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Zearalenone (ZEA) is found in contaminated feeds and its oestrogenic effects depend on its biotrans-
formation fate. The current study aimed to investigate the hepatic biotransformation of ZEA in horse
by using freshly isolated hepatocytes and also hepatic subcellular fractions. ZEA was incubated with
hepatocytes and hepatic intracellular subfractions in the presence of nicotinamide dinucleotide phos-
phate (NADPH), and the products were determined by high-performance liquid chromatography.
Moreover, in the presence of uridine diphosphate glucuronic acid (UDPGA), the rate of glucuronida-
tion for ZEA and its products were estimated. We found that a-zearalenol (0-ZOL) was the major
hepatic metabolite of ZEA. The enzymatic kinetics analyses indicated that the a-ZOL production by
hepatocytes and microsomal fractions were three and two-fold higher than the 3-zearalenol (3-ZOL)
production, respectively. The postmitochondrial fraction was able to convert the ZEA into only o-
ZOL and 5-fold less than the microsomal fraction and hepatocytes. ZEA and a-ZOL were entirely
conjugated with glucuronic acid at the lower concentrations; while at concentrations higher than 50
uM, ZEA 1is conjugated 2—-3 times than a-ZOL. Our data suggest that the hepatic biotransformation of
ZEA results in bioactivation and formation of potent oestrogenic metabolite. Moreover, at the rele-
vant concentrations, ZEA and o-ZOL are entirely conjugated with glucuronic acid that may prolong
its presence in the body.
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INTRODUCTION

The presence of fungus in the plants is fumonisine B; intoxication (ELEM)

beneficial to the host as mutualistic sym-
biosis; however, it can be harmful to her-
bivorous animals such as ruminants, pigs
and horses. Most of the fungi produce
certain secondary metabolites at favourite
conditions, which could cause disorders in
different consumers. For example, well
known mycotoxicoses in farm animals
are: equine leukoencephalomalacia due to

(Meireles et al., 1994), equine fescue
toxicosis (EFT) following ergovaline toxi-
cosis (Blodgett, 2001), hyperoestrogen-
ism-like disorder in swine because of
zearalenone intoxication, non-fatal afla-
toxicosis in horses (Dacasto et al., 1995),
ryegrass-stagger syndrome because of
lolitrem B ingestion in horses and cattle
(Sloet van Oldrutenborgh et al., 1999),



gangrenous ergotism in cattle (Botha et
al., 2004), and pithomycotoxicosis in
sheep because of high concentration of
sporidesmin in the biliary system (Smith
& Towers, 2002). Additionally, myco-
toxic porcine nephropathy and feed re-
fusal disorder are serious diseases com-
monly associated with pigs consuming
feed contaminated with Ochratoxin A and
Deoxynivalenol, respectively (Hussein &
Brasel, 2001).

The occurrence of mould and conse-
quently mycotoxins in human food and
animal feed is also a worldwide concern.
Fusarium fungi are often found in tem-
perate climates, and Fusarium mycotoxins
are likely the most prevalent on a global
basis. Despite of intensive scientific ef-
forts which have been put on: mycotoxins
occurrence, screening in food and feed-
stuffs and prevention methods, very little
is known about the toxicity and metabo-
lism of mycotoxins in general and my-
cooestrogens including zearalenone and
its metabolites particularly in horses.

Zearalenone (ZEA) is an oestrogenic
mycotoxin and is produced mainly by
Fusarium graminearum and Fusarium
culmorum. It is one of the most frequently
occurring contaminants of corn and corn-
derived products and its occurrence has
been also reported in cereals such as bar-
ley, rice, oats, rye, sorghum, soy beans
and wheat (Dacasto ef al., 1995; Sangare-
Tigori et al., 2006; Thieu et al., 2008).
The consumption of contaminated feed
has been related to clinical signs of hyper-
oestrogenism in pigs and other animal
species (Obremski et al., 2003; Zinedine
etal.,2007; Kim et al., 2013).

In previous studies we showed that
ZEA undergoes two major biotransforma-
tion pathways including hydroxylation by
3a- and 3B-hydroxy steroid dehydroge-
nases that are followed by conjugation
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(Malekinejad et al., 2005a; 2006). We
also reported that there are significant
differences between various species of
animal in terms of the metabolite produc-
tion, as a-zearalenol (a-ZOL) with potent
oestrogenicity was found the major he-
patic and extra-hepatic metabolite of ZEA
in porcine while [-zearalenol (B-ZOL)
with rather weak oestrogenicity is pro-
duced by the bovine liver and granulosa
cells (Malekinejad et al., 2005b).

Horses might be exposed via contami-
nated feed to oestrogenic compounds in-
cluding ZEA; there are, however, very
few reports about the effects of ZEA on
equine species. A previous report showed
that feed intake was decreased in horses
fed contaminated grains by Fusarium to-
xins compared to controls (Raymond et
al., 2005). Moreover, the study by Miner-
vini and co-workers demonstrated that
ZEA and its metabolites could cause
apoptosis in granulosa cells from equine
ovaries (Minervini et al., 2006).

Metabolism of ZEA by animals leads
to production of various metabolites with
different oestrogenic potency. Concerning
the ZEA metabolism in equine species,
hitherto there is no available report; hence
in this study we aimed to investigate the
hepatic biotransformation of ZEA by pri-
marily isolated hepatocytes of horse and
subsequently by the liver subcellular frac-
tions including microsomes and post-
mothochondrial fractions. Moreover, glu-
curonidation of produced metabolites was
also determined.

MATERIALS AND METHODS

Chemicals

The test compounds zearalenone (ZEA),
a-zearalenol  (a-ZOL), [B-zearalenol
(B-ZOL), uridine diphosphate glucuronic
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acid (UDPGA), and nicotinamide dinu-
cleotide phosphate (NADPH) were pur-
chased from Sigma Chemical Co. (St.
Louis, MO, USA). All other chemicals
were of reagent grade. All test compounds
were dissolved in absolute ethanol to pre-
pare 500 uM and 100 uM stock solutions,
respectively.

Isolation of equine primary hepatocytes

Hepatocytes isolation from horse liver
was conducted with some modification
according to the protocol described by
Seglen (1976). The isolation protocol
described here is a combination of the
protocol described by Bakala et al. (2003)
and Van't Klooster ef al. (1992). A freshly
prepared piece of equine liver (within 2.5
hours after slaughtering) was canulated
and perfused in two steps at a flow rate of
450 mL per minute. First, the piece of
liver ~was perfused with warm
(38 °C) Ca*'-free Hanks’ Balanced Salt
Solution (HBSS) for seven minutes, to
chelate the present Ca’" and remove it
from the liver tissue. After this, it was
perfused for 5-15 min with a recirculating
warm (38 °C) HBSS solution, containing a
concentration of 5 mM of CaCl,, 10 mM
of HEPES and 0.1% collagenase type IV,
to digest the liver tissue.

After the perfusion, the liver tissue
was placed in a dish containing Williams
E (WE) medium, containing 5% foetal
calf serum (FCS) at room temperature in a
laminar air flow cabinet and the liver cap-
sule and non-perfused solid pieces of the
liver tissue were removed, using scissors,
scalpel and forceps. A cell suspension was
then obtained by gently shaking the re-
maining liver tissue in the WE medium
while holding it with a forceps, and re-
moving larger parts.

The hepatocyte suspension was then
filtered twice, using filters with a pore
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diameter of 250 and 100 pm, respectively.
Finally, the suspension was centrifuged
twice at 80xg for 2 minutes and cell vi-
ability was measured using trypan blue
method (results: 89% live cells). To this
suspension, WE medium was added to
obtain a final cell suspension containing
one million viable cells per mL. After iso-
lation, hepatocytes were cultured on col-
lagen coated 24 well plates in WE medi-
um containing 5% FCS for the first 24 h.

The viability of freshly isolated cells
were determined by mixing hepatocyte
suspension (diluted 20 times with WE)
with the same volume of trypan blue and
counting stained (non-viable) and un-
stained (viable) cells in a haemocyto-
meter.

Preparation of liver subcellular fractions

Immediately after slaughter, specimens of
the liver from 4 male horses (Dutch warm
blood horses), aged approximately 9-12
years, and weighing between 500-650 kg,
were collected, cut into small pieces, and
rinsed three times with ice-cold saline to
remove excess blood. The subcellular
fractions were prepared according to Rut-
ten et al. (1987). Briefly, two volumes of
KCI (1.15%) and EDTA (0.1mM) solu-
tion were added to a tissue sample and the
mixture homogenised in a Potter-Elve-
hjem apparatus with a Teflon pestle. The
homogenate was then centrifuged at
9,000xg at 4 °C for 30 min and an aliquot
of the supernatant was collected as post-
mitochondrial fraction. The remaining
sample was centrifuged at 100,000xg at
4 °C for 90 min to obtain the microsomal
fraction. After centrifugation, the super-
natant was discarded and the pellet care-
fully dissolved in the same volume of
phosphate buffer (0.05 M; pH 7.4) with
glycerol (20%), and then homogenised
with an ultra-turrax. The individual frac-
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tions of the 4 horses were pooled and
stored at —70 °C until used. Protein con-
centrations of the microsomal and the
post-mitochondrial fractions were deter-
mined according to Lowry ef al. (1951).

Incubation of ZEA with primarily isolated
hepatocytes and equine liver subcellular
fractions

In order to study the biotransformation
fate of ZEA in equine hepatocyte, freshly
isolated hepatocytes were seeded in 24-
well cell culture plates and after overnight
incubation at 37 °C and 5% CO, in air, the
old medium was discarded and the cells
exposed to medium containing various
concentrations of ZEA (1, 10, 50, 100,
and 250 uM) for 2, 4, and 24 hours. To
measure the biotransformation products
by subcellular fractions, different concen-
trations of ZEA were added to the reac-
tion mixtures of 250 pL, containing either
pooled liver microsomes (0.375 mg pro-
tein per mL) or the post-mitochondrial
fraction of the liver (1.25 mg protein/mL)
and supplemented with NADPH (0.5 mM)
in a final volume of 250 pL phosphate
buffer (50 mM, pH 7.4). Samples were
incubated in a shaking water bath at 37 °C
for 30 min. The reaction was stopped by
transferring the samples to an ice-cold
environment followed by extraction with
chloroform. The organic phase was col-
lected and evaporated to dryness under a
stream of N,. The residue was re-dissolved
in the mobile phase for HPLC analysis.

Determination of glucuronidation rate

The post-mitochondrial fraction was dial-
ysed overnight using cellulose membranes
(width 25 mm, diameter 16 mm; retaining
proteins with a MW >12 kDa, Sigma)
with a dialysis buffer containing 1.15%
(w/v) KCl and 0.1 mM EDTA, which was
refreshed twice. Subsequently, increasing
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concentrations of ZEA were added to the
dialysed fraction (1.25 mg protein/mL in
250 pL) dissolved in a phosphate buffer
(50 mM, pH 7.4) supplemented with 0.5
mM NADPH in the absence or presence
of 10 mM uridine-diphosphate glucuronic
acid (UDPGA), and incubated for 30 min
at 37 °C. The reaction was stopped by
placing the samples on ice and adding
1.25 mL ice-cold chloroform. After mix-
ing, 1 mL of the organic phase was col-
lected and evaporated to dryness under a
stream of N,. The residue was subse-
quently analysed by HPLC.

HPLC analysis

ZEA and its metabolites were determined
by high-performance liquid chromatogra-
phy (HPLC) according to a previously
described protocol (Malekinejad et al.,
2005a). In short, the chromatographic
system consisted of an auto sampler
(Gynkotek Autosampler Model GINA 50,
Separations Analytical Instruments BV,
Hendrik Ido Ambacht, The Netherlands)
and dual pumps (Gynkotek High Precision
Pump Model 300, Separations Analytical
Instruments BV, Hendrik Ido Ambacht,
The Netherlands). Fifty microlitres of the
extracted sample was injected onto a
LUNA 5p C18 (150%4.60 mm, Phenome-
nex) column. The mobile phase consisted
of a mixture of methanol-water (70:30,
v/v) eluted at a flow-rate of 0.8 mL/min.
Detection occurred by means of a fluores-
cence detector (Jasco Fluorescence Detec-
tor Model FP-920, Separations Analytical
Instruments BV, Hendrik Ido Ambacht,
The Netherlands), set at an excitation and
emission wavelengths of 236 and 418 nm,
respectively. Measuring peak areas and
comparing them with the relevant calibra-
tion curves quantified ZEA and its me-
tabolites.
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Statistical analysis

All results are presented as means + SD.
For kinetic studies the Michaelis-Menton
constant (Km) and the maximum velocity
(Vmax) were obtained. Differences be-
tween the amounts of the individual pro-
ducts were analysed with a two-way
ANOVA followed by a Bonferroni test,
using Graph Pad Prism 4.00, Graph Pad
Software. P<0.05 was considered signifi-
cant. Differences between the amounts of
produced metabolites by the primary iso-
lated hepatocytes, microsomal or the post-
mitochondrial fractions were analysed by
Student’s t-test. P<0.05 was considered as
significant.

RESULTS

Hepatocyte viability was 89+15% as de-
termined with TB dye exclusion test.

To find the best incubation time for
ZEA biotransformation by horse hepato-
cytes, various concentrations of ZEA were
incubated for 2, 4, and 24 hours. Follow-
ing incubation and HPLC analysis for
produced metabolites, it has been found

pmol/min/mg

that incubation for 4 hours was the best
incubation time as in 2 hours incubation
either the metabolite production could not
reach V.« or was not produced at all. On
the other hand incubation for 24 hours
revealed that most of the given concentra-
tions of ZAE could exert toxic effects and
HPLC analysis for the metabolites pro-
duction confirmed this hypothesis (data
not shown). Moreover, following 4 hours
incubation of different concentrations of
ZAE which followed by chloroform ex-
traction and HPLC analysis, we discov-
ered that a-ZOL was the dominant meta-
bolite of hepatic biotransformation in hor-
ses (Fig. 1). Kinetic parameters of ZAE
biotransformation by horse hepatocytes
are shown in Table 1.

To study the biotransformation of
ZEA in horse hepatic subcellular frac-
tions, ZEA was incubated either by micro-
somes or post-mitochondrial fractions for
30 minutes. Following chloroform extrac-
tion and HPLC analysis we found that like
as freshly isolated horse hepatocytes a-
ZOL was the major metabolite of ZEA in
the presence of NADPH at pH 7.4.

v o-Z0L
s+ B-ZOL

T
0 50 100

[ZEA M)

T 1
200 250

Fig. 1. Biotransformation of zearalenone (ZEA) by horse hepatocytes;
0-ZOL: a-zearalenol; B-ZOL: B-zearalenol
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Table 1. Kinetic parameters of zearalenone biotransformation by horse hepatocytes and hepatic sub-

cellular fractions

Hepatocytes Microsomes Post-mitochondrial
fraction

a-zearalenol
Vinax 5.5+£0.27 532+0.22 1.18 £0.06
Kn 85+23 18.7+3.5 20.85+4.52
V ma/Km 0.065 0.284 0.056
[-zearalenol
Vinax 1.8+ 0.20 8.8+1.4% ND
Ku 155 +32 320 +89.5° ND
Vinax/Km 0.011 0.027 ND

a, b — the values were calculated, however, with given concentration of zearalenone we were not ab-

le to obtain these values; ND: not detected.
Although a-ZOL production reached V.«

we failed to obtain the maximum velocity

» g-ZOL + B-ZOL

pmol/min/mg
.

T T T
0 50 100 150 200 250
[ZEA uM]

= a-ZOL production by 4 a-ZOL production by
64 microsomes post-mitochondrial fraction

I

pmol/min/mg
s

[ 50 1:)0 1;0 2:)0 2;0
(ZEA uM]

Fig. 2. Biotransformation of zearalenone
(ZEA) by horse liver microsomes (top) and
post mitochondrial fraction (bottom); a-ZOL:

a-zearalenol; B-ZOL: B-zearalenol.
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for the B-ZOL production by horse hepatic
microsomes with given concentrations of
ZAE. The same pattern of study was es-
tablished with horse hepatic post-
mitochondrial fraction for ZEA metabo-
lism and the data revealed that there is a
significant (P<0.05) different between two
sub-cellular fractions as the a-ZOL pro-
duction by hepatic microsomes was found
5-fold higher than that by post-mito-
chondrial fraction. Unlike microsomes we
failed to detect any B-ZOL production by
post-mitochondrial fraction (Fig. 2).

Subsequently, pH dependency of ZEA
biotransformation by horse hepatic micro-
somes was examined and the results indi-
cated that the a-ZOL production at acidic
pH (5.2) was approximately 2-fold higher
than that at physiologic pH (7.4). Fur-
thermore, again we could not detect any -
ZOL production when microsomes were
incubated at acidic pH (Fig. 3).

In the corresponding liver samples
which the first phase reaction measured,
glucuronidation of ZEA and its hydroxy-
lated metabolite in the presence of
UDPGA and using dialyzed post-mito-
chondrial fractions was assessed. Our re-
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+  o-ZOL production at pH 5.2

125 .
= o-ZOL production at pH 7.2
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Fig. 3. Biotransformation of zearalenone (ZEA) by horse liver microsomes
at different pH; a-ZOL: a-zearalenol.

sults showed a reverse relation between
the given ZEA concentrations and the
measured glucuronidated fractions, as at
low concentrations all given ZEA and a-
ZOL were glucuronidated (Table 2).

Table 2. Percentage of glucuronidation of zea-
ralenone (ZEA) and a-zearalenol (a-ZOL) by
post-mitochondrial fraction of the horse liver

ZEA (uM) % ZEA % a-ZOL
1 100 100
10 100 100
50 75.0£7.07  39.5+7.8
100 67.543.5 29.543.5
250 54.041.4 17.04.2
DISCUSSION

This study showed that both primarily
isolated hepatocytes and subcellular frac-
tions from the liver of corresponding
horses converted ZEA mainly to a-ZOL.
It is known that ZEA is a highly lipophylic
compound, so it is expected to follow both
phase I and II biotransformation reactions.
Previous data indicated that hydroxylation
of ZEA at position 6 results in the produc-
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tion of a- and B-ZOL. Our previous stud-
ies showed that there are huge differences
in biotransformation of ZEA between
animal species (Malekinejad et al.,
2005b).

The phase I reaction (hydroxylation)
of ZEA biotransformation appears to be
comparable to steroid metabolism cata-
lysed by hydroxyl steroid dehydrogenase
(HSD) (Malekinejad et al., 2005a). There
are two known HSDs which catalyse the
formation of either 3a-hydroxysteroids or
3B-hydroxysteroids. 3a-HSD acts as oxi-
doreductase and is physiologically ex-
pressed in the liver, brain, prostate, lung,
kidney, and gonads. Additionally, 3o-
HSD is able to metabolise many other
non-steroidal substances (Penning et al.,
1996; Pirog & Collins, 1999). On the
other hand, human 3B-HSD is expressed
mainly in the prostate, placenta, mammary
glands, and endometrium, which functions
as dehydrogenases/isomerases (Thomas et
al., 2002), indicating different location
organs and various physiologic functions
of two isoenzymes.

We previously demonstrated that the
expression of 3a- and 3B-HSD in porcine

BJVM, 16, No 4



cumulus oocyte complexes (COCs) and
granulosa cells isolated from COCs and
the involvement of both isoenzymes in the
biotransformation of ZEA (Malekinejad et
al., 2006). The expression of 3f-HSD in
equine placenta, corpus luteum, ovarian
follicles has also been reported (Boer-
boom & Sirois, 2001; Albreeht & Daels,
1997). There is, however, lack of informa-
tion about the expression, activity and
enzyme kinetic of 30-HSD in the horse
liver. Therefore, this is the first report that
describes hepatic biotransformation of
ZEA in horses, in which biotransforma-
tion was assumed to occur by hepatic 3a-
and 3 B-HSD as in other animal species.
In the present study we used freshly
isolated equine hepatocyte which indeed
is the closest model to the in vivo hepatic
biotransformation as nearly all the physi-
ologic conditions kept in intact hepato-
cytes and biotransformation studies were
conducted as quick as possible. Consider-
ing the hepatic biotransformation as the
major metabolism reaction in mammals
and its importance in equine, it would be
wise to speculate that some reproductive
disorders in equine species might be re-
lated to ZEA intoxication, as our finding
showed that a-ZOL is the main hepatic
metabolite of ZEA. It has already been
shown that 0-ZOL exerts more potent
oestrogenic effect than ZEA and -ZOL
(Malekinejad et al., 2006; 2010). To in-
vestigate any differences in enzyme loca-
tion in the horse liver, the sub-cellular
fractions of the corresponding livers were
subjected to ZEA biotransformation. Our
findings indicate that the microsomal frac-
tion like as hepatocytes produces mainly
a-ZOL. Comparing the V., for the
a-ZOL production in two isolated frac-
tions, it was shown that a-ZOL production
in microsomes was 5-fold higher than that
in post-mitochondrial fraction indicating
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that the catalysing enzyme should be pre-
dominantly localised in the microsomal
fraction. The high calculated K, value for
the B-ZOL production compared to the o-
ZOL production indicated either a low
enzyme to substrate affinity, or low ex-
pression of enzyme in horse hepatic mi-
crosomes. Surprisingly, we could not de-
tect any B-ZOL formation by the post-
mitochondrial fraction. This finding could
be explained by two possible reasons:
either the level of produced B-ZOL by
post-mitochondrial fraction was under the
limit of detection for the method used in
this study or the B-ZOL producing enzyme
(3p-HSD) was not located in this fraction
of the liver. 3a-HSD is the main hepatic
enzyme, which is involved in the reduc-
tion of ZEA into a-ZOL.

Our finding about the optimal pH for
the maximum velocity of equine hepatic
30-HSD activity is in agreement with pre-
vious reports, as in a rodent model it has
been demonstrated that the maximum re-
ductase activity of 3a-HSD unlike its de-
hydrogenase activity has taken place at
acidic pH (5.5) (Chavatte et al., 1995;
Malekinejad et al., 2005¢). Although the
lower pH may not be practically applica-
ble in physiologic condition, in pathologic
situation however like prostate cancers,
which could be a serious consequence of
ZEA intoxication, lower pH would be
optimal for more a-ZOL production and
ultimately more hyperoestrogenic effects.

The last part of the current study was
devoted to clarify the rate of glucuronida-
tion for ZEA and its reduced metabolite.
The dialysed post-mitochonderial fraction
was used in incubation medium in the
presence and absence of UDPGA. It is
well documented that the rate of glu-
curonidation largely depends on the activ-
ity of uridine diphosphate glucuronyl trans-
ferase (UDPGTs) and UDPGA availabi-
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lity. As there were no f-ZOL formation in
given concentrations of ZEA, we were not
able to estimate the rate of glucuronidated
B-ZOL. Our results indicated a complete
glucuronidation rate for the lowest con-
centrations of both compounds and a re-
verse relationship between the ZEA and
a-ZOL concentration increase and the
reduced rate of glucuronidation. This find-
ing is in full accordance with previous
data about the glucuronidation of ZEA
and its metabolites in other animal species
(Minervini et al., 2005). The obtained dif-
ferences between the percentile of glu-
curonidated ZEA and a-ZOL may be attri-
buted to the different affinity of UDPGTs
for mentioned compounds, as it has been
shown for different aliphatic alcohols and
also for several steroids in the human liver
(Jurowieh et al., 2004). It is, however,
likely that this remarkable glucuronidation
rate causes a prolonged body clearance
due to enterohepatic recirculation.

In conclusion, our findings demon-
strated that a-ZOL is the major hepatic
metabolite of ZEA in horse and that the
responsible enzyme for this metabolism is
mainly located in the microsomal fraction
of the hepatocytes. Moreover, high rate of
glucuronidation at low ZEA and o-ZOL
concentrations may result in prolonged
body clearance and more reproductive
disorders. It is worthwhile that further
studies are carried out to determine en-
zyme(s) expression in the liver and other
tissues including the reproduction system,
involved in ZEA hepatic and extra-hepatic
biotransformation in the equine species.
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