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Abstract

The fusariotoxins Enniatin B (Enn B) and Beauvericin (Bea) have recently aroused interest as food
contaminants and as potential anticancer drugs. However, limited data are available about their
toxic profile. Aim of this study was to investigate their pharmacological behavior /n vivo and their
persistence in mice. Therefore, liquid chromatography tandem mass spectrometry (LC-MS/MS)
was used to analyze the distribution of Enn B and Bea in selected tissue samples and biological
fluids originating from mice treated intraperitoneally with these cyclohexadepsipeptides. Overall,
no toxicological signs during life time or pathological changes were observed. Moreover, both
fusariotoxins were found in all tissues and serum but not in urine. Highest amounts were measured
in liver and fat demonstrating the molecules” tendency to bioaccumulate in lipophilic tissues.
While for Bea no metabolites could be detected, for Enn B three phase | metabolites
(dioxygenated-Enn B, mono- and di-demethylated-Enn B) were found in liver and colon, with

"Corresponding author: Phone: +43-1-40160 57555; Fax: +43-1-40160-957555, walter.berger@meduniwien.ac.at,
rita.dornetshuber@univie.ac.at.

Conflict of Interest
The authors declare that there are no conflicts of interest.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Rodriguez-Carrasco et al. Page 2

dioxygenated-Enn B being most prominent. Consequently, contribution of hepatic as well as
intestinal metabolism seems to be involved in the overall metabolism of Enn B. Thus, despite their
structural similarity, the metabolism of Enn B and Bea shows distinct discrepancies which might
affect long-term effects and tolerability in humans.
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1 Introduction

Enniatins (Enns) and Beauvericin (Bea) belong to a group of cyclic hexadepsipetides which
are produced mainly by Fusarium fungi that invade and grow on crops. They are resistant to
heat, acids as well as digestion and are stable during commercial processing like brewing,
melting, hot drying or ensiling. Consequently, these cyclodepsipeptides play an important
role as contaminants of grain and grain-based products (Faeste et al., 2011; Jestoi, 2008).
The most important contributors to chronic dietary exposure to Enns and Bea are especially
bread and rolls, fine bakery wares and pasta. Usually, toddlers are the population group with
the highest dietary chronic and acute exposure to both fusariotoxins (Panel, 2014). Recently,
both fusariotoxins were shown to be capable of crossing the human skin barrier and reaching
the viable epidermis and dermis (Taevernier et al., 2015b). Moreover, immunological
disorders were suggested in humans after ingestion of these alimentary toxins (Ficheux et
al., 2013; Juan et al., 2014).

Interestingly, Enns and Bea also evoked interest because of their pharmacological properties.
In 1953 a mixture of Enn A, Al, B and B1 (called fusafungine) was originally patented as
local antibiotic for the topically treatment of nose and throat infections. Fusafungine is
currently marketed under the trade names Locabiotal®, Bioparox®, Locabiosol® and
Fusaloyos®. However, only limited data are available about its bioavailability. Recently,
Taevernier et al. demonstrated that Enns are capable of permeating porcine buccal mucosa
and suggested that Enn-based solutions for oromucosal use in the treatment of innocent
upper respiratory tract infections should be questioned, because Enns potentially will reach
significant systemic concentrations (Taevernier et al., 2015a). Additionally, Bea is used in
traditional Chinese medicine as a constituent in preparations with reputed anticonvulsant and
antineoplastic actions. Moreover, a patent has been issued for a Bea tablet (containing 5 mg
Bea) to lower blood cholesterol levels (Jestoi, 2008).

Nevertheless, data regarding the toxicology, toxicokinetics and toxicodynamics of Enns and
Bea are still fragmentary. So far, no reports of adverse events in humans or animals due to
contaminated food or feed exist (Jestoi, 2008; Panel, 2014). Moreover, subchronic (28 days)
feeding experiments with Wistar rats using a repeated dose of 20.91 mg Enn A/kg b.w./day
showed no adverse effects (Manyes et al., 2014). Acute toxicity was reported in the literature
after oral administration with an LDsg = 100 mg/kg b.w. for Bea and 350 mg/kg b.w. for
fusafungine (Panel, 2014).
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On the contrary, despite their low /n vivo toxicity, both fusariotoxins evoked considerable
toxicity in diverse /n vitro assays (Behm et al., 2012; Dornetshuber et al., 2009a; Fornelli et
al., 2004; lvanova et al., 2006). Noteworthy, their cytotoxic potential was especially
prominent in malignant cells derived from a wide range of cancer types as compared to non-
malignant cells (Dornetshuber et al., 2007). Thus, both cyclic hexadepsipeptides came into
focus of interest as potential anticancer drugs and for Enn B /n vivo anticancer activities
against cervical cancer were recently reported by our research group (Dornetshuber-Fleiss et
al., 2015).

Consequently, the observed difference of /in vitroand /n vivo toxicity might have its origin in
the low bioavailability. On the one hand, peptides are generally not considered to be orally
well absorbed because of significant enzyme degradation in the digestive tract (Chan et al.,
1997). Low oral bioavailability may be caused by impaired uptake from the gastrointestinal
tract because of low compound water solubility (Blais et al., 1992) and interaction with
efflux pumps (Dornetshuber et al., 2009b; lvanova et al., 2011). On the other hand, oral
bioavailability of N-methyl peptides like cyclosporine A is known, which is structurally
related to Enns and Bea (Cooney et al., 1997). Hence, the apparent mean bioavailability in
CaCo-2 cells for Enn A, Al, B, and B1 was assessed by an average of 80% (Meca et al.,
2012). Moreover, in vivotrials using pigs demonstrated even a higher bioavailability of 91%
for Enn B (Devreese et al., 2014). Therefore, other mechanisms like rapid elimination from
the systemic circulation because of metabolic reactions might explain the low acute oral /n
vivotoxicity (Faeste et al., 2011). Accordingly, recent /in vitro metabolism studies of Enn B
with rat, dog and human liver microsomes reported twelve biotransformation products
suggesting that the reduced /n vivo toxicity is based on an extensive hepatic metabolism
(Faeste et al., 2011; Ivanova et al., 2011). Additionally, an /7 vivo study by Manyes et al.
reported intestinal degradation products and adducts for Enn A in Wistar rats (Manyes et al.,
2014). For Bea, less data are available in this regard. However, at least inhibitory effects on
cytochrome P450 enzymes were shown in human and rat liver microsomes (Mei et al.,
2009).

Therefore, to fill gaps in toxicology-related knowledge and considering the evaluation of the
two fusariotoxins as potential anticancer drug candidates and as emerging food-born toxins,
this /n vivo study aims: (i) to investigate the pharmacological behavior of Enn B and Bea /in
vivo by histochemistry studies and, (ii) to evaluate their persistence in selected tissues and
biological fluids of mice after intraperitoneal administration by using a sensitive and specific
liquid chromatography tandem mass spectrometric (LC-MS/MS) analytical method.

2 Experimental procedures

2.1 Chemical and reagents

Bea, Cremophor, DMSO, LC gradient grade methanol, acetonitrile as well as MS grade
ammonium acetate and glacial acetic acid (p.a.) were purchased from Sigma—Aldrich
(Vienna, Austria). A Purelab Ultra system (ELGA LabWater, Celle, Germany) was used for
further purification of reverse osmosis water. Enn B for animal studies was purified from ~
oxysporum ETH 1536/9 as described previously (Dornetshuber-Fleiss et al., 2015).

Toxicol Lett. Author manuscript; available in PMC 2018 March 14.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Rodriguez-Carrasco et al. Page 4

Additionally, the cytotoxic potential was compared to Enn B obtained from Sigma Aldrich
GmbH (St. Louis, MO, USA) and shown to be in a comparable range in all cell lines tested.

2.2 Analytical standards

Analytical standards of Enn B and Bea (>95% HPLC purity) were purchased from Sigma—
Aldrich (Vienna, Austria). Of each substance, a stock solution (1 mg/mL DMSQ) was
prepared and working standard solutions were obtained by serial dilution of the respective
stock and stored at -20°C.

2.3 Animal treatment and sample extraction

Sixteen male CB-17 scid/scid (severe combined immunodeficiency) mice with an average
weight of 25 g at the age of eight weeks were purchased from Harlan Laboratories (San
Pietro al Natisone, Italy). Animals were kept under pathogen-free conditions and all
procedures were performed in the laminar flow hood. All experiments were approved by the
Austrian Ethics committee (BMWF-66.009/0084-11/36/1013) and conducted in line with the
ARRIVE guidelines for animal care and protection as well as the Austrian and the
Federation of European Laboratory Animal Science Associations (FELASA).

For the short-time exposure experiment, both substances were dissolved in 10% DMSO. 5
mg/kg of the respective substance were injected on two (Enn B) or three (Bea) consecutive
days into two mice and animals were sacrifized twenty-four hours after the last injection. For
the xenograft experiments, 1x108 KB-3-1 cells were suspended in 50 uL. RPMI medium
(Sigma—Aldrich, Vienna, Austria) and injected subcutaneously into the right flank of 12
mice. Four animals were randomly assigned to each treatment group. After the tumor
reached an approximate size of 25 mm3, the respective mice were daily treated i.p. with a
dose of 5 mg/kg b.w. Enn B or Bea (dissolved in 10% DMSO). The control mice received
the solvent alone. Effects of the treatment were assessed by regularly recording tumor sizes
and health parameters (e.g. body weight). The day following the last treatment animals were
anaesthezised. Afterwards, in both treatment groups urine was collected via bladder
puncture. Additionally, blood samples were collected by heart puncture and incubated at
room temperature for approximately 30 min allowing the samples to clot. Following
centrifugation for 10 min at 4°C and 3000 rpm (Eppendorf Centrifuge 5417R, Hamburg,
Germany) sera were recovered and, after centrifugation under the same conditions, stored at
-80°C. Furthermore, organs and tumors were collected, weighed and shock-frozen in liquid
nitrogen and stored at -80°C until sample preparation for LC-MS/MS was performed. For
immunohistochemical experiments organs and tumors were fixed in 4% formalin/phosphate-
buffered saline (Roti®-Histofix 4%, Roth, Karlsruhe, Germany).

2.4 Sample preparation

To extract the analytes of interest from the tissues collected from control and treated mice,
0.2 £ 0.05 g of sample was placed in a 2 mL Eppendorf Safe-Lock Microcentrifuge Tube
and 1.5 mL of acetonitrile was added. Samples were completely grounded using an Ultra-
Turrax® T8 (IKA Labortechnik, Staufen, Germany) for 1 min. Afterwards, they were
centrifuged at 4000 rpm for 5 min at 4°C (Eppendorf Centrifuge 5417R, Hamburg,
Germany). The clear supernatant was transferred into an autosampler vial and 10 pL were
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subsequently injected. On the other hand, analytes contained in biological fluids were
extracted as follows: to 50 uL of sample 1.5 mL acetonitrile was added followed by a vortex
mixing (15 s) and centrifugation (4000 rpm, 5 min, 4°C). The clear supernatant was
transferred into an autosampler vial and 10 pL were subsequently injected into the LC-
MS/MS apparatus.

2.5 LC-MS/MS analysis

Detection and quantification was performed with a QTrap 5500MS/MS system (Applied
Biosystems, Foster City, CA) equipped with a TurboV electrospray ionization (ESI) source
and a 1290 seriesUHPLC system (Agilent Technologies, Waldbronn, Germany).
Chromatographic separation was performed at 25°C on a Gemini®C18-column, 150 x 4.6
mm i.d., 5 um particle size, equipped with a C18 security guard cartridge, 4 x 3 mm i.d. (all
from Phenomenex, Torrance, CA, US). Elution was carried out in binary gradient mode.
Both mobile phases contained 5 mM ammonium acetate and were composed of methanol/
water/acetic acid 10:89:1 (v/v/v; eluent A) and 97:2:1 (v/vlv; eluent B), respectively. After
an initial time of 2 min at 100% A, the proportion of B was increased linearly to 50% within
3 min. Further linear increase of B to 100% within 9 min was followed by a hold-time of 4
min at 100% B and 2.5 min column re-equilibration at 100% A. The flow rate was 1 mL/
min. ESI-MS/MS was performed in the scheduled selected reaction monitoring (SSRM)
mode both in positive mode. The target scan time was set to 1 s. The settings of the ESI
source were as follows: source temperature 550°C, curtain gas 30 psi (206.8 kPa of max.
99.5% nitrogen), ion source gas 1 (sheath gas) 80 psi (551.6 kPaof nitrogen), ion source gas
2 (drying gas) 80 psi (551.6 kPa of nitrogen), ion-spray voltage +5500, collision gas
(nitrogen) medium.

2.6 In-house validation

The method was validated according to the EU Commission Decision 2002/657/EC. A prior
analysis of the samples from control animals was performed in order to ensure that they did
not contain any of the studied compounds. These samples were selected as blank for spiking,
calibration curves and recovery purposes.

Linearity was evaluated using standard solutions and matrix-matched calibrations by
analyzing in triplicate six concentrations levels over a range of 0.01 — 100 pg/L. Matrix-
matched calibration were prepared by spiking extracts of blank samples with Enn B and
Bea. Matrix-induced signal enhancement or suppression (SSE) was assessed by comparison
of the respective matrix-matched standards with the neat solvent standards as indicated by
the subsequent equation:

SSE (%)==Slope matrix- matched calibration / Slope standard in solvent x 100 (Egq. 1)
Accuracy and precision were estimated by the relative recovery from spiked samples. Blank
samples were fortified with the working standard solution at 50 pg/L for each matrix. About

30 min after spiking, each sample was extracted as described in section 2.4. Intra-day
precision was assessed by calculating the relative standard deviation (RSDy, %) and
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calculated from the results generated under repeatability conditions of three determinations
in a single day. Inter-day precision was calculated by the relative standard deviation (RSDg,
%) and calculated from the results generated under reproducibility conditions by triplicate
determination on three days. Sensitivity was evaluated by limits of detection (LODs) and
limits of quantitation (LOQs) values. LODs and LOQs were calculated as the concentrations
for which signal-to-noise ratios were 3 and 10, respectively.

2.7 Histochemical stainings

To determine possible changes during the long-term toxicological tests, the tissues were
formalin-fixed, dehydrated and paraffin-embedded and sectioned at 3 pm (Schlederer et al.,
2014). For detailed analysis of the different tissue compartments, the sections were stained
with either haematoxylin and eosin (H&E), Periodic acid-Schiff (PAS), modified Masson
trichrome staining (CAB) or Perls iron staining using standard procedures.

3 Results and discussion

3.1 Method development

3.1.1 Optimization of the LC-MS/MS parameters—The optimization of the analyte-
dependent MS/MS parameters was performed via direct infusion of standards (diluted in a
1:1 mixture of eluent A and B) into the MS source using a syringe injection at a flow rate of
10 uL/min. The MS instrument was operated in the positive electrospray mode (ESI +) as
this was the most sensitive mode, confirmed by previous studies (Malachova et al., 2014).
The full scan MS spectra of precursor and product ions are shown in Figure 1.

The in vitro fragmentation of Enn B was studied in detail by lvanova et al. (Ivanova et al.,
2011), who determined the main phase | metabolites in liver microsomes. A total of 12
microsomal Enn B metabolites were identified by liquid chromatography retention times and
specific masses obtained by high-resolution tandem mass spectrometry. The molecular
masses reported by Ivanova et al., regarding Enn B metabolites were targeted by Enhanced
Product lon scans to evaluate the presence or absence of these metabolites in the herein
investigated biological extracts based on the m/z of the related product ions. Once a peak
was obtained, optimization of the related mass spectrometric parameters (declustering
potential, collision energy, and collision exit potential) was performed (lvanova et al., 2011).

The acquisition of two sSRM-transitions per analyte allowed to confirm the identity of the
positive results according to the criteria established in Document No. SANCO 12571/2013
(European Commission Health and Consumer Protection directorate-general, 2013). The
product ion with the highest intensity was selected as quantifier, whereas the other was used
as qualifier. The specific MS/MS parameters for each analyte are shown in Table 1.

3.1.2 Optimization of the sample preparation—Toxicokinetic studies may generate
a large number of samples and, therefore, the use of a simple and practical sample
preparation procedure is highly desirable to reduce the time and cost of the analysis. To
achieve a good compromise between simplicity of extraction and sample clean-up, a generic
sample preparation procedure was developed which consisted of a combination of protein
precipitation with liquid extraction. To our knowledge, there is no study where the
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optimization of Enn B and Bea extraction from biological samples has been performed and
only scarce literature regarding related compounds is available (Devreese et al., 2014; Juan
et al., 2014; Manyes et al., 2014).

In this study, acetonitrile was selected as the extraction solvent to carry out the optimization
of the sample preparation according to Devreese et al. (Devreese et al., 2014) who
determined emerging Fusarium toxins in pig plasma and reported that acetonitrile showed
the highest mycotoxin extraction recoveries regarding other organic solvents. Therefore,
three different volumes were tested (0.5, 1.0 and 1.5 mL) to extract the mycotoxins spiked
into a homogenized mouse liver (0.25 g) at 50 pg/L. The use of 1.5 mL of solvents gave
clearer supernatant after centrifugation compared to the trials using lower volumes. This fact
also influenced the method performance obtaining recoveries greater than 80% when 1.5 mL
of solvent was used whereas recoveries lower than 60% were obtained with the lower
volumes.

The extraction efficiency was assessed by repeating the extraction cycles of the proposed
procedure. Results showed no significant differences regarding recovery data (98% = 10,
90% + 12 and 97%. £ 9; n = 3), for one, two and three extraction cycles, respectively. On the
other hand, studies focused on reducing matrix effects were also carried out by evaluating
the influence of the sample extract dilution. Therefore, both fortified liver extracts and
standards in solvent at 50 pg/L were used. These solutions were injected into the LC-
MS/MS system without any dilution, diluted 1:1 and diluted 1:10 with the dilution solvent
(acetonitrile/water/acetic acid 20:79:1, v/v/v). Matrix effects were calculated in accordance
to Eq. 1 (see Section 2.6). Results showed a reduction of matrix effects when the dilution
factor was increased. In particular, SSE values of 72%, 76% and 91% were observed with
the non-diluted, diluted 1:1 and diluted 1:10 extracts, respectively. Despite that, it was
decided not to dilute the final extracts as a signal suppression < 30% was considered to be
still acceptable. Moreover, it was possible to achieve the best sensitivity by injection of the
final extract without any dilution.

3.2 Method validation

The analytical performance of the method was confirmed by the validation data reported in
Table 2. Regression equations were obtained using six standard concentrations on the
abscissa and the area of the chromatogram peaks as vertical coordinates. The determination
coefficients (R2) of Enn B and Bea were > 0.999. Signal suppression or enhancement was
evaluated during method development, since it has demonstrated to interfere with ion
identification during analysis of many compounds (Decision, 2002). Moderate signal
suppressions (SSE values ranging from 72 to 88%) were observed in all tissues and
biological fluids tested. Thus, matrix-matched calibration curves were used for
quantification purposes. Recoveries were in the range of 88-123% with RSD, and RSDgr
below 12% and 15%, respectively (Table 2). The sensitivity of the method was expressed in
terms LODs and LOQs, which ranged between 0.025 — 0.10 pg/L and 0.05 — 0.15 pg/L,
respectively (Table 2). Results showed the suitability of the developed method for the
determination of trace amounts of the selected analytes in biological samples.
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The specificity of the method was evaluated with respect to interferences from endogenous
compounds. Analyzed blank samples of each tissue and fluid did not demonstrate possible
interfering peaks with S/N ratio above S/N ratio of the analytes within a 2.5% margin of
relative retention time, testifying the good specificity of the method.

3.3 Biological sample processing using the specifically developed LC-MS/MS

3.3.1 Evaluation of toxicological effects induced by Enn B and Bea—One goal
of the present study was to investigate the fate of the emerging fusariotoxins Enn B and Bea
in healthy mice and in a KB-3-1 cervix carcinoma xenograft model. In these preliminary
experiments, a dose of 5 mg/kg was chosen as this represents a frequently used
intraperitoneal dose for cyclohexadepsipeptides (Dornetshuber-Fleiss et al., 2014; Yeh et al.,
2012). To assess possible toxic effects of Enn B and Bea treatments, body weight and animal
behavior were monitored throughout the study. None of the treatment schedules showed
apparent signs of toxicity like reduced food and fluid consumption, fatigue (data not shown)
or body weight alterations (Fig. 2a). Additionally, all parenchymal organs of the animals in
the different treatment groups underwent detailed histological analysis for acute or
subchronic tissue damage. Macroscopically, the examined organs of all mice were intact and
no change in architecture, consistency or coherence could be found during necropsy. The
architecture of the organs (liver, lung and kidneys) was thoroughly investigated by different
staining techniques followed by light microscopy. Histologically, all organs of the different
treatment groups had an intact histological architecture and no whatsoever change due to
subchronic or acute toxic damage could be observed (Fig. 2b). This is in accordance with a
subchronic (28 days) feeding experiment with Wistar rats where histological analyses and
biochemical blood parameters showed no adverse effects after a repeated dose of 20.91 mg
Enn A/kg b.w./day (Manyes et al., 2014). In contrast, the Enn mixture fusafungine, was
recently shown to induce histopathological changes such as hyperplasia, low grade
dysplasia, congestion or edema in mice after treatment with a 1% solution for 10 days with
two sprays daily (Yuca et al., 2006). Noteworthy, in our test settings also on the cellular level
no increase of mitotic numbers, proliferation rates or apoptotic bodies were observed in the
investigated tissues which indicates that the dose used to treat the animals was well within
the tolerable range and was perfectly accepted by the mice. Taken together, no pathological
signs in the different treatment groups could be observed, neither on macroscopical or
histopathological levels. Consequently, this preliminary toxicological profile suggests that
Enn B and Bea can be considered as potential therapeutic anticancer agents in the
development of new chemotherapeutical drugs. However, future studies are required to
explore possible chronic toxicity of these emerging fusariotoxins.

3.3.2 Tissue distribution of Enn B and Bea—A further object of this study was to
evaluate the bioavailability of the two cyclohexadepsipeptides. Therefore, the tissue
distribution of Enn B and Bea in serum, urine, muscle, colon, fat, brain, kidney and liver
extracts from mice treated two (Enn B) or three (Bea) consecutive days (i.p. dose: 5 mg/kg
bw.) were analyzed in duplicate by the specifically established LC-MS/MS protocol. Sample
concentrations were determined on the basis of peak areas using matrix-matched calibrations
and are shown in Table 3a and Figure 3. As expected, none of the control samples presented
detectable levels of Enn B or Bea. With regard to the treated animals, both fusariotoxins
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were detected in all biological samples with the exception of urine. In general, results
showed that Enn B and Bea remained in their unmetabolized form in all analyzed samples
but at low concentrations. Interestingly, significantly higher contents of Bea (>18-fold) were
found in all tested extracts. This is in accordance with Devreese et al., showing that there is a
big difference in oral absorption between the different cyclohexadepsipeptides although they
have a similar chemical structure. In their study, Enn B seems to have the highest oral
absorption, followed by Enn B1, Al, A and finally Bea (Devreese et al., 2014; Panel, 2014).
However, previous /n vitro studies by our research group showed a generally 10-fold higher
cellular accumulation potential for Bea as compared to Enns in different cell types
(Dornetshuber et al., 2009b). Additionally, Jestoi et al. reported higher Bea levels as
compared to Enns in Finnish poultry tissues (Jestoi et al., 2007). Consequently, this suggests
a distinctly different uptake of Enn subtypes and Bea probably based on their divergent
lipophilic characters: Bea (N-methylphenylalanine) > Enn B1 (one N-methylisoleucine, two
N-methylvaline) (Dornetshuber et al., 2009b; Ivanov, 1973; Jestoi et al., 2007; Sussmuth et
al., 2011). This is in accordance with our further experiments demonstrating a tendency for
both molecules to bioaccumulate in the lipophilic tissues with Bea being more prominent
(2.5 £ 0.9 ug Enn B/kg and 33.0 + 22.1 ug Bea/kg fat sample). Interestingly, although the
brain consists of nearly 60% fat (Chang et al., 2009), relatively low levels of the
cyclodepsipeptides were found in this organ (0.1 £ 0.02 pg Enn B/kg and 1.0 £ 0.7 ug
Bea/kg brain sample). One explanation for the generally low Enn B and Bea levels in brain
tissues might be insufficient drug absorption based on drug efflux by ATP-binding cassette
(ABC) transporters which play a protective role by transporting toxic metabolites out of the
brain back into the blood stream (Gottesman et al., 2002). This assumption is further
confirmed by our previous data showing distinct interactions between ABC transport
proteins and the two Fusarium metabolites (Dornetshuber et al., 2009b).

When comparing the further fate of Enn B and Bea, a remarkable distribution pattern could
be observed for both compounds. Generally, the hepatobiliary system and the kidneys are
the main routes by which drugs and their metabolites are excreted (van Montfoort et al.,
2003). While none of the two cyclodepsipeptides could be detected in the urine, the highest
concentration of both mycotoxins was found in the liver with 2.9 + 0.6 ug/kg and 41.7

+ 13.4 pg/kg for Enn B and Bea, respectively, suggesting the liver as the principle organ of
detoxification. Moreover, for Bea high levels were found in the colon (25.4 + 23.9 pg/kg)
further indicating enterohepatic recycling. Interestingly, for Enn B only trace amounts (0.15
ug = 0.02 pg/kg) were observed in colon tissue which might be a consequence of rapid
metabolisation. Moreover, only low Enn B levels (0.1 pg + 0.01 pg/kg) were found in the
kidneys. This lack of significant renal excretion of Enn B is in good agreement with the
literature, where in Enn A-fed Wistar rats no Enn A was detected in kidneys and highest
concentrations in the liver (Manyes et al., 2014).

Summarizing, these /n vivo data suggest that Enn B and Bea can diffuse across cell
membranes and are rapidly cleared from the blood stream by hepatobiliary excretion.
Despite their structural resemblance, significantly higher contents of Bea compared to Enn B
were found in all tested extracts indicating lower bioavailability and/or faster excretion of
Enn B. Moreover, since both substances are readily soluble in fats, they tended to
accumulate in fat-rich tissues such as liver and brain with Bea being more prominent. Thus,
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a higher pharmacological activity or chronic toxicity of Bea compared to Enn might be
assumed.

3.3.3 Metabolite formation of Enn B and Bea in mouse tissue—In addition to
the absolute quantification of Enn B and Bea in tissues, an additional focus was dedicated to
the biotransformation of these substances. As reactive metabolites can influence the overall
toxic profile, the characterization of metabolites is an important step in the safety and risk
evaluation of drugs and food contaminants. Liver and kidneys are particularly susceptible to
organ toxicity as they are the sites of toxin filtration and are involved in detoxification
processes to render toxins less reactive and more water-soluble (Di et al., 2009). Although
fusariotoxin metabolism notably happens in these organs, it can also occur in the digestive
tract and more particularly in the rumen of ruminants. In general, de-acetylation and de-
epoxydation processes are performed by the intestinal microflora of most species (World
Health Organization/FAO, 2002). However, the metabolization pathways of Enns /n vivo
remain unclear and only /n vitro data are available. Faeste et al. reported that after incubation
of liver microsomes with Enn B the toxin undergoes extensive metabolization resulting in
oxidation and N-demethylation products as characterized recently by Ivanova et al. (Faeste
etal., 2011; Ivanova et al., 2011). These /n vitro observations are in a good agreement with
our /n vivo data since three phase | Enn B-metabolites (dioxygenated-Enn B, mono- and di-
demethylated-Enn B) were tentatively found in the liver of Enn B-treated animals, whereby
the tentative dioxygenated-Enn B was the main metabolite. As suggested by lvanova et al.,
for the oxidation reactions the isopropyl side-chains of N-methyl-valine and 2-
Hydroxyisovaleric acid are the primary target whereas N-demethylation was supposed to
occur via an unstable N-hydroxymethyl intermediate (Ivanova et al., 2011). However, due to
the fact that there are no standards of Enn B metabolites available, it was not possible to
precisely quantify the metabolites in the samples. Nevertheless, the calibration curve of the
parent compound was used as an approach to quantify the detected metabolites. Therefore,
based on the Enn B calibration curve, dioxygenated-Enn B was quantified in the liver at 26.9
+ 3.7 ug/kg whereas mono- and di-demethylated-Enn B were quantified at 0.7 = 0.1 pg/kg
and 1.0 = 0.3 pg/kg, respectively (Tab. 4). Concerning other tissues, a similar trend was
observed in the colon with dioxygenated-Enn B being the major metabolite. However,
intensities were a factor of 10 lower than those detected in the liver (2.5 + 0.1 pg/kg versus
26.9 + 3.7 pg/kg). Interestingly, although the other analyzed samples such as serum, brain,
muscle and kidney showed occurrence of both parental molecules in the low pg/kg range, no
metabolites were found in these assayed tissues and biological fluids. Consequently,
contribution of hepatic as well as intestinal metabolism might be suggested to be involved in
the overall first-pass metabolism of Enn B further explaining the relatively low levels of the
parent compound in the colon samples. Interestingly, despite the structural similarity of Enn
B and Bea, no metabolites were detected in the assayed samples for Bea. Thus, a higher
metabolic stability for Bea compared to Enn B might be suggested. However, the metabolic
stability of a compound is generally reduced by the overall lipophilicity based on the
lipophilic binding sites of the metabolizing enzymes which prefer higher lipophilic
substrates (Nassar et al., 2004a). Hence, with regard to the higher lipophilicity of Bea, it
seems to be rather unlikely that this cyclohexadepsipeptide possesses a higher metabolic
stability than Enn B. On the other hand, while CYP 450 enzymes, which are responsible for
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the metabolic clearance of drugs, were shown to be important for Enn B metabolism in
human microsomes (Faeste et al., 2011), Bea was recently presented as a potent inhibitor of
diverse CYP 450 enzymes (Mei et al., 2009). Consequently, totally different metabolic
processes must be considered for the two cyclohexadepsipeptides which is matter of ongoing
studies.

3.3.3 Enn B and Bea in tumor tissues—In the last few years Enns and Bea were also
discussed as potential anticancer drugs. Both drugs were shown to exert profound /n vitro
antitumor activities in diverse cancer cell types such as leukemia, hepatoma, human non-
small cell lung cancer and diverse other carcinomas (Chen et al., 2006; Dornetshuber et al.,
2007; Dornetshuber et al., 2009a; Dornetshuber et al., 2009b; Lin et al., 2005; Watjen et al.,
2008; Watjen et al., 2014). Recently, we could also show a remarkable /n vivo activity for
Enn B in combination with the multi-kinase inhibitor Sorafenib in a KB-3-1 cervix
carcinoma xenograft model, suggesting that an Enn B/Sorafenib combination would be
attractive as a novel therapeutic strategy especially for cervical cancer (Dornetshuber-Fleiss
et al., 2015). Thus, we further intended to investigate the amount of Enn B and Bea as well
as their respective metabolites in cervical cancer tumors of 9-days Enn B- and Bea-treated
human tumor xenograft mouse models. The detected values of parental Enn B and Bea were
2.8 £0.8 pg/kg and 3.4 + 0.4 pg/kg, respectively (Table 3b). Compared to serum, the tumor
levels of Bea and Enn B were 1.3-fold and 0.5-fold, respectively, further confirming the
higher accumulation potential of Bea. However, for both substances a promising tumor-
accumulation and anticancer potential might be assumed, with Bea being more effective. On
the other hand, besides direct cytotoxic anticancer effects, compounds can also exert indirect
toxicity due to the formation of metabolites (Rodriguez-Antona and Ingelman-Sundberg,
2006). However, no degradation products could be found in the analyzed tumor tissues.
Consequently, it seems that biotransformation products of Enn B and Bea are not
responsible for the literary reported anticancer activities. However, to bring the two
substances from bench to bedside of cancer therapy, one of the most important impacts on
successful drug discovery is to determine, and then optimize, the exposure—activity—toxicity-
relationship, and thus their suitability for advancement to development (Nassar et al.,
2004b). Since no signs of toxicity could be observed in our test settings, higher
concentrations of the test substances could be useful to potentiate the accumulation of Enn B
and Bea in the tumor tissue and thus, their antitumor activity. Based on the data from
literature of the structurally related cyclic depsipeptide FR901228 (romidepsin) (Chan et al.,
1997), which was already approved for the treatment of cutaneous T-cell lymphoma by the
US Food and Drug Administration (VanderMolen et al., 2011), the double dose of 10 mg/kg
would be thoroughly conceivable of our future studies for successful preclinical evaluation
of Enn B and Bea as chemotherapeutic substances.

4 Conclusions

A sensitive and reliable method for the identification and quantification of Enn B and Bea in
tissues and biological fluids from mice was developed and optimized using a simple and
easy liquid extraction with acetonitrile followed by LC-MS/MS determination. The
proposed methodology was in-house validated obtaining satisfactory results in terms of
linearity, accuracy, precision and sensitivity. Generally, Enn B and Bea were well tolerated
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by the mice at the applied doses and both substances were detected not only in several
organs and tissues but also in serum confirming drug absorption through the visceral
peritoneum into the portal vein after i.p. administration. In more detail, the distribution
pattern for Enn B and Bea were as follows: liver > fat > serum > colon ~ muscle ~ kidney ~
brain, and liver > fat > colon > kidney > muscle ~ brain ~ serum, respectively. Additionally,
distinct Enn B and Bea levels were detected in the tumor tissues further suggesting that these
two cyclohexadepsipeptidic substances might be useful as novel therapeutic strategy for
cancer treatment. Moreover, the here generated data suggest that both substances are rapidly
cleared from the blood stream by hepatobiliary excretion. While Bea was shown to be
relatively stable and highly accumulated in adipose tissue, for Enn B in addition to the
parental substance, some phase | metabolites were identified mainly in liver but also in
colon. Consequently, the results obtained in this study suggest a potential contribution of
hepatic as well as intestinal metabolism which could be involved in the overall first-pass
metabolism of Enn B but not of Bea. Additionally, a higher pharmacological activity or
chronic toxicity of Bea compared to Enn B might be assumed. Future research studies
focused on elucidating the phase | and phase Il metabolites pathways as well as the toxicity
profile of these substances are topic of ongoing studies and should help to better understand
the fate of Enn B and Bea in vivo.
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ABC ATP-binding cassette
Bea beauvericin
b.w. bodyweight

DMSO dimethyl sulfoxide
Enn Enniatin
ESI Electrospray ionisation

LC-MS/MS liquid chromatography-tandem mass spectrometry

p.a. per analysis
SSRM scheduled selected reaction monitoring
SSE signal enhancement or suppression
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LODs limits of detection

LOQs limits of quantitation

RSD, relative standard deviation

SCID severe combined immunodeficiency
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Figure 1. Enniatin B reference spectrum.
(A) LC-MS/MS spectra of Enn B showing precursor ion and products ions (Q: quantitation,

g: confirmation) and (B) Enhanced product ion (EPI) scan of product degradation 697.4
(deoxygenated species) and EPI spectrum of this ion.
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Figure 2. In vivo effects of Enn B and Bea.
SCID mice were treated 9 days with a solvent solution, Enn B and Bea (5 mg/kg; i.p.),

respectively. (A) Body weight was measured at the indicated time points and expressed as
change of the ratio between the initial value and the treatment value. (B) Histology of tissues
after treatment with Enn B and Bea is shown by representative photomicrographs (40x
objective, Scale bar = 50 um) of H&E-stained sections of kidney (left row), liver (middle
row) and lung (right row).
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Figure 3. Distribution pattern of Enn B and Bea in tissues and biological fluids.
SCID mice were treated i.p. with 5 mg/kg Enn B (2 days) and Bea (3 days), respectively.

Tissues and biological fluids were extracted and analysed by LC-MS/MS. Sample
concentrations were determined on the basis of peak areas using matrix-matched calibrations
and presented pg/kg organ.
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Precursor ion, product ions and optimized mass spectrometric parameters for targeted analytes.

Table 1

Analyte Precursor ion (m/z)  Production (m/z DP (V) CE(V) CXP (V)
Enniatin B-NH,* 657.3 196.1 51 50 18
314.1 35 10
Monodemethylated- NH4* 643.3 479.1 45 20 10
315.1 35 15
Didemethylated- NH,* 629.3 498.1 38 20 12
462.1 35 8
Dioxygenated- NH,* 697.4 652.3 43 20 18
457.3 35 15
Beauvericin-H* 784.4 244.1 37 25 10
262.0 24 12

DP: declustering potential; CE: collision energey; CXP: collision cell exit potential
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Table 2

Analytical performance of the test substances in the studied tissues and fluids of Enn B- and Bea-treated SCID

LOQs, limits of quantitation; RSDy: intra-day precision (7=3); RSDR: inter-day precision (/7=9)
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Table 3a

Page 21

Concentrations of the studied mycotoxins in the assayed biological samples in the short-term treatment study.
Results expressed as mean + SD (17 = 4).

Biological sample

Enn B (ug/kg) Bea (ug/kg)

Liver
Kidney
Colon
Fat
Brain
Muscle
Urine

Serum

29+0.6 41.7+13.4
0.1+0.01 11.4+50
0.15+0.02 254 +239
25+09 33.0+22.1
0.1+0.02 1.0+0.7
0.12 +0.03 15+0.9
n.d. nd.
0.45+0.01 1.3+0.2
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Table 3b

Concentrations of Enn B and Bea in serum and tumor samples in the long-term treatment study. Results
expressed as mean £ SD (7 = 4).

Biological sample  Enn B (ug/kg) Bea (ug/kg)

Tumor 28+0.8 3404
Serum 54+0.2 26+06
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Table 4

Quantitation of Enn B metabolites in 2-days Enn B-treated SCID mice using Enn B calibration curves.

Tissue  Mycotoxin (ug/kg) Metabolites (ug/kg)

Enn B Di-oxygenated-Enn B Mono-demethylated-Enn B Di-demethylated-Enn B
Liver 2906 26937 0.7+0.1 1.0+0.3
Colon 0.9 +0.05 25+0.6 0.6 +0.09 245+20
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