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ABSTRACT

Zearalenone (ZEN) is one of the most common contaminating mycotoxins and is mainly produced by
Fusarium graminearum. ZEN and its metabolites can interfere with estrogen function and affect animals’
reproductive ability. Pigs are most susceptible to ZEN, and ZEN is less harmful to poultry than to pigs. The
exact mechanism for the difference in susceptibility remains unclear. In this review, we summarized
some possible reasons for the relative insensitivity of poultry to ZEN, such as the lower total amount of a-
zearalenol (2-ZOL) and the a-ZOL-to-B-ZOL ratio which reduce the toxicity of ZEN to poultry. The faster
hepatic and enteric circulation, and excretion capacity in poultry can excrete more ZEN and its metab-
olites. There are other possible factors such as the transformation of intestinal microorganisms, differ-
ences in hydroxysteroid dehydrogenases' activity, high estrogen levels, and low estrogen receptors
affinity which can also cause poultry to be relatively insensitive to ZEN. In this review, we summarized
the hazards, pollution status, metabolic pathways, and some measures to mitigate ZEN's harmfulness.

Specifically, we discussed the possible mechanisms of low reproductive toxicity by ZEN in poultry.
© 2021 Chinese Association of Animal Science and Veterinary Medicine. Publishing services by
Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

(crushing, squeezing, storage, or heating). ZEN has reproductive
toxicity, liver and kidney toxicity, and immunotoxicity, among

1.1. The toxicity of zearalenone to animals

Zearalenone (ZEN) is mainly produced by Fusarium graminea-
rum as a secondary metabolite with estrogenic properties. Pure ZEN
is a white crystal, chemical name 6-(10-hydroxy-6-oxy-trans-1-
undecenyl)-B-ryanolide (molecular formula CigH3205, molecular
weight 318.36, CAS 17924- 92-4), with a melting point from 161 to
163 °C, being insoluble in water and easily soluble in alkaline so-
lution, ether, benzene, methanol, and ethanol. ZEN has thermal
stability and is challenging to decompose during feed processing
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which the most typical is reproductive toxicity (Abid-Essefi et al.,
2004; Zinedine et al., 2007). ZEN and its metabolites have a bio-
logical structure similar to 17-p estradiol (Ez) and can bind to es-
trogen receptors (ER) in reproductive organs (Fig. 1 for some
products). This can interfere with the estrogen levels of livestock
and poultry and cause reproductive disorders such as miscarriage,
stillbirth, and teratogenesis (Kouadio et al., 2005).

Zearalenone is highly toxic and widely contaminates corn,
wheat, barley, sorghum, rice, and other grains. It has been re-
ported that many agricultural products are seriously contami-
nated by ZEN, with an average concentration ranging from 5 to
50 mg/kg and a maximum concentration from 120 to 180 mg/kg
(Zinedine et al., 2007). Ma et al. (2018) collected 1,569 samples
(including 742 feed material samples and 827 compound feed
samples) from different regions of China. The results showed that
the ZEN contamination rate in the samples was 88%, and the
highest contamination level was 729.2 pg/kg. Overall, 10.8% of the
tested samples exceeded China's standard limit for ZEN in feed
(150 to 500 pg/kg) (Ma et al., 2018). There can also be a combi-
nation of multiple mycotoxins and interactions between myco-
toxins in feed and feed ingredients (Rai et al., 2020). ZEN enhances
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Fig. 1. The chemical structure of zearalenone (ZEN) and its metabolites.

the damage of deoxynivalenol and aflatoxin B to broilers' and
laying hens' production performance and immunity (Danicke
et al., 2002). Additionally, damage to the liver and jejunum, and
increased residues of deoxynivalenol and aflatoxin By in serum,
liver, chest muscle, small intestine, and excreta have been
described (Chang et al., 2020). ZEN is highly toxic and enhances
other mycotoxins' harm to poultry during co-contamination,
making ZEN-contaminated feed a severe threat to poultry
health. In short, ZEN could reduce the nutritional value of feed and
damage the growth and health of livestock and poultry, causing
severe economic losses to the livestock industry (Binder, 2007;
Wu, 2004).

1.2. The metabolic pathway of zearalenone in animals

Zearalenone has 2 main metabolic pathways in animals: 1)
reduction reaction and 2) binding reaction.

When feeds containing ZEN were fed to animals, part of the
toxin is excreted with urine and feces without being absorbed. The
remaining ZEN is quickly absorbed by small intestinal epithelial
cells into the blood circulation and then metabolized by the liver
into various metabolites. ZEN is reduced to 2 isomers, o/B-zear-
alenol (a/B-ZOL), by 3a/p-hydroxysteroid dehydrogenase (3a/f-
HSD). The structure of a/B-ZOL is similar to ZEN. The estrogen po-
tency of a-ZOL is nearly 500 times stronger than that of ZEN, but
that of B-ZOL is 16 times weaker than that of ZEN and is almost
harmless (Zinedine et al., 2007). Therefore, the reaction to produce
a-ZOL can be regarded as the toxicity enhancement pathway, and
the reaction to produce f-ZOL can be considered as the detoxifi-
cation pathway (Malekinejad et al., 2005a; Yang et al., 2017). In pigs
and ruminants, a small amount of ZEN is also metabolized to
zearalanone (ZAN), and part of a/B-ZOL can be further reduced to o/
B-zearalanol (a/B-ZAL) (Erasmuson et al., 1995). After ZEN is
metabolized in the liver, part of ZEN and its metabolites can be
excreted into the intestines via bile and then return to the liver via
the enterohepatic circulation, continuously circulating. Studies
have shown that the half-life of ZEN in plasma is 87 h. Blocking the
enterohepatic circulation by ligating the bile duct can shorten the
half-life to 3 h (Biehl et al., 1993). Furthermore, milk is also one of
the excretion pathways of ZEN and its metabolites. ZEN and its
metabolites have been detected in the milk of cows and sows
(Prelusky et al., 1990; Schoevers et al., 2012).
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Zearalenone and its metabolites can be coupled with glucuronic
acid and sulfate under the catalysis of uridine diphosphate glucu-
ronidase transferase and sulfotransferase, respectively. Most of the
produced conjugated compounds enter the bile and are excreted
into the intestine, and then they are absorbed and metabolized by
intestinal mucosal cells. These compounds then circulate through
the portal vein blood to various body organs (Biehl et al., 1993), and
the remaining glucuronide conjugates are excreted in urine and
bile (Kiessling and Pettersson, 1978). Glucuronic acid chimeric
compounds lack estrogen's biological activity, so the combination
of ZEN and glucuronic acid is considered a detoxification reaction.
The body clears ZEN and its metabolites through glucuronic acid
acidification and enterohepatic circulation. Furthermore, it has
been reported that ZEN can be hydroxylated into 8-OH-ZEN, 13-
OH-ZEN, and 15-OH-ZEN in humans and rats (Drzymala et al.,
2015). Their similar estrogen effects are less than ZEN, indicating
that oxidation is also a detoxification pathway of ZEN (Bravin et al.,
2009). Fig. 2 summarizes the metabolic process of ZEN in animals. A
key part of developing an antidote to reduce the toxicity of ZEN is to
clarify zearalenone metabolism in poultry.

1.3. The different sensitivity of animals to zearalenone

There are apparent species differences in the sensitivity of ani-
mals to ZEN. The sensitivity hierarchy to ZEN is generally consid-
ered to be pig > rodent > poultry (Biehl et al., 1993). When the
dietary ZEN content reaches 1 mg/kg, it can cause estrogen effects
to sows in the first stage estrus (Malekinejad et al., 2006). Higher
doses can even cause embryonic dysplasia and miscarriage in
pregnant sows (Zhang et al., 2018). ZEN can also cause reproductive
disorders such as testicular atrophy and decreased male hormone
secretion in boars (Berger et al., 1981). Poultry have a relatively
stronger tolerance of ZEN. Apparent reproductive toxicity has only
been observed at 400 mg/kg ZEN in finishing broiler chickens and
young turkeys (Allen et al., 1981a,b), and reduced growth perfor-
mance and achondroplasia at 2 mg/kg ZEN (Chen et al., 2019). The
fact that pigs are more sensitive to ZEN and chickens are relatively
insensitive raises a question: whether chickens have a different
metabolic mechanism for ZEN than pigs, resulting in chickens’
relative tolerance of ZEN? Therefore, the purpose of this review is to
discuss and summarize the latest data on ZEN toxicity to poultry
and methods to mitigate ZEN toxicity. In addition, this review also
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Fig. 2. The metabolic process of zearalenone (ZEN) in animals. Intestine: After intestinal absorption of ZEN, some part of ZEN is affected by intestinal microbes and is hydroxylated,
and the remaining ZEN is excreted with feces. Liver: Some ZEN metabolism and detoxification products are excreted into the intestines through bile, entering the enterohepatic
circulation. The metabolism and detoxification products are absorbed into the blood circulation, and part is excreted in urine and milk. ER cells: ZEN and its metabolites compete for
the binding site of E; and interfere with the normal function of estrogen. ZAL = zearalanol; ZOL = zearalenol; HSD = hydroxysteroid dehydrogenase; GlcA = glucuronic acid;

E, = 17- estradiol; ER = estrogen receptor.

focuses on possible mechanisms by which poultry are relatively
insensitive to ZEN, such as the low absorption rate of ZEN and the
rapid elimination of metabolites, the relatively high proportion of
B-ZOL produced by the liver, and the metabolic effects of intestinal
microorganisms on ZEN.

2. The toxicity of zearalenone to poultry
2.1. Reproductive toxicity

Zearalenone and its metabolites can compete with E; to bind to
ER to produce estrogen-like effects, which can interfere with the
expression and function of estrogen in the gonads (Bovee et al.,
2004; Ueno et al., 1983). At present, the contamination and harm
caused by ZEN are concerning for feed and poultry production.
Feeding laying hens with 10 mg/kg ZEN-contaminated feed resul-
ted in the accumulation of large amounts of ZEN metabolites in the
liver, egg yolk, and excrement (Dailey et al., 1980). Feeding adult
female turkeys with 100 mg/kg ZEN feed resulted in a 20% reduc-
tion in egg production (Allen et al., 1983). Male turkeys fed 400 and
800 mg/kg ZEN had a reduced sperm percentage and fertilization
rate, and it promoted precocity (Allen et al., 1981a,b). Therefore,
ZEN has low reproductive toxicity to poultry.

2.2. Other toxicity

Although ZEN has low reproductive toxicity to poultry, studies
have found that ZEN is more toxic to other organs of poultry. As many
tissues and cells such as the uterus, breast, liver, and immune cells
also have ER and are regulated by estrogen (Hueza et al., 2014), the
destruction of the estrogen balance can also damage their health. The
classic nuclear receptors of estrogen are divided into ER-a and ER-p.
Feeding 0.4 mg/kg of ZEN changed the serum levels of aspartate
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aminotransferase (AST) and serum alkaline phosphatase (ALP) in
adult hens (Cheng et al., 2017) and increased serum levels of low-
density lipoprotein (LDL) and cholesterol in growing layers (Wu et
al.,, 2016). ZEN at 2 mg/kg can cause reduced growth performance
and achondroplasia in broilers and increase liver weight (Chen et al.,
2019), ZEN, and ZEN's metabolites residues in liver (Zhu et al., 2016).
ZEN at 2 mg/kg also caused a decrease in total protein levels, albumin,
and antioxidant enzymes in broilers' serum, and an increase in AST
and Alanine aminotransferase (ALT) (Zhu et al, 2016). Ling et al.
(2019) found that ZEN higher than 5 mg/kg increased the average
feed-to-egg ratio of laying hens and induced severe inflammation
(Ling et al., 2019). The addition of 7.9 mg/kg of ZEN to the broiler diet
increased the activity of glutathione peroxidase (GSH-Px) in kidney
tissue, increased the activity of y-glutamyl transferase (GGT) in
plasma, and oxidative stress occurred (Gresakova et al., 2012). Inter-
estingly, studies have shown that estrogen is an important regulator
of the immune system, and ER-a is expressed in many types of im-
mune cells (Li et al., 2018). However, current research on immuno-
toxicity concerns mostly cell research, and there is a lack of research
on ZEN-induced immunotoxicity in poultry. Therefore, we should pay
attention to other types of damage caused by ZEN to poultry. Table 1
provides an introduction to research on the toxicity of ZEN to poultry.

3. Possible mechanisms of low reproductive toxicity of
zearalenone in poultry

Early studies reported that 50 to 200 mg/kg of ZEN in diets
affected 30-week-old laying hens and turkeys, and although some
physiological and biochemical indicators were affected, it did not
affect reproductive function (Allen et al., 1981a,b; Chi et al., 1980).
Only at 400 and 800 mg/kg ZEN, it increased dewlaps, caruncles,
and considerable strutting behavior exhibited (Allen et al., 1981a,b;
Chi et al, 1980). Conversely, 1.1 mg/kg of ZEN can cause
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Reference

increased relative weight of oviduct and ovary, degeneration and
interfered with the secretion of sex hormones B-endorphin, LH, and
progesterone. Renal edema and nephremia, increased content of urea

increased activity of GSH-Px and GGT, increased the levels of MDA
decreased the concentrations of triglyceride and globulin, increased ALT

increased relative weight of liver, ALT and AST activities
increased the levels of MDA, decreased the concentrations of SOD and
increased development of dewlaps and caruncles, and exhibited

increased activity of acetyl cholinesterase, increased the levels of MDA

Table 1
The toxicity of zearalenone (ZEN) to poultry.
Item ZEN Concentration Symptoms
Laying hens 0.4 mg/kg
atrophy of the ovarian tissues
0.4 mg/kg increased activity of GSH-Px and T-SOD
5 to 200 mg/kg
and creatinine
7.9 mg/kg
Broilers 0.85 mg/kg
activities
2 mg/kg
2 mg/kg
GSH-Px
800 mg/kg reduced weight of comb and testes
Turkey 400 mg/kg
considerable strutting behavior
Chicken lymphocytes 0.1, 1 pg/mL
5 pg/mL

1.6 to 25 pug/mL

6.25 and 25 pg/mL

increased ROS generation, induced ER stress, and triggered apoptosis
pH, calmodulin concentrations of supernatants, and intracellular Na*/
K*-ATPase and Ca®*-ATPase activities decreased

IL-2 levels increased; IL-6 levels were critically suppressed

Chen et al. (2017)

Wau et al. (2016)
Ling et al. (2019)

Gresakova et al. (2012)

Wang (2016)

Chen et al. (2019)
Zhu et al. (2016)

Allen et al. (1981)
Allen et al. (1981)

Lautert et al. (2014)
Xiao et al. (2019a)
Wang et al. (2012a)

Wang et al. (2012b)

GSH-Px = glutathione peroxidase; T-SOD = total superoxide dismutase; LH = luteinizing hormone; GGT = gamma glutamyl transferase; MDA = malondialdehyde;
ALT = alanine aminotransferase; AST = acute suppurative thyroiditis; SOD = superoxide dismutase; ROS = reactive oxygen species; ER = estrogen receptor; IL = interleukin.

reproductive system diseases in pigs, including redness and
swelling of the vulva, rectal and vaginal bleeding, enlarged uterus,
and ovarian atrophy (Jiang et al., 2011). Why are pigs more sensitive
to ZEN whereas chickens are relatively insensitive? The current
widely held view is that pigs metabolize ZEN more into «-ZOL,
which has a strong estrogen effect, and chickens produce more -
ZOL (Devreese et al., 2015). Furthermore, this review also discusses
and summarizes the possible reasons why other poultry are rela-
tively insensitive to ZEN, such as the activity of 3-HSD, excretion of
feces, enterohepatic circulation, and influence of microorganisms
on ZEN hydroxylation and masked toxins.

3.1. The levels of a-ZOL and (-ZOL and the ratio of «-ZOL to ($-ZOL

Zearalenone produces different metabolites in different species.
Zearalenone is mainly metabolized to a-ZOL in humans, pigs, and
mice (Malekinejad et al., 2005b; Yang et al., 2007) whereas it is
mainly metabolized to f-ZOL in poultry and ruminants (Pillay et al.,
2002; Videmann et al., 2008). If sorted, the ratio of a-ZOL to -ZOL
is 1 to 2 for quails, about 2 for geese, about 3 to 5 for ducks and
chickens, and more than 10 for rats (Kolf-Clauw et al., 2008). The
traditional concept suggests that the different ratios of «-ZOL to -
ZOL produced by ZEN metabolism cause differences in the sensi-
tivity of pigs and chickens. It is worth noting that most of these
conclusions are based on in vitro experiments using microsomal
metabolism. It has been reported that the production of chicken o-
ZOL and B-ZOL in vivo experiments is similar, which is significantly
different from the in vitro results reported at the same time (Yang
etal., 2017). Danicke et al. (2002) detected that the production of a-
ZOL and B-ZOL in liver and bile were roughly similar. These studies
indicate that the in vivo animal experiment results and in vitro
microsome or cell experiments may be inconsistent. Recent studies
have shown that a-ZOL appears to be the major metabolite of ZEN
in broilers. After broilers were gavaged with ZEN at 1.2 mg/kg BW,
the contents of ¢-ZOL in the liver, kidney, and small intestine were
105.2 + 43.8 and 30.9 + 13.7, 77.99 + 23.1, respectively, and the
contents of B-ZOL were 36.6 + 9.1, 6261 =+ 135.6 and
198.3 + 60.2 ng/kg, respectively (Buranatragool et al., 2015). Con-
trary to Pillay et al. (2002) and Videmann et al. (2008), Kolf-Clauw
et al. (2008) have found that poultry mainly metabolize ZEN into o~
ZOL, and the degree of metabolization is lower than that of rats
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(Kolf-Clauw et al., 2008). This suggests that the ratio of a-ZOL to B-
ZOL may not be the only reason for chickens’ low sensitivity. The
sensitivity of animals to ZEN may also have a special relationship
with the production level of a-ZOL (Fig. 3A).

3.2. Hydroxylation of zearalenone

Based on toxicokinetic information, the bioavailability of ZEN in
pigs is as high as 80% to 85%, while it is less than 10% in poultry and
mice (Mendez-Catala et al., 2020; Yang et al., 2017). The hydrox-
ylation of ZEN is considered a detoxification process. Pigs metab-
olize ZEN into a-ZOL rather than hydroxylation. The lower degree of
ZEN hydroxylation may partly explain the higher sensitivity of pigs
to ZEN. In vitro microsomal experiments have shown that,
compared with pigs and humans, ZEN is more likely to be hy-
droxylated by chicken microsomes to produce 4-OH-ZEN, 5-OH-
ZEN, and 9-OH-ZEN, but in vivo experiments did not show this.
Hydroxylated metabolites were found in chicken feces (Yang et al.,
2017). In vivo experiments have further proved that reduction,
hydroxylation, glucuronidation, and glucuronidation are the pri-
mary metabolic pathways in rats, but reduction and sulfation
dominate in chickens (Yang et al., 2017).

It should be noted that for the hydroxylated metabolites of ZEN,
in vitro and in vivo results differ. For example, 8-OH-ZEN, 13-OH-
ZEN, and 15-OH-ZEN are the primary of ZEN metabolites in rat liver
microsomes, but the 4-OH-ZEN and 5-OH- ZEN are the primary of
ZEN metabolites in rat's liver (Yang et al., 2017). The microbial flora
of the rat's intestinal tract may be affected by the hydroxylation
process of ZEN. In some studies, after intravenous injection of ZEN
in broilers and laying hens, a-ZOL and B-ZOL were equally detected
in the serum, and after oral administration, the biotransformation
of B-ZOL was increased (Devreese et al., 2015). This indicates that
the mode of administration can affect ZEN's metabolic pathway,
which is mutually corroborated by the results of Devreese et al.
(2015). In conclusion, ZEN's hydroxylation in the liver and intesti-
nal microflora may be a reason for the difference in insensitivity.

3.3. Fecal excretion and enterohepatic circulation

The adverse effects of zearalenone are partly determined by the
processes of elimination, and fecal and biliary excretion are
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Fig. 3. Metabolic characteristics and estrogenic effects of zearalenone (ZEN). (A) Compared with pigs, chickens excrete more ZEN and metabolites of ZEN through bile. (B) The main
metabolite of ZEN is a-ZOL in both chickens and pigs. Compared with pigs, chickens produce less ¢-ZOL, more B-ZOL, and a smaller ratio of a-ZOL to B-ZOL. (C) Intestinal microbes
can hydroxylate ZEN or release ZEN after metabolizing masked ZEN. (D) ZEN can compete with E; and cholesterol for substrate sites, affecting estrogen function and synthesis.
ZEN = zearalenone; ZOL = zearalenol; HSD = hydroxysteroid dehydrogenase; GlcA = glucuronic acid; E; = 17-8 estradiol.

important processes affecting the fate of ZEN. It has been reported
that after exposure to ZEN, broilers began to excrete large amounts
of ZEN metabolized o-ZOL and B-ZOL through feces at 9 h
(Buranatragool et al., 2015). In turkeys fed with 800 mg/kg of ZEN,
the top 3 samples with ZEN and a-ZOL content were the fecal
(182 + 33 and 644 + 86 ug/g), liver (276 + 54 and 2,715 + 590 ng/g),
and kidney (122 + 25 and 477 + 53 ng/g). Only trace amounts of -
ZOL were detected in the plasma, excreta, and tissues (Olsen et al.,
1986). ZEN being excreted largely by «-ZOL of chickens explains the
different sensitivity between animals from another perspective
(Minervini and Dell'Aquila, 2008).

As a component of the enterohepatic circulation, bile also plays
an important role in the excretion of ZEN and its metabolites by
poultry (Danicke et al., 2004). Notably, one study showed that the
average of total ZEN toxin level in chicken liver is 3.25 ug/kg, while
the average toxin level in bile is as high as 165.0 pg/L (Danicke et al.,
2002). The total ZEN toxin level was 52.7 to 123.8 ug/L in pig bile
and 3.2 to 22 pg/kg in liver, respectively. In other words, the level of
ZEN in pig bile only 4.3 to 38.7 times that of the liver (Schneweis
et al., 2005), which is lower than the excretion capacity of
chickens. The excretion capacity of feces and bile of chickens may
be stronger than that of pigs, so ZEN and its metabolites can be
excreted faster, shortening the time for harmful substances to affect
chickens adversely (Fig. 3B).

3.4. Masked toxins

In addition to ZEN's metabolism by the liver, it is interesting that
microorganisms are also involved in the metabolism of other forms
of ZEN (Boevre et al., 2015). ZEN's modification (extractable con-
jugated binding form) and masked (non-extractable binding form)
are not easily detected by conventional analytical procedures
(Knutsen et al., 2017). The gut microbes can metabolize modified
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ZEN and then release ZEN (Gratz et al., 2017). Plants can metabolize
ZEN into more polar derivatives, such as ZEN-14-sulfate, ZEN-14-
glucoside, and ZEN-16-glucoside (Fig. 3C) (Catteuw et al., 2019).
These substances can be converted back to ZEN in the gastroin-
testinal tract of pigs and restore toxicity (Binder et al., 2017). From
the previous summary, we can see that intestinal microbes are
involved in ZEN's hydroxylation and the conversion of masked
toxins. Studies have used an in vitro model system to evaluate the
contribution of intestinal microbial metabolism to the activation
and detoxification of ZEN. It was found that the activity of intestinal
microbes was equivalent to 36% of liver activity, and this may also
be one of the important factors in the sensitivity of different ani-
mals to ZEN (Mendez-Catala et al., 2020). However, this system has
only been established in mammals. The toxicological model of in-
testinal microbial metabolism of ZEN in poultry, the effects of
modified and masked forms of intestinal microbial metabolism of
ZEN, and the metabolites need to be further studied. The modified
and masked ZEN forms need to be considered for risk assessment of
poultry to ZEN in the future (Liu and Applegate, 2020).

3.5. Other factors

Hydroxysteroid dehydrogenase (HSD) catalyze ZEN's biotrans-
formation and play an important role in regulating the homeostasis
of hormones in advance of receptor levels. The abundance of nico-
tinamide adenine dinucleotide phosphate (NADPH) in porcine liver
microsomes can promote the reduction of 3¢-HSD and inhibit the
reducibility of 3f-HSD, thereby promoting ZEN conversion to a-ZOL
(Malekinejad et al., 2005a; Penning et al., 2004). In addition, the
ability of pigs to metabolize ZEN into a-ZOL than B-ZOL is greater
than that of poultry, which may also be an important factor in the
sensitivity of pigs to ZEN (Frizzell et al., 2015). Studies have sug-
gested that the enzyme types and activities of 3¢-HSD and 38-HSD
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in poultry may be different from those in mammals, and this has
been proven by in vitro experiments (Kolf-Clauw et al., 2008). There
may be many types of ZEN reductase in poultry (Zinedine et al.,
2007). These studies suggest that differences in HSD may be an
important factor in the relative insensitivity of poultry.

Other factors may affect the sensitivity of poultry to ZEN. The
level of estrogen in the blood of poultry is naturally 1.1 to 3.0 times
higher than that of pigs, which may help poultry adapt and resist
the interference of ZEN on estrogen at low concentrations and
reduce sensitivity to ZEN (Liu and Applegate, 2020). Cell tests have
shown that ZEN is a complete activator of ER-a receptors but only a
partial activator of ER-B (Kuiper et al., 1998). In addition, it has been
reported that the relative affinities of ¢-ZOL to the ER of pig uterus,
rat uterus, and chicken fallopian tube cytoplasm are 1.00, 0.68, and
0.40, respectively (Fitzpatrick et al., 1989). This shows that the af-
finity of chicken ER to a-ZOL is lower than that of pigs, which also
contributes to tolerance of ZEN. Moreover, ZEN has an estrogen-like
effect and a substrate that competes with anabolic hormone-
related enzymes, such as 17a/B-HSD (Fig. 3D), may affect the syn-
thesis and metabolism of steroid hormones, and then cause the
body disorders of hormone secretion (Zheng et al., 2019).

4. Detoxification measures for zearalenone

Although ZEN has a low reproductive toxicity to poultry, it can
still damage the liver and kidneys, affect blood lipid levels, and
induce oxidative stress in the body. Therefore, ZEN contamination
in feed still needs to be detoxified. At present, physical adsorbents,
exogenous substances, or biological methods are predominantly
used to eliminate or reduce the toxicity of ZEN. The physical
adsorbent mainly adsorbs ZEN through physical means to prevent
its absorption in the animal intestine. This includes hydrated so-
dium calcium aluminosilicates, activated carbon, montmorillonite
clays, clays such as kaolinite, and yeast cell walls (Kogan and
Kocher, 2007). Selenium also has a protective effect on ZEN-
induced cytotoxicity (Xiao et al., 2019). Plant extracts generally
speed up the elimination of ZEN from the body or reduce the
binding to target organs by improving the metabolic function or
stress state of the animal. Gao et al. (2018) found that silymarin can
reduce ZEN-induced hepatotoxicity and reproductive toxicity in
rats. Ben et al. (2015) found that crocin can significantly alleviate
oxidative stress caused by ZEN in the liver and kidneys of mice.
Boeira et al. (2014) also reported that lycopene has an excellent
protective effect on hematology, reproduction, and pathological
damage in mice caused by high-dose ZEN treatment.

In addition to physical adsorbents and detoxification mitigators,
the reduction of ZEN by microorganisms has also received greater
attention in recent years. Molnar et al. (2004) found that Tricho-
sporon mycotoxinivorans can detoxify 1 mg/kg ZEN into substances
without estrogenic effects within 24 h. The Pseudomonas putida can
effectively degrade ZEN into low- or non-toxic substances (Altalhi
and El-Deeb, 2009). It has also been reported that Aspergillus
niger strain FS10 can reduce the content of ZEN by destroying the
ring structure of ZEN (Sun et al., 2014). However, only a few ZEN-
degrading bacteria have a determined mechanism of detoxifica-
tion, and most ZEN-degrading bacteria work through unexplained
detoxification mechanisms. For example, a non-pathogenic Rho-
dococcus pyridinivorans K408 strain proved to have a degradation
efficiency of 87.2% for ZEN. This strain does not produce any me-
tabolites with estrogenic effects, but the degradation products are
unknown (Kriszt et al., 2012).

In summary, physical adsorbents currently remain the most
widely used detoxification method, and plant extracts are often
used in combination because of their comprehensive sources and
easy availability. Presently, microbial feed detoxification agents
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have gradually become a central issue in detoxification agents’
research, but more research and breakthroughs are still needed. In
the future, it will be necessary to explore the mechanism of toxicity
of ZEN to poultry and develop suitable detoxifiers based on its
metabolic characteristics to reduce the harm of ZEN (Zinedine et al.,
2007).

5. Conclusion

Zearalenone is one of the main contaminating mycotoxins in
feed. The metabolic pathway of ZEN is mainly a reduction reaction
and binding reaction in animals. Chickens have a high tolerance to
ZEN, but ZEN can also damage poultry's physiological functions at
low doses and cause reproductive toxicity in poultry at high doses.
Based on previous studies, we believe that the possible reasons for
poultry's relative insensitivity to ZEN include the following: 1)
Although 2-ZOL is also the main metabolite of ZEN in poultry, the
amount of o-ZOL and the ratio of ¢-ZOL to $-ZOL in poultry are still
lower than in mammals; 2) Due to the stronger enterohepatic cir-
culation and poultry's excretion capacity, ZEN and its metabolites
can be excreted quickly and in large quantities; 3) In addition, the
intestinal microbes of poultry further assist some ZEN being con-
verted to low-toxicity products such as hydroxylate ZEN, and the
intestinal microbes of poultry may have lower utilization of masked
toxins in the feed; 4) Some other factors, such as the difference in
the activity of chicken and pig HSD, the high level of natural es-
trogen in chickens, and the low affinity of ER for a-ZOL, are caused
by the same factors. In the future, we should clarify ZEN's toxicity
mechanism in poultry, supplement and improve the limit stan-
dards of ZEN and laws in the feed and food industries, and develop
effective detoxification measures to reduce the losses caused by
ZEN to the poultry industry.
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