitrile/water
resulted in a Cmax of 73.4 μg/L after 0.3 h (Devreese et al.
2013). A toxicokinetic study on ENN B in male CD1 mice,
applying 30 mg/kg b.w. p.o. in corn oil/6% dimethyl sulfox-
ide (DMSO) and 1 mg/kg i.v. in saline/6% DMSO resulted
in a Cmax,plasma of 1 μg/mL after 1h, and a plasma half-life
(t1/2) of 0.7h (after i.v.). The absolute oral bioavailability
was determined as 140%, supposedly because of the used

p.o. formulation. Plasma clearance was not reported (Ojiro
et al. 2023).

In vitro experiments in Caco-2 cells revealed medium
to high transepithelial transport of 1.5 μM ENN B in
DMEM/HEPES buffer with 19.5% and 67% absorption
after 1 h and 4 h, respectively (Meca et al. 2012). Another
study investigated the transmucosal kinetics of fusafungine
in porcine buccal mucosa in an ex vivo-in vitro diffusion
cell system. The ENNmixture, prepared in ethanol/isopropyl
myristate, contained in total 1 mg/mL of ENN B, ENN B1,
ENNA and ENNA1 (43.8%, 34.4%, 1.8% and 14%, respec-
tively) and in addition small amounts of ENN C, D and E.
Measuring the transport efficiencies for up to 8 h, ENN B
reached the highest permeability coefficient, local mucosa
concentration and estimated plasma concentration in com-
parison to the other investigated ENNs. In addition, 0.053%
of the applied ENN B amount was found in the recep-
tor chamber (Taevernier et al. 2015). The comparably high
values for ENN B were probably related to the toxin’s
octanol:water partition coefficient of 4.68,which is the lowest
amongst the ENNs. This is in line with another study, where
ENN B showed the highest permeation ratio in a human
skin model compared to ENN B1, A, A1 or BEA (Taev-
ernier et al. 2016b). Cytotoxicity observed in a long-term
exposure of carcinoma-derived cell lines to an ENN mix-
ture containing 19% ENN B was significantly reduced when
breast cancer resistance protein (ABCG2) or P-glycoprotein
(P-gp) were present, indicating that ENNs are substrates for
these transport proteins (Dornetshuber et al. 2009b). In vitro
degradation experiments showed that ENN B was depleted
by 50% in different probiotic bacteria and by 80% in Saccha-
romyces cerevisiae strains after incubation for 48 h at 37 °C
(Roig et al. 2013).

Distribution

Astudywith an intraperitoneal (i.p.) injection of 5mg/kg b.w.
ENN B in 10% DMSO in CB-17 scid/scid immunodefi-
cient mice on two consecutive days showed that the toxin
was distributed to multiple organs including liver, kidneys,
colon, body fat, brain, and muscles after 24 h. The highest
ENN B concentrations were detected in liver (2.9 μg/kg),
fat (2.5 μg/kg) and colon (0.9 μg/kg). Moreover, ENN B
was determinable in serum (0.45 μg/kg), but not in urine
(Rodriguez-Carrasco et al. 2016). InWistar rats administered
with 10 mg/kg b.w. fusafungine containing tritiated ENN B
in isotonic saline, 0.5% of the total radioactivity was detected
in the liver after 124 h, while 0.06% were detected both, in
the kidneys and the brain (Lohmann 1988). Several stud-
ies were performed in broiler chicken and laying hens with
the aim to investigate potential carry-over into muscle meat
and egg. In a survey on Finnish poultry meat (n = 276) and
liver (n = 43) samples, ENN B was found in 0.6% of the

123



1794 Archives of Toxicology (2025) 99:1791–1841

samples, and the highest concentration was 2 μg/kg (Jestoi
et al. 2007). Chickens fed with a diet containing 12.7 mg
ENN B/kg feed had a carry-over of 0.04% and 0.01% into
thigh and breast muscles, respectively, after one week. In
addition, 20.5 μg/kg ENN B were detected in average in
liver and 50 μg/kg ENN B in skin (Emmanuel et al. 2020).
In another experiment in the studybyEmmanuel et al. (2020),
a carry-over rate of 0.1% was determined in eggs of laying
hens receiving a multi-mycotoxin diet containing 11.2 mg
ENN B/kg feed for two weeks. The eggs contained 15 μg/kg
ENN B, which was reduced to 1 μg/kg after 7 days on a
mycotoxin-free diet (Emmanuel et al. 2020). The analysis
of Finnish egg samples showed higher concentrations of up
to 3.8 μg/kg ENN B in the egg yolks compared to whole
eggs. This suggests a bioaccumulation of ENN B in the
egg yolk, potentially through transportation by lipoproteins
(Jestoi et al. 2009). The ENN B plasma levels in chickens
receiving a diet containing 2.352 mg/kg ENN B for 21 days
were between < 25 and 264 pg/mL, while the ENN B liver
levelswere<0.05 to 0.85ng/g.The carry-over rates from feed
into liver tissue were 0.005 to 0.014%. Histopathologic anal-
ysis showed no changes in the liver or the intestine, although
the proliferation of enterocytes could be inhibited (Fraey-
man et al. 2018a). In broiler chickens receiving 0.2 mg/kg
b.w. ENN B i.v. or p.o., a volume of distribution (VD) of
33.9 L/kg was determined (Fraeyman et al. 2016). A survey
on raw and ultra-high temperature-processed (UHT) milk in
Poland determined the presence and highest concentrations
of ENN B with, respectively, 41% and 59%, and 0.8 μg/kg
and 0.6 μg/kg (Pietruszka et al. 2023). Animal liver samples
obtained on a local market in Spain contained ENN B at lev-
els up to 1.5 μg/kg in pig, calf and chicken but not in lamb
(Castell et al. 2023). ENN B was not transferred from con-
taminated feed (20 μg/kg) into the fillets of Atlantic salmon
(Salmo salar) or Sea bream (Sparus aurata) at levels above
the limit of detection (LOD) (0.1 μg/kg) over an 11- or 18-
month trial period, respectively (Nacher-Mestre et al. 2020).
The diet-to-organ transfer rate was also low (< 0.01%) in
Atlantic salmon smolt fed with 0.3, 5.2, or 83 mg ENNB/kg
diet for 69 days (Berntssen et al. 2023). The ability of ENNs
to pass through the blood–brain barrier (BBB) was studied
in anaesthetised IRC-CD-1 mice after the intrajugular injec-
tion of 0.2 mg/kg b.w. of an ENN mixture (dissolved in 6:94
ethanol/lactated Ringer’s solution with 1% BSA) containing
43.8%ENNB. Bloodwas drawn from the carotid artery after
15min post-injection, and the ratio of brain to serum concen-
trations was used to calculate BBB permeability. The influx
rate of ENN B was high with 53 μL/(g*min), the distribu-
tion in brain tissue considerable with 29 μL/g, and the efflux
negligible (Taevernier et al. 2016a).

ENN B was detected in all breast milk samples of new
mothers eating a normal varied diet in Austria by using

a highly sensitive liquid chromatography–mass spectrome-
try/mass spectrometry (LC–MS/MS) method. The authors
found ENN B concentrations in the range of the LOQ
(1.3 ng/L) andup to8.8 ng/L, indicating chronic lowexposure
of breastfed infants and young children (Braun et al. 2020).
The analysis of different human tissues from forensic autop-
sies in Spain revealed high ENN B occurrence in all liver
samples (mean: 7 μg/kg). Notable levels were also found in
brain, kidney, and lung, whereas the body fat contained less
ENN B than other ENNs (Castell et al. 2024).

The transport kinetics of 1 μM ENN B across the BBB
were examined in vitro using porcine brain capillary endothe-
lial cells in Transwell filter inserts. After 6.5 h, 53% of the
apically applied ENN B was transferred to the basolateral
compartment. The authors considered that the permeability
of ENNBwas in the same order ofmagnitude as for the high-
apparent permeability compounds caffeine and diazepam,
which are known to reach the brain (Krug et al. 2018).

Metabolism

ENN B metabolites were first determined in in vitro experi-
ments before they were confirmed in in vivo studies.

In CB-17 mice treated with 5 mg/kg b.w. ENN B i.p.
for 2 days, three phase I metabolites were identified in
liver and colon 24 h after the last injection. No metabolites
were found in other tissues or serum. Dioxygenated ENN
B reached the highest level, followed by mono- and di-N-
demethylated ENN B (Rodriguez-Carrasco et al. 2016). In
broiler chickens exposed for 8 days to a mixture of mycotox-
ins in feed containing 12.7mg/kgENNB, three hydroxylated
and three carboxylated metabolites were identified in liver,
and two hydroxylated and one carboxylated metabolites
in serum. N-demethylated metabolites were not observed.
After a 1-day depletion period with uncontaminated feed, the
metabolite levels in liver were still slightly increased, while
they decreased in serum (Ivanova et al. 2014). In the same
study, eggs of laying hens fed with a similar diet contain-
ing 11.2 mg/kg ENN B were analysed. They contained two
hydroxylated metabolites after seven and 14 days, as well as
after 1 day on control feed. After 3 days of mycotoxin deple-
tion, only themost prevalent hydroxylatedENNBmetabolite
was still detectable (Ivanova et al. 2014). Four hydroxylated
metabolites were identified in the plasma of broiler chick-
ens up to 8h after p.o. or i.v. application of 0.2 mg/kg b.w.
ENN B in broiler chickens. Conjugated phase II metabolites
were not detectable (Fraeyman et al. 2016). RNA-Seq anal-
ysis in the liver of CD1 mice 2h after receiving a single dose
30 mg/kg b.w. showed significantly increased transcript lev-
els ofCyp7a1,Cyp2a12,Cyp2b10, andCyp26a1 (Ojiro et al.
2023).

In the first human biomonitoring study, ENN B and in
total 12 monooxygenated, N-demethylated or dioxygenated
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metabolites were determined in the urine of volunteers from
southern Italy (Rodriguez-Carrasco et al. 2018).

ENN B metabolites have been identified in in vitro stud-
ies by using their exact masses, fragmentation patterns and
retention times in high-performance liquid chromatogra-
phy high-resolution mass spectrometry (HPLC-HRMS/MS)
experiments. Moreover, chemical derivatisation analysis has
been used to elucidate changed moieties in the ENN B
molecule. The first in vitro biotransformation study was
performed in rat (RLM), dog (DLM), and human livermicro-
somes (HLM) with ENN B concentrations ranging from
0.66 to 1.74 μM (Ivanova et al. 2011). ENN B was rapidly
metabolised in HLM to 12 metabolites including monooxy-
genated, N-demethylated and dioxygenated/carboxylated
metabolites. The metabolite profiles between species as well
as the formation rates for the individual metabolites dif-
fered (Faeste et al. 2011). In a study analysing ENN B
metabolisation in chicken liver microsomes, only six of the
knownmetabolites including monooxygenated and carboxy-
lated metabolites were observed. Moreover, a novel ENN B
metabolite with hydroxylation in one of the methyl groups of
the isopropyl sidechain of the N-Met-Val moiety was iden-
tified (Ivanova et al. 2014). The catabolic fate of ENN B
was investigated in simulated human digestion and colonic
fermentation experiments. The study predicted significant
degradation of ENN B during the gastrointestinal passage
and microbial metabolisation in the colon, resulting into five
metabolites arising from oxidation, opening of the depsipep-
tide ring and subsequent fragmentation of the open molecule
(Pallares et al. 2020).

Excretion

While ENN B excretion has been studied by monitoring lev-
els in the urine of mice, rats, pigs, and humans, there exists
only one in vivo study so far, which has described the elim-
ination kinetics of ENN B, using broiler chickens. In this
study, the systemic clearance (CL) in broiler chickens receiv-
ing an i.v. dose of 0.2 mg/kg b.w. ENN B was determined
as 7.1 L/(h × kg) and t1/2 as 3.3 h (Fraeyman et al. 2016).
ENN B was not detected in the urine of i.p. dosed CB-17
mice (Rodriguez-Carrasco et al. 2016) or p.o. dosed Wistar
rats (Escriva et al. 2015). However, 5.3% of the total ENN B
dose was recovered within 24 h from CD1 mice after appli-
cation of 30 mg/kg b.w. p.o., whereas only 0.02% was found
after 1 mg/kg b.w. i.v. (Ojiro et al. 2023).

ENNBwas found at high prevalence in the urine of South-
Italian volunteers (87% out of 300 samples) with an average
concentration of 0.016 μg/L (range: 0.006 to 0.391 μg/L)
(Rodriguez-Carrasco et al. 2018). Moreover, ENN B was
measured in 14% of the samples (n = 50) of German volun-
teers with amean concentration of 0.012μg/L (Gerding et al.
2015), and with levels of up to 0.54 μg/L in the urine (n =

10) of Spanish volunteers (Escriva et al. 2017).Women (26%
of a 540 cohort) participating in the Spanish Childhood and
Environment Project (INMA) had creatinine-adjusted ENN
Burine levels in the range of 1 to 40μg/g (Dasi-Navarro et al.
2024). In comparison, the occurrence of urinary ENN B was
much lower in study cohorts from Bangladesh and Haiti,
which was assumed to result from the different diets in these
regions (Escriva et al. 2017).Occupational exposure tomyco-
toxins during swine production was determined by analysing
the urinary levels of workers (n = 25). ENN B was detected
in 4% of the urine samples (Viegas et al. 2019). ENN B
was detected in the urine of Spanish volunteers participat-
ing in a 24h intervention study comparing conventional and
organic diets with a median concentration of 2.4μg/g creati-
nine (Gallardo-Ramos et al. 2024). Plasma samples collected
from a male Chinese cohort had an incidence rate of 77% for
ENN B, indicating chronic exposure (Ning et al. 2024).

In in vitro assays performed under the conditions of lin-
ear kinetics, the intrinsic clearances (CLint) of ENN B in
HLM, RLM and DLM were determined as 1.13, 1.16 and
8.23 L/(h*kg), respectively, and used to predict in vivo
blood clearances (CLb) as 0.63, 1.57 and 1.67 L/(h*kg),
respectively, by applying the well-stirred liver model without
consideration of the fraction unbound. The predicted maxi-
mum oral bioavailabilities (fmax) were 63%, 20% and 55%,
respectively (Faeste et al. 2011).

Enniatin B1 (ENN B1)

Absorption

ENN B1 levels in the serum and urine of female Wistar
rats dosed with a single oral application of an ENN mixture
containing 1.41 mg/kg b.w. ENN B1 in water were below
the LOQ (2 ng/mL) up to 8 h post application. However,
in faeces a maximum concentration of 33.4 ng/g was mea-
sured after 6h (Escriva et al. 2015). A toxicokinetic study in
broiler chickens with p.o. or i.v. application of 0.2mg/kg b.w.
ENN B1 dissolved in ethanol showed that ENN B1 was
poorly absorbed, resulting in an absolute oral bioavailabil-
ity of 5%. The plasma Cmax of 1.4 ng/mL was reached after
0.63h (Fraeyman et al. 2016). In a pilot study, one pig was
treated with an ENN mixture containing 0.05 mg/kg b.w.
ENN B1 dissolved in 1:50 acetonitrile/water. A Cmax of
35.2 ng/mLwas determined after 0.3h (Devreese et al. 2013).
In a follow-up study elucidating the toxicokinetic parameters
of ENN B1, five pigs were administered with 0.05 mg/kg
b.w. in ethanol/water by oral gavage and by i.v. injection.
The absolute oral bioavailability was 91%, and the plasma
Cmax was 29.9 ng/mL after 0.24 h (Devreese et al. 2014).

In vitro experiments in Caco-2 cells showed that 23.4%
of 1.5 μM ENN B1 were transported from the apical to
the basolateral compartment after 1 h, and 67% after 4 h.
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Basolateral-to-apical transportwas notmeasured (Meca et al.
2012). However, a separate study using 4.8 μM ENN B1 in
Caco-2 cells found that the basolateral-to-apical transport
was 6.7 times higher than the apical-to-basolateral transport.
It was further shown in Caco-2 and MDCK type II cells
that ENN B1 is a substrate of P-gp, indicating an active
outward transport of the respective intestinal/kidney cells
(Ivanova et al. 2010). This was confirmed by a transport
study in various human carcinoma-derived cell lines, where
an ENN mixture containing 54% ENN B1 was found to be
a substrate of multi-drug resistance proteins such as P-gp
(Dornetshuber et al. 2009b). The ex vivo examination of the
transmucosal transport of 1 mg/mL fusafungine containing
34% ENN B1 in porcine buccal mucosa showed that 0.02%
of the applied effectiveENNB1dosewas cumulatively found
in the receptor chamber (Taevernier et al. 2015). Using the
same fusafungine mixture in a human skin model, ENN B1
had the second highest permeation coefficient after ENN B
(Taevernier et al. 2016b). In vitro degradation experiments
showed that there was a 70% reduction of ENN B1 levels
after incubation for 48 h at 37 °C with different probiotic
bacteria and a reduction of 85% with Saccharomyces cere-
visiae strains under the same conditions (Roig et al. 2013).

Distribution

Emmanuel et al. (2020) performed two poultry experiments,
where the transfer of ENNB1 into tissues of broiler chickens
and eggs of laying hens fed with mycotoxin-contaminated
feed, including 4.06 mg/kg ENN B1, was examined for
2 weeks. Broiler chickens had detectable ENN B1 levels in
meat, with carry-over rates of 0.04% into thigh and 0.03%
into breast muscles. The carry-over rate into the liver was
0.1%with 3.8μg/kg as the highest concentration, which was
eliminated within 3 days. The highest concentration in skin
was 15 μg/kg ENN B1, which was eliminated within two
weeks to levels close to the LOQ (1 μg/kg). The carry-over
rate into the skin was 0.4%. The eggs of laying hens fed with
feed containing a mycotoxin mixture including 3.6 mg/kg
ENN B1 had a carry-over rate of 0.05%. Detectable levels of
ENN B1 were found after 3 days, which were depleted after
10 days (Emmanuel et al. 2020). A Finnish survey found
ENN B1 in 3% of turkey and broiler meat and liver sam-
ples with levels below the LOQ (< 1.12 μg/kg) (Jestoi et al.
2007). In Finnish whole egg samples, ENN B1 occurred reg-
ularly at levels close to the LOQ (1.12 μg/kg) (Jestoi et al.
2009). However, in an Algerian study on chicken receiving
up to 45 μg/kg ENN B1 in the diet, levels above the quan-
tification level (< 0.8 μg/kg) were not detected in the eggs,
which could have resulted from the addition of mycotoxin
binders to the feed (Laouni et al. 2024). A study on ENN B1
toxicokinetics in broiler chickens showed that after applica-
tion of 0.2 mg/kg b.w. ENN B1 dissolved in ethanol i.v. or

p.o., the VD was 25.1 L/kg (Fraeyman et al. 2016). In a pilot
study with i.v. application of 0.05 mg/kg ENN B1 b.w. in
ethanol/water to one pig, the VD was determined as 0.7 L/kg
(Devreese et al. 2014).

In Austria, low levels of ENN B1 were detected in breast
milk samples of mothers with a normal, varied diet. Con-
centrations ranged from below the LOQ (1.0 ng/L) to levels
slightly above (up to 1.9 ng/L) (Braun et al. 2020). Human
tissues obtained from forensic autopsies in Spain showed
considerable ENN B1 levels in liver (88% of the samples,
mean: 1.3 μg/kg). Additionally, ENN B1 was detected in
brain, lung, kidney and fat (mean: 1.8 μg/kg) (Castell et al.
2024).

A study on transport kinetics of ENN B1 across the BBB
using porcine brain capillary endothelial cells showed that
after 6.5 h, 44% of the applied 1μMENNB1was transferred
from the apical to the basolateral compartment. The maxi-
mum transport was 55%, noticeably lower than the transport
for ENN B (Krug et al. 2018).

Metabolism

ENN B1 biotransformation products were determined first
in in vivo studies by comparison to already known ENN B
metabolites.

In the toxicokinetic study in broiler chickens, two mono-
oxygenated, one dioxygenated and one dehydrogenated
metabolite were discovered in the plasma already 5 min
after i.v. administration. Glucuronidated or sulphated phase
II metabolites were not found (Fraeyman et al. 2016).
The pig plasma samples from Devreese et al. (2014)
were subsequently analysed for metabolites and compared
to in vitro results obtained with minipig and slaughter
swine liver microsomes. Six phase I metabolites, result-
ing from hydroxylation, carbonylation, carboxylation, and
oxidative demethylationwere detected in the in vivo samples,
whereas 11metaboliteswere produced in vitro. Carbonylated
ENNB1 represented the main in vivometabolite. It appeared
that metabolite formation was increased when ENN B1 was
absorbed from the gut, which might indicate pre-systemic
metabolism after oral uptake (Ivanova et al. 2017).

The presence of ENN B1 and its phase I metabolites
were surveyed in 300 urine samples from volunteers in
southern Italy. ENN B1 was detected in 94% of the urine
samples with levels ranging from 0.007 to 0.429 ng/mL. In
total, 11 metabolites were identified, which were products
of oxidative demethylation, hydroxylation, carbonylation,
and carboxylation reactions. The hydroxylated metabolites
(in 78% of the samples) and carbonylated metabolites (in
66% of the samples) were most prevalent. Demethylated
and oxidated metabolites were found in 5% of the samples
(Rodriguez-Carrasco et al. 2020).
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An in vitro study using HLM predicted the production
of the same 11 metabolites that were subsequently found in
the human urine samples from Italy (Ivanova et al. 2019).
The in vitro study included experiments with recombinant
CYP3A4 and suggested that this enzyme plays amajor role in
the human metabolism of ENN B1. Moreover, the metaboli-
sation rate of ENN B1 was considerably decreased in the
presence of themycotoxin deoxynivalenol (DON), indicating
an impact of co-occurring substances onENNB1metabolism
(Ivanova et al. 2019).

Excretion

In a rat study, where 1.41 mg/kg b.w. ENN B1 in water
was administered p.o., the toxin was found in faeces (maxi-
mum level 33.35 μg/kg after 6 h), but not in urine (Escriva
et al. 2015). Elimination parameters of ENN B1 were deter-
mined in chicken and pig studies after i.v. application. The
plasma clearance and half-life in chickens after receiving
0.2 mg/kg b.w. ENN B1 in ethanol was CL = 6.63 L/(h ×
kg) and t1/2 = 2.6h (Fraeyman et al. 2016). In pigs receiving
0.05 mg/kg b.w. ENN B1 in ethanol/water the clearance was
1.91 L/(h×kg) with a half-life of 1.1 h (Devreese et al. 2014).

In epidemiological studies from southern Italy and Spain,
ENN B1 was detected in urine samples of the volunteers
(Escriva et al. 2017; Rodriguez-Carrasco et al. 2020). In the
study from Escriva et al. (2017), the maximum ENNB1 con-
centration was 0.34 μg/L. In the Spanish INMA-cohort, 7%
of the woman had creatinine-adjusted ENN B1 urine levels
of 0.5 to 14.4 μg/g (Dasi-Navarro et al. 2024).

The kinetic parameters of ENN B1 were predicted by
in vitro-to-in vivo extrapolation based on substrate deple-
tion assays in HLM. The predicted CLb was 0.77 L/(h×kg)
and the predicted fmax was 45%, which was slightly lower
than for ENN B (Ivanova et al. 2019).

Enniatin A (ENN A)

Absorption

Uptake and distribution of ENN A were determined in a 28-
day study in Wistar rats (n = 5) with naturally contaminated
feed containing 465 mg ENN A/kg feed. The daily intake
of ENN A was estimated as 20.9 mg/kg b.w. per day. At
the termination of the feeding study, the serum contained
5.0 μg/mL ENN A. Considerable levels of ENN A were
found throughout the gastrointestinal tract, i.e., 9.6 μg/g in
the jejunum, 1.3μg/g in the duodenum, 7.3μg/g in the colon
and 4.6 μg/g in the stomach, indicating incomplete absorp-
tion (Manyes et al. 2014). In a follow-up study, ENN A
concentrationsweremeasured in the serumofWistar rats dur-
ing a 28-day study period. Exposure to 465 mg ENN A/kg
feed led to an increase in the mean serum concentrations

during the study period: 1.9 μg/mL were reached after two
weeks, 2.2μg/mLafter 3weeks and4.8μg/mLafter 4weeks,
indicating accumulation of the toxin in the body. ENNAwas
not detected in urine or faeces during the feeding trial (Juan
et al. 2014). The analysis of samples from female Wistar
rats dosed with one oral dose of an ENN mixture containing
1.19 mg/kg b.w. ENN A in water showed that the levels in
serum and urine were below the LOQ (10 ng/mL) up to 8 h
post application. The concentration in faeces was 10.5 ng/g
after 6h, which was significantly lower than for ENN B and
ENN B1 (Escriva et al. 2015). A toxicokinetic study in rats
was performed by administrating 5 mg/kg b.w. ENN A p.o.
(in 15% DMSO in corn oil) and 0.4 mg/kg b.w. ENN A i.v.
(in DMSO/polyethylene glycol/ethanol/saline 40/20/20/20).
The Cmax of 116 μg/L was reached after 4 h. The absolute
bioavailability was determined to be 47% (Bhateria et al.
2022). A toxicokinetic study in one pig with oral applica-
tion of an ENN mixture containing 0.05 mg/kg b.w. ENN A
dissolved in 1:50 acetonitrile/water determined a Cmax of
6.8 μg/L in plasma after 0.5 h (Devreese et al. 2013). Com-
pared to ENN B and ENN B1, the Cmax was much lower
and reached at a later time point, indicating less efficient and
slower absorption of ENN A in pigs.

Transport studies in Caco-2 cells revealed that 20% of
1.5 μM ENN A were transferred from the apical to the
basolateral compartment during 1 h, and 77% after 4 h, sug-
gesting a higher transport efficiency as compared to ENN B
and ENN B1 (Meca et al. 2012). Studies in different human
carcinoma-derived cell lineswith anENNmixture containing
3% ENN A measured ABC transporter-mediated intracellu-
lar transport of ENN A using LC–MS/MS analysis, showing
that the toxin is a substrate of multi-drug resistance proteins
such as P-gp (Dornetshuber et al. 2009b). When the trans-
mucosal transport of 1 mg/mL fusafungine containing 2%
ENN A was examined ex vivo in porcine buccal mucosa
cells, the concentration in the receptor chamber was below
the LOD of 15 ng/L (Taevernier et al. 2015). Using the same
fusafungine mixture in a human skin model, ENN A had the
lowest permeation coefficient of all ENNs included in the
study (Taevernier et al. 2016b).

Distribution

In a 28-day study in rats using naturally contaminated feed
(465 mg ENN A/kg), the highest ENN A concentration was
detected in the liver (22.7 μg/g) at the end of the expo-
sure period, while the ENN A levels in serum and different
parts of the intestinal tract were much lower. Other tissues
were not analysed (Manyes et al. 2014). In a kinetic study
in rats, VD of 9.1 L/kg was determined after i.v. application
of 0.4 mg/kg b.w. ENN A. Additional in vitro experiments
showed that plasma protein binding was very high, reach-
ing 99% in rat plasma and 99% in human plasma (Bhateria
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et al. 2022). In a Finnish study on the occurrence of ENNs in
turkey, broiler meat and liver samples, ENN A was found in
0.3% of the samples at levels below the LOQ (< 0.03 μg/kg)
(Jestoi et al. 2007). ENN A was not detectable in any whole
egg sample in a Finnish survey on laying hens (Jestoi et al.
2009). Emmanuel et al. (2020) investigated the carry-over of
ENNs to tissues of broiler chickens and eggs of laying hens
after two weeks of exposure to feed containing 28 μg/kg
ENN A and found no detectable levels in the liver, meat,
skin or the eggs (Emmanuel et al. 2020).

ENN A was detected in trace amounts (below the LOQ
of 1 ng/L) in 5% of the breast milk samples obtained from
new mothers on a normal varied diet in Austria (Braun et al.
2020). Human tissues obtained from forensic autopsies in
Spain showed the highest ENN A levels in lipid-rich tissues
such as the body fat (mean 4.7 μg/kg) and the lung (mean:
0.6 μg/kg), whereas the concentrations in liver and kidney
were low (Castell et al. 2024).

Metabolism

In a 28-day rat study with naturally contaminated feed
containing 465 mg/kg ENN A, two products of intestinal
microbial metabolism were detected in the duodenum and
colon. The degradation products included ENN A minus an
isoleucine and ENN A minus a hydroxyvaleric acid unit,
with concentrations of 89.7 ± 3.2 and 123.55 ± 4.1 mg/L
in duodenum digesta, respectively. In the duodenum, two
adducts of ENNAwithmacronutrients originating from feed
were found: ENN A + 2 glucose—H20 (196.7 mg/L) and
ENN A + 4 glucose (149.4 mg/L). Furthermore, an adduct
of ENN A + 2 glucuronic acid (122 mg/L) was detected,
which could be a potential product of phase II metabolism.
In serum, the adduct ENN A + 2 glucose (66.1 mg/L) was
identified (Manyes et al. 2014). The quantitative analysis of
ENN A and the description of metabolites in this study is,
however, underreported, and the dimension of the detected
concentrations (mg/L) appears to be too high by a factor of
thousand.

Using recombinant human CYPs, the contributions of the
individual enzymes to ENNA biotransformation were deter-
mined in vitro as CYP3A4 (74%), CYP1A2 (14%), CYP2C9
(6%) and CYP2E1 (6%) (Bhateria et al. 2022).

Metabolites of ENN A from hepatic metabolism have not
been described so far.

Excretion

In a toxicokinetic rat study from Bhateria et al. (2022), the
clearance was determined as 3.3 L/(h*kg), and the half-life
was 1.7 h after i.v. application of 0.4mg/kg b.w.ENNA(Bha-
teria et al. 2022). After p.o. application of 1.19 mg/kg b.w.
ENN A in water to rats, the unchanged toxin was found in

faeces (maximum level 10.5 μg/kg at 6h), but not in urine
(Escriva et al. 2015).

ENN A was detected in one urine sample of ten Span-
ish volunteers at a concentration below the LOQ (0.5 μg/L)
(Escriva et al. 2017).

An in vitro study using RLM and HLM predicted in vivo
blood clearances of 3.3 L/(h*kg) and 1.1 L/(h*kg), respec-
tively, without consideration of the fraction unbound in blood
(Bhateria et al. 2022).

Enniatin A1 (ENN A1)

Absorption

ENN A1 levels determined in serum and urine of rats
orally exposed to an ENN mixture in water containing
2.16 mg/kg b.w. ENN A1 were below the LOQ (5 ng/mL)
up to 8 h after application. The concentration in faeces was
8.1μg/kg after 6 h,whichwas the lowest level of allmeasured
ENNs (Escriva et al. 2015). Oral application of an ENNmix-
ture containing 0.05 mg/kg b.w. ENN A1 dissolved in 1:50
acetonitrile/water to onepig resulted in aCmax of 11.6μg/L in
plasma after 0.3h. The Cmax was significantly lower as com-
pared to ENN B and ENN B1, but higher than for ENN A
(Devreese et al. 2013).

Transport studies in Caco-2 cells revealed that 22% of
1.5 μM ENN A1 were transferred from the apical to the
basolateral compartment after 1 h, and 70% after 4 h (Meca
et al. 2012). By LC–MS/MS analysis, it was shown in dif-
ferent human carcinoma-derived cell lines incubated with
an ENN mixture containing 20% ENN A1 that the toxin is
a substrate of multi-drug resistance proteins such as P-gp
(Dornetshuber et al. 2009b). When the transmucosal trans-
port of 1 mg/mL fusafungine containing 14% ENN A1 was
examined ex vivo in porcine buccal mucosa cells, 0.008%
of the applied ENN A1 dose were cumulatively found in the
receptor chamber (Taevernier et al. 2015). Using the same
fusafunginemixture in a human skinmodel, ENNA1 showed
a low permeation coefficient, comparable to that of ENN A
(Taevernier et al. 2016b).

Distribution

In a Finnish study investigating the occurrence of ENNs in
turkey and broiler meat and liver samples, ENN A1 was
detected in 0.6% of the samples at concentrations below the
LOQ (0.42 μg/kg) (Jestoi et al. 2007). ENN A1 was not
found in any whole egg sample in a Finnish survey (Jestoi
et al. 2009). In an experiment investigating the carry-over of
mycotoxins to the liver, meat and skin after a 2-week expo-
sure to mycotoxin-contaminated feed containing 491 μg/kg
ENN A1, no detectable levels were found (Emmanuel et al.
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2020). Emmanuel et al. (2020) also investigated the trans-
fer from feed containing amongst other toxins 440 μg/kg
ENN A1 into eggs and did also not find toxin at levels above
the LOD (0.7 μg/kg).

ENNA1was detected in trace amounts (below the LOQof
1.8 ng/L) in only one breast milk sample of new mothers on
a normal, varied diet in Austria (Braun et al. 2020). In human
tissues obtained from forensic autopsies in Spain ENN A1
levels were highest in the body fat (mean: 1μg/kg), followed
by liver and lung (Castell et al. 2024).

Metabolism

Metabolites of ENN A1 from hepatic or microbial
metabolism have not been described so far.

Excretion

ENN A1 was found in the faeces (maximum level 8.1 μg/kg
after 6 h), but not in urine of rats administered p.o.
2.16 mg/kg b.w. ENN A1 in water (Escriva et al. 2015).

ENN A1 was detected at concentrations close to the LOQ
(0.3 μg/L) in the urine of Spanish volunteers (Escriva et al.
2017). Data on plasma half-life or clearance are not available
for ENN A1.

Beauvericin (BEA)

Absorption

Mei et al. (2009) administered rats with 0.5, 1.0 or
2.0 mg/kg b.w. BEA p.o. in 0.5% methylcellulose and deter-
mined plasma Cmax as 3.4, 5.4 and 13.9 mg/L at 4.1, 4.3, and
5.4 h, respectively. Dose-normalised, the Cmax were 6.80,
5.40, and 6.95 kg b.w./L, indicating dose linearity (Mei et al.
2009). In a toxicokinetic study in rats with BEA application
of 0.5 mg/kg i.v. and 2 mg/kg b.w. p.o., the absolute bioavail-
ability was 29%. The Cmax of 41.6 μg/L was reached after
1 h (Yuan et al. 2022). The formulation was not presented in
the method description. By comparing the Cmax of both rat
studies, it becomes apparent that the given unit for plasma
concentrations (mg/L) in the study ofMei et al. (2009) might
be wrong. In a toxicokinetic study in one pig with an orally
applied ENN mixture and 0.05 mg/kg b.w. BEA dissolved
in 1:50 acetonitrile/water, it was not possible to measure a
plasma concentration profile for BEA. The plasma concen-
trations were above the LOQ (0.2 μg/L) only at 0.5 h and
0.67 h after the application, resulting in a plasma Cmax of
0.82 μg/L at 0.67 h (Devreese et al. 2013).

Unidirectional transport through Caco-2 cells was
assessed with 1.5μMBEA resulting in a transfer rate of 16%
after 1h and 54% after 4h (Prosperini et al. 2012). A study

in carcinoma-derived cell lines indicated that BEA is a sub-
strate of transmembrane transport proteins such as P-gp, but
to a lower extent than the other tested ENNs (Dornetshuber
et al. 2009b). In a human skin model, BEA showed a lower
permeation coefficient than the tested ENNs and appeared to
accumulate in the skin (Taevernier et al. 2016b).

Distribution

A study determining the tissue distribution in mice adminis-
tered i.p. with 5mg/kg b.w. BEA dissolved in 10%DMSOon
three consecutive days showed that the toxin was detectable
in liver, kidneys, colon, body fat, brain, and muscles after
24 h. The highest BEA concentrations were detected in
liver (41.7 μg/kg), fat (33 μg/kg) and colon (25.4 μg/kg)
at levels ten times higher than those for ENN B. BEA was
also determinable in serum (1.3 μg/kg), but not in urine
(Rodriguez-Carrasco et al. 2016). In a toxicokinetic rat study
with application of 0.5 mg/kg b.w. BEA i.v. the VD was
determined as 5.9 L/kg (Yuan et al. 2022). BEA was sta-
ble in the plasma of different species and the plasma protein
binding was high. The unbound fraction was 0.1% in human
plasma, 0.07% in Sprague Dawley rat plasma, 0.06% in CD-
1 mouse plasma, 0.08% in Beagle dog plasma and 0.09% in
Cynomolgus monkey plasma (Yuan et al. 2022). The diet-
to-organ transfer rate was low (< 0.01%) in Atlantic salmon
smolt fed with 0.3, 4.8, or 46 mg BEA/kg feed for 3 months
(Berntssen et al. 2023). A survey on raw and UHT milk in
Poland determined the presence of BEA with 20% and 33%,
and the highest concentrations as 6.2 μg/kg and 1.9 μg/kg,
respectively (Pietruszka et al. 2023). The animal liver sam-
ples obtained on a local market in Spain contained BEA at
levels up to 1.1 μg/kg in calf and 0.7 μg/kg in lamb, but not
in pig and chicken (Castell et al. 2023).

In a study analysing human breast milk from new moth-
ers on a normal varied diet in Austria, BEA was found in
all samples at concentrations ranging from below the LOQ
(0.3 ng/L) to 2.9 ng/L (Braun et al. 2020). BEA was detected
only in the body fat (mean: 0.5 μg/kg) and brain amongst
human tissues obtained from forensic autopsies in Spain
(Castell et al. 2024).

Metabolism

Data on BEA metabolites produced by hepatic biotransfor-
mation in vivo are not available.

In vitro experiments using HLM and RLM investigated
the involvement of phase I enzymes in BEA metabolism. By
performing competitive inhibition studies, it was found that
BEA is probably metabolised by CYP3A4/5 and CYP2C19
in humans, and by CYP3A1/2 in rats (Mei et al. 2009). Yuan
et al. (2022) used RLM, DLM, HLM, mouse (MLM) and

123



1800 Archives of Toxicology (2025) 99:1791–1841

Cynomolgus monkey (CLM) microsomes as well as cryop-
reserved hepatocytes of the same species to determine the
affinity of BEA to specific CYP enzymes. It was shown that
BEA was competitively inhibiting the enzymatic reactions
catalysed by CYP3A4 and CYP2C19 in HLM and reac-
tions catalysed by CYP3A1/2 in RLM. The effects on human
CYP1A2, CYP2D6 and CYP2C9 (half-maximal inhibitory
concentration (IC50) > 10 μM) were significantly weaker.
In further experiments, the formation of BEA metabolites
was observed. In total, 15 metabolites were found in CLM
and 13 in the other species. The metabolites were identi-
fiedby liquid chromatography–ultravioletmass spectrometry
(LC–UV–MS) as mono-, di-, and tri-oxygenated and N-
demethylated BEA. Moreover, phase II reaction conjugates
with glutathione and cysteine were identified (Yuan et al.
2022).

Excretion

The plasma half-lives after oral administration of 0.5, 1 or
2mg/kg b.w.BEA to ratswere determined as 2.9, 3.6, and 3 h,
respectively (Mei et al. 2009). After intravenous application
of 0.5 mg/kg b.w. to rats, the plasma half-life was 5.1 h.
The plasma clearance was determined as 1.43± 0.26 L/(h×
kg). The oral application of 2 mg/kg b.w. BEA resulted in a
plasma half-life of 5.9 h (Yuan et al. 2022).

BEA was not detected in the urine of ten Spanish vol-
unteers (LOD = 0.3 μg/L) (Escriva et al. 2017). However,
69% of the plasma samples collected from a male Chinese
cohort contained BEA, indicating chronic exposure (Ning
et al. 2024).

The aforementioned studies from Mei et al. (2009) and
Yuan et al. (2022) also examined the elimination kinetics
of BEA in in vitro assays with microsomes and cryopre-
served primary hepatocytes of different species. Mei et al.
(2009) determined the Michaelis constant (Km) and maxi-
mum enzyme velocity (Vmax) using HLM for incubations
with start concentrations ranging from 40 to 1000 nM as Km

= 0.6 ± 0.1 μM and Vmax = 21 ± 3 nM/(min*mg protein).
Thereof, the intrinsic clearance CLint,mic in HLM was calcu-
lated as 38 ± 8 mL/(min × mg protein). However, slightly
differing values were given in the discussion of that article
and it appears that the unit dimension of the volume should
be μL (Mei et al. 2009).

In comparison, Yuan et al. (2022) determined CLint,mic of
1 μM BEA in HLM, RLM, DLM, MLM and CLM as 30.9,
54.2, 112.7, 228.7 and 191.1μL/(min×mg protein), respec-
tively (Yuan et al. 2022). Thus, the CLint,mic in HLM would
be similar in both in vitro studies, if the unit for volume
was corrected in Mei et al. (2009). Based on the microso-
mal clearances, Yuan et al. (2022) calculated the intrinsic
liver clearances in humans, rats, mice, dogs and monkeys
as CLint,liver = 27.8, 97.6, 446.2, 329.4 and 258.0 mL/(min

× kg b.w.), respectively. When cryopreserved primary hep-
atocytes of the same species were used, the intrinsic liver
clearances were calculated as CLint,liver = 46.3, 85.7, 229.7,
612.5 and 178.0 mL/(min × kg b.w.), respectively. They are
thus approximately in the same range as the values deter-
mined in the microsomal experiments. In vitro-to-in vivo
prediction of blood clearanceswas not performed (Yuan et al.
2022).

Summary

Compared to regulatedmycotoxins, the toxicokinetic data for
ENNs and BEA are scarce. As a result, it is challenging to
perform adequate hazard characterisation for the assessment
of human risk. Data are more abundant for the most com-
mon ENNs, specifically ENN B and ENN B1, while there is
comparatively less research on ENN A, ENN A1, and BEA.

There is awide range regarding the observed absorption of
the lipophilic hexapeptidic molecules from the gastrointesti-
nal tract into the systemic circulation. The available in vivo
data suggested an oral bioavailability for ENNs in the range
of 5 to 90% in the species investigated. The bioavailabil-
ity of BEA is apparently lower than for ENNs, considering
the results from a pilot study in one pig, which had been
applied with an ENN mixture and BEA. The maximum
plasma concentration peaks within 0.5 h after oral uptake.
In vitro transport studies indicated decreasing absorbability
in the order ENN B > ENN B1 > ENN A1 > ENN A > BEA.
The limited intestinal absorption could be one reason why
there is a lack of correlation between the in vitro and in vivo
toxicity of ENNs and BEA.

Distribution of the ENNs and BEA into different body
tissues including liver, body fat, kidneys, brain, skin andmus-
cles occurs rather rapidly. The toxins bind to plasma proteins,
resulting in a low fraction unbound, which is below 0.6%
for ENNs, and below 0.1% for BEA. Carry-over occurs into
human breast milk and into eggs. There are, however, differ-
ences in the transport efficiencies, equivalent to the order of
absorbability, with ENN B demonstrating the highest carry-
over rates. In vitro transport experiments with colon and
brain cell lines confirm the relatively high transmembrane
permeability of ENN B. Intracellular levels are neverthe-
less limited, because the toxins are apparently substrates of
transport proteins such as P-gp. Considering the distribution
characteristics of the ENNs andBEA, theVD can be expected
to be considerably high, which has been shown for ENN B1
in chicken and ENN A in rats, but not for ENN B1 in pig.

Metabolism of ENN B, ENN B1, ENN A and BEA
is extensive in the species investigated and catalysed by
phase I enzymes, especially CYP3A. Data for ENN A1
are not available. Major metabolites, identified in several
species, are hydroxylated, mono- and dioxygenated, mono-
and di-N-demethylated or carboxylated. ENN metabolites
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are present in the plasma, liver and gut of experimental ani-
mals, in eggs of laying hens, and in human urine samples.
Species differences regarding the metabolite profiles can be
observed. Information on BEA metabolism is restricted to
in vitro biotransformation experiments. There is good agree-
ment between ENN metabolites determined in vitro and
in vivo, but the metabolite ratios differed suggesting poten-
tial pre-systemic metabolism. This is supported by observed
microbial metabolism of ENN B and ENN A, which pro-
duced novelmetaboliteswith opened ring structure, and three
conjugated metabolites.

Excretion kinetics of the ENNs and BEA is not well doc-
umented. According to the available in vivo data for ENN B
and ENN B1 in broiler chicken, for ENN B1 in pig and ENN
A in rat, the systemic clearances are close to the hepatic blood
flow. In contrast, the clearance of BEA in rat wasmuch lower.
Plasma half-lives are consistently about 3 h for the species
and toxins studied in vivo. Considerable amounts of orally
applied ENNs and BEA are excreted unabsorbed in faeces.
From the systemic circulation, the toxins are eliminated by
hepatic metabolism and urinary excretion.

General toxicity in vitro and in vivo

There are numerous in vitro studies investigating the cyto-
toxicity of ENNs and BEA. They have been carried out for
individual ENNs and BEA as well as for mixtures of ENNs,
since these mycotoxins might occur simultaneously in food
and feed products. Toxic effects of ENNs and BEA in vivo
have been described in literature, revealing a diverse range of
outcomes observed both within studies and across different
species.

In vitro studies

Individual toxins

Cytotoxicity data are available for ENN A, A1, B, B1, and
BEA as well as for the rarer ENNs A2, B2, B3, B4, M, I, and
J3 (Table 1). The toxicity of these toxins has been tested in a
wide range of human cell lines, particularly those originating
from intestine (Caco-2, HCT15, HCT116, and HT-29), lung
(A549, BEAS-2B, and MRC-5), and liver (HepG2). More-
over, cell lines from skin, ovary, brain, blood cells, mammary
tissue, uterus, kidney, umbilical cord, stomach, and bone
marrowhave been used.Additionally, thosemycotoxins’ tox-
icity was studied in cell lines derived from various animals,
including rodents, pigs, dogs, calf, monkey, fish, and insects.
However, the IC50 values estimated fromMTT assays might
be underestimated, as it is shown that substrates/inhibitors of

efflux pumps, such as ENNs andBEA, interfere with this via-
bility assay (Dornetshuber et al. 2009b; Ivanova et al. 2010;
Vellonen et al. 2004).

Besides conventional cytotoxicity testing, some stud-
ies have used transcriptomics to explore and understand
the mechanisms mediating the toxicity of these mycotox-
ins, particularly in liver and immune system cells. Using
genome-wide expression analysis with rat primary hepato-
cytes exposed to 1, 10, and 20 μM ENN B for 1 h and
4 h, Jonsson et al. (2016) showed that ENN B modifies
mitochondrial organisation and induces dysfunction of the
mitochondrial electron transfer chain, leading to alterations
in energy metabolism. In a more recent work using liver
HepaRG spheroids, several affected pathways were iden-
tified following cells exposure to ENN B and ENN B1,
including complement cascades, metabolism, steroid hor-
mone biosynthesis, bile secretion, and cholesterol pathways
(Coulet et al. 2024). Additional knowledge was provided by
toxicogenomic studies that revealed changes in the pattern
of gene expression in human Jurkat lymphoblastic T-cells
exposed to ENN B (1.5, 3 and 5 μM, 24 h), BEA (1.5, 3 and
5 μM, 24 h) and a mixture (1:1) of both mycotoxins (BEA
and ENN B, 0.1, 0.5, 1.5 μM, 24 h) (Alonso-Garrido et al.
2018; Escriva et al. 2019, 2018). Based on the analysis of
genes differentially expressed (RNA sequencing and bioin-
formatic analysis) in exposed compared to control cells, the
authors concluded that the biological processes, molecular
functions and pathwaysmainly affected by ENNB-treatment
were related to mitochondrial metabolism and cellular respi-
ration and, thereby, mitochondria were the target organelles
of this toxin (Alonso-Garrido et al. 2018). A similar study
design with BEA, showed that, besides oxidative phospho-
rylation and electron transport chain in mitochondria being
the most significantly altered pathways, also apoptosis was
affected (Escriva et al. 2018).

Mixtures

Fusarium toxins are often found in combinations in grains
and food which can alter their individual hazard and consti-
tute a risk to consumers. However, only few in vitro studies
addressed the effects of mixtures amongst ENNs (Table 2).
Overall, these studies showed that combined effects of ENNs
are dependent on the concentrations, but also on the type of
combination and cell sensitivity. To the best of our knowl-
edge, only one study is available focussing on BEA and ENN
B in combination.

Lu et al. (2013) investigated the cytotoxic interaction of
binary and tertiary combinations of ENN A, A1, B and B1
in CHO-K1 cells. All combinations inhibited cell growth in
a concentration-dependent manner. Binary combinations of
ENN A or ENN A1 produced a marked cytotoxic effect as

123



1802 Archives of Toxicology (2025) 99:1791–1841

Ta
bl
e
1
In

vi
tr
o
cy
to
to
xi
ci
ty

st
ud

ie
s
on

be
au
ve
ri
ci
n
an
d
en
ni
at
in
s

C
el
lm

od
el

T
is
su
e

E
xp
os
ur
e
co
nd
iti
on
s
(m

yc
ot
ox
in
,

co
nc
en
tr
at
io
n,

du
ra
tio

n)
A
ss
a

E
ff
ec
t,

ha
lf
-m

ax
im

al
in
hi
bi
to
ry

co
nc
en
tr
at
io
n

(I
C
50
)

R
ef
er
en
ce
s

B
ea
uv
er
ic
in

A
37
5S

M
Sk

in
0.
08
–2
0

μ
M

72
h

M
T
T

3.
0

μ
M

L
im

et
al
.(
20
20
)

A
54
9

L
un
g

0.
03
–1
0

μ
M

72
h

SR
B

1.
4

μ
M

L
ee

et
al
.(
20
08
)

A
54
9

L
un
g

1–
10

μ
M

24
h

M
T
T

~
65

%
vi
ab
le
ce
lls

at
3

μ
M

*
L
u
et
al
.(
20
16
)

B
E
A
S-
2B

L
un
g

0–
10
0

μ
M

48
h

R
es
az
ur
in
-b
as
ed

to
xi
ci
ty

as
sa
y

6.
3

μ
M

O
lle

ik
et
al
.(
20
19
)

B
FU

-E
B
lo
od

6.
4
nM

–6
4

μ
M

12
–1
4
da
ys

C
lo
no
ge
ni
c
as
sa
y

3.
7

μ
M

Fi
ch
eu
x
et
al
.(
20
12
)

C
6

B
ra
in

0–
25

μ
M

4h
,2

4h
M
T
T

4h
:7

.5
μ
M

24
h:

1.
0

μ
M

W
at
je
n
et
al
.(
20
14
)

C
ac
o-
2

In
te
st
in
e

0.
6–
30

μ
M

24
h,
48

h
M
T
T

24
h:

20
.6

μ
M

48
h:

12
.8

μ
M

Pr
os
pe
ri
ni

et
al
.(
20
12
)

C
ac
o-
2

In
te
st
in
e

3.
1–
25

μ
M

24
h,
48

h,
72

h
M
T
T

24
h:

20
.6

μ
M

48
h:

12
.8

μ
M

72
h:

3.
2

μ
M

Pr
os
pe
ri
ni

et
al
.(
20
13
a)

C
ac
o-
2

In
te
st
in
e

3.
1–
25

μ
M

24
h,
48

h,
72

h
N
R

24
h:

8.
8

μ
M

48
h:

3.
4

μ
M

72
h:

1.
9

μ
M

Pr
os
pe
ri
ni

et
al
.(
20
13
a)

C
ac
o-
2

In
te
st
in
e

0–
10
0

μ
M

48
h

R
es
az
ur
in
-b
as
ed

to
xi
ci
ty

as
sa
y

3.
9

μ
M

O
lle

ik
et
al
.(
20
19
)

C
C
R
F-
C
E
M

B
lo
od

1–
10

μ
M

24
h

M
T
T

2.
5

μ
M

Jo
w
et
al
.(
20
04
)

C
FU

-G
M

B
lo
od

6.
4
nM

to
64

μ
M

12
–1
4
da
ys

C
lo
no
ge
ni
c
as
sa
y

3.
4

μ
M

Fi
ch
eu
x
et
al
.(
20
12
)

C
FU

-M
K

B
lo
od

6.
4
nM

to
64

μ
M

12
–1
4
da
ys

C
lo
no
ge
ni
c
as
sa
y

0.
7

μ
M

Fi
ch
eu
x
et
al
.(
20
12
)

C
H
O
-K

1
O
va
ry

0.
78

to
12
.5

μ
M

24
h,
48

h,
72

h
N
R

24
h:

17
.2

μ
M

48
h:

6.
2

μ
M

72
h:

3.
8

μ
M

R
ui
z
et
al
.(
20
11
a)

C
H
O
-K

1
O
va
ry

0.
78
–1
2.
5

μ
M

24
h,
48

h,
72

h
M
T
T

V
al
ue
s
si
m
ila

r
to

N
R

(d
at
a
no
ts
ho
w
n)

R
ui
z
et
al
.(
20
11
a)

123



Archives of Toxicology (2025) 99:1791–1841 1803

Ta
bl
e
1
(c
on
tin

ue
d)

C
el
lm

od
el

T
is
su
e

E
xp
os
ur
e
co
nd
iti
on
s
(m

yc
ot
ox
in
,

co
nc
en
tr
at
io
n,

du
ra
tio

n)
A
ss
a

E
ff
ec
t,

ha
lf
-m

ax
im

al
in
hi
bi
to
ry

co
nc
en
tr
at
io
n

(I
C
50
)

R
ef
er
en
ce
s

C
H
O
-K

1
O
va
ry

0.
75
–2
0

μ
M

24
h,

48
h,

72
h

M
T
T

24
h:

10
.7

μ
M

48
h:

2.
5

μ
M

72
h:

2.
2

μ
M

Z
ou
ao
ui

et
al
.(
20
16
)

C
H
O
-K

1
O
va
ry

2.
5–
20

μ
M

24
h,

48
h,

72
h

M
T
T

24
h:

10
.7

μ
M

48
h:

2.
5

μ
M

72
h:

2.
2

μ
M

M
al
le
br
er
a
et
al
.(
20
16
)

D
en
dr
iti
c
ce
lls

(h
um

an
):

im
m
at
ur
e
m
at
ur
e

B
lo
od

n.
m

3
h

M
T
S

1.
0

μ
M

2.
9

μ
M

Fi
ch
eu
x
et
al
.(
20
13
)

H
4I
IE

L
iv
er

0–
25

μ
M

4h
,2

4h
M
T
T

4h
:3

.0
μ
M

24
h:

1.
9

μ
M

W
at
je
n
et
al
.(
20
14
)

H
C
T
15

In
te
st
in
e

0–
10

μ
M

72
h

SR
B

1.
9

μ
M

L
ee

et
al
.(
20
08
)

H
C
T
11
6

In
te
st
in
e

0–
25

μ
M

24
h

M
T
T

2.
4

μ
M

W
at
je
n
et
al
.(
20
14
)

H
E
K

Sk
in

0–
10
0

μ
M

48
h

R
es
az
ur
in
-b
as
ed

to
xi
ci
ty

as
sa
y

5.
4

μ
M

O
lle

ik
et
al
.(
20
19
)

H
ep
aR

G
(d
if
fe
re
nt
ia
te
d)

L
iv
er

8.
5
nM

to
34

μ
M

48
h

C
el
lT
ite

r
96

4.
5

μ
M

C
ou

le
te
ta
l.
(2
02
4)

H
ep
G
2

L
iv
er

16
nM

to
51
0

μ
M

24
h

A
B

8.
8—

22
.5

μ
M

Iv
an
ov
a
et
al
.(
20
06
)

H
ep
G
2

L
iv
er

16
nM

to
51
0

μ
M

24
h

B
rd
U

1.
4—

4.
0

μ
M

Iv
an
ov
a
et
al
.(
20
06
)

H
ep
G
2

L
iv
er

0–
25

μ
M

24
h,

48
h,

72
h

M
T
T

24
h:

12
.5

μ
M

48
h:

7.
0

μ
M

72
h:

5.
5

μ
M

Ju
an
-G

ar
ci
a
et
al
.(
20
19
)

H
ep
G
2

L
iv
er

0–
25

μ
M

24
h

M
T
T

3.
6

μ
M

W
at
je
n
et
al
.(
20
14
)

H
ep
G
2

L
iv
er

0.
05
–5

μ
M

24
h,

48
h

M
T
T

24
h:

1.
2

μ
M

48
h:

1.
0

μ
M

Ju
an
-G

ar
ci
a
et
al
.

(2
02
1a
)

H
ep
G
2

L
iv
er

0–
10
0

μ
M

48
h

R
es
az
ur
in
-b
as
ed

to
xi
ci
ty

as
sa
y

3.
4

μ
M

O
lle

ik
et
al
.(
20
19
)

H
ep
G
2

L
iv
er

0.
2–
30

μ
M

24
h

M
T
T

SR
B

N
R

~
60

%
vi
ab
le
ce
lls

at
2.
5

μ
M

*
~
50

%
vi
ab
le
ce
lls

at
2.
5

μ
M

*
~
60

%
vi
ab
le
ce
lls

at
10

μ
M

*

O
rn
el
is
et
al
.(
20
19
)

H
L
-6
0

B
lo
od

0–
16

μ
M

4
h,
24

h
Fl
ow

cy
to
m
et
ry

w
ith

D
A
PI

4h
:n

.r
24
h:

4
μ
M

Ju
an
-G

ar
ci
a
et
al
.(
20
24
)

123



1804 Archives of Toxicology (2025) 99:1791–1841

Ta
bl
e
1
(c
on
tin

ue
d)

C
el
lm

od
el

T
is
su
e

E
xp
os
ur
e
co
nd
iti
on
s
(m

yc
ot
ox
in
,

co
nc
en
tr
at
io
n,

du
ra
tio

n)
A
ss
a

E
ff
ec
t,

ha
lf
-m

ax
im

al
in
hi
bi
to
ry

co
nc
en
tr
at
io
n

(I
C
50
)

R
ef
er
en
ce
s

H
L
-6
0
(u
nd
if
fe
re
nt
ia
te
d
an
d

di
ff
er
en
tia

te
d)

B
lo
od

10
0
nM

to
30
0

μ
M

4
h,
24

h
T
B

4h
:n

.m
24
h:

15
μ
M

(u
nd

if
fe
re
nt
ia
te
d)

20
μ
M

(d
if
fe
re
nt
ia
te
d)

C
al
o
et
al
.(
20
04
)

H
T-
29

In
te
st
in
e

0.
6–
30

μ
M

24
h,
48

h
M
T
T

24
h:

15
.0

μ
M

48
h:

9.
7

μ
M

Pr
os
pe
ri
ni

et
al
.(
20
12
)

H
U
V
E
C

U
m
bi
lic
al
co
rd

0–
10
0

μ
M

48
h

R
es
az
ur
in
-b
as
ed

to
xi
ci
ty

as
sa
y

2.
4

μ
M

O
lle

ik
et
al
.(
20
19
)

IP
E
C
-1

In
te
st
in
e

n.
m

48
h

C
el
lT
ite

r-
G
lo
®

4.
3

μ
M

K
ho

sh
al
et
al
.(
20
19
)

IP
E
C
-J
2

In
te
st
in
e

0–
20

μ
M

48
h

SR
B

2.
4

μ
M

N
ov
ak

et
al
.(
20
19
)

IP
E
C
-J
2

In
te
st
in
e

5–
10
0

μ
M

24
h

A
nn
ex
in

V
-F
IT
C

C
om

pl
et
e
ce
ll
di
sr
up
tio

n
at
10

μ
M

Fr
ae
ym

an
et
al
.(
20
18
b)

J7
74

A
sc
ite
s

0–
15
0

μ
M

24
h

T
B

11
.0

μ
M

To
m
od
a
et
al
.(
19
92
)

Ju
rk
at
-T

B
lo
od

1–
15

μ
M

24
h,
48

h,
72

h
M
T
T

24
h:

7.
5

μ
M

48
h:

5.
0

μ
M

72
h:

3.
0

μ
M

M
an
ye
s
et
al
.(
20
18
)

M
ac
ro
ph
ag
es

(h
um

an
)

B
lo
od

n.
m

3
h

M
T
S

2.
5

μ
M

Fi
ch
eu
x
et
al
.(
20
13
)

M
D
A
-M

B
-2
31

B
re
as
t

0–
16

μ
M

4
h,
24

h
Fl
ow

cy
to
m
et
ry

w
ith

D
A
PI

4h
:3

.7
5

μ
M

24
h:

3
μ
M

Ju
an
-G

ar
ci
a
et
al
.(
20
24
)

M
R
C
-5

L
un
g

16
nM

to
51
0

μ
M

24
h

A
B

4.
7—

5.
0

μ
M

Iv
an
ov
a
et
al
.(
20
06
)

M
R
C
-5

L
un
g

16
nM

to
51
0

μ
M

24
h

B
rd
U

0.
6—

1.
1

μ
M

Iv
an
ov
a
et
al
.(
20
06
)

N
87

St
om

ac
h

0–
10
0

μ
M

48
h

R
es
az
ur
in
-b
as
ed

to
xi
ci
ty

as
sa
y

27
.5

μ
M

O
lle

ik
et
al
.(
20
19
)

PB
M
C

B
lo
od

0–
16

μ
M

4
h,
24

h
Fl
ow

cy
to
m
et
ry

w
ith

D
A
PI

4h
:0

.0
6

μ
M

24
h:

0.
5

μ
M

Ju
an
-G

ar
ci
a
et
al
.(
20
24
)

PK
15

K
id
ne
y

0–
15

μ
M

24
h

M
T
T

5
μ
M

K
la
ri
c
et
al
.(
20
10
)

123



Archives of Toxicology (2025) 99:1791–1841 1805

Ta
bl
e
1
(c
on
tin

ue
d)

C
el
lm

od
el

T
is
su
e

E
xp
os
ur
e
co
nd
iti
on
s
(m

yc
ot
ox
in
,

co
nc
en
tr
at
io
n,

du
ra
tio

n)
A
ss
a

E
ff
ec
t,

ha
lf
-m

ax
im

al
in
hi
bi
to
ry

co
nc
en
tr
at
io
n

(I
C
50
)

R
ef
er
en
ce
s

Pr
im

ar
y
he
pa
to
cy
te
s

(S
al
m
o
sa
la
r)

L
iv
er

0–
10

μ
M

48
h

X
C
E
L
L
ig
en
ce

5.
0

μ
M
;i
m
pe
da
nc
e
re
du
ce
d
by

29
%

at
10

μ
M

Sø
de
rs
tr
øm

et
al
.(
20
22
)

Pr
im

ar
y
he
pa
to
cy
te
s

(S
al
m
o
sa
la
r)

L
iv
er

0–
10

μ
M

48
h

M
T
T

2.
6

μ
M

Sø
de
rs
tr
øm

et
al
.(
20
22
)

Pr
im

ar
y
he
pa
to
cy
te
s

(S
al
m
o
sa
la
r)

L
iv
er

0–
10

μ
M

48
h

N
R

2.
6

μ
M

Sø
de
rs
tr
øm

et
al
.(
20
22
)

Pr
im

ar
y
he
pa
to
cy
te
s

(S
al
m
o
sa
la
r)

L
iv
er

0–
5

μ
M

48
h

A
T
P

D
ec
re
as
ed

by
≥

80
%

at
5

μ
M

Sø
de
rs
tr
øm

et
al
.(
20
22
)

Pr
im

ar
y
he
pa
to
cy
te
s

(S
al
m
o
sa
la
r)

L
iv
er

0–
5

μ
M

48
h

H
2
O
2

R
ed
uc
ed

by
≥

70
%

at
5

μ
M

Sø
de
rs
tr
øm

et
al
.(
20
22
)

SF
-9

O
va
ry

10
μ
M

to
10

m
M

48
h

M
T
T

2.
5

μ
M

Fo
rn
el
li
et
al
.(
20
04
)

SF
-9

O
va
ry

10
μ
M

to
10

m
M

48
h

T
P

3
μ
M

Fo
rn
el
li
et
al
.(
20
04
)

SH
-S
Y
5Y

B
on
e

0.
04
–2
.5

μ
M

24
h,

48
h

M
T
T

24
h:

no
ef
fe
ct
on

vi
ab
ili
ty

48
h:

43
%

vi
ab
le
ce
lls

at
2.
5

μ
M

A
ga
hi

et
al
.(
20
22
)

SK
-M

E
L
-2

Sk
in

0–
10

μ
M

72
h

SR
B

1.
5

μ
M

L
ee

et
al
.(
20
08
)

SK
-O

V
-3

O
va
ry

0–
10

μ
M

72
h

SR
B

1.
4

μ
M

L
ee

et
al
.(
20
08
)

U
39
7

B
lo
od

10
0
nM

to
30
0

μ
M

4
h,
24

h
T
B

4h
:n

.m
24
h:

30
μ
M

C
al
o
et
al
.(
20
04
)

V
79

L
un
g

0–
10

m
M

48
h

N
R

1.
6

μ
M

B
eh
m

et
al
.(
20
12
)

V
er
o

K
id
ne
y

0.
78
–2
5

μ
M

24
h,
48

h,
72

h
N
R

6.
25
—
10
.0
2

μ
M

R
ui
z
et
al
.(
20
11
b)

V
er
o

K
id
ne
y

0.
78
–2
5

μ
M

24
h,
48

h,
72

h
M
T
T

6.
77
—
11
.0
8

μ
M

R
ui
z
et
al
.(
20
11
b)

E
nn

ia
tin

A

123



1806 Archives of Toxicology (2025) 99:1791–1841

Ta
bl
e
1
(c
on
tin

ue
d)

C
el
lm

od
el

T
is
su
e

E
xp
os
ur
e
co
nd
iti
on
s
(m

yc
ot
ox
in
,

co
nc
en
tr
at
io
n,

du
ra
tio

n)
A
ss
a

E
ff
ec
t,

ha
lf
-m

ax
im

al
in
hi
bi
to
ry

co
nc
en
tr
at
io
n

(I
C
50
)

R
ef
er
en
ce
s

B
E
A
S-
2B

L
un
g

0–
10
0

μ
M

48
h

R
es
az
ur
in
-b
as
ed

to
xi
ci
ty

as
sa
y

5.
7

μ
M

O
lle

ik
et
al
.(
20
19
)

C
ac
o-
2

In
te
st
in
e

0.
9–
15

μ
M

24
h,
48

h,
72

h
M
T
T

24
h:

n.
r.;

co
nc
en
tr
at
io
n-
de
pe
nd
en
t

ef
fe
ct

48
h:

6.
8

μ
M

72
h:

1.
6

μ
M

Pr
os
pe
ri
ni

et
al
.(
20
14
)

C
ac
o-
2

In
te
st
in
e

0.
6–
30

μ
M

24
h,
48

h
M
T
T

24
h:

n.
r.;

co
nc
en
tr
at
io
n-
de
pe
nd
en
t

ef
fe
ct

48
h:

9.
3

μ
M

M
ec
a
et
al
.(
20
11
a)

C
ac
o-
2

In
te
st
in
e

0–
10
0

μ
M

48
h

R
es
az
ur
in
-b
as
ed

to
xi
ci
ty

as
sa
y

1.
1

μ
M

O
lle

ik
et
al
.(
20
19
)

C
H
O
-K

1
O
va
ry

0.
46
–7
.5

μ
M

24
h,
48

h,
72

h
M
T
T

24
h:

n.
r.;

co
nc
en
tr
at
io
n-
de
pe
nd
en
t

ef
fe
ct

48
h:

2.
8

μ
M

72
h:

3.
3

μ
M

L
u
et
al
.(
20
13
)

C
H
O
-K

1
O
va
ry

0–
15

μ
M

24
h

M
T
T

n.
r.;

co
nc
en
tr
at
io
n-
de
pe
nd
en
t

ef
fe
ct

L
om

ba
rd
ie
ta
l.
(2
01
2)

H
E
K

Sk
in

0–
10
0

μ
M

48
h

R
es
az
ur
in
-b
as
ed

to
xi
ci
ty

as
sa
y

2.
0

μ
M

O
lle

ik
et
al
.(
20
19
)

H
eL

a
U
te
ru
s

0.
07
–9
.1
7

μ
M

24
h,
48

h
M
T
T

24
h:

0.
7

μ
M

48
h:

0.
4

μ
M

M
am

ur
et
al
.(
20
18
)

H
ep
aR

G
(d
if
fe
re
nt
ia
te
d)

L
iv
er

0.
97

nM
to

39
μ
M

48
h

C
el
lT
ite

r
96

10
.9

μ
M

C
ou

le
te
ta
l.
(2
02
4)

H
ep
G
2

L
iv
er

0.
6
to

30
μ
M

24
h,
48

h
M
T
T

24
h:

26
.2

μ
M

48
h:

11
.4

μ
M

M
ec
a
et
al
.(
20
11
a)

H
ep
G
2

L
iv
er

0–
10
0

μ
M

48
h

R
es
az
ur
in
-b
as
ed

to
xi
ci
ty

as
sa
y

3.
0

μ
M

O
lle

ik
et
al
.(
20
19
)

H
ep
G
2

L
iv
er

0.
04

nM
to

82
.2

μ
M

24
h

A
B

7.
3-

9.
4

μ
M

Fi
ch
eu
x
et
al
.(
20
13
)

H
ep
G
2

L
iv
er

0.
04

nM
to

82
.2

μ
M

24
h

B
rd
U

1.
6—

2.
5

μ
M

Iv
an
ov
a
et
al
.(
20
06
)

H
T-
29

In
te
st
in
e

0.
6
to

30
μ
M

24
h,
48

h
M
T
T

24
h:

n.
r.;

co
nc
en
tr
at
io
n-
de
pe
nd
en
t

ef
fe
ct

48
h:

8.
2

μ
M

M
ec
a
et
al
.(
20
11
a)

123



Archives of Toxicology (2025) 99:1791–1841 1807

Ta
bl
e
1
(c
on
tin

ue
d)

C
el
lm

od
el

T
is
su
e

E
xp
os
ur
e
co
nd
iti
on
s
(m

yc
ot
ox
in
,

co
nc
en
tr
at
io
n,

du
ra
tio

n)
A
ss
a

E
ff
ec
t,

ha
lf
-m

ax
im

al
in
hi
bi
to
ry

co
nc
en
tr
at
io
n

(I
C
50
)

R
ef
er
en
ce
s

H
U
V
E
C

U
m
bi
lic
al
co
rd

0–
10
0

μ
M

48
h

R
es
az
ur
in
-b
as
ed

to
xi
ci
ty

as
sa
y

2.
8

μ
M

O
lle

ik
et
al
.(
20
19
)

IP
E
C
-J
2

In
te
st
in
e

0–
20

μ
M

48
h

SR
B

3.
4

μ
M

N
ov
ak

et
al
.(
20
19
)

IP
E
C
-J
2

In
te
st
in
e

5–
10
0

μ
M

24
h

A
nn
ex
in

V
-F
IT
C

32
%

of
vi
ab
le
ce
lls

at
10

μ
M

Fr
ae
ym

an
et
al
.(
20
18
b)

J7
74

A
sc
ite
s

0–
15
0

μ
M

24
h

T
B

2.
6

μ
M

To
m
od
a
et
al
.(
19
92
)

M
R
C
-5

L
un
g

0.
04

nM
to

82
.2

μ
M

24
h

A
B

3.
5—

3.
8

μ
M

Iv
an
ov
a
et
al
.(
20
06
)

M
R
C
-5

L
un
g

0.
04

nM
to

82
.2

μ
M

24
h

B
rd
U

0.
6—

0.
8

μ
M

Iv
an
ov
a
et
al
.(
20
06
)

N
87

St
om

ac
h

0–
10
0

μ
M

48
h

R
es
az
ur
in
-b
as
ed

to
xi
ci
ty

as
sa
y

0.
01

μ
M

O
lle

ik
et
al
.(
20
19
)

E
nn

ia
tin

A
1

B
E
A
S-
2B

L
un
g

0–
10
0

μ
M

48
h

R
es
az
ur
in
-b
as
ed

to
xi
ci
ty

as
sa
y

6.
4

μ
M

O
lle

ik
et
al
.(
20
19
)

C
6

B
ra
in

0–
25

μ
M

24
h

M
T
T

2.
5—

10
μ
M

W
at
je
n
et
al
.(
20
09
)

C
ac
o-
2

In
te
st
in
e

0.
9–
15
.0

μ
M

24
h,
48

h,
72

h
M
T
T

24
h:

14
.8

μ
M

48
h:

7.
7

μ
M

72
h:

1.
3

μ
M

Pr
os
pe
ri
ni

et
al
.(
20
14
)

C
ac
o-
2

In
te
st
in
e

0–
10
0

μ
M

48
h

R
es
az
ur
in
-b
as
ed

to
xi
ci
ty

as
sa
y

2.
7

μ
M

O
lle

ik
et
al
.(
20
19
)

C
ac
o-
2

In
te
st
in
e

0.
6–
30

μ
M

24
h,
48

h
M
T
T

24
h:

12
.3

μ
M

48
h:

2.
7

μ
M

M
ec
a
et
al
.(
20
11
a)

C
ac
o-
2

(u
nd

if
fe
re
nt
ia
te
d)

In
te
st
in
e

0–
30

μ
M

24
h

M
T
T

12
.3

μ
M

M
ec
a
et
al
.(
20
10
)

C
H
O
-K

1
O
va
ry

0.
46
–1
5

μ
M

24
h,
48

h,
72

h
M
T
T

24
h:

8.
8

μ
M

48
h:

1.
7

μ
M

72
h:

1.
7

μ
M

L
u
et
al
.(
20
13
)

C
H
O
-K

1
O
va
ry

0–
15

μ
M

24
h

M
T
T

8.
8

μ
M

L
om

ba
rd
ie
ta
l.
(2
01
2)

123



1808 Archives of Toxicology (2025) 99:1791–1841

Ta
bl
e
1
(c
on
tin

ue
d)

C
el
lm

od
el

T
is
su
e

E
xp
os
ur
e
co
nd
iti
on
s
(m

yc
ot
ox
in
,

co
nc
en
tr
at
io
n,

du
ra
tio

n)
A
ss
a

E
ff
ec
t,

ha
lf
-m

ax
im

al
in
hi
bi
to
ry

co
nc
en
tr
at
io
n

(I
C
50
)

R
ef
er
en
ce
s

H
4I
IE

L
iv
er

0–
25

μ
M

24
h

M
T
T

1—
1.
5

μ
M

W
at
je
n
et
al
.(
20
09
)

H
E
K

Sk
in

0–
10
0

μ
M

48
h

R
es
az
ur
in
-b
as
ed

to
xi
ci
ty

as
sa
y

2.
3

μ
M

O
lle

ik
et
al
.(
20
19
)

H
ep
aR

G
(d
if
fe
re
nt
ia
te
d)

L
iv
er

0.
25

nM
to

10
μ
M

48
h

C
el
lT
ite

r
96

3.
36

μ
M

C
ou

le
te
ta
l.
(2
02
4)

H
ep
G
2

L
iv
er

0.
6–
30

μ
M

24
h,
48

h
M
T
T

24
h:

11
.6

μ
M

48
h:

2.
6

μ
M

M
ec
a
et
al
.(
20
11
a)

H
ep
G
2

L
iv
er

0–
25

μ
M

24
h

M
T
T

10
μ
M

W
at
je
n
et
al
.(
20
09
)

H
ep
G
2

L
iv
er

0.
08

nM
to

15
9

μ
M

24
h

A
B

11
.7
—
18
.1

μ
M

Iv
an
ov
a
et
al
.(
20
06
)

H
ep
G
2

L
iv
er

0.
08

nM
to

15
9

μ
M

24
h

B
rd
U

2.
6—

4.
2

μ
M

Iv
an
ov
a
et
al
.(
20
06
)

H
ep
G
2

L
iv
er

0–
10
0

μ
M

48
h

R
es
az
ur
in
-b
as
ed

to
xi
ci
ty

as
sa
y

5.
6

μ
M

O
lle

ik
et
al
.(
20
19
)

H
T-
29

In
te
st
in
e

0.
6–
30

μ
M

24
h,
48

h
M
T
T

24
h:

9.
1

μ
M

48
h:

1.
4

μ
M

M
ec
a
et
al
.(
20
11
a)

H
U
V
E
C

U
m
bi
lic
al
co
rd

0–
10
0

μ
M

48
h

R
es
az
ur
in
-b
as
ed

to
xi
ci
ty

as
sa
y

4.
6

μ
M

O
lle

ik
et
al
.(
20
19
)

IP
E
C
-J
2

In
te
st
in
e

0–
20

μ
M

48
h

SR
B

4.
2

μ
M

N
ov
ak

et
al
.(
20
19
)

IP
E
C
-J
2

In
te
st
in
e

5–
10
0

μ
M

24
h

A
nn
ex
in

V
-F
IT
C

87
%

of
vi
ab
le
ce
lls

at
10

μ
M

Fr
ae
ym

an
et
al
.(
20
18
b)

J7
74

A
sc
ite
s

0–
15
0

μ
M

24
h

T
B

2.
6

μ
M

To
m
od
a
et
al
.(
19
92
)

M
R
C
-5

L
un
g

0.
08

nM
to

15
9

μ
M

24
h

A
B

5.
9—

6.
9

μ
M

Iv
an
ov
a
et
al
.(
20
06
)

M
R
C
-5

L
un
g

0.
08

nM
to

15
9

μ
M

24
h

B
rd
U

1.
1—

1.
4

μ
M

Iv
an
ov
a
et
al
.(
20
06
)

N
87

St
om

ac
h

0–
10
0

μ
M

48
h

R
es
az
ur
in
-b
as
ed

to
xi
ci
ty

as
sa
y

0.
00

3
μ
M

O
lle

ik
et
al
.(
20
19
)

123



Archives of Toxicology (2025) 99:1791–1841 1809

Ta
bl
e
1
(c
on
tin

ue
d)

C
el
lm

od
el

T
is
su
e

E
xp
os
ur
e
co
nd
iti
on
s
(m

yc
ot
ox
in
,

co
nc
en
tr
at
io
n,

du
ra
tio

n)
A
ss
a

E
ff
ec
t,

ha
lf
-m

ax
im

al
in
hi
bi
to
ry

co
nc
en
tr
at
io
n

(I
C
50
)

R
ef
er
en
ce
s

SH
-S
Y
5Y

B
on
e

0.
1–
15

μ
M

6
h,
24

h
M
T
T

6
h:

3.
4

μ
M

24
h:

2.
0

μ
M

Pe
re
z-
Fu

en
te
s
et
al
.

(2
02
2)

SH
-S
Y
5Y

B
on
e

0.
1–
15

μ
M

6
h,
24

h
L
D
H

6
h:

~
58
%

of
in
cr
ea
se
d
re
le
as
e
>

10
μ
M

24
h:

6.
2

μ
M

Pe
re
z-
Fu

en
te
s
et
al
.

(2
02
2)

V
er
o

K
id
ne
y

3–
19
2

μ
M

(2
–1
28

μ
g/
m
L
)

24
h

W
ST

-1
>
64

μ
g/
m
L
(4
3

μ
M
)

W
an
g
et
al
.(
20
19
)

E
nn

ia
tin

A
2

C
ac
o-
2

In
te
st
in
e

0.
6–
30

μ
M

24
h,
48

h
M
T
T

24
h:

18
.7

μ
M

48
h:

2.
6

μ
M

M
ec
a
et
al
.(
20
11
a)

H
ep
G
2

L
iv
er

0.
6–
30

μ
M

24
h,
48

h
M
T
T

n.
r.;

co
nc
en
tr
at
io
n-
de
pe
nd
en
t

ef
fe
ct

M
ec
a
et
al
.(
20
11
a)

H
T-
29

L
iv
er

0.
6–
30

μ
M

24
h,
48

h
M
T
T

n.
r.;

co
nc
en
tr
at
io
n-
de
pe
nd
en
t

ef
fe
ct

M
ec
a
et
al
.(
20
11
a)

E
nn

ia
tin

B

B
al
b
3T

3
E
m
br
yo

1.
5–
10
0

μ
M

24
h

A
K
re
le
as
e

N
o
ef
fe
ct

Jo
ns
so
n
et
al
.(
20
16
)

B
al
b
3T

3
E
m
br
yo

1.
5–
10
0

μ
M

24
h

A
T
P
le
ve
ls

8.
4

μ
M

Jo
ns
so
n
et
al
.(
20
16
)

B
al
b
3T

3
E
m
br
yo

3–
12

μ
M

24
h

B
rd
U

4.
2

μ
M

Jo
ns
so
n
et
al
.(
20
16
)

B
al
b
3T

3
E
m
br
yo

11
–4
5

μ
M

24
h,
48

h
A
nn
ex
in

V
-F
IT
C

24
h:
86
—
84
%

vi
ab
le
ce
lls
;1
—
4%

ea
rl
y

ap
op

to
tic

ce
lls
;

IC
50

~
11

μ
M

Si
m
ila
r
fin

di
ng
s
at
48

h

Jo
ns
so
n
et
al
.(
20
16
)

B
E
A
S-
2B

L
un
g

0–
10
0

μ
M

48
h

R
es
az
ur
in
-b
as
ed

to
xi
ci
ty

as
sa
y

43
.7

μ
M

O
lle

ik
et
al
.(
20
19
)

C
ac
o-
2

In
te
st
in
e

1.
5–
4

μ
M

72
h

M
T
T

2.
1

μ
M

de
Sa

et
al
.(
20
24
)

C
ac
o-
2

In
te
st
in
e

1–
10

μ
M

24
h

W
ST

-1
6.
3

μ
M

V
ej
do
vs
zk
y
et
al
.(
20
16
)

123



1810 Archives of Toxicology (2025) 99:1791–1841

Ta
bl
e
1
(c
on
tin

ue
d)

C
el
lm

od
el

T
is
su
e

E
xp
os
ur
e
co
nd
iti
on
s
(m

yc
ot
ox
in
,

co
nc
en
tr
at
io
n,

du
ra
tio

n)
A
ss
a

E
ff
ec
t,

ha
lf
-m

ax
im

al
in
hi
bi
to
ry

co
nc
en
tr
at
io
n

(I
C
50
)

R
ef
er
en
ce
s

C
ac
o-
2

In
te
st
in
e

0.
31
–1
0

μ
M

24
h,

48
h,

72
h

M
T
T

24
h:

n.
r.;

co
nc
en
tr
at
io
n-
de
pe
nd
en
t

ef
fe
ct

48
h:

n.
r.;

co
nc
en
tr
at
io
n-
de
pe
nd
en
t

ef
fe
ct

72
h:

3.
9

μ
M

Fe
rn
an
de
z-
B
la
nc
o
et
al
.

(2
01
6a
)

C
ac
o-
2

In
te
st
in
e

0.
9–
15
.0

μ
M

24
h,
48

h,
72

h
M
T
T

24
h:

n.
r.;

co
nc
en
tr
at
io
n-
de
pe
nd
en
t

ef
fe
ct

48
h:

n.
r.;

co
nc
en
tr
at
io
n-
de
pe
nd
en
t

ef
fe
ct

72
h:

11
.7

μ
M

Pr
os
pe
ri
ni

et
al
.(
20
14
)

C
ac
o-
2

In
te
st
in
e

0–
10
0

μ
M

48
h

R
es
az
ur
in
-b
as
ed

to
xi
ci
ty

as
sa
y

4.
6

μ
M

O
lle

ik
et
al
.(
20
19
)

C
ac
o-
2

In
te
st
in
e

0.
6–
30

μ
M

24
h,
48

h
M
T
T

24
h,

48
h:

n.
r

M
ec
a
et
al
.(
20
11
a)

C
ac
o-
2
(u
nd
if
fe
re
nt
ia
te
d
an
d

di
ff
er
en
tia

te
d)

In
te
st
in
e

0.
6–
30

μ
M

24
h,
48

h
M
T
T

24
h,

48
h:

n.
r

M
ec
a
et
al
.(
20
11
a)

C
C
F-
ST

T
G
1

B
ra
in

0.
1–
10

μ
M

48
h

C
C
K
-8

8.
9

μ
M

K
ru
g
et
al
.(
20
18
)

C
C
F-
ST

T
G
1

B
ra
in

0.
1–
2.
5

μ
M

48
h

C
as
pa
se
-3

ac
tiv

at
io
n

2.
7-
fo
ld

in
cr
ea
se

at
2.
5

μ
M

K
ru
g
et
al
.(
20
18
)

C
C
F-
ST

T
G
1

B
ra
in

0.
1–
2.
5

μ
M

48
h

L
D
H

N
o
ef
fe
ct

K
ru
g
et
al
.(
20
18
)

C
H
O
-K

1
O
va
ry

0.
46
–1
5

μ
M

24
h,
48

h,
72

h
M
T
T

24
h:

11
μ
M

48
h:

2.
4

μ
M

72
h:

2.
8

μ
M

L
u
et
al
.(
20
13
)

C
H
O
-K

1
O
va
ry

0–
15

μ
M

24
h

M
T
T

11
μ
M

L
om

ba
rd
ie
ta
l.
(2
01
2)

C
IE
B
cl
on
e
9

In
te
st
in
e

0–
20
0

μ
M

48
h

W
ST

-1
6.
7

μ
M

R
ei
si
ng

er
et
al
.(
20
19
)

C
IE
B
cl
on
e
9

In
te
st
in
e

0–
20
0

μ
M

48
h

N
R
U

4
μ
M

R
ei
si
ng

er
et
al
.(
20
19
)

C
IE
B
cl
on
e
9

In
te
st
in
e

0–
20
0

μ
M

48
h

SR
B

n.
r

R
ei
si
ng

er
et
al
.(
20
19
)

123



Archives of Toxicology (2025) 99:1791–1841 1811

Ta
bl
e
1
(c
on
tin

ue
d)

C
el
lm

od
el

T
is
su
e

E
xp
os
ur
e
co
nd
iti
on
s
(m

yc
ot
ox
in
,

co
nc
en
tr
at
io
n,

du
ra
tio

n)
A
ss
a

E
ff
ec
t,

ha
lf
-m

ax
im

al
in
hi
bi
to
ry

co
nc
en
tr
at
io
n

(I
C
50
)

R
ef
er
en
ce
s

D
en
dr
iti
c
ce
lls

(h
um

an
):

im
m
at
ur
e
m
at
ur
e

B
lo
od

0–
10

μ
M

3
h

M
T
S

1.
6

μ
M

2.
6

μ
M

Fi
ch
eu
x
et
al
.(
20
13
)

H
29
5R

A
dr
en
al
gl
an
d

0.
01
–1
00

μ
M

48
h

A
B

37
%

of
vi
ab
le
ce
lls

at
10
0

μ
M

K
al
ay
ou

et
al
.(
20
15
)

H
B
M
E
C

B
ra
in

0.
1–
10

μ
M

48
h

C
C
K
-8

N
o
ef
fe
ct

K
ru
g
et
al
.(
20
18
)

H
E
K

Sk
in

0–
10
0

μ
M

48
h

R
es
az
ur
in
-b
as
ed

to
xi
ci
ty

as
sa
y

54
.2

μ
M

O
lle

ik
et
al
.(
20
19
)

H
E
K
29
3

K
id
ne
y

1.
59
–5
.9
2

μ
M

72
h

M
T
T

1.
2

μ
M

de
Sa

et
al
.(
20
24
)

H
ep
aR

G
(d
if
fe
re
nt
ia
te
d)

L
iv
er

1
nM

to
41

.8
μ
M

48
h

C
el
lT
ite

r
96

11
.9

μ
M

C
ou

le
te
ta
l.
(2
02
4)

H
ep
G
2

L
iv
er

0.
67
–2

μ
M

72
h

M
T
T

4
μ
M

de
Sa

et
al
.(
20
24
)

H
ep
G
2

L
iv
er

1.
5–
10
0

μ
M

24
h

A
K
re
le
as
e

N
o
ef
fe
ct

Jo
ns
so
n
et
al
.(
20
16
)

H
ep
G
2

L
iv
er

1.
5–
10
0

μ
M

24
h

A
T
P
le
ve
ls

2.
9

μ
M

Jo
ns
so
n
et
al
.(
20
16
)

H
ep
G
2

L
iv
er

3–
12

μ
M

24
h

B
rd
U

0.
5

μ
M

Jo
ns
so
n
et
al
.(
20
16
)

H
ep
G
2

L
iv
er

0.
5–
30

μ
M

24
h,
48

h
M
T
T

24
h:

n.
r.;

co
nc
en
tr
at
io
n-
de
pe
nd
en
t

ef
fe
ct

48
h:

n.
r.;

co
nc
en
tr
at
io
n-
de
pe
nd
en
t

ef
fe
ct

M
ec
a
et
al
.(
20
11
a)

H
ep
G
2

L
iv
er

0–
10
0

μ
M

48
h

R
es
az
ur
in
-b
as
ed

to
xi
ci
ty

as
sa
y

3.
4

μ
M

O
lle

ik
et
al
.(
20
19
)

H
ep
G
2

L
iv
er

3
nM

to
23
72

μ
M

24
h

A
B

20
6.
7—

43
5.
9

μ
M

Iv
an
ov
a
et
al
.(
20
06
)

H
ep
G
2

L
iv
er

3
nM

to
23
72

μ
M

24
h

B
rd
U

0.
9—

1.
1

μ
M

Iv
an
ov
a
et
al
.(
20
06
)

H
L
-6
0

B
lo
od

0–
8

μ
M

4
h,
24

h
Fl
ow

cy
to
m
et
ry

w
ith

D
A
PI

4h
:0

.5
μ
M

24
h:

0.
25

μ
M

Ju
an
-G

ar
ci
a
et
al
.(
20
24
)

H
T-
29

In
te
st
in
e

0.
5–
30

μ
M

24
h,
48

h
M
T
T

24
h:

n.
r.;

co
nc
en
tr
at
io
n-
de
pe
nd
en
t

ef
fe
ct

48
h:

2.
8

μ
M

M
ec
a
et
al
.(
20
11
a)

123



1812 Archives of Toxicology (2025) 99:1791–1841

Ta
bl
e
1
(c
on
tin

ue
d)

C
el
lm

od
el

T
is
su
e

E
xp
os
ur
e
co
nd
iti
on
s
(m

yc
ot
ox
in
,

co
nc
en
tr
at
io
n,

du
ra
tio

n)
A
ss
a

E
ff
ec
t,

ha
lf
-m

ax
im

al
in
hi
bi
to
ry

co
nc
en
tr
at
io
n

(I
C
50
)

R
ef
er
en
ce
s

H
U
V
E
C

U
m
bi
lic
al
co
rd

0–
10
0

μ
M

48
h

R
es
az
ur
in
-b
as
ed

to
xi
ci
ty

as
sa
y

17
.3

μ
M

O
lle

ik
et
al
.(
20
19
)

IP
E
C
-1

In
te
st
in
e

n.
m

48
h

C
el
lT
ite

r-
G
lo
®

4.
4

μ
M

K
ho

sh
al
et
al
.(
20
19
)

IP
E
C
-J
2

In
te
st
in
e

0–
20

μ
M

48
h

SR
B

3.
3

μ
M

N
ov
ak

et
al
.(
20
19
)

IP
E
C
-J
2

In
te
st
in
e

5–
10
0

μ
M

24
h

A
nn
ex
in

V
-F
IT
C

83
%

of
vi
ab
le
ce
lls

at
10
0

μ
M

Fr
ae
ym

an
et
al
.(
20
18
b)

J7
74

A
sc
ite
s

0–
15
0

μ
M

24
h

T
B

>
10

μ
M

To
m
od
a
et
al
.(
19
92
)

Ju
rk
at
-T

B
lo
od

1–
15

μ
M

24
h,
48

h,
72

h
M
T
T

D
ec
re
as
ed

ce
ll
vi
ab
ili
ty

at
15

μ
M
:

21
%

(2
4
h)
,2

3%
(4
8
h)
,2

9%
(7
2
h)

M
an
ye
s
et
al
.(
20
18
)

L
C
un

st
im

ul
at
ed

st
im

ul
at
ed

Te
st
is

0.
01

–1
00

μ
M

48
h

A
B

80
%

vi
ab
le
ce
lls

at
10

0
μ
M

79
%

vi
ab
le
ce
lls

at
10

0
μ
M

K
al
ay
ou

et
al
.(
20
15
)

M
ac
ro
ph
ag
es

(h
um

an
)

B
lo
od

0–
10

μ
M

3
h

M
T
S

2.
5

μ
M

Fi
ch
eu
x
et
al
.(
20
13
)

M
D
A
-M

B
-2
31

B
re
as
t

0–
8

μ
M

4
h,
24

h
Fl
ow

cy
to
m
et
ry

w
ith

D
A
PI

4h
:n

.r
24
h:

0.
15

μ
M

Ju
an
-G

ar
ci
a
et
al
.(
20
24
)

M
R
C
-5

L
un
g

3
nM

to
23
72

μ
M

24
h

A
B

1.
9—

9.
8

μ
M

Iv
an
ov
a
et
al
.(
20
06
)

M
R
C
-5

L
un
g

3
nM

to
23
72

μ
M

24
h

B
rd
U

1.
9—

3.
6

μ
M

Iv
an
ov
a
et
al
.(
20
06
)

N
87

St
om

ac
h

0–
10
0

μ
M

48
h

R
es
az
ur
in
-b
as
ed

to
xi
ci
ty

as
sa
y

1.
7

μ
M

O
lle

ik
et
al
.(
20
19
)

N
87

St
om

ac
h

1.
23
–5
.9
2

μ
M

72
h

M
T
T

3.
3

μ
M

de
Sa

et
al
.(
20
24
)

vP
B
C
E
C

B
ra
in

0.
1–
10

μ
M

48
h

C
C
K
-8

70
%

vi
ab
le
ce
lls

>
5

μ
M

K
ru
g
et
al
.(
20
18
)

PB
M
C

B
lo
od

0–
16

μ
M

4
h,
24

h
Fl
ow

cy
to
m
et
ry

w
ith

D
A
PI

4h
:0

.0
3

μ
M

24
h:

5
μ
M

Ju
an
-G

ar
ci
a
et
al
.(
20
24
)

123



Archives of Toxicology (2025) 99:1791–1841 1813

Ta
bl
e
1
(c
on
tin

ue
d)

C
el
lm

od
el

T
is
su
e

E
xp
os
ur
e
co
nd
iti
on
s
(m

yc
ot
ox
in
,

co
nc
en
tr
at
io
n,

du
ra
tio

n)
A
ss
a

E
ff
ec
t,

ha
lf
-m

ax
im

al
in
hi
bi
to
ry

co
nc
en
tr
at
io
n

(I
C
50
)

R
ef
er
en
ce
s

Pr
im

ar
y
he
pa
to
cy
te
s

(S
al
m
o
sa
la
r)

L
iv
er

0–
10

μ
M

48
h

X
C
E
L
L
ig
en
ce

3.
2

μ
M
;i
m
pe
da
nc
e
re
du
ce
d
by

34
%

at
10

μ
M

Sø
de
rs
tr
øm

et
al
.(
20
22
)

Pr
im

ar
y
he
pa
to
cy
te
s

(S
al
m
o
sa
la
r)

L
iv
er

0–
10

μ
M

48
h

M
T
T

5.
7

μ
M

Sø
de
rs
tr
øm

et
al
.(
20
22
)

Pr
im

ar
y
he
pa
to
cy
te
s

(S
al
m
o
sa
la
r)

L
iv
er

0–
10

μ
M

48
h

N
R

11
.1

μ
M

Sø
de
rs
tr
øm

et
al
.(
20
22
)

Pr
im

ar
y
he
pa
to
cy
te
s

(S
al
m
o
sa
la
r)

L
iv
er

0–
5

μ
M

48
h

A
T
P

D
ec
re
as
ed

by
≥

80
%

at
5

μ
M

Sø
de
rs
tr
øm

et
al
.(
20
22
)

Pr
im

ar
y
he
pa
to
cy
te
s

(S
al
m
o
sa
la
r)

L
iv
er

0–
5

μ
M

48
h

H
2
O
2

R
ed
uc
ed

by
≥

70
%

at
5

μ
M

Sø
de
rs
tr
øm

et
al
.(
20
22
)

R
A
W
26
4.
7

A
sc
ite
s

0.
05
–1
00

μ
M

24
h

N
R

2.
6

μ
M

G
am

m
el
sr
ud

et
al
.(
20
12
)

R
A
W
26
4.
7

A
sc
ite
s

0.
05
–1
00

μ
M

24
h

A
B

4.
7

μ
M

G
am

m
el
sr
ud

et
al
.(
20
12
)

V
79

L
un
g

0–
10
0

μ
M

48
h

N
R

4
μ
M

B
eh
m

et
al
.(
20
12
)

V
79

L
un
g

0.
1–
75

μ
M

24
h,
48

h
N
R

24
h:

36
μ
M

48
h:

4
μ
M

Fo
llm

an
n
et
al
.(
20
09
)

V
79

L
un
g

0.
1–
75

μ
M

24
h,
48

h
A
B

24
h:

34
μ
M

48
h:

2.
5

μ
M

Fo
llm

an
n
et
al
.(
20
09
)

V
79

L
un
g

0.
1–
75

μ
M

24
h,
48

h
B
C
A

24
h:

43
μ
M

48
h:

3.
9

μ
M

Fo
llm

an
n
et
al
.(
20
09
)

V
79

L
un
g

0–
70

μ
M

24
h,
48

h
N
R

24
h:

36
μ
M

48
h:

4
μ
M

B
eh
m

et
al
.(
20
09
)

E
nn

ia
tin

B
1

B
E
A
S-
2B

L
un
g

0–
10
0

μ
M

48
h

R
es
az
ur
in
-b
as
ed

to
xi
ci
ty

as
sa
y

12
.7

μ
M

O
lle

ik
et
al
.(
20
19
)

C
ac
o-
2

In
te
st
in
e

0.
9–
15

μ
M

24
h,
48

h,
72

h
M
T
T

24
h:

n.
r.;

co
nc
en
tr
at
io
n-
de
pe
nd
en
t

ef
fe
ct

48
h:

11
.3

μ
M

72
h:

2.
8

μ
M

Pr
os
pe
ri
ni

et
al
.(
20
14
)

C
ac
o-
2

In
te
st
in
e

1–
25

μ
M

3
h,
24

h
N
R

3
h:

10
μ
M

24
h:

2.
1

μ
M

Iv
an
ov
a
et
al
.(
20
12
)

C
ac
o-
2

In
te
st
in
e

4.
9
pM

to
48
2.
5

μ
M

24
h

A
B

68
.6

μ
M

Iv
an
ov
a
et
al
.(
20
10
)

123



1814 Archives of Toxicology (2025) 99:1791–1841

Ta
bl
e
1
(c
on
tin

ue
d)

C
el
lm

od
el

T
is
su
e

E
xp
os
ur
e
co
nd
iti
on
s
(m

yc
ot
ox
in
,

co
nc
en
tr
at
io
n,

du
ra
tio

n)
A
ss
a

E
ff
ec
t,

ha
lf
-m

ax
im

al
in
hi
bi
to
ry

co
nc
en
tr
at
io
n

(I
C
50
)

R
ef
er
en
ce
s

C
ac
o-
2

In
te
st
in
e

4.
9
pM

to
48
2.
5

μ
M

24
h

N
R

9.
9

μ
M

Iv
an
ov
a
et
al
.(
20
10
)

C
ac
o-
2

In
te
st
in
e

4.
9
pM

to
48
2.
5

μ
M

24
h

L
D
H

20
.6

μ
M

Iv
an
ov
a
et
al
.(
20
10
)

C
ac
o-
2

In
te
st
in
e

0–
10
0

μ
M

48
h

R
es
az
ur
in
-b
as
ed

to
xi
ci
ty

as
sa
y

3.
1

μ
M

O
lle

ik
et
al
.(
20
19
)

C
ac
o-
2

In
te
st
in
e

0–
30

μ
M

24
h,
48

h
M
T
T

24
h:

19
.5

μ
M

48
h:

11
.5

μ
M

M
ec
a
et
al
.(
20
11
a)

C
C
F-
ST

T
G
1

B
ra
in

0.
1–
10

μ
M

48
hh

C
C
K
-8

4.
4

μ
M

K
ru
g
et
al
.(
20
18
)

C
C
F-
ST

T
G
1

B
ra
in

0.
1–
2.
5

μ
M

48
h

C
as
pa
se
-3

ac
tiv

at
io
n

In
cr
ea
se

to
16

0%
at
1

μ
M

K
ru
g
et
al
.(
20
18
)

C
C
F-
ST

T
G
1

B
ra
in

0.
1–
2.
5

μ
M

48
h

L
D
H

N
o
ef
fe
ct

K
ru
g
et
al
.(
20
18
)

C
H
O
-K

1
O
va
ry

0.
46
–1
5

μ
M

24
h,
48

h,
72

h
M
T
T

24
h:

4.
5

μ
M

48
h:

2.
6

μ
M

72
h:

2.
5

μ
M

L
u
et
al
.(
20
13
)

C
H
O
-K

1
O
va
ry

0–
15

μ
M

24
h

M
T
T

4.
5

μ
M

L
om

ba
rd
ie
ta
l.
(2
01
2)

H
B
M
E
C

B
ra
in

0.
1–
10

μ
M

48
h

C
C
K
-8

N
o
ef
fe
ct

K
ru
g
et
al
.(
20
18
)

H
E
K

Sk
in

0–
10
0

μ
M

48
h

R
es
az
ur
in
-b
as
ed

to
xi
ci
ty

as
sa
y

3.
3

μ
M

O
lle

ik
et
al
.(
20
19
)

H
ep
aR

G
(d
if
fe
re
nt
ia
te
d)

L
iv
er

1
nM

to
40

.8
μ
M

48
h

C
el
lT
ite

r
96

8.
6

μ
M

C
ou

le
te
ta
l.
(2
02
4)

H
ep
G
2

L
iv
er

0–
30

μ
M

24
h,
48

h
M
T
T

24
h:

24
.3

μ
M

48
h:

8.
5

μ
M

M
ec
a
et
al
.(
20
11
a)

H
ep
G
2

L
iv
er

2
nM

to
11
82

μ
M

24
h

A
B

9.
2—

36
μ
M

Iv
an
ov
a
et
al
.(
20
06
)

H
ep
G
2

L
iv
er

2
nM

to
11
82

μ
M

24
h

B
rd
U

2.
8—

3.
5

μ
M

Iv
an
ov
a
et
al
.(
20
06
)

H
ep
G
2

L
iv
er

0–
10
0

μ
M

48
h

R
es
az
ur
in
-b
as
ed

to
xi
ci
ty

as
sa
y

5.
6

μ
M

O
lle

ik
et
al
.(
20
19
)

H
T-
29

In
te
st
in
e

0–
30

μ
M

24
h,
48

h
M
T
T

24
h:

16
.8

μ
M

48
h:

3.
6

μ
M

M
ec
a
et
al
.(
20
11
a)

H
U
V
E
C

U
m
bi
lic
al
co
rd

0–
10
0

μ
M

48
h

R
es
az
ur
in
-b
as
ed

to
xi
ci
ty

as
sa
y

7.
0

μ
M

O
lle

ik
et
al
.(
20
19
)

123



Archives of Toxicology (2025) 99:1791–1841 1815

Ta
bl
e
1
(c
on
tin

ue
d)

C
el
lm

od
el

T
is
su
e

E
xp
os
ur
e
co
nd
iti
on
s
(m

yc
ot
ox
in
,

co
nc
en
tr
at
io
n,

du
ra
tio

n)
A
ss
a

E
ff
ec
t,

ha
lf
-m

ax
im

al
in
hi
bi
to
ry

co
nc
en
tr
at
io
n

(I
C
50
)

R
ef
er
en
ce
s

IP
E
C
-1

In
te
st
in
e

0.
3–
10
0

μ
M

48
h

C
el
lT
ite

r-
G
lo
®

15
.8

μ
M

K
ol
f-
C
la
uw

et
al
.(
20
13
)

IP
E
C
-1

In
te
st
in
e

n.
m

48
h

C
el
lT
ite

r-
G
lo
®

13
.5

μ
M

K
ho

sh
al
et
al
.(
20
19
)

IP
E
C
-J
2

In
te
st
in
e

0–
20

μ
M

48
h

SR
B

3.
7

μ
M

N
ov
ak

et
al
.(
20
19
)

IP
E
C
-J
2

In
te
st
in
e

5–
10
0

μ
M

24
h

A
nn
ex
in

V
-F
IT
C

93
%

of
vi
ab
le
ce
lls

at
10

μ
M

Fr
ae
ym

an
et
al
.(
20
18
b)

J7
74

A
sc
ite
s

0–
15
0

μ
M

24
h

T
B

>
5

μ
M

To
m
od
a
et
al
.(
19
92
)

M
D
C
K
-I
I

-
W
ild

-t
yp
e

-
M
D
R
1

-
M
R
P2

-
B
C
R
P

K
id
ne
y

4.
9–
48
2.
5

μ
M

24
h

A
B

2.
2

μ
M

6.
5

μ
M

8.
8

μ
M

6.
1

μ
M

Iv
an
ov
a
et
al
.(
20
10
)

M
D
C
K
-I
I

-
W
ild

-t
yp
e

-
M
D
R
1

-
M
R
P2

-
B
C
R
P

K
id
ne
y

4.
9–
48
2.
5

μ
M

24
h

N
R

27
μ
M

29
μ
M

32
μ
M

30
μ
M

Iv
an
ov
a
et
al
.(
20
10
)

M
D
C
K
-I
I

-
W
ild

-t
yp
e

-
M
D
R
1

-
M
R
P2

-
B
C
R
P

K
id
ne
y

4.
9–
48
2.
5

μ
M

24
h

L
D
H

16
μ
M

19
μ
M

21
μ
M

19
μ
M

Iv
an
ov
a
et
al
.(
20
10
)

M
E
F

E
m
br
yo

0.
6–
40

μ
M

24
h

N
R

1.
5—

1.
7

μ
M

O
liv

ei
ra

et
al
.(
20
20
)

M
ou
se

em
br
yo
s

(b
la
st
oc
ys
t-
st
ag
e)

E
m
br
yo

1–
10

μ
M

24
h

T
U
N
E
L

In
cr
ea
se

in
ap
op

to
tic

ce
lls

at
5
an
d

10
μ
M

H
ua
ng

et
al
.(
20
19
)

M
R
C
-5

L
un
g

0.
25

nM
to

48
2

μ
M

24
h

A
B

6.
1

μ
M

Iv
an
ov
a
an
d
U
hl
ig

(2
00
8)

M
R
C
-5

L
un
g

0.
25

nM
to

48
2

μ
M

24
h

N
R

10
μ
M

Iv
an
ov
a
an
d
U
hl
ig

(2
00
8)

M
R
C
-5

L
un
g

0.
25

nM
to

48
2

μ
M

24
h

L
D
H

21
μ
M

Iv
an
ov
a
an
d
U
hl
ig

(2
00
8)

M
R
C
-5

L
un
g

2
nM

to
11
82

μ
M

24
h

A
B

4.
5—

4.
7

μ
M

Iv
an
ov
a
et
al
.(
20
06
)

123



1816 Archives of Toxicology (2025) 99:1791–1841

Ta
bl
e
1
(c
on
tin

ue
d)

C
el
lm

od
el

T
is
su
e

E
xp
os
ur
e
co
nd
iti
on
s
(m

yc
ot
ox
in
,

co
nc
en
tr
at
io
n,

du
ra
tio

n)
A
ss
a

E
ff
ec
t,

ha
lf
-m

ax
im

al
in
hi
bi
to
ry

co
nc
en
tr
at
io
n

(I
C
50
)

R
ef
er
en
ce
s

M
R
C
-5

L
un
g

2
nM

to
11
82

μ
M

24
h

B
rd
U

1.
2—

1.
4

μ
M

Iv
an
ov
a
et
al
.(
20
06
)

N
87

St
om

ac
h

0–
10
0

μ
M

48
h

R
es
az
ur
in
-b
as
ed

to
xi
ci
ty

as
sa
y

0.
00

8
μ
M

O
lle

ik
et
al
.(
20
19
)

PB
C
E
C

B
ra
in

0.
1–
10

μ
M

48
h

C
C
K
-8

64
%

vi
ab
le
ce
lls

at
10

μ
M

K
ru
g
et
al
.(
20
18
)

SH
-S
Y
5Y

B
on
e

0.
1–
15

μ
M

6
h,
24

h
M
T
T

6
h:

3.
0

μ
M

24
h:

2.
7

μ
M

Pe
re
z-
Fu

en
te
s
et
al
.

(2
02
2)

SH
-S
Y
5Y

B
on
e

0.
1–
15

μ
M

6
h,
24

h
L
D
H

6
h:

7.
4

μ
M

24
h:

6.
7

μ
M

Pe
re
z-
Fu

en
te
s
et
al
.

(2
02
2)

T
H
P-
1

B
lo
od

0–
5

μ
M

24
h

A
B

IC
20

=
1.
2

μ
M

So
lh
au
g
et
al
.(
20
16
)

E
nn

ia
tin

B
2

H
ep
G
2

L
iv
er

0.
1
nM

to
51
.2

μ
M

24
h

B
rd
U

4.
0—

12
.9

μ
M

Iv
an
ov
a
et
al
.(
20
06
)

E
nn

ia
tin

B
3

H
ep
G
2

L
iv
er

0.
05

nM
to

19
.6

μ
M

24
h

B
rd
U

3.
4—

14
.4

μ
M

Iv
an
ov
a
et
al
.(
20
06
)

E
nn

ia
tin

B
4

C
ac
o-
2

In
te
st
in
e

0.
5–
30

μ
M

24
h,
48

h
M
T
T

24
h:

4.
5

μ
M

48
h:

20
.6

μ
M

M
ec
a
et
al
.(
20
11
a)

H
ep
G
2

L
iv
er

0.
5–
30

μ
M

24
h,
48

h
M
T
T

24
h:

8.
5

μ
M

48
h:

24
.3

μ
M

M
ec
a
et
al
.(
20
11
a)

H
T-
29

In
te
st
in
e

0.
5–
30

μ
M

24
h,
48

h
M
T
T

24
h:

3.
7

μ
M

48
h:

16
.8

μ
M

M
ec
a
et
al
.(
20
11
a)

E
nn

ia
tin

H

A
54
9

L
un
g

0–
10

μ
M

72
h

SR
B

1.
8

μ
M

L
ee

et
al
.(
20
08
)

123



Archives of Toxicology (2025) 99:1791–1841 1817

Ta
bl
e
1
(c
on
tin

ue
d)

C
el
lm

od
el

T
is
su
e

E
xp
os
ur
e
co
nd
iti
on
s
(m

yc
ot
ox
in
,

co
nc
en
tr
at
io
n,

du
ra
tio

n)
A
ss
a

E
ff
ec
t,

ha
lf
-m

ax
im

al
in
hi
bi
to
ry

co
nc
en
tr
at
io
n

(I
C
50
)

R
ef
er
en
ce
s

H
C
T
15

In
te
st
in
e

0–
10

μ
M

72
h

SR
B

2.
5

μ
M

L
ee

et
al
.(
20
08
)

H
C
T
15

In
te
st
in
e

0.
1–
30

μ
M

72
h

SR
B

16
.7

μ
M

H
w
an
g
an
d
L
ee

(2
02
4)

H
C
T
15
/C
L
05

In
te
st
in
e

0.
1–
30

μ
M

72
h

SR
B

17
.7

μ
M

H
w
an
g
an
d
L
ee

(2
02
4)

M
E
S-
SA

U
te
ru
s

0.
1–
30

μ
M

72
h

SR
B

12
.9

μ
M

H
w
an
g
an
d
L
ee

(2
02
4)

M
E
S-
SA

/D
X
5

U
te
ru
s

0.
1–
30

μ
M

72
h

SR
B

14
.9

μ
M

H
w
an
g
an
d
L
ee

(2
02
4)

SK
-M

E
L
-2

Sk
in

0–
10

μ
M

72
h

SR
B

1.
8

μ
M

L
ee

et
al
.(
20
08
)

SK
-O

V
-3

O
va
ry

0–
10

μ
M

72
h

SR
B

1.
7

μ
M

L
ee

et
al
.(
20
08
)

E
nn

ia
tin

I

A
54
9

L
un
g

0–
10

μ
M

72
h

SR
B

0.
5

μ
M

L
ee

et
al
.(
20
08
)

H
C
T
15

In
te
st
in
e

0–
10

μ
M

72
h

SR
B

0.
5

μ
M

L
ee

et
al
.(
20
08
)

H
C
T
15

In
te
st
in
e

0.
1–
30

μ
M

72
h

SR
B

5.
5

μ
M

H
w
an
g
an
d
L
ee

(2
02
4)

H
C
T
15
/C
L
05

In
te
st
in
e

0.
1–
30

μ
M

72
h

SR
B

5.
8

μ
M

H
w
an
g
an
d
L
ee

(2
02
4)

M
E
S-
SA

U
te
ru
s

0.
1–
30

μ
M

72
h

SR
B

3.
9

μ
M

H
w
an
g
an
d
L
ee

(2
02
4)

M
E
S-
SA

/D
X
5

U
te
ru
s

0.
1–
30

μ
M

72
h

SR
B

4.
9

μ
M

H
w
an
g
an
d
L
ee

(2
02
4)

SK
-M

E
L
-2

Sk
in

0–
10

μ
M

72
h

SR
B

0.
5

μ
M

L
ee

et
al
.(
20
08
)

SK
-O

V
-3

O
va
ry

0–
10

μ
M

72
h

SR
B

0.
5

μ
M

L
ee

et
al
.(
20
08
)

123



1818 Archives of Toxicology (2025) 99:1791–1841

Ta
bl
e
1
(c
on
tin

ue
d)

C
el
lm

od
el

T
is
su
e

E
xp
os
ur
e
co
nd
iti
on
s
(m

yc
ot
ox
in
,

co
nc
en
tr
at
io
n,

du
ra
tio

n)
A
ss
a

E
ff
ec
t,

ha
lf
-m

ax
im

al
in
hi
bi
to
ry

co
nc
en
tr
at
io
n

(I
C
50
)

R
ef
er
en
ce
s

E
nn

ia
tin

J3

C
ac
o-
2
(d
if
fe
re
nt
ia
te
d
an
d

un
di
ff
er
en
tia

te
d)

In
te
st
in
e

0.
6–
30

μ
M

24
h,
48

h
M
T
T

n.
r.;

co
nc
en
tr
at
io
n-
de
pe
nd
en
t

ef
fe
ct

M
ec
a
et
al
.(
20
11
b)

C
ac
o-
2

In
te
st
in
e

0.
6–
30

μ
M

24
h,
48

h
M
T
T

n.
r.;

co
nc
en
tr
at
io
n-
de
pe
nd
en
t

ef
fe
ct

M
ec
a
et
al
.(
20
11
a)

H
ep
G
2

L
iv
er

0.
6–
30

μ
M

24
h,
48

h
M
T
T

n.
r.;

co
nc
en
tr
at
io
n-
de
pe
nd
en
t

ef
fe
ct

M
ec
a
et
al
.(
20
11
a)

H
T-
29

In
te
st
in
e

0.
6–
30

μ
M

24
h,
48

h
M
T
T

n.
r.;

co
nc
en
tr
at
io
n-
de
pe
nd
en
t

ef
fe
ct

M
ec
a
et
al
.(
20
11
a)

E
nn
ia
tin

M
K
16
88

H
C
T
15

In
te
st
in
e

0.
1–
30

μ
M

72
h

SR
B

14
μ
M

H
w
an
g
an
d
L
ee

(2
02
4)

H
C
T
15
/C
L
05

In
te
st
in
e

0.
1–
30

μ
M

72
h

SR
B

16
.3

μ
M

H
w
an
g
an
d
L
ee

(2
02
4)

M
E
S-
SA

U
te
ru
s

0.
1–
30

μ
M

72
h

SR
B

13
.6

μ
M

H
w
an
g
an
d
L
ee

(2
02
4)

M
E
S-
SA

/D
X
5

U
te
ru
s

0.
1–
30

μ
M

72
h

SR
B

13
.6

μ
M

H
w
an
g
an
d
L
ee

(2
02
4)

A
37
5S
M

hu
m
an

m
el
an
om

a,
A
54
9
hu
m
an

lu
ng

ad
en
oc
ar
ci
no
m
a,
B
al
b
3T

3
m
ou
se

fib
ro
bl
as
ts
,B

E
A
S-
2B

hu
m
an

no
rm

al
lu
ng

ep
ith

el
ia
l,
B
C
-1

hu
m
an

br
ea
st
ca
nc
er
,B

F
U
-E

hu
m
an

re
d
bl
oo
d
pr
og
en
ito

r
ce
lls
,C

6
ra
tg
lio

m
a,
C
ac
o-
2
hu
m
an

co
lo
n
ad
en
oc
ar
ci
no
m
a,
C
C
F
-S
T
T
G
1
hu
m
an

as
tr
oc
yt
om

a,
C
C
R
F
-C

E
M

hu
m
an

le
uk
em

ic
ly
m
ph
ob
la
st
s,
C
FU

-G
M

hu
m
an

w
hi
te
bl
oo
d
pr
og
en
ito

rc
el
ls
,C

F
U
-M

K
hu

m
an

pl
at
el
et
pr
og

en
ito

r
ce
lls
,C

IE
B
cl
on

e
9
ca
lf
sm

al
li
nt
es
tin

al
ep
ith

el
ia
l,
C
H
O
-K
1
C
hi
ne
se

ha
m
st
er

ov
ar
y
ce
lls
,H

29
5R

hu
m
an

ad
re
no

co
rt
ic
al
ca
rc
in
om

a,
H
4I
IE

ra
th

ep
at
om

a,
H
B
M
E
C
hu
m
an

br
ai
n
m
ic
ro
va
sc
ul
ar

en
do

th
el
ia
l,
H
C
T
15

hu
m
an

co
lo
re
ct
al
ad
en
oc
ar
ci
no

m
a,
H
C
T
15
/C
L
05

m
ul
tid

ru
g
re
si
st
an
ts
ub
lin

e
of

H
C
T
15
,H

C
T
11
6
hu

m
an

co
lo
n
ca
rc
in
om

a,
H
E
K
hu
m
an

no
rm

al
ep
id
er
m
al

ke
ra
tin

oc
yt
es
,H

E
K
29
3
hu
m
an

em
br
yo
na
l
ki
dn
ey
,H

eL
a
hu

m
an

ce
rv
ix

ca
rc
in
om

a,
hu

m
an

ac
ut
e
m
ye
lo
id

le
uk

ae
m
ia
,H

ep
aR

G
hu
m
an

he
pa
to
m
a,
H
ep
G
2
hu
m
an

he
pa
to
ca
rc
in
om

a,
H
L
-6
0
hu
m
an

pr
om

ye
lo
cy
tic

le
uk

ae
m
ia
,H

T-
29

hu
m
an

co
lo
re
ct
al
ad
en
oc
ar
ci
no

m
a,
H
U
V
E
C
H
um

an
U
m
bi
lic

al
V
ei
n
E
nd

ot
he
lia

lC
el
ls
,I
P
E
C
-1

in
te
st
in
al
po

rc
in
e
ep
ith

el
ia
l,
IP
E
C
-J
2
in
te
st
in
al
po

rc
in
e
ep
ith

el
ia
l

je
ju
na
l,
J7
74

m
ur
in
e
m
ac
ro
ph
ag
es
,J
ur
ka
t-
T
hu

m
an

le
uk
em

ic
ly
m
ph

ob
la
st
s,
K
B
hu

m
an

ep
id
er
m
oi
d
ca
rc
in
om

a,
L
C
ne
on

at
al
po

rc
in
e
L
ey
di
g
ce
lls
,M

D
A
-M

B
-2
31

hu
m
an

br
ea
st
ca
nc
er
,M

D
C
K
-I
I

ca
ni
ne

ki
dn

ey
ep
ith

el
ia
lc
el
ls
,M

D
C
K
II
-M

D
R
1
ca
ni
ne

ki
dn
ey

ep
ith

el
ia
lc
el
ls
ov
er
ex
pr
es
si
ng

hu
m
an

P-
gp
,M

D
C
K
II
-M

R
P
2
ca
ni
ne

ki
dn

ey
ep
ith

el
ia
lc
el
ls
ov
er
ex
pr
es
si
ng

hu
m
an

m
ul
tid

ru
g
re
si
st
an
ce
-

as
so
ci
at
ed

pr
ot
ei
n
2,

M
D
C
K
II
-B
C
R
P
ca
ni
ne

ki
dn

ey
ep
ith

el
ia
l
ce
lls

ov
er
ex
pr
es
si
ng

hu
m
an

br
ea
st
ca
nc
er

re
si
st
an
ce

pr
ot
ei
n,

M
E
F
m
ou
se

em
br
yo
ni
c
fib

ro
bl
as
ts
,M

E
S-
SA

hu
m
an

ut
er
in
e
sa
rc
om

a,
M
E
S-
SA

/D
X
5
m
ul
tid

ru
g
re
si
st
an
t
su
bl
in
e
of

M
E
S-
SA

,
M
R
C
-5

hu
m
an

fo
et
al

lu
ng

fib
ro
bl
as
ts
,
N
87

hu
m
an

ga
st
ri
c
ce
ll
lin

e,
P
B
C
E
C

po
rc
in
e
br
ai
n
ca
pi
lla

ry
en
do

th
el
ia
l,
P
B
M
C

hu
m
an

pr
im

ar
y

pe
ri
ph
er
al

bl
oo
d
m
on
on
uc
le
ar

ce
lls
,
P
K
15

po
rc
in
e
ki
dn

ey
ep
ith

el
ia
l,
R
AW

26
4.
7
m
ur
in
e
m
ac
ro
ph
ag
es
,
SF

-9
le
pi
do
pt
er
an

(S
po
do
pt
er
a
fr
ug
ip
er
da
),
SH

-S
Y
5Y

hu
m
an

ne
ur
ob
la
st
om

a,
SK

-M
E
L
-2

hu
m
an

m
el
an
om

a,
SK

-O
V
-3

hu
m
an

ov
ar
ia
n
ad
en
oc
ar
ci
no

m
a,
SK

-M
E
L
-2

hu
m
an

m
el
an
om

a,
T
H
P
-1

hu
m
an

le
uk

ae
m
ia
m
on

oc
yt
ic
ce
lls
,U

39
7
hu
m
an

m
on
oc
yt
ic
ly
m
ph
om

a,
V
79

C
hi
ne
se

ha
m
st
er

lu
ng

fib
ro
bl
as
ts
,
Ve
ro

m
on
ke
y
ki
dn
ey

ep
ith

el
ia
l,
A
B
A
la
m
ar

B
lu
e,

A
nn
ex
in

V
-F
IT
C

an
ne
xi
n
V

co
nj
ug
at
ed

w
ith

flu
or
es
ce
in

is
ot
hi
oc
ya
na
te
,
A
K

A
de
ny
la
te

K
in
as
e,

A
T
P
A
de
no
si
ne

tr
ip
ho
sp
ha
te
,

B
rd
U

B
ro
m
od
eo
xy
ur
id
in
e,
C
C
K
-8

C
el
lC

ou
nt
in
g
ki
t-
8,
D
A
P
I
4′
,6
-d
ia
m
id
in
o-
2-
ph
en
yl
in
do
le
,I
C
20

20
%

in
hi
bi
to
ry

co
nc
en
tr
at
io
n,
L
D
H

L
ac
ta
te
D
eh
yd

ro
ge
na
se
,M

T
S
3-
(4
,5
-d
im

et
hy
lth

ia
zo
l-
2-
yl
)-

5-
(3
-c
ar
bo
xy
m
et
ho
xy
ph
en
yl
)-
2-
(4
-s
ul
fo
ph
en
yl
)-
2H

-t
et
ra
zo
liu

m
,M

T
T
3-
(4
,5
-d
im

et
hy
lth

ia
zo
l-
2-
yl
)-
2,
5-
di
ph
en
yl
te
tr
az
ol
iu
m

br
om

id
e,
N
R
N
eu
tr
al
R
ed
,S

R
B
Su

lf
or
ho
da
m
in
e
B
,T

U
N
E
L
Te
rm

in
al

de
ox
yn
uc
le
ot
id
yl

tr
an
sf
er
as
e
dU

T
P
ni
ck

en
d
la
be
lli
ng
,T

B
T
ry
pa
n
B
lu
e,
W
ST

2-
(4
-i
od
op
he
ny
l)
-3
-(
4-
ni
tr
op
he
ny
l)
-5
-(
2,
4-
di
su
lf
op
he
ny
l)
-2
H
-t
et
ra
zo
liu

m
,n

.m
.n

ot
m
en
tio

ne
d,

n.
r.
no
tr
ea
ch
ed

*R
ea
d
fr
om

ch
ar
tb

y
th
e
au
th
or
s
of

th
is
st
ud
y

123



Archives of Toxicology (2025) 99:1791–1841 1819

Table 2 Mixture studies with beauvericin and enniatins

Cell line Toxicity endpoint; test
concentration; exposure time

Mycotoxin combination Mixture effect References

Caco-2 Cytotoxicity (MTT):
0.625–5 μM (1:1)
1.25–2.5 μM (1:1:1)
1.25–2.5 μM (1:1:1:1)
24 h

ENN A + A1
ENN A + B
ENN A + B1
ENN B + A1
ENN B1 + A1
ENN B + B1
ENN A + A1 + B
ENN A + A1 + B1
ENN A + B + B1
ENN A1 + B + B1
ENN A + A1 + B + B1

Additive Prosperini et al. (2014)

ENN B + A1
ENN B1 + A1
ENN A + A1 + B

Synergistic

ENN B + B1 Antagonistic (at low conc.)

CHO-K1 Cytotoxicity (MTT):
0.625–5 μM (1:1)
0.3125–2.5 μM (1:1:1)
24 h

ENN A + B1
ENN A1 + B
ENN B + B1

Additive (all conc.) Lu et al. (2013)

ENN A + A1
ENN A + B
ENN A1 + B1
ENN A + A1 + B
ENN A + A1 + B1
ENN A + B + B1
ENN A1 + B + B1

Synergistic (at high conc.)

ENN A + A1 + B1
ENN A1 + B + B1

Antagonistic (at low conc.)

HL-60 Cytotoxicity (flow cytometry
with DAPI):

0.03–16 μM
+ 0.015–8 μM (2:1)
24h

BEA + ENN B Synergistic Juan-Garcia et al. (2024)

MDA-MB-231 Cytotoxicity (flow cytometry
with DAPI):

0.03–16 μM
+ 0.015–8 μM (2:1)
24h

BEA + ENN B Antagonistic Juan-Garcia et al. (2024)

PBMC Cytotoxicity (flow cytometry
with DAPI):

0.03–16 μM
+ 0.015–8 μM (2:1)
24h

BEA + ENN B Antagonistic Juan-Garcia et al. (2024)

SH-SY5Y Cytotoxicity (MTT):
0.1–10 μM (1:1)
24 h

ENN A + B1 Additive Perez-Fuentes et al. (2022)

ENN A + A1
ENN B + A1
ENN B + B1
ENN A1 + B1

Antagonistic

Caco-2 human colon adenocarcinoma,CHO-K1Chinese hamster ovary cells,HL-60 human promyelocytic leukaemia,MDA-MB-231 human breast
cancer, PBMC human primary peripheral blood mononuclear cells, SH-SY5Y human neuroblastoma, DAPI 4′,6-diamidino-2-phenylindole, MTT
3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide
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compared to the single exposures. While binary combina-
tions such as ENN A + B1, A1 + B and B + B1 showed
an additive effect within all concentrations tested, a syner-
gistic interaction of combined ENN A + A1 + B, A1 +
B1, A + A1 + B, A + A1 + B1, A + B + B1 and A1
+ B + B1 was observed at higher concentrations. Thus,
in binary and tertiary combinations of ENN A, synergistic
effects occurred at high concentrations, while antagonistic
interactionswere detected at lower concentrations for ENNA
+ A1 + B1 and ENN A1 + B + B1. Interestingly, tertiary
combinations did not induce stronger cytotoxicity in CHO-
K1 cells compared to binary combinations (Lu et al. 2013).
Prosperini et al. (2014) also evaluated the interaction effects
of ENN A, A1, B and B1 combinations on the cytotoxicity
of Caco-2 cells. They observed a synergistic effect on cell
viability for the combinations ENN B+A1, B1+A1 and A
+ A1 + B, while most other combinations showed addi-
tive effects at medium (IC25 and IC50) and high (IC75 and
IC90) affected fractions, except for the lower (IC5) fraction
and the ENN B + B1 mixture, which exhibited antagonis-
tic effects. Overall, these interactions might occur, because
at low concentrations, and considering their structural sim-
ilarity, ENNs are competing for the same receptors, while
at higher concentrations their effects are the sum of their
individual effects (Prosperini et al. 2014). More recently,
the combined effects of ENN A1, B1, A and B were also
investigated on neuroblastoma SH-SY5Y cells. All mixtures
resulted in an antagonistic effect, with exception of ENN A
+ B1 that produced an additive effect (Perez-Fuentes et al.
2022). Juan-Garcia et al. (2024) investigated the effects of
a binary mixture of BEA and ENN B in HL-60, MDA-MB-
231 and PBMC. While the combination in HL-60 cells led
to a synergistic effect, an antagonistic effect was observed
in MDA-MB-231 and PBMC. Regarding the transcriptional
effects of combined exposure to BEA and ENN B (using
qPCR to analyse 30 selected target genes), changes in the
expression of genes codifying mitochondria-related proteins
was also found. In addition, the combined effect of both tox-
ins seemed to up-regulate the expression of genes related to
the generation of reactive oxygen species (ROS) and down-
regulate the expression of antioxidant-related genes, which
might lead to production of oxidative stress in exposed cells
(Escriva et al. 2019).

In vivo studies

In rodents, feeding studies seem to indicate a high tolerance to
the dietary intake of ENNs even at higher doses than themax-
imum levels found in feed. Similar findings have been also
reviewed for BEA in mice (Gruber-Dorninger et al. 2017).
Wistar rats fed for 28 days with a dose of 20.91 mg/kg b.w.
ENN A per day revealed no histological or biochemical
changes (Manyes et al. 2014), and in the follow-up study

by Juan et al. (2014) the feeding of Wistar rats with 465 mg
ENN A/kg feed revealed normal growth, no signs of illness
and no significant changes in body weight and food intake
over a period of 28 days. However, the authors noticed an
exposure-related inhibition of the relative number of cyto-
toxic T lymphocytes (Juan et al. 2014). Another study on
mice suggested sex-specific effects of ENNB and BEA, with
males being more susceptible to oral exposure to BEA, while
female mice seemed to bemore susceptible to ENNB. In this
study by Maranghi et al. (2018), mice were orally admin-
istered with ENN B (0.18, 1.8 or 18 mg/kg b.w. per day)
and BEA (0.1, 1 and 10 mg/kg b.w. per day) over a period
of 42 days. In males, the highest dose of ENN B led to an
increased food consumption and a decreased body weight,
and an increase in spleen weight and liver weight. In female
mice, a decrease in body and liverweight at the lowest dose of
0.18mg/kg b.w. per daywas observed, aswell as a decrease in
kidney and thymusweight at doses of 0.18 and 18mg/kg b.w.
ENN B increased the brain weight in males of all treatment
groups and in females treated with the highest dose. In con-
trast, BEA increased body weight of both sexes during the
treatment period at the highest dosage. BEA also caused a
decrease in liver weight (at 10mg/kg b.w. per day), in mesen-
teric lymph nodes (at 1 mg/kg b.w. per day), in kidney (at 1
and 10 mg/kg b.w. per day), in thymus (at 1 mg/kg b.w. per
day), and in heart (at 10 mg/kg b.w. per day) of male mice,
while thyroid weight was decreased (at 1 mg/kg b.w. per day)
in female mice (Maranghi et al. 2018). Different outcomes
were obtained in a study by Ojiro et al. (2023) on ENN B,
in which no clinical signs or alterations in body weight in
any treatment group were observed, and the induced changes
in food consumption were not dose related. These findings
suggested a very low toxic potential of ENN B for mice at
dose levels up to 30 mg/kg b.w. per day over a period of
28 days (Ojiro et al. 2023). Moreover, Rodriguez-Carrasco
et al. (2016) also observed that a 5 mg/kg injection of ENNB
or BEA in mice for 2 or 3 consecutive days did not cause
reduced food and fluid consumption, fatigue or body weight
alterations, and no signs of macroscopical or histopathologi-
cal changes in the organs’ architecture (Rodriguez-Carrasco
et al. 2016).

In vivo exposure to mixtures of ENNs have been
approached in previous studies. A study conducted for
10 days in mice exposed twice a day to an intraoral admin-
istration of a 1% topical spray of fusafungine, showed
low-grade dysplasia, fibrosis, hyperplasia, congestion, and
oedema in the oropharyngeal mucosa, but without statistical
significance (Yuca et al. 2006). Conversely, a repeated-dose
28-day oral toxicity study of an ENN complex (ENN B,
ENN B1 and ENN A1) in mice reported a decreased food
consumption inmale (administered with 4 and 20mg/kg b.w.
per day) and in femalemice (administeredwith 20mg/kg b.w.
per day), but no clinical changes or alterations in bodyweight
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were observed during the experiment, and no alterations in
haematology, blood chemistry, or histopathology parameters
were observed at the end of administration period (Okano
et al. 2021). InWistar rats, a single orally administrated dose
of an ENNmixture (1.19, 2.16, 1.03 and 1.41 mg/kg b.w. for
ENNA, A1, B and B1, respectively) also showed no adverse
effects during 8h of the experiment (Escriva et al. 2015).

Concerning the effects of these mycotoxins on birds,
most of the studies have been conducted on poultry. The
EFSA CONTAM Panel identified, for broilers and laying
hens, no-observed-adverse-effect levels (NOAELs) of 244
and 763 μg/kg b.w. per day for ENN B1 and NOAELs
of 216 and 674 μg/kg b.w. per day for ENN B, respec-
tively (EFSA 2014). Fraeyman et al. (2018a) investigated the
impact of subchronic ENNB exposure (2352μg/kg feed) on
broiler chickens for up to 21 days. Histopathological analy-
ses revealed that while no major abnormalities were found in
the liver, proliferation of enterocytes in the duodenal crypts
was inhibited, but the villus length, crypt depth, or villus
length-crypt depth ratio of the jejunum and ileum were not
affected (Fraeyman et al. 2018a). Furthermore, a study on
broiler chickens exposed to contaminated feed has shown a
strong positive correlation between the feed conversion ratio
(FCR—ratio of total feed consumed to live body weight of
chicken at the end of the trial) and the exposure tomixtures of
ENNs (ENN A, A1, B and B1; coefficient of determination
(R2) = 0.60) and BEA (R2 = 0.73), suggesting mycotoxins
may negatively impact bird FCR, as increase in levels of toxin
mixtures resulted in higher FCR (Kolawole et al. 2020).

In vivo effects on fish were approached by Berntssen et al.
(2023) demonstrating that both ENN B (0.3, 5.2, 83 mg/kg
feed) and BEA (0.3, 4.8, 46 mg/kg feed) were not able
to affect bone formation as assessed from x-ray evalua-
tion in farmed Atlantic salmon (Salmo salar), but caused a
reduced specific growth rate, with a more pronounced effect
in ENN B- (at medium and high exposure level) than in
BEA-fed fish (only at the highest exposure level) over a
period of 69 days and 76 days (Berntssen et al. 2023). In
zebrafish (Danio rerio), exposure to ENN A, ENN B and
BEA in egg water did not cause any anatomical phenotype,
and the development and growth of zebrafish larvae were not
affected. However, an increased percentage of dead larvae
was observed with the increased concentrations of ENN A
andENNBdissolved inwater, and a 100%deathwas reached
with 25μMof ENNA and ENNB at 24 h and 48 h exposure.
BEA caused 100% dead larvae at the highest concentration
(64 μM) at 24h, while at 8 μM and 72 h none of the larvae
were dead. Concerning motility, all the three toxins impaired
larvae motility, with ENN A showing the lowest values in
motion followed by BEA and ENN B.When exposed to sev-
eral combinations of these toxins (binary and tertiary), no
alive larvae were recorded after 24 h and none evolved after
6 h of exposure (Juan-Garcia et al. 2021b). Other aquatic

species were also assessed in recent studies. The IC50 val-
ues in Daphnia magna exposed to BEA and ENN B were
determined by Juan-García et al. (2023). For BEA, the IC50

values ranged from 28 μM to 10.7 μM at 48 h and 168 h,
respectively, and for ENN B from 12.5 μM to 4.5 μM at
48 h and 168 h, respectively. When in mixtures, the combi-
nation of low concentrations of BEA + ENN B (2 μM +
0.8 μM) reduced survival to 67%, while higher concentra-
tions (8μM+ 1.6μM) reduced to 52%after 96h of exposure.
For both toxins individually, an increase in the offspring ofD.
magnawas also noted; however, when inmixture, the combi-
nation of the highest concentrations caused a decrease in the
offspring of 0.64-fold compared to the control. Moreover,
BEA, ENN B and their mixtures also induced changes in
the swimming patterns measured after 3h of exposure (Juan-
García et al. 2023). BEA-induced toxic effects were also
measured in Caenorhabditis elegans. In a study by Buchter
et al. (2020), survival rates of 29.3, 33.2, 30.4 and 34% were
obtained after a 48 h exposure to 100, 500, 750 and 1000μM
of BEA, respectively, while in controls a 96% survival was
reached. The effectswere also observed in themean life span,
with a reduction of 13% compared to the controls, and in
animals, body size showing a dose-dependent reduction in
the mean length and area compared to the controls. Progeny
was also affected, showing a decline to 46.9, 47.9 and 37.1
larvae per nematode (vs. 59.3 larvae per nematode in con-
trols) after exposure to 10, 50 and 100 μM, as well as animal
locomotion, and their susceptibility to thermal stress.Median
survival was reduced by 3.2, 10.8 and 14% with incubation
with 10, 50 and 100 μM of BEA, respectively (Buchter et al.
2020).

Summary

Evidence shows that ENNs and BEA can exert cytotoxic
effects in multiple human in vitro models. The toxic con-
centrations vary between experiments, largely depending
on experimental protocols including endpoints, cell types,
exposure time, and the individual ENN analogue. In most
studies, the cytotoxic effects of BEA and ENNs appear
in the low μM range, with IC50 values in the range of
0.5 to 50 μM. The cytotoxicity increases with prolonged
exposure time leading to lower IC50 values. Several com-
parative cytotoxicity studies have been conducted, yielding
varied outcomes influenced by factors such as cell type,
assay selection, and exposure duration (Ivanova et al. 2006;
Meca et al. 2011a; Olleik et al. 2019; Prosperini et al. 2014).
By comparing the cytotoxicity data amongst the most stud-
ied cell lines, it seems that lung cells a more susceptible
compared to liver and intestinal cells. Among the ENN vari-
ants studied, ENN B emerges as the least toxic counterpart,
while ENN A and ENN B1, followed by ENN A1 and
BEA seem to exhibit higher cytotoxicity across multiple cell
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lines. However, more in vitro studies using metabolically
active cell lines such as HepaRG cells or primary hepato-
cytes are needed. These cell types more closely mimic the
livers in vivo conditions, especially in terms of detoxifica-
tion andmetabolisation capabilities. The combined effects of
ENNs and BEA remain yet poorly addressed, but the avail-
able data suggest the occurrence of ENNs interactions that
may enhance their effects in mixtures. The results from a
limited number of mechanistic studies using transcriptomic
approaches revealed that both ENN B and BEA negatively
affect mitochondrial metabolism and cellular respiration and
that their mixture has the additional potential of creating an
imbalance of cell redox status. Furthermore, ENN B and
ENN B1 were able to down-regulate genes related to sev-
eralmetabolic pathways ofHepaRGspheroids, especially the
steroid hormone biosynthesis pathway, that may impact the
overall hormone production and that deserves further inves-
tigation in whole organisms. Although diverse toxic effects
have been described in several different species, it is agreed
that in vivo studies regarding toxic effects of ENNs and BEA
are still scarce (Caloni et al. 2020; De Felice et al. 2023). The
general toxic effects caused by these mycotoxins seem to be
mild across different animalmodels, but higher susceptibility
was observed in some species and sex-specific effects must
also be taken into account.

In vitro and in vivo genotoxicity

Genotoxicity may lead to adverse effects, including can-
cer, aging, and genetic diseases (if germ cell mutagenesis
occurs), all of which aremajor concerns for human health. To
ensure the safety of food-related compounds, the assessment
of genotoxic effects is mandatory. Such assessments should
evaluate the induction of gene mutations as well as chromo-
somal damage (i.e. structural and numerical chromosomal
aberrations) (EFSA 2011, 2017). The available in vitro and
in vivo studies investigating the genotoxicity and mutagenic-
ity of ENNs and BEA are summarised in the next sections.

In vitro studies

Bacterial cells

Fotso and Smith (2003) first investigated the mutagenic-
ity of BEA in a bacterial reverse mutation assay using
the Salmonella typhimurium strains TA97, TA98, TA100,
TA102, and TA1535. BEA was found not to be mutagenic to
these strains up to a concentration of 500 μg/plate. More-
over, the use of an external metabolising enzyme system
(rat liver S9 fraction, up to 10%) had no impact on the
number of revertant colonies induced by BEA. No toxic-
ity data were provided for the tested S. typhimurium strains

(Fotso and Smith 2003). The mutagenic potential of ENN B
was assessed in TA98, TA100, TA102 and TA104 strains.
ENN B and its metabolites (generated by rat liver S9 frac-
tion) were not mutagenic up to the toxic concentration of
100 μM (Behm et al. 2009). Another study reported that
ENN A1 and ENN B1 exert no mutagenic potential in the
tested strains TA98 and TA100, both in the absence or pres-
ence of rat liver S9 fraction up to a concentration of 200 μM
(Yilmaz 2014). No toxicity data were provided.

Mammalian cells

No mammalian gene mutation assays have so far been per-
formed with BEA. In contrast, several studies have already
demonstrated that BEA induces micronucleus (MN) for-
mation in various cell lines (Table 3). Klarić et al. (2008)
conducted a cytokinesis-block MN assay on PK15 cells,
where they exposed the cells to different BEA concentra-
tions (0.05, 0.5 and 5 μg/mL; corresponding to 0.064, 0.64,
and 6.4 μM) for either 24 h or 48 h in the absence of S9
metabolic fraction. After 24 h, the MN frequency signifi-
cantly increased at concentrations of 0.64 μM and 6.4 μM.
Similar results were obtained in the 48 h exposure scenario,
although the increase in MN frequency was only statistically
significantly different from the negative control at the highest
tested concentration (6.4 μM). It should be noted that cyto-
toxicity was not assessed in this study (Klarić et al. 2008).
Celik et al. (2010) also reported an increase in MN forma-
tion in human lymphocytes after 48 h of exposure to 5 and
10μMBEAin the absence of S9metabolic activation.Within
the same study, a chromosomal aberration test and a sister-
chromatid exchange (SCE) assaywere performed to examine
the effect of BEA on human lymphocytes exposed to con-
centrations ranging from 1.25 to 10 μM for 48 h. Increases
in the number of chromatid and chromosome breaks, frag-
ments, numerical aberrations, and SCE were observed at all
concentrations tested. It should be noted that a strong reduc-
tion of cell-proliferating ability (mitotic index) was observed
at the two highest test concentrations of 5 and 10 μM (Celik
et al. 2010). In another study by Juan-Garcia et al. (2019),
HepG2 cells were exposed to different concentrations (0.3 to
2.5μM) of BEA for 24 h in the absence of S9metabolic frac-
tion. A statistically significant increase in the MN frequency
was present only at a concentration of 1.25μM. Cytotoxicity
was investigated by the authors in parallel assays. The IC50

value of BEA in HepG2 cells was estimated to be 7.01 μM
after 48h of exposure, the time point at which MN forma-
tion was measured in this study (Juan-Garcia et al. 2019).
Maranghi et al. (2018) also observed an increase in MN
formation in undifferentiated HepaRG cells after 4h expo-
sure to 6.3 μM BEA, while the next higher concentration of
12.5 μMwas cytotoxic. In TK6 cells exposed to BEA for 3h
(0.6–10μM) or 24 h (0.3–5μM), no effect onMN formation
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Table 3 In vitro genotoxicity and mutagenicity studies on beauvericin and enniatins

Assay Cells, Test system Exposure conditions
(mycotoxin,
concentration, duration)

Effects References

Beauvericin

Alkaline Comet assay Blood cells 0.1 and 0.5 μM
1 h, 24 h
Standard alkaline comet
assay

1 h: negative
24 h: positive at 0.5 μM
(DNA damage)

No toxicity data

Klaric et al. (2010)

Caco-2 1.5—12 μM
24 h
Standard alkaline comet
assay

Positive at 12 μM
IC50: 8.8 μM (NR),
20.6 μM (MTT)

Prosperini et al.
(2013a)

CHO-K1 0.1, 1 and 5 μM
24 h
Standard alkaline comet
assay

Positive at 1 μM
Cell viability > 75%

Mallebrera et al.
(2016)

HEK293T 25 μM
24 h
Standard alkaline comet
assay

Negative
No toxicity data

Tran et al. (2020)

HL-60 20 μM
1 h
Standard alkaline comet
assay

Negative
Cell viability > 90% (assay
not specified)

Dornetshuber et al.
(2009a)

Jurkat-T 1.5, 3 and 5 μM
24 h
Standard alkaline comet
assay

Positive at 3 and 5 μM
Cell viability > 60%

Manyes et al. (2018)

KB-3–1 20 μM
1 h
Standard alkaline comet
assay

Negative
Cell viability > 90% (assay
not specified)

Dornetshuber et al.
(2009a)

PK15 0.1 and 0.5 μM
1 h, 24 h
Standard alkaline comet
assay

1 h: negative
24 h: positive at 0.5 μM
(DNA damage)

Cell viability > 82%

Klaric et al. (2010)

Bacterial reverse mutation
assay

Salmonella typhimurium
TA97, TA98, TA100,
TA102 and TA1535

Spot test with single
concentration of
2 μg/plate, ± S9

Negative Fotso and Smith
(2003)

Plate incorporation test
0.2–500 μg/plate, ± S9

Negative

Preincubation test with
single concentration of
20 μg/plate, + S9

Negative

Chromosomal aberration
test

Human lymphocytes 1.25–10 μM, – S9
48 h

Positive from 2.5 μM Celik et al. (2010)

DNA intercalation assay Salmon sperm DNA 50–150 μM
2 h

Weak DNA intercalation Dornetshuber et al.
(2009a)

Micronucleus assay HepaRG (undifferentiated) 0.8–12.5 μM, – S9
4 h

Positive at 6.3 μM;
cytotoxic at 12.5 μM

Maranghi et al.
(2018)

HepG2 0.312–2.5 μM
48 h

Positive at 1.25 μM Juan-Garcia et al.
(2019)

Human lymphocytes 1.25–10 μM, – S9
48 h

Positive from 5 μM Celik et al. (2010)
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Table 3 (continued)

Assay Cells, Test system Exposure conditions
(mycotoxin,
concentration, duration)

Effects References

PK15 0.05–5 μg/mL (6.4 nM to
6.4 μM)

24 h, 48 h

24 h: positive from
0.5 μg/mL

48 h: positive at 5 μg/mL

Klarić et al. (2008)

TK6 0.625–10 μM, ± S9
3 h
0.312–5 μM, – S9
24 h

Negative
Negative

Maranghi et al.
(2018)

Sister chromatid
exchange test

Human lymphocytes 1.25–10 μM, – S9
48 h

Positive at all doses Celik et al. (2010)

γH2AX HepaRG (undifferentiated) 0.01–25 μM
24 h

Positive ≥ 0.39 μM
(cytotoxic)

Maranghi et al.
(2018)

Topoisomerase I and II
inhibition

supercoiled pGEM1
plasmid DNA

1 nM to 1 mM Positive > 100 μM Dornetshuber et al.
(2009a)

Enniatin A

Alkaline Comet assay Caco-2 1.5 and 3 μM
24 h
Standard alkaline comet
assay

Positive ≥ 1.5 μM
(tail moment)

Prosperini et al.
(2013b)

HEK293T 25 μM
24 h
Standard alkaline comet
assay

Positive (tail intensity %) Tran et al. (2020)

Human lymphocytes 0.07–1.15 μM
1h

Positive ≥ 0.14 μM
(tail intensity %), no
concentration
dependency

Mamur et al. (2018)

Chromosomal aberration
test

Human lymphocytes 0.07–9.17 μM
24 h, 48 h

Negative Mamur et al. (2018)

Micronucleus assay Human lymphocytes 0.07–9.17 μM, – S9
48 h

Negative Mamur et al. (2018)

Sister chromatid
exchange test

Human lymphocytes 0.07–9.17 μM
24 h, 48 h

Negative Mamur et al. (2018)

Enniatin A1

Alkaline Comet assay Caco-2 1.5 and 3 μM
24 h

Positive at 3 μM (tail
moment)

Prosperini et al.
(2013b)

HEK293T 25 μM
24 h

Positive (tail intensity %) Tran et al. (2020)

Bacterial reverse mutation
assay

Salmonella typhimurium
TA98, TA100

Plate incorporation test
12.5 μM to 200 μM, ± S9

Negative Yilmaz (2014)

Enniatin B

Alkaline Comet assay Caco-2 1.5–3 μM
24 h

Negative Prosperini et al.
(2013b)

HEK293T 25 μM
24 h

Positive (tail intensity %) Tran et al. (2020)

Jurkat-T 1.5, 3 and 5 μM
24 h

Negative Manyes et al. (2018)

RAW264.7 2.5 and 5 μM, ± FPG
24 h

Negative Gammelsrud et al.
(2012)
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Table 3 (continued)

Assay Cells, Test system Exposure conditions
(mycotoxin,
concentration, duration)

Effects References

V79 0.1–100 μM, ± FGP
enzyme

3 h, 18 h

Negative Behm et al. (2009)

Bacterial reverse mutation
assay

Salmonella typhimurium
TA98, TA100, TA102 and
TA104

Preincubation test
100 nM to 100 μM, ± S9

Negative;
Cytotoxic at 100 μM

Behm et al. (2009)

HPRT V79 0.1–20 μM, ± S9
4 h

Negative;
Cytotoxic at 20 μM

Behm et al. (2009)

Micronucleus assay HepaRG (undifferentiated) 0.8–25 μM, – S9
4 h

Negative Maranghi et al.
(2018)

TK6 0.625–10, ± S9
3 h
0.625–10, – S9
24 h

Negative
Negative

Maranghi et al.
(2018)

V79 0.03–10 μM
18 h

Negative Behm et al. (2009)

γH2AX HepaRG (undifferentiated) 0.01–25 μM
24 h

Positive ≥ 1.56 μM;
Inhibitory effects on cell
proliferation ≥ 0.01 μM

Maranghi et al.
(2018)

Enniatin B1

Alkaline Comet assay Caco-2 1.5 and 3 μM
24 h

Positive at 3 μM (tail
moment)

Prosperini et al.
(2013b)

HEK293T 25 μM
24 h

Positive (tail intensity %) Tran et al. (2020)

Bacterial reverse mutation
assay

Salmonella typhimurium
TA98, TA100

Plate incorporation test
12.5 μM to 200 μM, ± S9

Negative Yilmaz (2014)

ENN mixture (3% A, 20% A1, 19% B, 54% B1)

Alkaline Comet Assay HL-60 20 μM
1 h

Negative Dornetshuber et al.
(2009a)

KB-3–1 20 μM
1 h

Negative Dornetshuber et al.
(2009a)

DNA intercalation assay Salmon sperm DNA 50–150 μM
2 h

weak DNA intercalation Dornetshuber et al.
(2009a)

Topoisomerase I and II
inhibition

supercoiled pGEM1
plasmid DNA

1 nM to 1 mM Positive > 100 μM Dornetshuber et al.
(2009a)

Caco-2 human colon adenocarcinoma, CHO-K1 Chinese hamster ovary cells, HEK293T human embryonal kidney, HepaRG human hepatoma,
HepG2 human hepatocarcinoma, HL-60 human acute myeloid leukaemia, Jurkat-T human leukemic lymphoblasts, KB-3-1 human cervix car-
cinoma, PK15 porcine kidney epithelial, RAW264.7 murine macrophages, TK6 human chronic myeloid leukaemia, V79 Chinese hamster lung
fibroblasts,MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, γH2AX: H2A histone family member X (form γ),HPRT : Hypox-
anthine–guanine phosphoribosyl transferase

was observed either in absence or presence of rat S9 fraction.
In the 3h condition, BEA was less toxic to the TK6 cells in
the presence of S9 mix as reflected by the cytostasis values at
10μMcorresponding to 17% and 100%with and without S9
mix, respectively. When exposure was prolonged to 24 h, a
cytostasis value of 79% was already observed at the 2.5 μM
of BEA (Maranghi et al. 2018).

BEA has been tested with the in vitro comet assay in six
studies. All of them were performed with the standard alka-
line comet assay (no enzymatic detection of specific DNA
lesions). Thus, only the induction of DNA strand breaks
and alkali-labile sites was studied. First, BEA was tested
in the HL-60 and the KB-3–1 cell line at 20 μM for 1h
with no detectable changes in the comet tail intensity. The
authors indicated that under these conditions cell viability
was higher than 90% (Dornetshuber et al. 2009a). Klaric
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et al. (2010) tested BEA at 0.1 μM and 0.5 μM for 1h and
24h in PK15 cells and in blood cells of one human volunteer.
In PK15 cells, statistically significant increases compared to
control in the tail length, tail intensity and tail moment were
observed at 0.5 μM after 24 h of exposure. Cell viability,
measuredwith the 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl
tetrazolium bromide (MTT) assay under these conditions,
was reported to be higher than 82%. In human blood cells,
a statistically significant increase was observed at 0.5 μM
after 24 h of exposure but only for tail moment. In this case,
toxicity data were not reported (Klaric et al. 2010). In Caco-
2 cells treated with BEA (1.5, 3 and 12 μM) for 24 h, only
the highest concentration showed a statistically significant
increase of the tail moment. However, cell toxicity under
these conditions could have been high as the authors reported
IC50 values of 8.8–20.6 μM in the neutral red uptake (NRU)
andMTT assays, respectively (Prosperini et al. 2013a). BEA
showed no statistically significant DNA damage, measured
as % DNA in tail (i.e. tail intensity), in HEK 293T cells
treated with 25 μM BEA for 24 h. It should be noted that
no toxicity data were provided under the conditions tested
in the comet test (Tran et al. 2020). In a more recent study
by Mallebrera et al. (2016), the alkaline comet assay was
employed using CHO-K1 cells treated with 0.1, 1, and 5 μM
of BEA for 24 h. Among these concentrations, only 1 μM
resulted in a statistically significant increase compared to
the control. Under these experimental conditions, the IC50

value determined via the MTT assay was calculated to be
10.7 μM, with cell survival exceeding 75% at the 1 μM con-
centration (Mallebrera et al. 2016). Finally, in Manyes et al.
(2018), a dose-dependent increase in the percentage of DNA
in the comet tail was observed in Jurkat T-cells exposed to
BEA at concentrations of 1.5, 3, and 5 μM for 24h, with
the two higher doses showing statistically significant differ-
ences compared to the control. Cell survival, assessed using
theMTT assay, was greater than 60% at 5μM, 75% at 3μM,
and 100% at 1.5 μM (Manyes et al. 2018).

Maranghi et al. (2018) measured the ability of BEA to
induce DNA double-strand breaks in undifferentiated Hep-
aRG cells using the γH2AX (H2A histone family member
X; form γ) assay. The treatment of cells with BEA at con-
centrations ranging from 0.01 to 25μM for 24 h showed that
γH2AX levels increased, but only at cytotoxic concentrations
higher than 0.39 μM (Maranghi et al. 2018).

Dornetshuber et al. (2009a) demonstrated through cell-
free assays that high concentrations (> 100 μM) of BEA can
significantly intercalate into double-stranded DNA (dsDNA)
and inhibit the catalytic activity of topoisomerase I and II
(Dornetshuber et al. 2009a).

To our knowledge, there is so far only one study that exam-
inedmutagenicity (base pair mutations, frameshift mutations
and small deletions and insertions) by ENNs in mammalian
cells. In the study performed by Behm et al. (2009), the

hypoxanthine–guanine phosphoribosyl transferase (HPRT)
genemutation assaywas performedwithENNB inV79 cells.
No increase in the gene mutation frequency was observed
after 4h treatment with ENN B in the range of 0.1 to 20 μM,
neither in the presence or absence of S9 metabolic fraction
(Behm et al. 2009).

Few studies are available assessing the effects of ENNs
on MN formation. Behm et al. (2009) did not observe an
impact on theMN frequency in V79 cells after 18h treatment
with ENN B in concentrations up to 10 μM in the absence
of S9 metabolic fraction. Testing at higher concentrations
is not to be considered relevant as in the NRU assay that
was performed in the same study, an IC50 value of 4μMwas
reported for ENNB after 48h inV79 cells (Behm et al. 2009).
Similarly, 4h treatment with ENN B (0.8–25 μM) did not
increase theMN frequency in undifferentiated HepaRG cells
in the absence of S9. Cytotoxicity was not observed in this
study at the highest tested concentration (25μM). In the same
study, no increase in MN formation was found in TK6 cells
treatedwith 0.6–10μMENNBfor 3 h and 24h in the absence
or presence of S9. Pronounced cytotoxicity was found after
24h treatment starting from 2.5 μM (Maranghi et al. 2018).
In addition, Mamur et al. (2018) reported no effect on MN
formation in human lymphocytes treatedwith concentrations
up to 9.17μMENNA for 48 h. Cytotoxicity was observed at
concentrations starting from 2.29 μM (Mamur et al. 2018).

ENN A, A1, and B1 induced DNA strand breaks in HEK
239T at 25 μM (no data for toxicity were provided) (Tran
et al. 2020) and in Caco-2 cells even at tenfold lower con-
centrations (1.5 and 3 μM, non-cytotoxic concentrations)
(Prosperini et al. 2013b) of each toxin after 24 h of expo-
sure, using the alkaline comet assay. Furthermore, ENN A
induced DNA damage in the comet assay in isolated human
lymphocytes atmuch lower concentrations (≥ 0.14μM)after
1h of exposure (Mamur et al. 2018). The authors stated that
the observed DNA damage after treatment with ENNs might
be related to oxidative stress, as increased ROS generation
and lipid peroxidation were observed in treated Caco-2 cells
(Prosperini et al. 2013b).Moreover, silibinin,which is known
to have potent antioxidant activity and protects various cell
lines from ROS, reduced the levels of DNA damage induced
by ENN A, A1, and B1 in HEK 239T cells, indicating that
ENN-induced genotoxicity may be associated with oxidative
stress (Tran et al. 2020). In contrast, ENN B did not increase
DNA damage in human Caco-2 cells (up to 3 μM, non-
cytotoxic concentrations) (Prosperini et al. 2013b), Jurkat-T
cells (up to 5 μM, non-cytotoxic concentrations) (Manyes
et al. 2018), and RAW264.7 cells (up to 5 μM, close to
LC50 values) (Gammelsrud et al. 2012) after 24 h exposure
assessed in the alkaline comet assay. In addition, ENNBeven
at much higher concentrations (up to 100μM) did not induce
DNA damage in V79 cells after a short exposure time of 3 h
or a longer period of 18h (Behm et al. 2009). No additional
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DNA damage was observed for ENN B after the addition
of formamidopyrimidine [fapy]-DNA glycosylase (Fpg), an
enzyme that converts 8-oxo-7,8-dihydro-2’-deoxyguanosine
to single-strand DNA breaks, in treated V79 and RAW264.7
cells at short (3h) and prolonged (18h and 24h) exposures
and low to high concentrations (0.1–100 μM) (Behm et al.
2009; Gammelsrud et al. 2012). In contrast, Tran et al. (2020)
showed that ENN B at a concentration of 25 μM induced
DNA strand breaks to a similar extent as ENN B1 after 24h
exposure in HEK 239T; however, the authors did not provide
data on the potential cytotoxicity of the concentrations tested
(Tran et al. 2020).

A complex mixture of ENNs (3% ENN A, 20% ENN A1,
19%ENNB, and 54%ENNB1homologues) did not increase
the DNA damage levels (mean comet tail intensities) after
1 h treatment of HL-60 and KB-3–1 cells. However, the
ENNmixture significantly reduced the H2O2-induced comet
tail intensity of HL-60 cells indicating potential antioxidant
activity (Dornetshuber et al. 2009a).

Contrary, in undifferentiated HepaRG cells ENN B
(0.01 to 25 μM) induced γH2AX formation concentration-
dependently starting from 1.56 μM, with a concurrent
reduction of cell viability. The authors declare that the
observed reduced cell viability was due to an inhibiting effect
on the cell proliferation already beginning at the lowest con-
centration of 0.01 μM (Maranghi et al. 2018). ENN B also
did not increase levels of γH2AX, as well as of p53 and p21
in RAW264.7 cells evaluated by Western blotting and flow
cytometry (Gammelsrud et al. 2012).

ENNA did not induce chromosomal aberration or SCE in
human lymphocytes at concentrations from 1.25 to 10 μM
for 48h of exposure (Mamur et al. 2018).

In a cell-free assay, Dornetshuber et al. (2009a) demon-
strated that a mixture of ENNs (3% A, 20% A1, 19% B, and
54% B1 homologues) intercalated substantially into dsDNA
and inhibit the catalytic activity of topoisomerase I and II but
only at high concentrations above 100 μM (Dornetshuber
et al. 2009a).

In vivo studies

There is only one comprehensive in vivo study in CD-
1 mice addressing the genotoxic potential of BEA and
ENN B. The approach by Maranghi et al. (2018) consisted
of an acute in vivo genotoxicity study over a maximum
period of 3 days and a combined repeated oral dose toxic-
ity studywith reproductive/developmental toxicity screening
over 42 days performed according to OECD TG 422 (see
details in Table 4). The acute genotoxic potential of BEA
and ENN B was assessed using the Alkaline Comet assay
according to OECD TG 489 in seven organs including liver,
blood, duodenum, kidney, colon, spleen, and bone marrow
andMN assay in bonemarrow and colon of male CD-1mice.

BEA showed no acute genotoxic potential up to a dosage of
200mg/kg b.w.The exposure toENNByielded an increase in
tail intensity at the lowest dose of 50mg/kgb.w. in kidney sec-
tions although no histopathological findings different from
the control sectionswere observed by γ2HAX staining. Liver
and bone marrow of ENN B exposed mice showed geno-
toxic effects in form of significantly increased tail intensity
in the intermediate and high dose of 100 and 200 mg/kg b.w.
However, no increase inmicronucleated, mitotic or apoptotic
cells was shown in the MN assay by either BEA or ENN B.
For the assessment of sub-chronic genotoxicity, male and
femaleCD-1micewere exposed toBEAandENNB for up to
42 days and different genotoxic endpoints were investigated
by Alkaline Comet assay, Neutral Comet assay, MN assay
and Pig-a gene mutation assay. BEA showed no genotoxic
potential, except for an increased tail intensity in kidney and
duodenum of male mice at the intermediate dose of 1 mg/kg
b.w. and an increased tail length in ovary at the highest dose
of 10 mg/kg b.w. ENN B exerts no genotoxic effects in vivo
after repeated oral administration. Although a decrease in
tail length was observed in kidney cells of female mice at
1.8 mg/kg b.w., the authors declare that this specific effect
by ENN B is of minor biological relevance due to a lack
of a crosslinking effect of ENN B leading to a decrease of
tail length and an inappropriate protocol for measuring such
effect (Maranghi et al. 2018).

Summary

The few studies available do not provide evidence for the
induction of gene mutations by BEA, ENN A, A1, B or B1.
However,most of the assays performed in bacterial cellswere
not entirely done according to the respectiveOECDguideline
(i.e., not all required five strains were used). Moreover, for
several bacterial reverse gene mutation studies, the highest
concentration testedwas lower than themaximumconcentra-
tion recommendedby theOECDandno informationbasedon
overt cytotoxicity and/or precipitation was provided to jus-
tify the lower maximum concentration. A mammalian gene
mutation study (i.e. the HPRT assay) was only performed for
ENNB. Testingwas done up to concentrations inducing clear
cytotoxicity and no evidence was found for the induction of
genemutations. The results on the induction of chromosomal
damage in vitro are not clear, due to contradictory findings.
For BEA, increasedMN formation was observed in different
cell systems in the absence of a metabolic activation system,
but not in TK6 cells. Moreover, in some studies, the increase
in chromosome damage was associated with high cytotox-
icity, whereas in other studies, the cytotoxic effects were
not assessed. Overall, BEA yielded negative results in the
comet assay at short exposure, while some studies reported
the induction of DNA damage after 24h of exposure. How-
ever, it should be noted that two out of the four in vitro studies

123



1828 Archives of Toxicology (2025) 99:1791–1841

Table 4 In vivo genotoxicity and mutagenicity studies of beauvericin and enniatins

Assay Animal, organ/tissue Route, dosage, duration Effects References

Beauvericin

Alkaline Comet Assay Male CD-1 mice (n =
5/group); liver, blood,
duodenum, kidney, colon,
spleen, bone marrow

Oral administration
50, 100 and 200 mg/kg b.w.
per day

3 days

Negative Maranghi et al.
(2018)

Male CD-1 mice (n =
5/group); liver, bone
marrow

Oral administration
50, 100 and 200 mg/kg b.w.
per day

48 h

Negative

Male and female CD-1 mice
(n = 10/group); liver,
blood, duodenum, kidney,
ovary, testis

Oral administration
0.1, 1 and 10 mg/kg b.w. per
day

42 days

Male mice: in kidney and duo-
denum increase in %TI at
1 mg/kg b.w

Female mice: in ovary
increase in tail length at
10 mg/kg b.w

Neutral Comet Assay Male CD-1 mice (n =
5/group); epididymal
sperm

Oral administration
0.1, 1 and 10 mg/kg b.w. per
day

42 days

Negative

Micronucleus assay Male CD-1 mice (n =
5/group); colon

Oral administration
50, 100 and 200 mg/kg b.w.
per day

3 days

Negative

Male CD-1 mice (n =
5/group); bone marrow

Oral administration
50, 100 and 200 mg/kg b.w.
per day

48 h

Negative

Male and female CD-1 mice
(n = 10/group); blood

Oral administration
0.1, 1 and 10 mg/kg b.w. per
day

42 days

Negative

Pig-a gene mutation
assay

Male and female CD-1 mice
(n = 10/group); blood

Oral administration
0.1, 1 and 10 mg/kg b.w. per
day

42 days

Negative

Enniatin B

Alkaline Comet Assay Male CD-1 mice (n =
5/group); liver, blood,
duodenum, kidney, colon,
spleen, bone marrow

Oral administration
50, 100 and 200 mg/kg b.w.
per day

2 days

Kidney: increase in %TI at
50 mg/kg b.w

Maranghi et al.
(2018)

Male CD-1 mice (n =
5/group); liver, bone
marrow

Oral administration
50, 100 and 200 mg/kg b.w.
per day

48 h

Liver: increase in %TI from
100 mg/kg b.w

Bone marrow: increase in
%TI at 200 mg/kg b.w

Male and female CD-1 mice
(n = 10/group); liver,
blood, duodenum, kidney,
ovary, testis, epididymis

Oral administration
0.18, 1.8 and 18 mg/kg b.w.
per day

42 days

Male mice: negative
Female mice: in kidney
decrease in tail length at
0.18 mg/kg b.w. and
increase of % hedgehogs at
1.8 mg/kg b.w. (the authors
declare that this effect is of
minor biological relevance);
no results for blood due to
damaged control blood
sample
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Table 4 (continued)

Assay Animal, organ/tissue Route, dosage, duration Effects References

Neutral Comet Assay Male CD-1 mice (n =
5/group); epididymal
sperm

Oral administration
0.18, 1.8 and 18 mg/kg b.w.
per day

42 days

Negative

Micronucleus assay Male CD-1 mice (n =
5/group); colon, bone
marrow

Oral administration
50, 100 and 200 mg/kg b.w.
per day

48 h

Negative

Male and female CD-1 mice
(n = 10/group); blood

Oral administration
0.18, 1.8 and 18 mg/kg b.w.
per day

42 days

Negative

γH2AX assay Kidney section of male
CD-1 mice (n = 5/group);
kidney

Oral administration
50, 100 and 200 mg/kg b.w.
per day

2 days

Negative

Pig-a gene mutation
assay

Male and female CD-1 mice
(n = 10/group); blood

Oral administration
0.18, 1.8 and 18 mg/kg b.w.
per day

42 days

Negative

γH2AX H2A histone family member X (form γ), TI tail intensity

performing the comet assay only used a single concentra-
tion of BEA. Moreover, it should be further confirmed if the
positive DNA damage response occurred at concentrations
close to the IC50 (as shown by (Prosperini et al. 2013a)) or
not (at concentrations inducing less than 20% cytotoxicity as
shown by (Klaric et al. 2010)). Relating comet assay results
to cytotoxicity is crucial, as highly cytotoxic concentrations
may give rise to false positive results (Azqueta et al. 2022).
Increased formation of chromosomal aberrations and sister
chromatid exchanges, inhibition of topoisomerase I and II,
weak intercalation in salmon sperm DNA and increased lev-
els of γH2AX have also been reported after in vitro exposure
to BEA. However, given the equivocal findings and the limi-
tations within most of the studies, it remains unclear if BEA
is genotoxic in vitro. The same holds true for the ENNs,
although in general, less positive results were reported for
these mycotoxins. ENN B and ENN A did not induce MN
formation under any of the conditions tested and ENNAwas
also reported to be negative in the in vitro chromosomal aber-
ration assay. In contrast, both ENNs as well as ENN A1 and
B1, showed a genotoxic effect in one of the in vitro comet
assays, although other in vitro comet assays with ENN B
were negative.

In the latest EFSA opinion on the genotoxicity of BEA,
the most recent in vitro studies in mammalian cell lines were
considered as providingno convincing evidence for induction
of chromosomal damage in the micronucleus and chromo-
some aberration tests or an increase of DNA strand breaks

in the Comet assay (EFSA 2024), since no concentration-
dependent effects were observed. Conversely, in vivo studies
using the Comet and the Pig-a assays and the micronucleus
test with BEA were negative, while equivocal results were
observed in DNA damage in the duodenum and kidney, only
seen at one dose level in one sex, leading to the assessment
that BEA is devoid of genotoxic potential (EFSA 2024). On
the other hand, the in vivo study results using ENN B sup-
port a genotoxic effect in bone marrow and liver cells after
acute treatment, but not after repeated exposure (Maranghi
et al. 2018). Overall, there are many data gaps concerning
several toxins, and further testing according to current test
guidelines is needed to conclude on genotoxic properties of
these compounds.

Immunotoxicity in vitro and in vivo

In recent years, selected studies have explored immunotoxic
effects ofmycotoxins, including ENNBandBEA, on diverse
immune cell types using in vitro and in vivo studies. An
increased recognition of the importance of immunotoxicity
as a toxicological endpointwill enhance our understanding of
the likely concentration-dependent immunomodulation and
subsequent health effects such as increased susceptibility to
infection as a result of immunosuppression.
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In vitro studies

Macrophages

Non-cytotoxic concentrations (≤ 2.5 μM) of ENN B
induced cell cycle arrest in themurinemonocyte-macrophage
RAW264.7 cell line and increased the secretion of the
proinflammatory cytokine interleukin (IL)-1β in lipopolysac-
charide (LPS)-primed RAW264.7 cells (Gammelsrud et al.
2012). These effects were reduced by inhibitors of cas-
pase 1 or cathepsin B, indicating that caspase 1 and the
lysosomes were involved in ENN B-induced cell death and
IL-1β release. The authors hypothesised that ENN B acti-
vates the inflammasome and IL-1β secretion by damaging
the lysosome, as transmission electronmicroscopy images of
ENN B-exposed cells showed damaged lysosomes. ENN B
has also been shown to affect lysosomal stability and the
release of cathepsin B from lysosomes to the cytoplasm in
Caco-2 cells (Ivanova et al. 2012). In support of this, in
mouse embryo fibroblasts, ENN B1 was found to destabilise
the lysosomal membrane, resulting in leakage of chaperone-
mediated autophagy-associated components (hsc70, hsp90,
LAMP-2) into the cytosol (Oliveira et al. 2020). Comparable
to murine RAW264.7 cells, also in human monocytic THP-1
cells, IL-1β expression was increased after co-exposure to
LPS and ENN B (Korkalainen et al. 2017). In contrast to
these more pro-inflammatory signals in already stimulated
cells, another study showed that endocytosis decreased in
macrophages that were exposed to 0.32 or 0.64 μM BEA or
1μMENNB during their differentiation from human umbil-
ical cord blood (Ficheux et al. 2013). In accordance, ENN B
(10 μM, 24 h) was also found to inhibit membrane-raft
dependent endocytosis in RAW264.7 macrophages (Gam-
melsrud et al. 2012). Furthermore, ENN B did not affect
monocyte to macrophage differentiation of THP-1 cells at
lower concentrations (≤ 0.5 μM) (Solhaug et al. 2016). In a
Transwell co-culture model with bovine mammary epithelial
cells (MAC-T) and macrophages (BoMAC), epithelial cells
were treated for 48hwith 20% cytotoxicity-inducing concen-
trations of ENN B (29.9 μM) and BEA (11.3 μM). Analysis
of cytokine secretion in themacrophage supernatants showed
only decreases for IFN-γ, IL-8, IL-10, MCP-1 and IL-36RA
(only BEA) after further 24 h with or without LPS treatment.
However, the used concentrations were comparatively high,
and no data are given about toxicity of the concentration to
the macrophages (Shandilya et al. 2023).

Dendritic cells

Ficheux et al. (2013) demonstrated with long-term treatment
(once for 1–6 days) in human umbilical cord blood samples
that BEA and ENN B (1–2.4 μM) increase the secretion
of anti-inflammatory IL-10. While ENN B decreased the

expression of maturation markers such as cluster of differen-
tiation 80 (CD80),CD86 andC–Cchemokine receptor type 7
(CCR7), BEA only decreased CCR7 in dendritic cells from
human umbilical cord blood (Ficheux et al. 2013). Note-
worthy, decreased CCR7 might affect the initiation of the
adaptive immune response by interfering with dendritic cell
migration (Schaeuble et al. 2012). In contrast, Yang et al.
(2022) could stimulate the production of cytokine IL-12 and
the expression of CD86 in bone marrow-derived dendritic
cells with BEA, although higher levels of BEA (2.5–10 μM)
were tested for a shorter period (24 h) compared to the pre-
vious study. It was shown that these effects were mediated
through toll-like receptor 4 (TLR4) (Yang et al. 2022). The
involvement of TLR4 is consistent with reported findings of
synergistic effects of ENN B with the known TLR4 agonist
LPS in human THP-1 cells (Korkalainen et al. 2017) and
RAW264.7 cells (Gammelsrud et al. 2012), as mentioned
above. BEA (1.5 μM) alone did not affect the production of
the immune signalling molecule IL-8 in Caco-2 cells after
24 h, but the secretion was increased in combination with
DON (Albonico et al. 2016).

T lymphocytes

Apart for the already reported effects on macrophages and
dendritic cells, BEA and ENN B were also reported to elicit
responses in Jurkat-T cells, a human immortalised T lym-
phocyte cell line. Both mycotoxins were found to induce
cell death (with BEA being more potent; see Table 1) and
cause cell cycle arrest in S phase after 24 h of treatment
(at 5 μM with BEA and between 3 and 5 μM for ENN B)
(Manyes et al. 2018). In addition, BEA (1.5 to 5 μM) as
well as a mixture of BEA and ENN B (0.1 to 0.5 μM) were
able to alter the expression of several genes, mainly involved
in mitochondrial pathways (Escriva et al. 2019, 2018), but
also in genes linked to differentiation and immune response,
including IL-32 andABCG1. Noteworthy, co-exposure of the
Jurkat-T cells to both mycotoxins resulted in lower expres-
sion changes of IL-32 and ABCG1 compared to treatments
with single mycotoxins (Escriva et al. 2019).

In vivo studies

The existing bodyof research relating to in vivo immunotoxic
effects of both, ENNs and BEA, draws from a small pool of
studies.

For ENNs, there are two publications by Huang et al. in
2019 and 2022 looking at the effects of ENN B1 and ENN B
in pregnant mice. ICR mice (n = 20) were exposed daily
for 4 days to doses ranging from 0 to 7 mg/kg b.w. for both
ENNs. ENN B injection of female mice with 5 and 7 mg/kg
b.w. per day led to a significant downregulation of chemokine
(C-X-C motif) ligand 1 (CXCL1), IL-1β, and IL-8 mRNA
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in foetal liver extracts (at day one), whereas for ENN B1
this was only the case at 5 mg/kg b.w. per day. Together,
the studies show that these mycotoxins have the potential to
modulate or even suppress embryonic innate immune func-
tion, which warrants further investigations into long-term
effects on offspring resilience to infectious disease (Huang
et al. 2019, 2022). In a 28-day subchronic study in Wistar
Rats dosed with 465 mg ENN A/kg food (ad libitum, 28-
day exposure), CD3 + T lymphocytes remained unchanged
while the CD4 + T helper cell proportion increased, with a
relative decrease by CD8 + cells (Juan et al. 2014). How-
ever, the EFSA CONTAM panel stated that the implications
of these findings remain unclear (EFSA 2014). Maranghi
et al. (2018) evaluated the immunotoxicity of ENN B in CD-
1 mice dosed with 0.18, 1.8 and 18 mg/kg b.w. in a repeated
dose 28-day oral toxicity study according to OECD TG 407.
ENNB reduced IL-10 secretion and the number of CD3/CD8
+ T cells, an effect that was only noticeable in male mice at
1.8 mg/kg per day but led to increased serum antibody levels
(immunoglobulin (Ig) A and IgG) in females at this dose. The
study by Maranghi et al. (2018) also evaluated immunotoxi-
city of BEA by dosing CD-1 mice with 0.1, 1 and 10 mg/kg
b.w. per day over a period of 28 days. BEA had a more pro-
nounced effect inapparent in female mice; particularly the
increase of spleen T cell frequencies including CD3 + and
double positive CD3 + /CD4 + lymphocytes and changes
in cytokine production. Treatment with BEA for 42 days
resulted in increased interferon (IFN)-γ and IL-10 at 10 and
0.1 mg/kg b.w., respectively. Conversely, the innate immune
function, asmeasured by in vitro nitric oxide production from
isolated adherent splenocytes, in response to LPS stimula-
tion, was enhanced in male but not female mice (Maranghi
et al. 2018). Further evidence of the immunotoxicity of BEA
(4mg/kg b.w. per day for seven days) was demonstrated in an
experimental mouse colitis model whereby BEA decreased
serum levels of tumour necrosis factor (TNF)-α and IFN-γ
and induced apoptosis of activated T-cells. This immunosup-
pression led to an overall attenuated severity of colitis and
was linked to inhibition of IFN-γ/STAT1/T-bet and down-
regulation of PI3K/Akt signalling (Wu et al. 2013).

Summary

With regards to in vitro investigations of immunotoxicity,
several studies on ENN B and BEA were found. However,
no data is available for the other ENNs discussed in the
present review. In addition to the cytotoxic effects on immune
cells (see Sect. 3.1), an influence on immune cells at sub-
cytotoxic concentrations has been observed in some studies.
Also in vivo, immunomodulatory effects were found with
ENNA, B, B1 and BEA in mice and rats. In conclusion, both
ENN B and BEA showed immunomodulatory effects. The
stimulatory or suppressive direction of these effects appears

to be concentration- and toxin-dependent as well as on the
co-stimulatory signals in vitro and gender in vivo.

Endocrine effects

The endocrine system (ES) is composed of a group of struc-
tures called endocrine glands, responsible for the secretion of
hormones. These glands play a vital role in numerous critical
bodily functions, including growth and development, repro-
duction, electrolyte balance, immune response, and more.
Due to the complex nature of the ES and the necessity for
precise communication between organs, any disruption can
have widespread consequences throughout the entire organ-
ism. In this context, we will specifically examine in vitro
studies exploring the impact of ENNs and BEA on sex hor-
mone receptors and steroidogenesis. It is worth noting that
sex hormones indeed regulate the expression of many genes
involved in central nervous system development, reproduc-
tive function, foetal growth, cell proliferation, the immune
system, metabolism, and other processes. The identification
and characterisation of endocrine disrupting activity exerted
by ENNs and BEA, as well as their relative potency, would
be highly relevant for their risk assessment.

Effects on hormone receptors

Park and Lee (2021) investigated the agonistic and antago-
nistic effect of ENNA1 and ENNB1 on the human oestrogen
receptor (ER) α by using the VM7Luc ER according to
OECD TG 455 and human androgen receptor (AR) by using
the 22Rv1/MMTV_GR-KO AR transcriptional activation
assay according to OECD TG 458. No AR- or ER-mediated
transcriptional activation was induced upon any concentra-
tion used (up to 1 μM or 10 μM, respectively) after 24h.
On the other hand, ENN A1 and ENN B1 reduced the sig-
nal caused by the respective positive controls suggesting an
antagonistic effect on ERα and AR. ENN A1 and ENN B1
had IC50 values of 0.914 μM and 1.03 μM on ERα and
0.765 μM and 0.813 μM on AR, respectively. To confirm
that both mycotoxins are true antagonists of ERα and AR, a
competitive binding assay was performed followed by stud-
ies on the induction of dimerization and translocation of ERα

and AR by ENN A1 and B1. Although both ENN A1 and
B1 were found to bind to ERα and AR, no receptor dimer-
ization or nuclear translocation was induced. The authors
concluded that the antagonistic effect could be attributed to
the competitive binding of both mycotoxins to the receptors
and subsequent blocking of the receptor dimerization which
is necessary for the translocation to the nucleus (Park and
Lee 2021).

ENN B-induced transactivation of ERα, AR, proges-
terone and glucocorticoid receptor has been tested in another
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study by using the human reporter gene cell lines MMV-
Luc, TARM-Luc, TM-Luc and TGRM-Luc. It was shown
that ENN B has no agonistic or antagonistic effect on the
tested hormone receptors up to a non-toxic concentration of
1.56 μM (Kalayou et al. 2015).

In the same test system, Fernandez-Blanco et al. (2016b)
examined possible receptor transactivation caused by BEA.
No AR agonistic activity was induced after 48h up to a non-
cytotoxic concentration of 1 μM. However, 1 μM BEA led
to a significant reduction of the luciferase signals mediated
by the progesterone receptor and the glucocorticoid receptor.
As the next higher concentration of 10μMwas cytotoxic, the
authors used High Content Analysis (measuring cell number,
nuclear area, plasma membrane permeability, mitochondrial
membrane potential and mitochondrial mass) to check for
pre-lethal toxicity in the TM-Luc cell line. The authors con-
firmed the validity of the progesterone receptor antagonist
response by BEA due to the lack of pre-lethal toxicity. BEA
reduced also androgenic and estrogenic signals, but only at
cytotoxic concentrations (10 μM) (Fernandez-Blanco et al.
2016b). In a reporter gene assay using plasmids expressing
the human androgen and the marine sea bass oestrogen and
avian thyroid receptor, BEA did not activate those receptors
but had antagonistic effects on the androgen receptor and the
thyroid receptor at 3.125 μM and 0.78 μM, respectively. In
the androgen receptor cell model, BEA, however, induced
cytotoxicity at the (next) highest dose tested in the cell via-
bility assay (25 μM) (Garcia-Herranz et al. 2019).

Effects on steroidogenesis

Studies describing adverse effects on steroidogenesis are
available for ENN A, B and BEA, mostly on animal cell
lines.

ENN B (0.01–100 μM) was able to reduce the level of
testosterone, cortisol and progesterone, but not estradiol in
H295R cells at concentrations higher than 10 μM. Mech-
anistically, the effect was confirmed by qPCR in H295R
cells, demonstrating the repression of genes encoding for
enzymes up-stream of the cholesterol synthesis (3-hydroxy-
3-methylglutaryl-coenzyme A reductase (HMGCR)), or
involved in the transformation of cholesterol in proges-
terone and pregnenolone (steroidogenic acute regulatory
protein (STAR), CYP11A, CYP17A1). On the contrary,
ENN B increased the expression of genes encoding enzymes
downstream of the progesterone synthesis and controlling
aldosterone and cortisol synthesis (CYP21A2, CYP11B1,
CYP11B2), aswell as estradiol synthesis (CYP19A1). ENNB
also reduced estradiol levels in unstimulated porcine Ley-
dig cells at 10 μM and inhibited the production of estradiol
and testosterone in LH-stimulated porcine Leydig cells, but
only at cytotoxic concentrations > 10 μM (Kalayou et al.
2015). Recently, a study reported that exposure of MA-10

Leydig cells to ENNB1, in the range 5–20μM, determined a
concentration–response decrease in progesterone and testos-
terone levels. In addition, in TM3 Leydig cells, ENN B1
at same dose regimen repressed gene and protein expres-
sion of enzymes involved in steroidogenesis (Insl3, Hsd3b1,
Cyp11a1, Cyp17a1, Hsd17b11, Star), especially at the two
highest concentrations. Such results should be taken with
caution as at 10 and 20 μMENN B1 decreased cell viability
by over 40% (Shen et al. 2024). In addition, ENN A demon-
strated to decrease the estradiol and progesterone secretion
in small and large follicles of bovine granulosa cells in the
range of 1 up to 5 μM, with a more pronounced effect on
the small follicles (Chiminelli et al. 2022b). BEA decreased
the secretion of both progesterone and estradiol in bovine
granulosa cells at 3 μM; however, at the cytotoxic concen-
tration of 10μM, only progesterone levels were inhibited. As
a confirmation, the expression of theCYP11A1 andCYP19A1
genes, encoding for the enzyme upstream progesterone and
estradiol synthesis, respectively, were decreased by BEA
treatment at 30 μM (Albonico et al. 2017). Conversely, an
increase ofCYP11A1 expression was noted in porcine cumu-
lus cells treated with BEA at a concentration of 10 μM even
if a decrease in progesterone secretion was evident at the
same concentration (Schoevers et al. 2016). A recent report
confirmed the repression of progesterone and estradiol pro-
duction by BEA on bovine granulosa cells at 6 μM (Spicer
and Schutz 2022).

Summary

Overall, the results from reporter gene studies were con-
sistent, showing no nuclear receptor-mediated agonistic
properties induced by ENNs and BEA up to the highest
concentrations tested. On the other hand, ENN A1 and B1
were found to induce ERα and AR antagonistic effects at
non-cytotoxic concentrations. BEAwas also found to exhibit
progesterone receptor antagonistic properties. Interpretation
of the results regarding AR, GR and thyroid receptor antag-
onistic effects induced by BEA and ENNs is challenging as
the decreased luminescence production was observed at or
close to cytotoxic doses.

Concerning steroidogenesis, there is strong evidence indi-
cating that BEA is able to reduce progesterone and estradiol
synthesis in bovine granulosa cell systems. Available evi-
dence on BEA effects in other steroidogenesis cell systems
is sparce. In addition, ENN B has been shown to decrease
testosterone, cortisol, estradiol and progesterone in different
cell systems when very high concentrations where tested.
ENN A has been also reported to decrease estradiol and
progesterone production while ENN B1 decreased proges-
terone and testosterone levels but at cytotoxic concentrations.
Although there is some evidence for disturbance of steroido-
genesis, drawing any conclusions based on these limited
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observations would be quite uncertain, highlighting the need
for further testing.

Reproductive and developmental toxicity
in vitro and in vivo

ENNs and BEA have been demonstrated to cause reproduc-
tive and developmental effects in several animal species by
impairing the development of oocytes, deregulating gran-
ulosa cell steroidogenesis, impairing sperm function, and
affecting testicular hormone synthesis amongst other effects
(Chiminelli et al. 2022a). The capacity of BEA and ENNs
to disrupt reproductive and developmental processes is
described in detail in this section.

In vitro and ex vivo studies

The effects of ENNs or BEA on ovarian function and early
embryo development have been studied in several in vitro
experimental models. In particular, BEA has been tested in
porcine, sheep, gilt and sow oocytes and embryos, bovine
granulosa cells as well as bovine ovarian cells. Oocyte and
embryo function and development were impaired by BEA at
concentrations as lowas2.5μM(Albonico et al. 2017;Caloni
et al. 2018; Mastrorocco et al. 2021, 2019; Perego et al.
2020; Schoevers et al. 2016, 2021). ENN B has been studied
in mouse blastocysts and porcine embryos and was shown
to impair embryo development at concentrations above 5
and 10 μM, respectively (Huang et al. 2022; Wang et al.
2021). The effects of BEA and ENNs on testicular function
have been also studied in a number of in vitro studies. In a
study using boar spermatozoamitochondrial impairmentwas
observed after treatment with BEA and a mixture of ENNs
(Tonshin et al. 2010). In a similar model, ENNA, A1, B, and
B1 inhibited boar sperm motility at concentrations ranging
from 0.73 to 0.78 μM (Hoornstra et al. 2003).

In vivo studies

Maranghi et al. (2018) examined the impact of BEA and
ENN B on the reproductive/developmental system of male
and female CD-1 mice and their offspring in a combined
repeated-dose oral toxicity study according to the OECD TG
422. CD-1 mice (male, female and dams) were administered
daily 0.1, 1 and 10 mg BEA/kg b.w. in olive oil or 0.18,
1.8 and 18 mg ENN B/kg b.w. in olive oil with 6% DMSO
at 5 days per week over a period of 42 days. BEA led to
a decreased absolute weight of the thyroid upon adminis-
tration of the intermediate dose of 1 mg/kg b.w. per day, but
only in femalemice. Inmalemice, histopathological analyses
revealed a colloid reduction in thyroid at 1 and 10mg/kg b.w.
per day, whereas pyknotic nuclei were increased in bothmale

and female mice at the highest dose of 10mg/kg b.w. per day.
ENNB increased the number of thyroid follicles inmalemice
at the highest tested dose of 18 mg/kg b.w. per day. In female
mice, the administration of BEA with 1 mg/kg b.w. per day
led to an increase of endometrial cysts in uteri, while BEA at
concentrations of 10mg/kg b.w. per day induced endometrial
hyperplasia. However, the lowest dose of BEA (0.1 mg/kg
b.w. per day) induced a decrease of the myometrial area.
ENNB increased both, the endometrial andmyometrial area,
when administered daily with 1.8 and 18 mg/kg b.w., and the
1.8 mg/kg b.w. per day dosing also increased the uterus lumi-
nal area. The administration of 10mgBEA/kg b.w. per day to
male mice resulted in a significant decrease in the percentage
of unaffected tubules in testes. In fact, there was a signifi-
cant increase in the percentage of atrophic tubules or tubules
with disorganised germ cells at the same dose. Regarding
hormone serum levels, BEA decreased serum testosterone
levels in female and male mice upon 1 and 10 mg/kg b.w.
per day, respectively. Conversely, ENNB decreased estradiol
serum levels in male mice at 18 mg/kg b.w. per day. Daily
BEA administration of 1 and 10 mg/kg b.w. and ENN B at
18 mg/kg b.w. resulted in a significant increase in serum T4
levels only in male mice, whereas female mice administered
with ENN B at 18 mg/kg b.w. per day showed significantly
lower thyroxine (T4) levels. Thyroid-stimulating hormone
(TSH) levels were unaffected by both mycotoxins. Dams
treated with 0.1 mg BEA/kg b.w. per day during pregnancy,
including the day four post-partum, showed a decrease in
absolute and relative weight of the thyroid. The adminis-
tration of BEA at 1 and 10 mg/kg b.w. per day increased
the degeneration of thyroid follicles. In addition, the highest
administered dose decreased the number of follicles and fol-
licular density in thyroid of dams. TSH serum levels were
found to be increased in dams administered with 0.1 mg
BEA/kg b.w. per day. The absolute and relative weight of
ovaries in damswere increased upon administration of 10mg
BEA/kg b.w. per day. The treatment with BEA and ENN B
showed no effect on the offspring, except a decreased weight
of pups at post-natal day four (PND4) after administration
of 1 mg BEA /kg b.w. per day to dams. According to the
authors, a correlation with BEA administration is unclear
(Maranghi et al. 2018). A study on male mice orally treated
with 5, 10 or 15 mg/kg b.w. ENN B1 for 4 weeks observed a
decrease in serum and intratesticular testosterone. Moreover,
serum luteinizing hormone and gonadotropin-releasing hor-
mone levels, as well as the activity of the testicular enzyme
biomarkers lactate dehydrogenase and succinate dehydroge-
nase were decreased in a dose-dependent manner. The same
study evidenced severe testicular damage, with alterations in
germ cell arrangement, decrease of cellular layers and severe
dilation of the seminiferous tubules, presence of exfoliated
germ cells in the tubular lumen, as well as reduced number
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of spermatogonia, spermatocytes, spermatids, mature sper-
matozoa and Leydig cells. In addition, a reduction of sperm
counts per cauda epididymis and sperm motility were also
observed, in absence of alteration of testis weight and growth
index (Shen et al. 2024). Okano et al. (2021) conducted a
28-day repeated-dose oral study in Crl:CD1 (ICR) mice and
found that exposing the mice to a mixture of ENN B, B1 and
A1 (at a ratio of 4:4:1) at 0.8, 4 and 20mg/kg b.w. per day had
no impact on haematology, blood biochemistry, or absolute
weight of uterus, ovaries, epididymides, or testes.No changes
in histopathology parameters of ovaries were noticed (Okano
et al. 2021). Huang et al. (2019) used amousemodel to inves-
tigate the impact of ENN B1 on embryo development. When
administering 1, 3, or 5 mg/kg b.w. per day ENN B1 for
five days intravenously to female mice, increased apoptosis
and inhibition of blastocyte proliferation were observed at
the intermediate and high dosage, as well as embryo degra-
dation and damage. The highest dose group (5 mg/kg b.w.
per day) exhibited a significant decrease in foetal weight.
Additionally, uterine content of female mice was evaluated
13 days after transfer of embryos derived from ENN B1
pre-treated blastocysts (1 to 10 μM). Transfer of embryos
pre-treatedwith 5 and 10μMENNB1 to paired uterine horns
of day four pseudo-pregnant mice, resulted in a decreased
number of implantations and increased resorptions. The foe-
tuses derived from blastocytes treated with 10 μM ENN B1
showed decreased survival and weight. No changes were
observed in placental weight in the above procedure (Huang
et al. 2019). A separate study conducted from the same group
examined the effects of ENN B on early embryonic develop-
ment. Intravenous injection of 1, 3, 5 or 7 mg/kg b.w. per day
of ENN B resulted in a decreased total cell number of blas-
tocysts, as well as induced apoptosis and necrosis in the two
highest dose groups (5 and 7 mg/kg b.w. per day). Uterine
content of female mice was assessed 13 days after transfer
of embryos treated with varying concentrations of ENN B
(5, 10, 20 or 40 μM). Results showed an increased ratio of
implanted embryos that failed to develop and a decreased
number of implantations in embryos pre-treated with 20 and
40μMofENNB.Blastocytes treatedwith 20 and 40μMalso
exhibited decreases in placental weight, while pre-treatment
with 10–40 μM of ENN B led to decreased foetal weight
(Huang et al. 2022).

Summary

Although further research is needed, accumulating evidence
suggests that ENNs and BEA may negatively affect foetal
development and reproductive functions. More specifically,
BEA has been shown to affect oocyte and embryo devel-
opment in several in vitro/ex vivo test systems. BEA has
been also shown to have negative effects on the endometrium,
ovaries, testis and to decrease serum testosterone after in vivo

administration in mice. ENN B and B1 have been shown to
impair embryo development and sperm parameters in a num-
ber of in vitro and in vivo test systems. In addition, ENN B
was found to negatively affect the endometrium, uterus and
circulating levels of estradiol when administered in mice.
Finally, ENN B1 has been shown to decrease the number of
implantations and to increase resorptions in mice, as well as
to severely affect testis morphology. Further work is needed
to bridge and establish the above-mentioned observations as
well as to gather information on the remaining ENNs, for
which only scarce data are available.

Conclusion

The current understanding of ENNs and BEA reveals com-
plex toxicological and toxicokinetic profiles, yet significant
data gaps remain, impairing a comprehensive risk assessment
for human health.

One of the major data gaps lies in the toxicokinetics of
ENNs and BEA, especially in humans. The wide range of
values observed for the bioavailability in animal studies indi-
cates difficulties in determining the correct parameter, most
likely due to problems of finding appropriate formulations
for the i.v. and p.o. application of the lipophilic compounds.
Thus, systemic exposure in humans is difficult to predict,
and especially the significance of these findings for long-
term human health remains unclear. It seems that ENNs and
BEA undergo rapid distribution and extensive metabolism.
A better understanding of excretion kinetics is also required,
as current data are sparse.

In vitro studies consistently show that ENNs and BEA are
cytotoxic to various cell types in the low micromolar range.
This potency does not fully alignwith the results from in vivo
animal studies, which are sparse and often report milder
toxic effects. The discrepancies might be due to the limited
intestinal absorption of ENNs and BEA, as observed in toxi-
cokinetic studies. Moreover, the cytotoxic potential could be
overestimated since ENNs and BEA undergo extensive bio-
transformation to more hydrophilic, presumably less toxic
metabolites and the reported in vitro toxicity studies mostly
used metabolically incompetent cell lines, which might have
neglected the potential detoxification of ENNs and BEA.

The genotoxicity of ENN A, A1, B and B1 represents
a significant area of uncertainty. While some in vitro stud-
ies suggest that exposure might cause DNA damage and
chromosomal aberrations, the findings are inconsistent and
in vivo genotoxicity studies have not adequately clarified
these results. The availability of well-designed in vivo geno-
toxicity studies that adhere to regulatory guidelines is limited
and thus represents a major gap.

Some data suggest that ENNs and BEA could have
immunomodulatory and endocrine effects and interfere with
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reproductive functions. In terms of endocrine effects, data are
mainly from in vitro studies, somewith equivocal effects, and
partially determined at concentrations close to cytotoxicity.
However, the data are limited and yield inconsistent results
so that their biological relevance is questionable.

The potential combined effects of ENNs and BEA in mix-
tures remain poorly understood, which is critical given that
they regularly occur together in food and feed. Furthermore,
comprehensive toxicological data on chronic dietary expo-
sure are lacking, challenging an adequate risk assessment.

Overall, several critical data gaps were identified, high-
lighting the need to perform further studies on both BEA
and ENNs. Since no manufacturer or producer, as for exam-
ple in the case of industrial chemicals, is obliged to produce
the information required for risk assessment, partners in the
PARC project have undertaken the task of performing high
quality experimental studies on ENN A, A1, B and B1,
and BEA, covering toxicokinetics, genotoxicity, endocrine
effects, and immunotoxicity, as well as other endpoints. This
array of studies is ongoing, and results will be reported in
due course. It is believed that the expected outcome of the
initiated studies will improve the human health hazard char-
acterization from exposure to ENNs and/or BEA. The data
generated in PARC will be especially valuable for estimat-
ing the importance of climate change-related variations in
mycotoxin occurrence patterns with regard to human health
risks.
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