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Mycotoxins are secondary metabolites of filamentous fungi which can cause a wide range of systemic effects. Human
health effects of inhaled mycotoxins remain poorly documented, despite the large amounts present, associated with air-
borne particles. Among these mycotoxins, sterigmatocystin is one of the most prevalent. Because its chemical structure is
close to that of the aflatoxins, we studied its metabolism and its cellular consequences when in contact with the airway
epithelium, using the mass spectral signature from the 10% "*C uniformly enriched sterigmatocystin. The metabolism
was studied in vitro, using recombinant cytochrome P450s enzymes, and in porcine tracheal epithelial cell (PTEC)
primary cultures at an air-liquid interface. The metabolites were analyzed by high-performance liquid chromatography
coupled with tandem mass spectrometry detection. Expressed enzymes and PTECs were exposed to uniformly **C-
enriched sterigmatocystin to confirm the relationship between sterigmatocystin and its metabolites because this isotopic
cluster shape is conserved for all metabolites and their product ions. Incubation of sterigmatocystin with recombinant
cytochrome P450 1A1 led to the formation of three metabolites identified as monohydroxysterigmatocystin,
dihydroxysterigmatocystin and one glutathione adduct, the latter after the formation of a transient intermediate. In
the PTEC cultures, sterigmatocystin metabolism resulted in a glucuro-conjugate. Two other products were detected, a
sulfo-conjugate and a glucuro-conjugate of hydroxysterigmatocystin upon cytochrome P450 1A1 induction. This is the
first study to report sterigmatocystin metabolism in airway epithelium, and it suggests that, contrary to the aflatoxins,
sterigmatocystin is mainly detoxified into its conjugates and is unable to produce significant amounts of reactive
metabolites in respiratory cells, at least in pigs. Copyright © 2011 John Wiley & Sons, Ltd.

Mycotoxins are secondary metabolites of filamentous fungi
which can cause a wide range of acute and chronic systemic
effects. As xenobiotics, these compounds can be metabolized
by some of the host enzymes. These enzymes, primarily
hepatic cytochromes P450 (CYP), ensure the oxidation of
many hydrophobic exogenous compounds, increasing their
polarity and thus assuring their biliary or urinary elimina-
tion. This transformation can involve a reduction of the
parental compound toxic effects (reduction of ergotism by
oxidation of the ergot alkaloids, e.g.™) or, in other cases, can
involve a toxic activation, as in the case of aflatoxins.!?! These
modified compounds are then conjugated to polar com-
pounds in conjugation reactions. Glucuronic acid moieties
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are transferred to substrate molecules that contain oxygen,
nitrogen, sulfur or carboxyl groups. Sulfonic acid moieties are
transferred from a donor molecule to an acceptor alcohol or
amine and the conjugation of reduced glutathione to
electrophilic centers, on a wide variety of substrates.

Most publications on mycotoxins deal with hazards due to
toxic effects after their gastrointestinal uptake.”®! There are
fewer data available concerning toxicity and metabolism
after inhalation, despite the detection of mycotoxins in
bioaerosols and dust at workplaces and in homes*®! and
their association with inhaled spores.!*”]

Among mycotoxins, sterigmatocystin (STG) is one of the
most prevalent in the environment. STG has been detected in
carpet dust from damp dwellings'® and in dwellings after
water flooding."'%! Aspergillus versicolor is the most efficient
producer of STG, which is a biochemical precursor in the
biosynthesis of aflatoxin."""! After ingestion, STG is carcino-
genic in animal models!™® ! and it is classified as possibly
carcinogenic in humans.!" STG is activated by CYP to a liver
carcinogen.[m To date, STG metabolites have never been
studied in airway epithelium.
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The aim of this study was to elucidate the metabolism of
STG after contact with airway epithelium and to assess any
possible cellular consequences. For this purpose, we used
uniformly '*C-enriched STG to confirm the metabolic
relationship to STG. Preliminary studies consisted of identi-
fying STG metabolites in recombinant CYP enzymes, and
thus the metabolism upon exposure of porcine tracheal
epithelial cell (PTEC) primary cultures to STG.

EXPERIMENTAL

Chemicals

Ham’s F-12 nutrient medium, Dulbecco’s modified Eagle’s
medium, penicillin/streptomycin, amphotericin B, fetal calf
serum, 0.05% trypsin-EDTA (1X) and phosphate-buffered
saline were purchased from Invitrogen Life-Technologies
(Cergy-Pontoise, France). Gentamicin, collagen IV, commer-
cial **C STG (molecular weight (MW) =324.3) with purity of
98%, acetonitrile, reduced nicotinamide adenine dinucleotide
phosphate (NAPDH), glutathione (GSH), B-naphthoflavone,
and ammonium acetate were obtained from Sigma (Saint
Quentin Fallavier, France). Ultroser G was purchased from
BioSepra SA (Cergy-Saint-Christophe, France); dimethyl sulf-
oxide (DMSO) from Prolabo (VWR International, Fontenay
sous Bois, France).

Production of uniformly **C-enriched STG

Production of uniformly *C-enriched STG was performed
using autoclaved 10%-'°C wheat grains (Triticum aestivum cv.
Ardente) as the exclusive nutrient source for the fungal
culture, as previously described.!’”! The grains were moist-
ened to a water activity value of 0.98 before sterilization.
Around 30g of this plant material was inoculated with a
suspension of 2.10° Emericella nidulans conidia. STG was
extracted from 14-day-old cultures with chloroform. The raw
extract was fractioned by automated flash chromatography
(Teledyne Isco, Lincoln, NE, USA). The fractionation was
performed on a normal-phase RediSep 12g column (Tele-
dyne Isco) at a flow rate of 25mL/min with linear gradient.
The solvent system was 10% acetic acid in toluene as solvent
A and 10% acetic acid in ethyl acetate as solvent B. Initially
solvent B was present at 0% and increased to 45.5% within
10 min. The fraction volume was set to 5mL. The presence
of STG in fractions was checked by high-performance
liquid chromatography (HPLC) with diode-array detection
(Kontron Instruments, Neufahru, Germany) witha 250 x 4.6 mm
Modul-cart Strategy 5 pum C18-2 column (Interchim, Montlugon,
France). Gradient chromatography (run of 46 min) was per-
formed with 0.2% acetic acid in water (eluent A)/acetonitrile
(eluent B) as the mobile phase at a flow rate of 1.5mL/min. The
compounds were eluted by starting from 31% solvent B for
30 min followed by alinear gradientup to 90% within 5 min. After
an isocratic elution for 5min, the gradient was reduced to its
initial value within 5 min, and remained at this value for the final
5min. The '* C STG was purified from positive fractions by semi-
quantitative HPLC. The HPLC unit was fitted with a
250 x 7.8 mm Modul-cart Strategy 5um C18-2 column (Inter-
chim) and a diode-array detector. The gradient program was
the same as above, except that the flow rate was increased to
4.5mL/min. After production of uniformly 13 C-enriched STG

the presence of an isotopic cluster close to that expected from
theoretical evaluation'”! was checked by mass spectrometry
(MS).

Metabolite studies by human cytochrome P450 enzymes

Bactosome®-expressed human cytochromes P450 (CYP) were
obtained from Cypex (Tebu-bio, Le Perray en Yvelines,
France). We tested the main human CYP differin? by their
active site and thus by their substrate specificity."® Based on
the structural homology of STG with aflatoxins, we con-
sidered the CYP isoforms 1A, 2A and 3A, reported to
metabolize aflatoxin B1."*?% The metabolism of both
commercial ?C STG and "* C STG was studied as previously
described.*!

STG metabolism in porcine tracheal epithelial cells (PTECs)

Preparation of porcine primary cultures was performed with
trachea obtained from the Centre de Recherche Chirurgicale
of the Henri-Mondor Hospital (Créteil, France) as previously
described.**! After proliferation during the first week, the
PTECs reached the differentiated state during a second week
of culture with the presence of an apical side at an air
interface and a basal side at a liquid contact. PTECs were
exposed when cell differentiation was stable (after 14 days of
culture) for 48h to 1mL of 1 pM U10% *C STG through the
basal side of the culture. After this exposure the medium was
collected for extraction. To examine the effect of amounts of
CYP1Al, the cells were pre-treated for 24h with 25 uM R-
naphthoflavone, a well-known CYP1A inducer, which led to
an increase of CYP1A expression, or with 0.2% DMSO as
control. The basal medium was then removed and the STG
incubated for an additional 48 h. Controls were obtained after
48h incubation with 3C STG in coated wells without cells
and with 0.2% DMSO incubation in cell culture medium.
Before extraction, the proteins were precipitated by addition
of 500 pL. cold methanol. After 30 min at —20°C, the mixture
was centrifuged at 10 000 rpm for 5min. Then 3 mL of water
were added to the supernatant and the resulting solution was
purified with a SepPack C18 cartridge (Waters Corp.,
Milford, MA, USA). The samples were eluted with 1mL
acetonitrile. This extract was reduced to dryness by speed-
vac concentration (Savant SC-200, Savant Instruments,
Farmingdale, NY, USA) and then dissolved in the HPLC
solvent (50% 10mM ammonium acetate in water, 50%
acetonitrile).

HPLC/MS/MS analysis

HPLC/MS/MS analyses were performed on an Esquire ion
trap mass spectrometer (Bruker Daltonics GmbH, Bremen,
Germany) with an electrospray ionization source operating in
alternative positive/negative ionization mode, coupled with
a 150 x 2.1 mm C18 Kromasil column (Interchim). The flow
rate was 0.2 mL/min of a 25 min linear gradient ranging from
10 to 80% B (90 % acetonitrile in water) into A (90% 10 mM
ammonium acetate in water, 10% acetonitrile). Electrospray
ionization was performed at 4.5kV and the capillary
temperature was set to 310°C using a nitrogen gas flow rate
of 40mL/min and an auxiliary gas flow of 10mL/min.
Collision-induced dissociation of the selected precursor ion
was carried out in the presence of helium with a collision
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voltage of 0.70 V using a trap isolation width of 3 m/z units in
order to isolate the whole isotopic cluster. Optimizations of
MS and MS" signals were carried out using infusion of
commercial STG. Injections were performed in 50:50 acetoni-
trile/water containing 10mM ammonium acetate. Data
acquisition and reprocessing were performed using Bruker
Daltonics Data Analysis 3.2 software.

The SMARTCyp 1.5.3 program!®®! was used to predict CYP
metabolism. Mass Frontier 7.0 Spectral Interpretation Soft-
ware (Thermo Fisher Scientific, San Jose, CA, USA) was used
to simulate MS fragmentation in positive ion mode.

RESULTS AND DISCUSSION

Uniform *C enrichment in STG

Before its use in metabolic studies, we checked that *>C-
enriched STG presented an isotopic cluster characteristic of
10% '*C enrichment. The MS spectrum in positive ion mode
contained the [M+H]" ion at m/z 325 and also M+1 (m/z
326), M+2 (m/z 327), M+3 (m/z 328), M+4 (m/z 329) and
M+5 (m/z 330) ions (Fig. 1). These peaks are in a
0.50:1.00:0.93:0.57:0.23:0.02 ratio relative to the most intense
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Figure 1. Representative HPLC/MS chromatograms and
isotopic cluster of uniformly '*C-enriched sterigmatocystin
after 10% *C enrichment (A) and natural 2C sterigmato-
cystin with its structure (B).

ionatm/z 326, and the isotopic ratios are close to those expected
from theoretical evaluation for 10% 'C enrichment.'”!
The accuracy on the obtained isotope pattern determined for
15 different patterns was inferior to 20% for each peak.

Metabolite studies by human P450 enzymes

In order to avoid the use of human microsomes which contain
around 20 different CYP isoforms, we used recombinant human
CYP which are obtained from insect cells transfected with only a
specific CYP cDNA. A 30 min incubation of either commercial
12C or 10%-'3C STG with 0.2 pM recombinant human CYP1A1
enzyme in the presence of NADPH led to the significant
formation of two metabolites M1 and M2. These metabolites,
having retention time (tg) =19.5min (M1) and 15.5min (M2),
were more polar than STG (tg =24.8 min). They had a molecular
weight difference of one (+16 Da) (MW =340) or two oxygen
atoms (+32Da) (MW =356), respectively, relative to STG
(Table 1). The metabolites formed using 10%-'*C STG exhibited
isotopic clusters similar to that of STG. Their [M+1]" and
[M +2]" ions were more intense than [M]". Collision-induced
fragmentation of protonated M1 led to product ions at m1/z 313,
299,285, and 271 in positive ion mode (Fig. 2). Incubations in the
presence of GSH led to the formation of a third metabolite (M3)
having tg =11 min and an ion at m/z 644 in negative ion mode,
which corresponds to an increase of 321Da relative to the
molecular weight of STG (Table 1). Incubations of STG with
other human CYP isoforms led to the formation of M1 and M3
for CYP1A2, M3 for CYP3A4, and no metabolism for CYP2A6
and CYP2A13. All the metabolites exhibited an isotopic cluster
profile in their mass spectra (Fig. 2), which confirmed their
connection to STG. The MS? product ions also conserved an
isotopic cluster (Fig. 2).

Based onits mass, its polarity and the monooxygenase activity
of CYP, M1 was assigned as monohydroxysterigmatocystin
(Table 1). CYP metabolism prediction using the SMARTCyp
programindicates that two sites (C3and C12) in STG bearalabile
proton for CYP hydroxylation. The fragmentation pathway of
protonated M1 in positive ion mode is in accordance with
hydroxylation on C12 (Fig. 2). Interestingly, it had been
demonstrated that CYP1A2 oxidizes aflatoxin B; in the same
position, leading to aflatoxin M;.*°!

M3 was assigned as a GSH adduct of an oxidized
metabolite (Table 1). This oxidation may occur in the 1-2-
position since the STG-glutathione adduct formed on STG
1,2-oxide has been observed.””! Other possible structures
include oxidation of the phenol ring to a reactive quinone
which can then form a glutathione adduct.*®! The detection

Table 1. Molecular weights (MW) for the compounds described in this study
MW Detection
(Da) (m/z)
Sterigmatocystin 324 Positive and negative ion mode (325%, 323")
M1: monohydroxysterigmatocystin 340 Positive and negative ion mode (3417, 339")
M2: dihydroxysterigmatocystin 356 Negative ion mode (3557)
M3: GSH adduct of an oxidized metabolite 645 Negative ion mode (644°)
M4: sterigmatocystin-glucuro-conjugate 500 Negative ion mode (4997)
MB5: sulfo-conjugate of monohydroxysterigmatocystin 420 Negative ion mode (4197)
Mé: glucuro-conjugate of monohydroxysterigmatocystin 516 Negative ion mode (5157)

wileyonlinelibrary.com/journal/rcm  Copyright © 2011 John Wiley & Sons, Ltd.
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Figure 2. Representative HPLC/MS, MS? and MS® chromatograms of the ion at n/z 341 in positive ionization

mode (M+16, metabolite M1); with natural >C sterigmatocystin on the left and with

13 C-enriched

sterigmatocystin on the right (A). Proposed fragmentation pathways of protonated-M1 in positive ion mode (B).

of a glutathione adduct after in vitro metabolism through
CYP1A and CYP3A4 activities strongly suggests the forma-
tion of a transient reactive epoxide of STG, as has been
described usin§ either human hepatic microsomes or the
Ames test.””?’l Such metabolic pathways have been de-
scribed for aflatoxin By hepato’coxic:i’cy.[30 These mutagenic
properties could be related to the pulmonary carcinomas
described in mice after oral administration of STG.!">?!]

M2 was assigned as dihydroxysterigmatocystin (Table 1).
M2 may be formed by hydrolysis of M3 or by Ml
hydroxylation. CYP metabolism prediction using the
SMARTCyp program indicates that C3 is the most probable
site for CYP hydroxylation in monohydroxysterigmatocystin
(M1). Thus, M2 could also be a catechol or a para-diphenol
on the phenyl ring, and it may be metabolized to a
quinone.

Rapid Commun. Mass Spectrom. 2011, 25, 2704-2710
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STG metabolism in PTECs

After 48 h incubation with PTECs, only one STG metabolite,
M4, was formed and this was identified as a glucuro

After 24 h exposure of PTECs to 25uM B-naphthoflavone,
48h STG incubation led to the formation of two new
polar metabolites, M5 and M6, detected in negative ion

conjugate. M4 was more polar than STG (at tg=11.5min) moddeS. 5 Tlr'lese ?etabf)htes . ha;i tr E?fluils OfM 129'2
and had an isotopic cluster shifted to M +176 relative to an Smin and an isotopic cluster shifted to . +
STG (MW=500) (Fig. 3, Table 1). Fragmentation of (MW=420) and M+192 (MW=516), respectively,

deprotonated M4 in negative ion mode led to the
formation of the MS cluster of deprotonated STG. The
glucuronide formation was confirmed after hydrolysis
with p-glucuronidase (data not shown). Only glucuronide
conjugation with the free hydroxyl function on C8 is
compatible with the mass of M4. Glucuronidation has
been involved in metabolism of STG, and a STG
glucuronide was detected in the urine of rat or mon-
key.?**! Glucuronidation has been identified as an
important pathway in the respiratory detoxification of
environmental carcinogens such as polycyclic aromatic
hydrocarbons.[**!

relative to STG (Fig. 3). M5 was identified as a sulfo-
conjugate (M+16+80) and M6 as a glucuro-conjugate
(M+16+176) of monohydroxysterigmatocystin (Table 1).
The product ions of deprotonated M5 and M6 show an
M+16 isotopic cluster, which could correspond to a
monohydroxysterigmatocystin product (M1 or hydroxyl-
ation on another location). Therefore, CYP1A1 metabolism
may result in M1 formation, with rapid transformation into
M5 and M6. Evidence for the epoxide formation and the
subsequent formation of dihydroxysterigmatocystin (M2) or
the glutathione conjugate (M3) was not found in porcine
primary cells.

lnAtentlw 531
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Figure 3. Representative HPLC/MS/MS chromatograms showing formation of ste-
rigmatocystin metabolite in PTEC exposed to 1 uM sterimatocystin through the basal
side of cultures (A): m/z 499 in negative ionization mode (M4) and MS? spectrum of
M4 metabolite. Proposed fragmentation pathways of deprotonated M4 in negative ion
mode (B).
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Figure 4. Putative pulmonary sterigmatocystin metabolism. Pathway A (top) indicates formation of a
sterigmatocystin-glucuro conjugate (metabolite M4) in mormal’ airway epithelial cell cultures.
Pathway B indicates formation of a sulfo conjugate and a glucuro conjugate of monohydroxyster-
igmatocystin (metabolites M5 and M6, respectively) in ‘CYP1Al-induced’ airway epithelium cultures.
CYP1A1 amounts were increased by 24h exposure to 25uM p-naphthoflavone. For high levels of
CYP1A1l and in the presence of glutathione-S-transferases and glutathione, transient epoxide
formation led to the glutathione conjugate or to dihydrodiol (pathway C, bottom).

CONCLUSIONS

Our study shows that STG is metabolized in porcine epithelial
airway cells through phase 1 and 2 metabolism (Fig. 4, Table 1).
This is the first study to report metabolite formation and de-
toxification pathways in the pulmonary stage using primary cells
at an air-liquid interface. This metabolism seems close to that of
aflatoxin B; with the formation of oxidized metabolites, a glu-
tathione adduct and glucuronides. However, further studies are
necessary to precisely locate the sites of oxidation. STG is main-
ly detoxified through glucuronidation (glucuronidation of STG
and monohydroxysterigmatocystin). We also suggest that the
metabolism of STG in the porcine airway tract in vitro is unable
to produce significant amounts of reactive epoxide metabolites.

Finally, the uniformly enriched molecules with stables
isotopes are very powerful tools for metabolism studies.
Since the isotopic cluster signature is preserved for all the
enriched metabolites, mass spectrometric analysis is easier
than the classical approach.
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