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The effect of 10-day zearalenone administration starting 10 days after
ovulation was studied in 6 cycling trotter mares in the summer period. After an
entire oestrous cycle (Cycle 1), mares were given 7 mg purified zearalenone per
os daily (1 mg/ml in ethyl alcohol) beginning on Day 10 of Cycle 2. Toxin expo-
sure was continued until the subsequent ovulation. Luteal function and follicular
activity were monitored daily by rectal palpation, ultrasonography and blood
sampling for progesterone. During toxin exposure, all animals were in good
physical condition. The toxin had no effect on the length of the interovulatory in-
tervals, luteal and follicular phases. It did not influence significantly the plasma
progesterone profiles (logistic curve parameters Al to A6), the follicular activity
(growth rate, maximum size of the ovulatory follicles, maximum number and the
time of first increase in the number of large follicles) and the uterine oedema. It is
concluded that in cyclic mares the methods used in this study could not detect any
adverse effect of zearalenone (administered at a low dose similar to natural expo-
sure) on reproduction.

Key words: Mare, zearalenone, progesterone, follicular activity, uterine
oedema

Reproductive efficiency in horses may be influenced by several factors in-
cluding mycotoxins occurring as feed contaminants. In the practice, reproductive
problems of mares such as late resumption of cyclic ovarian activity, prolonged
corpus luteum function, decreased per cycle fertility rate and increased early em-
bryonic mortality are often explained by some, not precisely specified nutritional
factors. Despite this fact, however, mycotoxin-induced genital malfunctions have
received little attention in this species (Juhasz et al., 1997).

Mycotoxins are produced by moulds growing in crops and stored feed.
Zearalenone, a B-resorcylic acid lactone is produced by many species of Fusar-
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ium, primarily F. graminearum and F. culmorum, and it is a natural contaminant
of corn, wheat, barley, oat and hay (Coulombe, 1993; Oldenburg et al., 2000).
Despite structural dissimilarity to steroidal oestrogens, zearalenone has oestro-
genic properties (Katzenellenbogen et al., 1979; Blankenship et al., 1982) and,
thus, exerts a detrimental effect on the reproductive performance of pigs. In ma-
ture, nonbred sows zearalenone exposure may result in constant oestrus, ovarian
atrophy, pseudopregnancy, uterine hyperplasia, metaplasia of the cervical epi-
thelia and oedema of the mammary gland (Kurtz et al., 1969; Edwards et al.,
1987; Vanyi et al., 1995). A large proportion of gilts (40-90%) fed low levels of
zearalenone did not return to oestrus for a period of 50 to 80 days and myco-
toxin-induced retention of corpora lutea was similar to that occurring when sows
are given exogenous oestrogen on days 11-12 of the oestrous cycle (Etienne and
Jemmali, 1982; Young and King, 1986; Diekman and Green, 1992). In other
domestic species, reproductive problems related to zearalenone exposure have
been less frequently described. In cows, decreased fertility, reduced milk pro-
duction, swollen and hyperaemic external genitalia and enlarged mammary
glands (Mirocha et al., 1968; Vanyi et al., 1974; Bloomquist et al., 1982; Weaver
et al., 1986; Huszenicza et al., 1995), in ewes, decline in ovulation rate and in-
crease in duration of oestrus (Smith et al., 1990), while in horses the lack of oes-
trus (Kallela and Ettala, 1984) have been reported.

The mechanism of the oestrogenic effect of zearalenone appears to be me-
diated via binding of the mycotoxin and its metabolites to cytoplasmic oestrogen
receptors (Katzenellenbogen et al., 1979). In horses, oestrogens have several im-
portant physiological roles. They are responsible for the expression of oestrous
behaviour (Nett, 1993). Oestrogens secreted by the developing conceptus may
play a role in the maternal recognition of pregnancy (Zavy et al., 1984). This idea
is supported by earlier findings demonstrating that administration of oestrogen to
nonbred mares resulted in prolonged interovulatory interval (Berg and Ginther,
1978). The increase in interovulatory interval after oestrogen administration may
be the result of suppressed follicular development and not of a failure of corpus
luteum regression (Woodley et al., 1979).

The objective of the present study was to test the hypothesis that zearale-
none as an oestrogenic compound administered at low dose starting 10 days after
ovulation affects corpus luteum function, follicular development and uterine oe-
dema in cyclic mares.

Materials and methods

Animals and toxin exposure

Six trotter mares, aged 6—14 years and weighing 530-650 kg, were in-
cluded in the experiment, which was carried out in early summer during two
oestrous cycles (Cycle 1 and Cycle 2). Mares were kept together in an open barn
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during the night and let out to graze during the day. They were fed hay ad /ibi-
tum and 2 kg of oats with no detectable amount of zearalenone either twice daily
before toxin exposure, or once daily during toxin exposure. All of them main-
tained good body condition throughout the study.

Zearalenone (> 95% of purity) was produced on corn substrate (5000 mg/kg)
using strains of Fusarium graminearum (MC 71053). The extraction and purifica-
tion of toxin was carried out according to Christensen et al. (1965). The purified
toxin was dissolved in 30% ethyl alcohol to give a solution containing 1 mg/ml of
zearalenone. Each mare was given 7 mg zearalenone per day in the morning feed.
This ration was prepared the previous afternoon. The oats containing the toxin was
given to the mares individually and special attention was paid so that all the mares
ate the entire amount. Body temperature was taken each morning before the repro-
ductive examinations.

Mares were followed but not treated for one complete oestrous cycle (Cy-
cle 1) and toxin exposure was started on Day 10 after ovulation (Day 0) in the
next cycle (Cycle 2) and was continued until subsequent ovulation.

Ovarian follicular dynamics and uterine changes

Rectal examination and ultrasonography of the ovaries and uterus, using a
real-time linear array scanner (Aloka SS-210 DX, ALOKA Inc., Japan) with a
5 MHz rectal probe, were carried out daily throughout the study. Follicular ac-
tivity and other parameters such as uterine and cervical tone and turgidity, pres-
ence and extent of uterine oedema and the size and quality of the corpus luteum,
were also recorded. The diameter of all follicles larger than 1 cm were measured
using the electronic callipers of the scanner on frozen screen. The diameter was
defined as the longest dimension of the antrum of a spherical follicle. In case of
non-spherical follicle, both the longest and the widest dimensions were recorded
and the two values averaged. Follicles were counted and classified according to
size (small: 1-2 cm and large: >2 cm). The maximum number of follicles
(> 1 cm), the maximum number of large follicles, the time of first increase in the
number of large follicles and the growth rate and maximum size of the ovulatory
follicles were used as endpoints for statistical analysis. Uterine oedema was re-
corded using a scoring system from 0 to 3. Score 0 represented dioestrus-like
uterus with ultrasonically homogenous uterine echotexture. Score 1 to 3 indi-
cated oestrus-like uterus at different levels. During oestrus, alternating and in-
tertwining echogenic and nonechogenic areas resulted in the so-called ‘lemon or
wheel’ shape uterine echotexture. Score 0.5 represented transition between dio-
estrus- and oestrus-like echotextures.
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Blood sampling and progesterone assay

Blood samples were collected daily at the time of examinations by jugular
venipuncture into heparinised tubes. Samples were centrifuged shortly after col-
lection for 10 min at 3000 rpm before plasma was harvested. Plasma samples
were then stored at —20 °C until assayed for progesterone.

Progesterone was measured using a nonextraction, liquid-phase tritium-
based radioimmunoassay validated for equine plasma (Nagy et al., 1998). The
antiserum used is highly specific for progesterone and 11a-OH-progesterone
(96%) and it shows particularly low cross-reactivity with other progestagens
(0.0001%—0.6%; Csernus, 1982). The intra- and interassay coefficient of varia-
tions for plasma pools representing low (3—4 nmol/l), medium (6—7 nmol/) and
high (15-19 nmol/l) ranges were 15.4%, 7.6%, 8.0% and 13.0%, 9.7%, 7.3%, re-
spectively.

Statistical analysis

The length of the interovulatory intervals, oestrous and dioestrous periods
were determined. The length of the luteal phase was defined as the time from
ovulation until the subsequent decline of plasma progesterone concentration to
1 nmol/l. The follicular phase was defined as the period from when plasma pro-
gesterone concentration first fell below 1 nmol/l until ovulation. Changes in
these parameters in Cycle 2 (mycotoxin exposure) compared to Cycle 1 (control
cycle) were evaluated using paired #-test.

Biphasic logistical curves (P4 = A1[1 + e " — A4[1 + ¢ AT
P4 = plasma progesterone, t = day of cycle, Al to A6 = curve parameters) were
fitted to the progesterone profile of each interovulatory interval by the DUD
method of NLIN procedure of SAS data analysis system. Al and A4 represent
the upper asymptotic values of the progesterone for the two curves. A3 and A6
are the locations of the inflection points and A2 and A5 are proportional to the
slope of the curves at the inflection points (slope = -A1A2A3/4 and —~A4A5A6/4)
(Koops, 1986). To test the effect of toxin exposure on plasma progesterone se-
cretion, the parameters of the progesterone profiles calculated from Cycle 2 were
compared to those of Cycle 1 by paired #-test.

For the analysis of follicular activity and uterine oedema, data were ad-
justed to the end of the oestrous cycle. The growth rate of the largest follicles
during oestrus was calculated by linear regression of the follicular diameter over
the days of cycle (slope = growth rate, Sirois et al., 1989). The characteristics of
follicular activity (first increase in the number of large follicles, maximum num-
ber of all (> 1 cm) and large follicles (> 2 cm), growth rate and maximum size of
the ovulatory follicles) and uterine oedema (first increase in uterine echotexture
> score 1, maximum uterine score) during the control (Cycle 1) and mycotoxin-
treated (Cycle 2) cycles were also compared using paired -test.
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Results

The toxin exposure lasted 8 to 10 days depending on the length of the
oestrous cycles exhibited by the individual mares. During toxin administration,
all animals were in good physical condition and none of them developed sys-
temic signs of distress. Body temperatures always remained within the physio-
logical range.

The toxin had no effect on the interovulatory intervals, or on the lengths of
luteal and follicular phases (Fig. 1). The mean (= SEM) interovulatory interval
and length of dioestrous and oestrous periods were 19.3 (= 0.76), 12.5 (= 0.56)
and 6.8 (+ 0.48) days, respectively in Cycle 1. There were no significant changes
(P >0.1) in these parameters observed during mycotoxin exposure (18.3 £+ 0.42,
12.5£0.22 and 5.8 £ 0.31 days, respectively).

20 ~
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Cycle 2
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>
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Interovulatory interval Luteal phase Follicular phase

DN\
N\

Fig. 1. Comparison of the length of the interovulatory intervals, luteal and follicular phases in the

control (Cycle 1) and mycotoxin-treated (Cycle 2) cycles. Error bars represent standard error of

mean. There was no toxin exposure in Cycle 1, it was started on Day 10 of Cycle 2 and was con-
tinued until ovulation

Using the biphasic logistical curve-fitting model, individual progesterone
profiles were described accurately. There was a close relationship between
measured and calculated values (R = 0.98). Figure 2 shows the measured and
calculated progesterone profiles of a representative mare, together with the final
growth of the ovulatory follicles, throughout the study. The means of the differ-
ent curve parameters in the control and mycotoxin-treated cycles are shown in
Table 1. There was no significant difference in these curve parameters between
Cycles 1 and 2 (P > 0.1). Exposure of zearalenone did not influence maximum
plasma progesterone concentration, the time of luteolysis and the rate of decrease
in progesterone during luteolysis.
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Fig. 2. Measured (m) and calculated (0) plasma progesterone profiles and final growth of the ovu-

latory follicles (dotted lines) of a representative mare throughout the study. The arrow shows the

period of toxin exposure (from Day 10 of Cycle 1 until ovulation). Note increased plasma proges-
terone concentration in Cycle 2 after double ovulation

Table 1

The characteristics (parameter Al to A6) of calculated plasma progesterone profiles in the control
(Cycle 1) and mycotoxin-treated (Cycle 2) cycles

Al A2 A3 A4 A5 A6
mean mean mean mean mean mean
(= SEM) (= SEM) (= SEM) (+ SEM) (= SEM) (= SEM)
Cycle 1 14.5 -12 32 14.7 2.0 ~13.1
(1.75) (0.19) (0.53) (1.82) (0.50) (0.59)
Cycle 2 14.4 12 25 14.4 -1.9 -20.5
(1.22) (0.16) (0.16) (1.30) (0.65) (1.75)

Of the 12 oestrous cycles monitored, 9 (75%) showed single ovulation and
3 (25%) double ovulation. One double ovulation occurred in the control cycles
and 2 during toxin exposure. The characteristics of follicular development during
the control and mycotoxin-treated cycles are shown in Table 2. The maximum
number of follicles (> 1 cm) was significantly higher in Cycle 2 compared to Cy-
cle 1 (P <0.05). There was no difference in the other parameters. The first in-
crease in the number of large follicles (> 2 cm) occurred 9 to 10 days before
ovulation. The mean maximum number of these follicles was 3-3.7. Changes in
the mean number of large follicles, showed similar pattern in the control (Cy-
cle 1) and mycotoxin-treated (Cycle 2) cycles (Fig. 3). The maximum size of the
preovulatory follicles (4.2—4.3 c¢m) and their growth rate (3.1-3.2 mm/day) were
similar between the cycles.
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Table 2

The characteristics of follicular activity and uterine oedema in the control (Cycle 1)

and mycotoxin-treated (Cycle 2) cycles

217

Cycle 1
Mean (= SEM)

Cycle 2
Mean (= SEM)

Ist increase in the number of large follicles

(> 2 cm, day before ovulation) -9.0 (1.86) -9.7 (1.69)
Maximum number of large follicles (> 2 cm) 3.0 (0.86) 3.7 (0.56)
Maximum number of follicles (> 1 cm) 8.2%(0.95) 12.0° (1.61)
Ovulatory follicle

Growth rate (mm/day) 3.2(0.19) 3.1(0.20)

Maximum size (cm) 4.2 (0.03) 4.3 (0.16)
Uterine oedema

Ist increase in uterine score > 1

(day before ovulation) -5.2 (0.60) —4.0 (0.37)

Maximum uterine score 2.0 (0.00) 1.9 (0.08)

Values in the same row with different superscripts are different at P < 0.05 level

44 —m—Cycle1
—O—Cycle 2

Number of follicles

20 -18 -16 -14 -12 10 -8 6 -4 -2
Days before ovulation (0 = day of ovulation)

Fig. 3. Changes in the mean number of large follicles (> 2 cm) in the control (Cycle 1) and myco-
toxin-treated (Cycle 2) cycles. Data are adjusted to the time of ovulation

There was a gradual increase in uterine echotexture representing uterine
oedema from 6 to 8 days until 2 days before ovulation followed by a sharp de-
crease until ovulation both in the control and mycotoxin-treated cycles (Fig. 4).
Exposure of zearalenone had no significant effect (P> 0.1) on the time of first
increased uterine echotexture (uterine score > 1; 4-5.2 days before ovulation)
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and on maximum uterine echotexture (scale from 0 to 3; uterine score: 1.9-2;
Table 2). There was no abnormal oestrous behaviour and pathologically swollen
and hyperaemic external genitalia observed during zearalenone exposure.

37  —mCycle1
—O—Cycle 2

Uterine Score

-20 -18 -16 -14 -12 -10 -8 -6 -4 -2 0
Days before ovulation (0 = day of ovulation)

Fig. 4. Changes in uterine echotexture (Score 0 to 3) representing uterine oedema in the control
(Cycle 1) and mycotoxin-treated (Cycle 2) cycles. Data are adjusted to the time of ovulation

Discussion

In our experiment, we tested the hypothesis that zearalenone, a feed-
contaminant mycotoxin administered at low dose starting 10 days after ovulation
affects corpus luteum function, follicular development and uterine oedema in cy-
clic mares. As in other domestic species, zearalenone, together with other my-
cotoxins could have a role in the development of reproductive disturbances such
as prolonged corpus luteum function, decreased fertility and increased early em-
bryonic mortality that are frequently encountered problems on stud farms. In our
model, we wanted to simulate an increased natural toxin exposure. Mares usually
consume around 7 kg of feed per day and 1 mg/kg feed toxin concentration can
occur as natural contamination in crops (Pier et al., 1980; Oldenburg et al.,
2000). For this reason, mares were administered 7 mg purified zearalenone
mixed with the morning ration.

In the study, no contemporary controls were used but control and treated
cycles were compared in each mare. We used a 2-stage method to analyse our re-
sults. In the first stage, summary measures (logistic curve parameters, growth
rate and maximum size of ovulatory follicle, etc.) were extracted from our serial
measurements (daily plasma progesterone concentrations, number of follicles,
diameters of the ovulatory follicles, score of uterine oedema). In the second part,
these summary measures were compared by a simple statistical method of the
paired t-test (Matthews et al., 1990). The arbitrary classification of follicles
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(small follicle: 1 to 2 cm in diameter, large follicle: > 2 cm) was based on studies
demonstrating that the diameters of the two large follicles at the beginning of de-
viation are 2.2 and 1.9 cm (Ginther, 2000).

We have shown that zearalenone administered at low dose starting 10 days
after ovulation did not influence the interovulatory interval, the length of luteal
and follicular phases, plasma progesterone concentration, the rate of decrease in
progesterone during luteolysis, the first increase in the number of large follicles
(> 2 cm), their maximum number, the growth rate and maximum size of the
preovulatory follicles, and uterine oedema. For this reason, our hypothesis was
rejected. The significant increase in the maximum number of follicles (> 1 cm)
during Cycle 2 was not related to toxin exposure since it occurred before zeara-
lenone administration was started.

There could be several reasons why we have not observed any reproduc-
tive effect of zearalenone in our study. The oestrogenic effect of zearalenone is
influenced by several factors such as (1) the sensitivity of the species, (2) the age
of the animal, (3) the reproductive stage and (4) the dose. Most probably, the re-
lationship among these factors determines whether the oestrogenic effect of
zearalenone is manifested in a specific case. The sensitivity of a species seems to
be related to the relative binding affinity of the toxin to oestrogen receptors and
its in vivo metabolism. Zearalenone has a greater affinity for oestrogen receptors
from animals that are more susceptible to the oestrogenic effects of the myco-
toxin (Coulombe, 1993). There is also species variation in the metabolism of
zearalenone concerning metabolites (a- or f-zearalenol) and conjugates (glucu-
ronic or sulphate) that have different relative binding affinity for oestrogen re-
ceptors (Lindsay, 1985; Olsen et al., 1985). In horses, there are no data available
on the metabolism and the binding affinity of zearalenone and its metabolites.
Young, prepubertal animals seem to be more sensitive to zearalenone than
adults. It is well known that prepubertal gilts are the most sensitive to the toxin
but no reproductive effect is observed at levels below 0.5 mg/kg feed (Kurtz et
al., 1969; Friend et al., 1990). Whereas, in mature gilts the reproductive no-effect
level is higher, around 3.5-4 mg/kg feed (Etienne and Jemmali, 1982; Young
and King, 1986). Interestingly, cyclic animals seem to be more sensitive than
pregnant sows. Higher doses (> 60 mg/kg feed) are required to affect embryonic
development (Long et al., 1982; Long and Diekman, 1984). Above a certain
level of toxin exposure, there is a linear relationship between the dose and the
frequency of reproductive disturbances. In ewes, there is a linear decline in ovu-
lation rate, length of the cycle and increase in oestrus duration with increasing
dose level (Smith et al., 1990). In pregnant sows, the frequency of decreased lit-
ter size is increasing with the dose (Long et al., 1982).

Based on our results, it seems that the dose applied in our study
(7 mg/animal = 1 mg/kg feed) was below the reproductive no-effect level of
adult, cyclic mares. Most probably, we could have induced some reproductive
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disturbances using higher doses (> 10 mg/kg feed) of zearalenone but such con-
tamination is unusual in practice (Pier et al., 1980; Oldenburg et al., 2000). The
failure of zearalenone to affect the time of luteolysis could also be related to
some other factors. In sows, trophoblast cells produce large quantities of oestro-
gens that do not inhibit the synthesis of PGF,,, but redirect the secretion of
PGF,, from the general circulation into the uterine lumen, thus PGF,, is not able
to induce luteolysis (Bazer and Thatcher, 1977; Allen and Cooper, 1993). The
equine conceptus also produces a large amount of estrogens but its role in the
maternal recognition of pregnancy is not firmly established. In mares, oestrogens
may not have a primary effect on corpus luteum function (Sharp, 1993). It is also
possible that the toxin exposure was started too late in the cycle (day 10 after
ovulation) relative to the beginning of the process leading to luteolysis. This idea
is supported by data showing that daily exogenous oestrogen administration re-
sults in prolonged corpus luteum function in mares if it is started right after ovu-
lation (Palmer, personal communication).

Finally, we conclude that the methods used in this study could not detect
any adverse effect of zearalenone administered at low dose (that is similar to
natural exposure) starting 10 days after ovulation on corpus luteum function, fol-
licular development and uterine oedema in cyclic mares.
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