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Preface to ”Mycotoxins Occurence in Feed and Their

Influence on Animal Health”

A large percentage of plant materials and plant-based products used in feed production can be

contaminated with mycotoxins (undesirable substances), which pose health risks for humans and

different livestock species. The symptoms and adverse health (toxicological) effects associated with

exposure to high doses of many mycotoxins are well known. According to the hormesis paradigm,

greater attention should be paid to the risks resulting from exposure to low mycotoxin doses that

are often encountered in feedstuffs. Dysfunctions in mammals exposed to pure parent compounds,

without metabolites or modified mycotoxins, constitute a very interesting research problem.

Most mycotoxins are absorbed in the proximal section of the small intestine, due to considerable

physiological variation between intestinal segments. Next, mycotoxins enter the bloodstream, and

blood parameters can be used for non-invasive assessment of the animals’ health status and for

identifying new biomarkers of pathological states. Most targets are cells, where mycotoxins and

their metabolites can cause certain pathological states. These mycotoxins not only regulate enzyme

metabolism or gene expression, but can also act as ligands that bind to specific receptors on cell

membranes or in nuclei, thus participating in signal transduction.

For this reason, the presented studies in the Special Issue of Toxins evaluated selected

body systems and functional biomarkers of animals for different doses of mycotoxins causing

mycotoxicosis. I hope that the knowledge gained will deepen our knowledge about the effects of

mycotoxins on animal health and facilitate decision-making in risk management.

Maciej Gajęcki, Magdalena Gajęcka , Łukasz Zielonka

Editors
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The Presence of Mycotoxins in Feed and Their
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Received: 15 September 2020; Accepted: 14 October 2020; Published: 20 October 2020

Mycotoxins are secondary metabolites of fungi. They are commonly detected in food, feed [1–4],
and feed additives [5]. The presence of mycotoxins in food and feed is influenced by numerous
factors, including plant species and variety, region, temperature, moisture content, insect damage,
storage conditions, and agricultural practices. Reisinger et al. [1] analyzed the prevalence of mycotoxins
in maize silage, which is the key component of diets for dairy cattle. In addition to Fusarium mycotoxins
zearalenone (ZEN), deoxynivalenol (DON), and nivalenol, maize silage in selected European countries
also contains emodin, culmorin, enniatin, and beauvericin. The authors found that these mycotoxins
compromised the gastrointestinal health of cattle during mixed mycotoxicosis and exerted unknown
effects on the composition and function of the ruminal microbiota. Kemboi et al. [4] investigated the
contamination of cattle feeds in various regions of Africa. They reported that local farmers made few
attempts to minimize feed contamination with mycotoxins, which compromised the health quality
of dairy products. African farmers lack the knowledge of how, when, and which detoxicants should
be used, and the applied agents are often ineffective. Khoshal et al. [2] analyzed 524 samples of
pig diets from around the world for the presence of 800 metabolites. Eighty-eight percent of the
samples were contaminated with DON. Feeds also contained mycotoxins produced by fungi of the
genera Fusarium, Aspergillus, Penicillium, and Alternaria, and their in vitro toxicity was similar to that
of DON. The identified compounds were arranged in the following order based on their toxicity:
apicidin > enniatin A1 > DON > beauvericin > enniatin B > enniatin B1 > emodin > aurofusarin.
An in vivo test also revealed that the presence of additional metabolites did not increase the overall
toxicity. Witaszak et al. [3] examined the presence of mycotoxins in dry food for dogs and cats.
Their research was motivated by the fact that cereals are a major ingredient in dry food for companion
animals. The authors concluded that more effective solutions are needed to reduce the concentrations
of mycotoxins in plant materials and animal feeds, and, more importantly, that the proportion of plant
materials in the diets of domesticated predators should be decreased. The use of by-products from
medicinal fungi in the production of animal feeds also poses a problem [5]. These by-products contain
compounds such as adenosine, cordycepin, and pentostatin, as well as substances with cytotoxic and
neurotoxic properties. The authors found that Cordyceps fungi produced large amounts of unidentified
secondary metabolites which were secreted by biosynthetic gene clusters (BGC). These compounds
could also be applied in the pharmaceutical industry.

At present, risk evaluations focus mainly on mycotoxins’ ability to modify the metabolic
profile and their proinflammatory, mutagenic, cytotoxic, and potential carcinogenic effects [6–9].
Rykaczewska et al. [6] reported that pre-pubertal gilts responded differently to ZEN administered
at the lowest-observed-adverse-effect level (LOAEL), no-observed-adverse-effect level (NOAEL),
and minimal anticipated biological effect level (MABEL) doses. One of the differences was the
fact that the proportion of β-ZEL increased in the group of ZEN metabolites. Different responses
were observed in female pigs from other age groups. Beta-ZEL exerts varied effects—it induces a

Toxins 2020, 12, 663; doi:10.3390/toxins12100663 www.mdpi.com/journal/toxins1
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minor increase in body weight gain, but also slows down the sexual maturation in gilts. The ZEN
levels are initially very low, and its metabolites are not detected in the blood serum (in particular
under exposure to the MABEL dose), which confirms that gilts have a high physiological demand
for exogenous estrogen-like substances. These substances are readily utilized by pre-pubertal gilts.
When administered at higher doses, excess “free” ZEN plays other, not always beneficial, roles, and
it can lead to ovarian atrophy or silent heat. The levels of estradiol (E2) and “free” ZEN increase
proportionally to the ZEN dose, which suppresses the concentrations of progesterone (P4) and
testosterone (T). Zielonka et al. [8] analyzed the concentrations of selected steroid hormones (E2, P4,
and T) in premenopausal pigs administered ZEN at 20 or 40 μg/kg BW for 48 days, and observed
that (i) the concentrations of ZEN in the peripheral blood were very low and highly varied on
different days of exposure, and their diagnostic value was difficult to determine; (ii) experimentally
induced hyperestrogenism or “supraphysiological hormone levels” contributed to a minor increase in
the total E2 levels (which could intensify proliferation processes) and suppressed T concentrations;
(iii) the results can be extrapolated to indicate that the analyzed doses of ZEN produced varied
responses, where a lower dose probably exerted stimulatory/adaptive effects and a higher dose
inhibited physiological processes in the studied animals. Wang et al. [7] confirmed the proinflammatory
effects of mycotoxins in vitro. They found that nitric oxide (NO) activity and the relative expression
of iNOS mRNA increased with a rise in DON dose, and the relative expression of the COX-2 gene,
which was identical to that of the induced enzyme, also increased in porcine intestinal epithelial cells
(IPEC-J2). Intestinal epithelial cells were stimulated by DON to produce an inflammatory response.
However, the NF-κB pathway is a potential pathogenic factor which, when activated incorrectly or in
excessive amounts, exerts adverse effects on cells. Obremski et al. [9] arrived at similar conclusions
in a study investigating the effects of very low ZEN doses on (i) the secretion of proinflammatory
cytokines, (ii) the secretion of anti-inflammatory and regulatory cytokines, (iii) oxidative stress markers,
and (iv) basic metabolic markers. They found that low ZEN doses induced an inflammatory response.
The proinflammatory properties of ZEN and intensified oxidative stress can impair intestinal epithelial
function, as demonstrated by oxidative stress markers such as the biochemical changes associated with
the metabolism of sugars (intensified glycolysis) and amino acids (proline).

Recent research has demonstrated that mycotoxins exert adverse effects on sensitive structures in
the intestines [9,10] and target tissues/organs such as the liver [11]. In a study by Śliżewska et al. [10],
ochratoxin A (OTA) present in low concentrations in turkey feed caused body weight loss, depression,
and paralysis, leading to a decrease in the mobility and energy levels of birds. The above symptoms
were accompanied by catarrhal inflammation of the gastrointestinal mucosa and local ecchymoses on
the liver and kidney surface. To prevent the adverse effects of OTA, turkey diets were supplemented
with three synbiotic preparations. The tested synbiotics contributed to an increase in the counts of
beneficial bacteria and a decrease in the counts of pathogenic gut microbiota. They also increased
the activity of α-glucosidase and α-galactosidase while decreasing the activity of fecal enzymes,
which exerted a beneficial influence on the health status of turkeys and improved their body weight
gains. Skiepko et al. [11] found that low doses of ZEN and DON in feed induced changes in the
histology and ultrastructure of the liver in prepubertal gilts, including (i) an increase in the thickness
of the perilobular connective tissue and lobe penetration by connective tissue; (ii) an increase in
the histology activity index; (iii) the widening of the liver sinusoids; (iv) transient changes in the
glycogen content; (v) the increased accumulation of iron in hepatocytes; (vi) changes in the organization
of the endoplasmic reticulum in hepatocytes; (vii) changes in the morphology of Kupffer–Browicz
cells. The above observations suggest that low doses of mycotoxins administered individually or
in combination, even for short periods of time, affected the liver morphology. Another study [12]
postulated that mycotoxins could exert adverse effects on the enteric nervous system (ENS) and that
their influence should be analyzed in greater detail. The ENS plays a key role in the regulation of
most gastrointestinal functions; it participates in adaptive processes and defense mechanisms and
acts as one of the first barriers against pathogens and toxins in feed materials. Mycotoxins can exert
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multidirectional effects depending on their chemical structure, the investigated mammalian species,
and the type of nerve fiber bundles and segment of the gastrointestinal tract affected. Mycotoxins can
affect the size and morphology of intestinal nerve fibers and the neurochemical characteristics of
enteric neurons. These changes are probably induced by adaptive and defense responses that promote
homeostasis. The changes observed in the ENS are often the first symptoms of contamination with low
mycotoxin doses.

A review of the presented research studies indicates that reference biomarkers should be
developed to support quick evaluations of animal health (in particular, the gastrointestinal tract
and the accompanying tissues) during ongoing mycotoxicosis, regardless of the dose of the parent
compound and its metabolites. The above applies to livestock as well as companion animals that are
fed monotonic diets for long periods of time.
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contributions, organization, and editorial support of the MDPI management team and staff are greatly appreciated.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Reisinger, N.; Schürer-Waldheim, S.; Mayer, E.; Debevere, S.; Antonissen, G.; Sulyok, M.; Nagl, V.
Mycotoxin occurrence in maize silage-a neglected risk for bovine gut health? Toxins 2019, 11, 577.
[CrossRef] [PubMed]

2. Khoshal, A.K.; Novak, B.; Martin, P.G.P.; Jenkins, T.; Neves, M.; Schatzmayr, G.; Oswald, I.P.; Pinton, P.
Co-Occurrence of DON and emerging mycotoxins in worldwide finished pig feed and their combined
toxicity in intestinal cells. Toxins 2019, 11, 727. [CrossRef] [PubMed]
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Abstract: Mycotoxins are secondary metabolites produced by various fungal species. They are
commonly found in a wide range of agricultural products. Mycotoxins contained in food enter living
organisms and may have harmful effects on many internal organs and systems. The gastrointestinal
tract, which first comes into contact with mycotoxins present in food, is particularly vulnerable to
the harmful effects of these toxins. One of the lesser-known aspects of the impact of mycotoxins on
the gastrointestinal tract is the influence of these substances on gastrointestinal innervation. Therefore,
the present study is the first review of current knowledge concerning the influence of mycotoxins
on the enteric nervous system, which plays an important role, not only in almost all regulatory
processes within the gastrointestinal tract, but also in adaptive and protective reactions in response to
pathological and toxic factors in food.

Keywords: mycotoxins; enteric nervous system; gastrointestinal tract; mammals; animal pathology;
intestines; toxins; feed

Key Contribution: Mycotoxins contained in food affect the living organism, especially
the gastrointestinal tract and the enteric nervous system. This impact may be multidirectional
and depends not only on the chemical structure of the mycotoxin and mammal species studied, but
also on the type of the enteric plexuses and segment of the digestive tract.

1. Introduction

Mycotoxins are a group of several biochemicals synthesized as secondary metabolites by various
species of fungi [1]. They are commonly found in a wide range of agricultural products, such as cereals
(maize, wheat, rye), fresh and dried fruits, grape juice, spices, herbs and many others [2–4]. Moreover,
the presence of mycotoxins has also been observed in food products of animal origin and water [3–6].
Previous studies have shown that mycotoxins show multidirectional harmful effects on human and
animal health. It is known that mycotoxins may act on many internal organs and systems, including,
among others, nervous, reproductive and immunological systems, metabolic processes and endocrine
glands [7].

This widespread occurrence of mycotoxins and their adverse effects demonstrate that these
substances are a serious health and economic problem of the contemporary world and therefore,
mycotoxins are the most widely studied biological toxins [5,6]. However, many aspects of mycotoxin
activity on eukaryotic organisms are unknown. One lesser-known issue is the influence of these
substances on the enteric nervous system (ENS).
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Since mycotoxins are present in food and drinking water, the gastrointestinal (GI) tract is the part
of the body that first comes into contact with these toxic factors [8]. A relatively large number of
studies have described mycotoxin-induced morphological and functional changes in the GI tract,
whose character depends on the type of mycotoxin, mammal species studied, as well as the degree
and length of exposure to mycotoxins [9–19]. The most common effects of mycotoxins on the GI tract
include inflammatory and necrotic changes, disturbances in secretory activity and metabolism of
the enterocytes, damage to the intestinal barrier and dysfunction in intestinal absorption [10,11,16,20].
Unfortunately, the impact of mycotoxins on the ENS has been neglected in toxicological studies
for many years. There are a few recent studies published which describe this aspect of mycotoxin
activity. These reports have indicated that the ENS plays a crucial role in the regulation of the majority
of gastrointestinal functions, takes part in adaptive and protective processes and is one of the first
barriers against pathological and toxic factors in food [15–17,21,22] and may also be compromised by
the harmful effects of mycotoxins. Therefore, this work is an attempt to summarize the influence of
mycotoxins on the ENS. To better understand this influence, a short description of the organization of
the ENS is needed.

2. Anatomy of the Enteric Nervous System

The enteric nervous system is a specific part of the autonomic nervous system. It is situated in
the wall of the gastrointestinal tract from the esophagus to the rectum and is responsible for the majority
of gastrointestinal activities [23]. In terms of the number of nerve cells, the ENS is the second largest
(after the brain, and before the spinal cord) nervous structure in mammals, which may contain an
estimated 200–500 million neurons [24–26]. For this reason, as well as due to the complicated structure
and high autonomy, the ENS is often called the intestinal brain [24].

Millions of neurons comprising the ENS are grouped in the neuronal ganglia, which are
interconnected with a dense network of nerve fibers and form ganglionated plexuses. The localization
and number of these plexuses depend on the mammal species and the segment of the GI tract. In
rodents, the ENS in the esophagus and stomach is built of two types of intramural ganglia. The first
type, the myenteric ganglion, is located between longitudinal and circular muscle layers. Myenteric
ganglia are interconnected with a dense network of nerve fibers and form the myenteric plexus [27–30].
The second type of intramural ganglia, the submucous ganglion, is located in the submucous layer, near
the muscularis mucosae of the mucosal layer. Contrary to muscular ganglia, the nerves interconnected
with the submucous ganglia are rather sparse. Therefore, submucous ganglia in the esophagus and
stomach do not form plexus [31], although some authors have described submucous plexus in rodent
esophagus and stomach [32,33]. However, the situation is different in the small and large intestines in
rodents. Both types of enteric ganglia (myenteric and submucous) located in the same places as in
the esophagus and stomach are interconnected with a dense network of nerves. Therefore, two kinds
of plexuses (the myenteric plexus and submucous plexus) are described in the rodent intestine [34–37].

In large mammals, the organization of the ENS in the esophagus and stomach is similar to
rodents [38–40], although some authors have described three types of the enteric plexuses (such as in
the intestine—see below) in the porcine stomach [41]. The only exception are ruminants, in which
only one type of the enteric ganglia (myenteric ganglia) has been described in the forestomach. These
ganglia are located between longitudinal and circular muscular layers, interconnected with the dense
nerve fibers and form myenteric plexus [42,43].

In turn, there are three types of the enteric ganglia, which form intramural plexuses in the small
and large intestine of large mammal species (for example, in the pig) (Figure 1) [44–46]. The first
of them is the myenteric plexus located (similarly to rodents) between the longitudinal and circular
muscle layer [45,46]. Moreover, two types of submucous plexuses located in the submucous layer of
the intestinal wall have been observed: outer submucous plexus—located in close association with
the adjacent circular muscle layer (on its inner side) and the inner submucous plexus—positioned
closer to the intestinal lumen, near the muscularis mucosae [47–49]. These plexuses are also often

6



Toxins 2020, 12, 461

named after their discoverers. The myenteric plexus often called Auerbach’s plexus, the outer
submucous plexus—Schabadash’s plexus, and the inner submucous plexus (in rodents—the submucous
plexus)—Meissner’s plexus [50,51].

Figure 1. Organization of the enteric nervous system in the intestine of the domestic pig: MP—myenteric
plexus, OSP—outer submucous plexus, ISP—inner submucous plexus, LML—longitudinal muscular
layer, CML—circular muscular layer, SML—submucosal layer, ML—mucosal—layer.

As regards the organization of the human ENS, the distribution of the nervous structures in
the esophagus and stomach is similar to rodents and large mammal species [23,31,52,53]. In the human
small and large intestines, the organization of the ENS is not quite clear. Previous publications
have described four types of enteric plexuses. In addition to the above-mentioned myenteric, outer
submucous and inner submucous plexuses, the presence of an intermediate submucous plexus
(IMSP)—a ganglionated plexus located in the submucous layer between the outer and inner submucous
plexus has been reported [54]. However, at present, three kinds of plexuses located similarly to
the porcine intestine are described in the human small and large intestine. In addition to the myenteric
plexus located between the longitudinal and circular muscle layers, they include the plexus submucosus
externus (PSE) near the circular muscle layers (on its inner side) and plexus submucosus internus
(PSI) located closer to the intestinal lumen [23,31,55–59]. Contrary to the porcine inner submucous
plexus, PSI in the human intestine is multi-layered, which means the particular ganglia within this
plexus are located at a different depth of the submucous layer [56]. Other publications have shown
that submucosal ganglia in the human colon are disseminated throughout the submucosal layer with
significant inter-individual differences [60].

In addition to the above-mentioned main types of enteric ganglia, previous studies conducted
in various mammal species have also reported the presence of small scattered neuronal ganglia
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in the mucosal layer (mucosal ganglia) and between the longitudinal muscular layer and serosa
(subserosal ganglia), as well as a ganglionated plexus within the muscularis mucosae [31,61].

Enteric neurons are characterized by a high degree of differentiation in terms of morphological,
functional and electrophysiological properties [25]. Moreover, the enteric neurons are also highly diverse
with regard to their ability to synthesize neuronal active substances. Apart from acetylcholine (the main
neuromediator in the ENS), a wide range of other neuronal factors have been described in enteric nervous
structures [25,62–65]. The most important neuronal factors include vasoactive intestinal polypeptide
(VIP), substance P (SP), galanin (GAL), nitric oxide and calcitonin gene-related peptide (CGRP). These
substances may act as neuromediators and/or neuromodulators and participate in many regulatory
processes including, among others, intestinal motility, secretion in the GI tract, immunological processes,
blood flow, sensory stimuli conduction, intestinal digestion and absorption [16,23,25,62–65]. It should
be noted that several active substances have been noted in the enteric neurons. Their exact roles
are often still not quite clear. It is also known that the roles of the particular neuronal factors in
the regulation of the stomach and intestine activity may depend on the segment of the GI tract and
animal species studied. Such a substance is GAL and its participation in the control of the intestinal
motility. Previous studies have shown that GAL induces the contraction of the ileal smooth muscles
in the rat, guinea-pig rabbit and pig [66], while in the canine ileum and stomach it shows relaxant
effects [67]. A similar situation is observed in the case of SP, which strongly stimulates the contraction of
intestinal muscles in the rat and dog, while in humans such activity is rather limited [68–70]. Moreover,
one substance very often appears to be involved in various GI tract activities. For example, CGRP
(which is known as a key factor in sensory and pain stimuli conduction within the GI tract [71,72]) may
also participate in the regulation of intestinal motility, mesenteric and intramural blood flow, gastric
secretion, absorption of the nutrients in the intestine and protective reactions [73–77]. A detailed
discussion of the exact functions played by all neuronal factors located in the enteric neurons is almost
impossible because new active substances and their roles in various species are still being discovered.
However, the main functions connected with the GI tract of selected neuronal substances occurring in
the ENS are presented in Table 1.

Table 1. Functions of selected active substances in the enteric nervous system.

Active Neuronal Substance in
the ENS (Alphabetical Order)

Selected Functions References

Acetylcholine (Ach)

Stimulation of the intestinal motility [78–80]

Stimulation of electrolyte, water, enzymes
and hormones secretion [81–84]

Participation in protective mechanisms [82,85,86]

Ant-inflammatory and immunostymulatory
effects [87–89]

Blood flow regulation [90]

Cocaine and Amphetamine
Regulated Transcript (CART)

Inhibition of gastric acid secretion [91]

Regulation of the intestinal motility [92]

Calcitonin Gene-Related Peptide
(CGRP)

Participation in sensory and pain stimuli
conduction [71,72,93–95]

Regulation of the intestinal motility [94]

Blood flow regulation [96–99]

Protective roles [73,99–101]

The influence on intestinal absorption [74]
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Table 1. Cont.

Active Neuronal Substance in
the ENS (Alphabetical Order)

Selected Functions References

Galanin (GAL)
Intestinal motility regulation [66–70,102]

Influence on secretory activity [103–105]

Participation in inflammatory processes [103,105,106]

Nitric Oxide (NO)

Inhibition of the intestinal motility [106–108]

Participation in inflammatory processes [109]

Regulation of intestinal secretion, water and
electrolyte transport [110–113]

Regulation of blood flow [114,115]

Participation in inflammatory processes [116,117]

Pituitary Adenylate
Cyclase-Activating Polypeptide

(PACAP)

Inhibition of the intestinal motility [118,119]

Stimulation of gastric secretory activity [120,121]

Regulation of ion transport and Luminal
fluid regulation in the large intestine [121–123]

Regulation of blood flow [124]

Substance P (SP)

Protective roles [100]

Sensory stimuli conduction [93,125]

Regulation of the intestinal motility [125–127]

Regulation of water and electrolytes
secretion [125,128,129]

Participation in inflammatory processes [125,130]

Vasoactive Intestinal Polypeptide
(VIP)

Neuroprotective functions [131]

Regulation of the intestinal motility [132,133]

Vasodialtory activity [132,134]

Participation in intestinal
immunomodulation [135–137]

Influences on intestinal secretion [138–140]

In addition to neurons, the ENS also includes numerous glial cells, which are called enteric glial
cells (EGC) [141–143]. Glial cells in the gastrointestinal tract are generally characterized by small size,
irregular or stellate shape and numerous processes which are in direct contact with neuronal cell
bodies and nerve fibers. Based on previous studies, it is known that ECG may be divided into four
major types, and classification of the EGC is similar to that used in the case of glial cells in the central
nervous system [144,145]. The first type is “protoplasmic” glial cells (type I glial cells), which are
located between neuronal cells in the enteric ganglia and their appearance resembles protoplasmic
astrocytes in the brain. The second type of glial cells (type II glial cells) are “fibrous” glial cells, whose
processes accompany the nerves connecting the enteric ganglia with each other. These cells are similar
to fibrous glial cells located in the central nervous system. Moreover, mucosal glial cells (type III
glial cells) located near nerve fibers in the mucosal layer and intramuscular glial cells (type IV glial
cells) accompanying the nerve fibers in the muscular layer have been described in the gastrointestinal
tract [144,145].

It was initially thought that glial cells are only structural support to neurons, but it is now
known that EGC play multidirectional functions in the regulation of various aspects of the ENS
and all gastrointestinal tract activities [146,147]. Primarily, they take part in processes connected
with the development, protection and nutrition of the enteric neuronal cells [148,149]. They regulate
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growth, maturation and differentiation of the enteric neurons, and affect synthesis and release of
neuromediators and/or neuromodulators, thus constituting a key factor in maintaining intraneuronal
homeostasis [145,149–151].

Moreover, EGC (especially mucosal glia) are involved in activities of the intestinal barrier integrity
and functions [152]. It is known that EGC synthesize a wide range of several substances, such
as glial-derived neurotrophic factor, transforming growth factor-β1 and neurotrophins, and act on
the intestinal epithelial cells through paracrine mechanism [152,153]. Experimental studies have also
shown that in animals with genetic ablation of EGC, the intestinal epithelial layer loses its integrity
and disturbances in vascularization appear and lead to severe inflammatory processes [154].

Enteric glial cells also have important functions during intestinal pathological states. They
participate in immune cell modulation in a wide range of the intestinal diseases, including ulcerative
colitis, Crohn’s disease and colorectal cancer [142]. During inflammatory processes, proliferation
of EGC occurs [155]. Glial cells participate in the immune recognition of pathological stimuli and
may act as antigen-presenting immune cells [156]. Moreover, an increase in the production of some
cytokines, including, among others, interleukins (IL-1β and IL-6) [157–159], as well as nerve growth
factor (NGF) [160], glial fibrillary acidic protein (GFAP) [161] and nitric oxide (NO) [162] in glial cells
has been noted during inflammatory processes.

It is also known that enteric glial cells play important roles in the pathogenesis of neurodegenerative
diseases, including Parkinson’s, Alzheimer’s and Creutzfeldt-Jakob diseases. They are considered to
be a possible trigger point for neurodegenerative processes, which through the gut–brain axis may
efficiently affect neurodegenerative processes in the central nervous system [143–163].

An important feature of enteric neurons is the ability to change their morphological, physiological
and neurochemical properties under the impact of physiological and pathological factors [15,65,164].
Changes in the ENS have been described during growth and aging, diet changes, as well as various
intestinal pathological processes, systemic diseases and the impact of toxic substances [15,65,164,165].
Changes in enteric neurons are a sign of the adaptive and protective reactions and contribute to
homeostasis maintenance in the GI tract [164,165]. Moreover, such changes appearing under the impact
of disease or toxic substances may be the first signs of subclinical pathological processes or toxicity [166].
Some studies have indicated that mycotoxins may affect the morphology and neurochemical character
of the enteric neurons. The following is a short characterization of several mycotoxin-induced changes
in the enteric nervous system.

3. Mycotoxins Affecting the Enteric Neurons

3.1. Deoxynivalenol

Deoxynivalenol (DON—molecular weight 296.31 g/mol), belongs to the trichothecene family and
is a substance produced by Fusarium spp. [9]. It is commonly found in barley, oat, rye, corn and
rice [167,168]. The signs of toxicity depend on the dose, mammal species and duration of exposure.
The most frequent symptoms of toxicity with DON include loss of appetite, decreased body weight
gain, neuroendocrine disorders, vomiting and diarrhea [169].

In the GI tract, toxicity with DON results in a wide range of histopathological changes, such as
inflammatory infiltration, necrotic changes in the intestinal villi, edema of lamina propria, a decrease in
the number of goblet cells in the jejunum and the ileum, intensification of apoptosis and degeneration
of lymphoid cells in the GI tract [10,170]. These changes, together with DON-induced disturbances in
the synthesis of many active substances produced by the gastrointestinal mucosa lead to the injury of
the intestinal barrier and abnormal nutrient absorption [11].

Within the nervous system, DON-induced changes include abnormal synthesis of neuronal
neurotransmitters and/or neuromodulators and in disturbances in neuronal activity [171,172]. Moreover,
in neuronal cells, DON induces apoptosis, affects the cerebral lipid peroxidation and influences neuronal
calcium homeostasis, and these disturbances in the neuronal cells may lead to anorexic actions [172,173].
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During a study performed on male Wistar rats (Rattus novergicus) aged 21 days, the influence
of relatively low doses of DON on the ENS was described [14]. In that experiment, DON in various
doses (from 0.2 mg/kg of chow to 2 mg/kg of chow) was given for 42 days, and the ENS was studied
using immunohistochemistry and microscopic analysis. It was shown that this mycotoxin does not
affect the myenteric ganglia organization in the jejunum [14]. Between control animals and rats
receiving DON there were no differences in the density of glial cells located in the myenteric plexus, or
the population density of myenteric neurons. Moreover, DON did not change the density of particular
subpopulations of the myenteric neurons, i.e., cholinergic and nitrergic neurons [14]. However, all
concentrations of DON studied in the above-mentioned experiment caused a decrease in the area
of the general population of the myenteric neuronal cells, as well as cholinergic and nitrergic cell
neurons. Moreover, DON also decreased the area of gliocytes located in the myenteric plexus [14] and
decreased the myenteric ganglia area. It should be noted that during the cited study, besides changes
in the ENS, the animals did not show any other symptoms of toxicity, including a decrease in body
weight, diarrhea, loss of appetite or changes in the oxidative status [14]. This indicates that changes in
the ENS are the first symptoms of toxicity with low doses of DON.

3.2. T2 Toxin

T2 toxin (molecular weight 466.5 g/mol), similar to DON, belongs to the trichothecene family of
toxins. It is mainly synthesized by Fusarium sporotrichioides, F. langsethiae, F. acuminatum and F. poae and
is recognized as the most acutely toxic trichothecene [174]. The impact of T2 toxin on the GI system
manifests itself by (among others) histopathological changes in the intestinal mucosal layer (even with
low doses), disturbances in the intestinal barrier functionality, influence on the enzymatic activity of
enteric cells and inhibition of mucin production [175–178].

T2 toxin also shows neurotoxic activity and exposure to this substance results in a wide range of
neurological symptoms, such as ataxia, muscular weakness, anorexia, as well as pathological lesions
in the brain with disturbances in the functioning of this organ [179–181]. The main mechanisms
underpinning the neurotoxic properties of T2 toxin are connected with reactive oxygen species
and oxidative stress, as well as with mitochondrial dysfunction (consisting of the inhibition of
the mitochondrial membrane potential and intensification of apoptosis) [182].

The ENS was studied using immunofluorescence in an experiment in vivo performed on juvenile
(8-week-old) female domestic pigs of the White Large Polish Breed subjected to oral administration of T2
toxin at the level of 12 μg/kg body weight/day for 42 days [15]. Significant changes in the neurochemical
character of the enteric neurons and nerve fibers located in the GI tract wall were described in this
study. The character of changes depended on the type of the enteric plexus and the intestinal segment.
It was reported that the administration of T-2 toxin increases the number of enteric neurons containing
VIP in the porcine stomach and duodenum. These changes concern both myenteric and submucous
plexuses and they are more visible in the duodenum, especially in the myenteric and outer submucous
plexuses [15]. The same study showed that T-2 toxin also increases the number of nerve fibers
containing VIP located in the muscular and mucosal layers of the porcine stomach and duodenum [15].
As previously indicated (Table 1), VIP in one of the potent inhibitory factors in the ENS and causes
the hyperpolarization and relaxation of the gastrointestinal muscles and sphincters [132,133]. Moreover,
VIP (as a vasodilator) increases blood flow in the wall of the GI tract and mesentery [132,134]. This
substance may also affect the secretory activity of the GI tract, and the character of this activity depends
on the GI tract segment [138–140]. It is known that VIP inhibits the gastric acid secretion in the stomach,
but stimulates the secretion of the intestinal juice. VIP also has neuroprotective properties and increases
the survivability of the enteric neurons [131]. Moreover, it is involved in immunological processes
and shows anti-inflammatory properties. VIP also inhibits macrophages and inhibits the secretion of
pro-inflammatory factors [135–137]. It is assumed that the increase in the number of VIP-positive enteric
nervous structures under the impact of T2 toxin is connected with the protective and anti-inflammatory
properties of VIP.
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The influence of T2 toxin on the number of the enteric neurons containing cocaine and
amphetamine-regulated transcript (CART) has been also reported [183]. In this study, T2 toxin
was orally administrated to juvenile sows of the Large White Polish breed in a dose of 200 μg/kg of feed
(the suggested permissible level of this toxin in the feed for pigs) for 42 days and the immunoreactivity
in the ENS was evaluated using immunofluorescence. After the administration of T2 toxin, an increase
in the number of CART-positive enteric neurons in all types of enteric plexuses as well as the number
of nerve fibers containing CART in the mucosal and muscular layers in the stomach, duodenum and
descending colon were described. The most visible changes were noted in the submucous plexus in
the stomach and inner submucous plexus in the descending colon, where the number of CART-positive
nerves under the impact of T2 toxin more than doubled [183]. It should be underlined that the exact
functions of CART in the ENS are not clear [184]. A few studies concerning this issue have shown that
CART inhibits the secretion of hydrochloric acid in the stomach and influences colonic motility [91,92].
This activity is probably done via the gut–brain axis because the direct impact of CART on isolated
intestinal muscles does not cause changes in intestinal muscle contractility. The regulation of intestinal
activity through the gut–brain axis is more likely since CART is known as an important factor regulating
the feeding behavior in the central nervous system [185]. Moreover, numerous studies in which an
increase in CART levels in the ENS has been observed strongly suggest that this peptide also takes
part in protective and adaptive reactions in response to pathological, toxicological and physiological
factors [46,166,184].

Another study (also performed with the immunofluorescence technique) concerning the impact of
T2 toxin on the ENS was also performed on juvenile female pigs of the Large White Polish breed, which
were treated with given T2 toxin orally in the dose of 12 μg/kg body weight/day for 42 days [16]. In this
study, it was shown that T2 toxin affects the population of neurons containing calcitonin gene-related
peptide located in the enteric plexuses in the porcine descending colon [16]. The administration
of T2 toxin caused an increase in the number of CGRP-positive neurons in the myenteric, outer
submucous and inner submucous plexuses, as well as an increase in the density of intramucosal nerves
immunoreactive to these neuronal factors, without changes in the number of CGRP-positive nerve fibers
in the muscular layer [16]. Moreover, it was shown that T2 toxin changes the neurochemical character
of CGRP-positive neuronal cells, which were expressed by fluctuations in the degree of co-localization
of CGRP with other neuronal factors (including substance P, nitric oxide synthase, galanin, CART
peptide and vesicular acetylcholine transporter) in the same enteric nervous structures [16].

CGRP is a substance which primarily occurs in sensory neurons and is involved in sensory and
pain stimuli conduction [71,72,93–95]. Moreover, CGRP in the GI tract takes part in the regulation
of intestinal motility and increases blood flow in the mesenteric vessels [94,96–99]. It is also known
that CGRP inhibits gastric acid secretion in the stomach with simultaneous induction of somatostatin
release and regulates the absorption of nutrients from the intestine [186]. Previous studies have also
shown that CGRP takes part in inflammatory processes in the intestine [99–101]. The multidirectional
functions of CGRP in the ENS appear to be confirmed by a wide range of other neuronal substances
present in CGRP-positive enteric neurons (such as substance P, nitric oxide CART peptide and galanin)
which also play various roles in the GI tract (Table 1).

These reports of the influence of T2 toxin on the expression of a wide range of neuronal factors
responsible for various regulatory processes in the ENS [15,16,183], strongly suggest that even relatively
low doses of this mycotoxin may influence various intestinal activities, such as motility, secretion,
conduction of sensory stimuli and regulation of the blood flow in the intestinal wall [15,16,183].

3.3. Zearalenon

Zearalenon (ZEN—molecular weight 318.364 g/mol) is synthesized mainly by Fusarium
graminearum, culmorum, crookwellense and roseum and is found in barley, oat, wheat and bread [187].
The toxicity of ZEN is connected with its chemical structure, which allows it to act on the estrogen
receptors, which are present in many internal organs [8]. ZEN can cross the blood-brain barrier and
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may influence neurons in the central nervous system [188,189]. It has been shown that exposure to
ZEN leads to the abnormal synthesis of neuronal factors and enzymes in the brain neurons, induces
apoptosis of the neuronal cells, increases oxidative stress reactions, influences the development of
the nervous system, may cause behavioral aberrations and affects glial cell functions [189–192]. In turn,
in the GI system, ZEN (among others) disturbs intestinal homeostasis, changes intestinal microbiome,
causes inflammatory cell proliferation and inflammation in the intestinal mucosal layer [11,193–195].

Although the impact of ZEN on the GI tract is relatively well known, studies concerning
the influence of this mycotoxin on intestinal innervation are limited to two studies performed on
the pigs of the Large White Polish breed (approximately 8 weeks old), in which the nervous structure
was evaluated with the immunofluorescence technique [19,21].

These studies have shown that the administration of relatively low doses of ZEN—10 μg/kg body
weight/day [19] or 0.1 mg/kg of chow/day [21], administered for 42 days affect the neurochemical
coding of nerve fibers in the mucosal and muscular layers of the ileum. For the intramuscular nerves,
these changes involved an increase in the number of fibers immunoreactive to CART, substance P, nitric
oxide synthase, VIP and pituitary adenylate cyclase-activating peptide and a decrease in the number
of fibers containing galanin [19]. In the mucosal layer, ZEN not only caused an increase in the number
of nerve fibers containing SP and/or VIP, but also changed the morphology of these nerves [21]. In
animals treated with ZEN, nerves immunoreactive to SP and/or VIP become thicker and more visible
than in the control animals [21]. It should be underlined that all the above-mentioned neuronal factors
play important multidirectional roles in the regulation of the intestinal activity both in physiological
conditions as well as during pathological processes, the most important of which are listed in Table 1.

The impact of ZEN on the ENS in the porcine descending colon has also been reported. A study
concerning this issue was performed on juvenile (8-week-old) female pigs of the Large White Polish
breed, which were treated with a dose of ZEN at the level of 6 μg/kg b.w./day given orally for 42
days [16]. In this study, the ENS evaluation was conducted with the immunofluorescence technique.
The impact of ZEN was similar to the influence of T2 toxin. ZEN increased the number of neurons
containing CGRP (whose functions in the ENS are described in the subchapter concerning T2-toxin and
presented in Table 1) in all types of the enteric plexuses located in the descending colon [16]. Moreover,
ZEN-induced changes in the neurochemical character of CGRP-positive enteric neurons were also
reported [16]. These changes consisted of an increase in the degree of co-localization of CGRP with
other neuronal factors (including substance P, galanin, CART and nitric oxide synthase, which was
used as a marker of neuron synthesized nitric oxide) in neurons within all types of the enteric plexuses
and intramural nerve fibers [16]. The functions of the above-mentioned neuronal active substances are
presented in Table 1.

3.4. Patulin

Patulin (PAT-molecular weight 154.12 g/mol) is produced by various species belonging to
Penicillium, Aspergillus, Paecilomyces and Byssochlamys [196,197] and is present in fruits (especially
in apples) and vegetables [196,197]. Previous studies have shown that exposure to patulin causes
damage to the intestinal barrier and inflammatory processes in the GI tract and influences the gut
microbiota and the production of the mucus by enterocytes [198,199]. The neurotoxic activity of PAT
is also known. It causes damage to the DNA in brain neuronal cells, mitochondrial and lysosomal
dysfunction, a reduction of ATP levels and intensification of oxidative stress reactions [200,201].

The influence of patulin on the enteric neurons has been the subject of only one study. This study
was performed on the cell culture of the enteric neurons prepared from 2–3-month-old C57B6/J OlaHsd
mice and included various methods, such as growth and viability testing, a cytotoxicity test, evaluation
of calcium signaling, measurement of glucose content, neurite outgrowth measurement and a reactive
oxygen species (ROS) test [202]. The enteric neurons were treated with P coprobium extract, which
decreased their viability with a half-maximal effective concentration (EC50) of 1 ng/μL This study also
showed that patulin affects excitability and glucose consumption of the enteric neurons, which results
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in a patulin-induced reduction of ATP levels and glucose concentration in the enteric neurons. It has
been also reported that patulin causes disorders in calcium signaling in the enteric neurons and affects
neuronal morphology, which results in a reduction of neurite outgrowth and total neurite mass [202].

3.5. Fumonisins

Fumonisins are synthesized by Fusarium proliferatum and Fusarium verticillioides and characterized
by a high degree of toxicity [203]. Numerous types of these mycotoxins have been described, but
the most toxicologically important are fumonisin B1 (molecular weight 721.838 g/mol), fumonisin B2
(molecular weight 705.83 g/mol) and fumonisin B3 (molecular weight 705.8 g/mol), due to their high
levels in cereal grains and crop products [12,204]. Among the numerous internal organs and systems
which may be affected by fumonisins, the nervous system is one of the most susceptible to the adverse
effects of these mycotoxins. It is known that fumonisins may enhance neurodegenerative reactions and
impair the developmental processes in neurons located in the central nervous system, and some studies
have reported connections between exposure to these mycotoxins and the risk of neurodegenerative
diseases, such as multiple sclerosis, Alzheimer’s disease and Parkinson’s disease [205,206]. Exposure
to fumonisins also results in changes in the GI tract, which manifest as disturbances in intestinal
absorption, changes in the enterocytes and abnormalities in the intestinal immunological processes
leading to increased susceptibility to infections [20].

However, knowledge of the influence of fumonisins on the ENS is extremely limited. One study
concerning this issue was performed using the immunohistochemistry method on male Wistar rats
(Rattus novergicus), which were 21 days old [12]. This study showed that a mixture of fumonisin
B1 and B2 added to food in doses of 1 and 3 mg/kg of body weight (i.e., in doses which may be
present in “natural” conditions in the food of humans and animals) given for 63 days does not affect
the organization of the myenteric plexus in the rat jejunum [12]. Such doses of fumonisins do not
result in changes in the general number of myenteric plexus and the number of myenteric neurons
causing nitric oxide synthase, which is a marker of structures synthesizing nitric oxide. However,
some changes in the myenteric neurons were observed under the impact of the mentioned doses of
fumonisins. These changes consisted of a reduction in the size (without changes in their morphology)
of neurons located in the myenteric plexus and included both neurons immunoreactive to pan-neuronal
marker HuCD and nitric oxide synthase. Suoza et al. (2014) [12] reported that fumonisins not only
affect the development and growth of neurons in the central nervous system but may also influence
these processes in the ENS.

The influence of fumonisins on the ENS in the rat duodenum and jejunum of adolescent
(5-weeks-old) male Wistar rats was also studied by Rudyk et al. (2020), using the immunohistochemistry
method and histomorphometric analysis [13]. A mixture of fumonisins B1 and B2 were administered
in a dose of 90 mg/kg of body weight for 21 days. That study demonstrated that fumonisins influence
the following parameters within myenteric and submucous plexuses: area, perimeter, mean Feret
diameter, mean diameter and sphericity [13]. It was also found that the impact of fumonisins on the ENS
depends on the segment of the GI tract and the type of the enteric plexus. Fumonisin-induced changes
in the duodenum were less visible, concerned only the submucous plexus and consisted of a reduction
of area and mean diameter of ganglia, while the other parameters in the submucous plexus and all
parameters studied in the myenteric plexus were not subjected to change. In the jejunum, changes
were noted in the myenteric and submucous plexuses and consisted of an increase in the sphericity
of ganglia and a reduction of other parameters in both types of plexuses. Moreover, the most visible
changes were noted in the myenteric plexus.

The mechanisms of the impact of fumonisins on the ENS are unknown, but they probably inhibit
ceramide synthase—an enzyme contributing to sphingolipid synthesis [207].
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4. Mycotoxin Consumption and Human Gastrointestinal Diseases

The multidirectional adverse effects of mycotoxins on the GI tract (Table 2) cause that exposure to
these substances may result in various disturbances of the GI activity in humans. However, the common
prevalence of mycotoxins in the human environment and food indicates that participation of these
chemicals in the development of intestinal diseases in humans may be an important public health
problem all over the world [208].

Table 2. Gastrointestinal signs and effects of mycotoxins on the gastrointestinal tract.

Mycotoxin
Gastrointestinal
Signs of Toxicity

References
Influence on the Digestive

Tract
References

Doxynivalenol
(DON)

Abdominal pain,
increased

salivation, diarrhea,
vomiting, anorexia,

decrease body
weight gain

[169,209–214]

IPEC-J2 cell line from
porcine jejunal epithelium:

cytotoxicity, decrease in
transepithelial electrical
resistance, disruption of

epithelial integrity

[176]

Porcine jejunal explant
samples: shortened and
coalescent villi, lysis of

enterocytes, edema,
upregulation of

proinflammatory cytokines
expression

[215,216]

Pigs of White Large Polish
Breed: increase in

the mucosal thickness and
the intestinal crypt depth,

atrophy of the villi, changes
in the number of goblet cells,

inflammatory infiltration,
intensification of apoptosis,
changes in ultrastructure of

intestinal cells

[10,11,175,
214,217,218]

Human Colonic Cell Lines
Caco-2, T84, HT-29: decrease
in cell proliferation, changes
in permeability, genotoxicity,
intensification of apoptosis,
increase in the expression of
proinflammatory cytokines,
influence on DNA synthesis

[215,219–221]

Poultry: decrease in the high
of villi [222,223]

T2 Toxin

Gastrointestinal
bleeding, diarrhea,

vomiting,
decreased feed

consumption and
weight gain

[224–226]

IPEC-J2 cell line from
porcine jejunal epithelium:
cytotoxic effects, disruption
of intestinal barrier integrity

[176]

human intestinal Caco-2 cells
disturbances in intestinal

barrier, enzymatic activity of
enteric cells, inhibition of

mucin production

[178]
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Table 2. Cont.

Mycotoxin
Gastrointestinal
Signs of Toxicity

References
Influence on the Digestive

Tract
References

Pigs of White Large Polish
Breed or crossbred pigs:

congestion and hemorrhage
of the gastrointestinal

mucosal layer, inflammatory
infiltration, in high

doses—necrotic changes

[175,227–229]

Sprague-Daw-ley rats:
inflammatory and necrotic

changes in, lymphocytic
necrosis in intestinal Peyer’s

patches, influence on
nutrients absorption,

influence on DNA synthesis

[230–232]

Zearalenone
(ZEN)

Gastrointestinal
symptoms are not

typical for ZEN
toxicity.

Decrease in feed
intake and body

weight, changes in
intestinal

microbiome

[195,233]

Pigs of various breeds:
increase in the mucosal
thickness, increase in

the number of goblet cells,
increase in lymphocyte
number in epithelium,

intensification of apoptosis,
influence on enzymatic
activity of mucosal cells,

changes in intestinal
microbiome

[10,11,175,
193–195,234,

235]

Intestinal porcine epithelial
cell line (IPEC-1): influence

on cell activity by changes in
gene expression

[236]

Poultry: changes in the high
of intestinal villi [237]

Patulin
(PAT)

Anorexia,
salivation,
distended

abdomen loss of
body weight,

bleeding from
the digestive tract

and diarrhea

[238–243]

Human intestinal Caco-2
cells: the influence on
permeability and ion

transport in the mucosa,
epithelial desquamation and

sub mucosal swelling,
genotoxicity effects,

modulation of tight junctions

[198,199,244]

Rodents: mucosal layer
injury, ulceration, fibrosis in

the sub mucosa, necrosis
[238–242]

Porcine jejunal explant
samples: villi atrophy and

necrosis, decrease in
the number of goblet cells,
increase in cell apoptosis

[245]
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Table 2. Cont.

Mycotoxin
Gastrointestinal
Signs of Toxicity

References
Influence on the Digestive

Tract
References

Fumonisins
(FUM)

reduction of feed
consumption and

body weight,
abdominal pain,

diarrhea

[246–249]

Human Colonic Cell Lines
Caco-2, HT-29: growth

inhibition and apoptosis
induction, impact on

mitochondrial metabolism,
necrosis

[221,250]

Rodents: inflammatory
infiltration increase in
the number of mitotic

figures in the intestinal
crypts, necrotic changes

[251,252]

Intestinal porcine epithelial
cell line (IPEC-1): inhibition

of cell proliferation,
intestinal barrier dysfunction

[253]

The impact of mycotoxins on the intestinal barrier functions, intestinal immunity, secretory
activity and gut microflora, as well as their genotoxic/mutagenic and carcinogenic effects are mainly
known from experimental studies (Table 2). Such studies do not always fully reflect the conditions of
natural exposure to mycotoxins. The first problem is the dose of mycotoxins, which is very difficult
to determine in the human diet [254,255]. The second, more important, problem is the fact that
food may contain several or even a dozen mycotoxins at the same time. These mycotoxins may
chemically interact with each other, which leads to changes in their toxic properties and bio-availability.
In this case, synergistic interactions between mycotoxins is particularly dangerous [255,256]. For
example, previous studies have shown that mixtures of ZEN and DON or DON, T2 and ZEN show
higher toxicity than these individual mycotoxins [175,257]. Moreover, it is known that human food
may also contain other active substances and contaminations, such as bacterial products, pesticides,
phytotoxins, chemical contaminations and preservatives, which not only affect mycotoxin activity but
may contribute to various disorders in the GI tract [258]. That is why it is so difficult to determine
the effective participation of mycotoxins in the development of human gastrointestinal diseases.

A comparison of histopathological changes occurring in the GI tract during human gastrointestinal
diseases and changes in the intestine caused by mycotoxins has shown that the negative development
in the GI tract in both cases are similar [255]. This may suggest a correlation between a degree of
exposure to mycotoxins and the risk of human gastrointestinal diseases, as well as the participation of
mycotoxins in the development of various diseases, including inflammatory bowel disease, Crohn’s
disease, coeliac disease and colorectal cancer [255]. However, only comprehensive epidemiological
studies on the relationships between mycotoxin levels in food, blood and urine and the occurrence of
particular diseases conducted on a large human population would explain the connection between
exposure to mycotoxins and the risk of human gastrointestinal diseases. Unfortunately, such studies
are fragmentary and relatively few. These studies have reported that aflatoxins (especially aflatoxin
B1) may pose a carcinogenic risk and exposure to these chemicals may increase the risk of gastric and
colorectal cancer [259,260]. Other studies suggest a correlation between the exposure to ZEN and
colorectal cancer [261], as well as relationships between exposure to aflatoxins and Crohn’s Disease,
coeliac disease and ulcerative colitis [262]. Despite this, differences in concentration of patulin and
citrinin in plasma and urine between healthy people and patients suffering from colorectal cancer
have not been observed, which may suggest that these mycotoxins are not key factors leading to this
disease [263].
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5. Conclusions

Based on previous studies, it is known that mycotoxins affect the enteric nervous system (Table 3).
This impact may be multidirectional and depends not only on the chemical structure of the mycotoxin
and mammal species studied, but also on the type of the enteric plexuses and segment of the digestive
tract. Mycotoxins may act on the size and morphological properties of intestinal nervous structures and
the neurochemical character of the enteric neurons. These changes are probably a result of adaptive and
protective reactions, which affect homeostasis maintenance. Moreover, mycotoxin-induced changes
in the ENS are often the first sign of exposure to low doses of mycotoxins. Understanding the exact
mechanisms connected with the influence of mycotoxins on the intestinal innervation may be very
important in determining mycotoxin dose limits, which are safe and neutral for the living organism.
Unfortunately, the current information about the influence of mycotoxins on the ENS is relatively
limited and elucidation of all aspects connected with this issue requires further research.

Table 3. Influence of mycotoxins on the enteric nervous system.

Mycotoxin
Dose

Examined

Animal
Species or

Kind of
Tissues

Experimental Method
Used in the Study

Character of Changes
in the ENS

References

Doxynivalenol

from 0.2 mg/kg
of chow to
2 mg/kg of

chow

Wistar rats
(Rattus

novergicus)

immunohistochemistry
and microscopic

analysis

Reduction of the area
of general population

of the myenteric
neurons, glial cells in
the myenteric plexus
and whole myenteric

ganglia.

[14]

T2 Toxin

12 μg/kg body
weight/day

domestic pig
of the White
Large Polish

Breed

Immunofluorescence
method and

microscopic analysis

Increase in the number
of VIP-positive enteric

neurons and
intramucosal and

intramuscular nerve
fibers containing VIP
in the stomach and

duodenum.

[15]

200 μg/kg of
feed

domestic pig
of the White
Large Polish

Breed

Immunofluorescence
method and

microscopic analysis

Increase in the number
of CART-positive

enteric neurons and
intramucosal and

intramuscular nerve
fibers containing CART

in the stomach,
duodenum and

descending colon.

[55]

12 μg/kg body
weight/day

domestic pig
of the White
Large Polish

Breed

Immunofluorescence
method and

microscopic analysis

Increase in the number
and changes in
neurochemical

character of
CGRP-positive enteric

neurons in
the descending colon.

[16]

Zearalenon 10 μg/kg body
weight/day

domestic pig
of the White
Large Polish

Breed

Immunofluorescence
method and

microscopic analysis

Increase in the number
of nerve fibers

immunoreactive to
CART, SP, NOS, VIP,
PACAP and decrease

in the number of
GAL-positive nerve

fibers in the muscular
layer of the ileum.

[19]
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Table 3. Cont.

Mycotoxin
Dose

Examined

Animal
Species or

Kind of
Tissues

Experimental Method
Used in the Study

Character of Changes
in the ENS

References

0.1 mg/kg of
chow/day

domestic pig
of the White
Large Polish

Breed

Immunofluorescence
method and

microscopic analysis

Increase in the number
of nerve fibers

immunoreactive to SP
and VIP with changes
in their morphology

[21]

12 μg/kg body
weight/day

domestic pig
of the White
Large Polish

Breed

Immunofluorescence
method and

microscopic analysis

Increase in the number
and changes in
neurochemical

character of neurons
immunoreactive to

CGRP in
the descending colon.

[16]

Patulin EC50 = 1 ng/μL

culture of
the enteric

neurons from
C57B6/J

OlaHsd mice

Growth and viability
testing, cytotoxicity
test, evaluation of
calcium signaling,
measurement of
glucose content,

neurite outgrowth
measurement and

reactive oxygen species
(ROS) test

Reduction of ATP
levels and glucose

concentration,
disorders in calcium

signaling in the enteric
neurons, changes in
their morphology.

[71]

Fumonisins

1 and 3 mg/kg
body weight

Wistar rats
(Rattus

novergicus)

immunohistochemistry
method

Reduction of the size of
neurons in the enteric

ganglia.
[12]

90 mg/kg body
weight

Wistar rats
(Rattus

novergicus)

immunohistochemistry
method and

histomorphometrical
analysis

Reduction of area and
mean diameter of

the submucous
plexuses in duodenum.
Reduction of area and

mean diameter of
myenteric and

submucous plexuses in
the jejunum, increase

of sphericity of
the enteric ganglia.

[13]

VIP—vasoactive intestinal polypeptide; CART—cocaine- and amphetamine-regulated transcript; CGRP—calcitonin
gene related peptide; SP—substance P; NOS—nitric oxide synthase; PACAP—pituitary adenylate cyclase activating
peptide; GAL—galanin.
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Abstract: Food and feed can be naturally contaminated by several mycotoxins, and concern about
the hazard of exposure to mycotoxin mixtures is increasing. In this study, more than 800 metabolites
were analyzed in 524 finished pig feed samples collected worldwide. Eighty-eight percent of the
samples were co-contaminated with deoxynivalenol (DON) and other regulated/emerging mycotoxins.
The Top 60 emerging/regulated mycotoxins co-occurring with DON in pig feed shows that 48%, 13%,
8% and 12% are produced by Fusarium, Aspergillus, Penicillium and Alternaria species, respectively.
Then, the individual and combined toxicity of DON and the 10 most prevalent emerging mycotoxins
(brevianamide F, cyclo-(L-Pro-L-Tyr), tryptophol, enniatins A1, B, B1, emodin, aurofusarin, beauvericin
and apicidin) was measured at three ratios corresponding to pig feed contamination. Toxicity was
assessed by measuring the viability of intestinal porcine epithelial cells, IPEC-1, at 48-h. BRV-F, Cyclo
and TRPT did not alter cell viability. The other metabolites were ranked in the following order
of toxicity: apicidin > enniatin A1 > DON > beauvericin > enniatin B > enniatin B1 > emodin >
aurofusarin. In most of the mixtures, combined toxicity was similar to the toxicity of DON alone.
In terms of pig health, these results demonstrate that the co-occurrence of emerging mycotoxins that
we tested with DON does not exacerbate toxicity.

Keywords: global survey; finished pig feed; co-occurrence; emerging mycotoxins; DON; toxicity;
combined toxicity; IPEC-1

Key Contribution: A worldwide survey of finished pig feed demonstrates the co-occurrence of
DON and emerging mycotoxins. Assessment of their combined toxicity with DON at realistic ratios
revealed that their toxicity was similar to that of DON alone.

1. Introduction

Mycotoxins are low molecular weight fungal secondary metabolites that trigger a detrimental
response when ingested by humans and animals. They are mainly produced by filamentous fungi
belonging to Aspergillus, Fusarium and Penicillium species [1]. Mycotoxin contamination can occur
all along the food chain from field to storage, including the food process. This depends upon the
requirements of fungi, and Fusarium mostly occurs in the field, whereas Aspergillus and Penicillium
mostly occurs during storage.

Because of their toxicity and occurrence, deoxynivalenol (DON), zearalenone, aflatoxins, ochratoxin
A, patulin, fumonisins and T-2/HT-2 toxins are regulated in Europe. For example, the maximum
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recommendations limits that are set up for complete piglet feed are 0.9, 0.1, 0.05, 5 and 0.25 mg/kg
feed for DON, zearalenone, ochratoxin, fumonisins and T2 + HT2, respectively [2,3]. However, in
addition to regulated mycotoxins, many other fungal secondary metabolites are being identified in
food and feed [4,5]. Metabolites that are neither routinely determined, nor legislatively regulated,
have been defined as ‘emerging mycotoxins’ [6], while the derivatives of regulated mycotoxins that are
undetectable using conventional analytical techniques due to their modified structure, are defined as
‘modified/masked mycotoxins’ [4,7]. Recent findings showed that more than 70% of the world’s cereal
grains are contaminated by mycotoxins [8,9], often in a mixture [10].

Among regulated mycotoxins, DON very frequently contaminates cereals (wheat, barley, oats, rye
and maize, and less frequently rice, sorghum and triticale) and cereal-based food and feed. DON belongs
to the group of B-trichothecenes, and is one of the most widely distributed contaminants in human food
and animal feed. In a total of more than 25,000 samples collected from 28 European countries between
2007 and 2014, DON was found in 47% of 4000 feed samples and 45% of 1621 unprocessed grains
with no defined end use, respectively [11]. Even though DON is considered as a non-carcinogenic
compound [12], the maximum level of this toxin in food and feed have been set up in different countries.
For example, in complete piglet feed, the maximum limits are 0.9, 1 and 5 mg/kg feed in Europe,
Canada and the USA, respectively [2,13]. Exposure to high concentrations of DON is associated with
diarrhea, vomiting (emesis), leukocytosis and gastrointestinal bleeding. Chronic exposure affects
growth, immunity and intestinal barrier function in animals [14–16]. This toxin interacts with the
peptidyl transferase region of the 60S ribosomal subunit, inducing ‘ribotoxic stress’, resulting in the
activation of mitogen-activated protein kinases (MAPKs) and their downstream pathways [14,17].

Among emerging mycotoxins, those that occur most frequently are enniatins (ENNs), beauvericin
(BEA), apicidin (API), aurofusarin (AFN), culmorin, butenolide, fusaric acid, moniliformin,
fusaproliferin and emodin (EMO). They are produced by Fusarium species except EMO, which
is produced by Aspergillus species [6,18]. ENNs and BEA were detected in food (63% and 80%), feed
(32% and 79%), and unprocessed grains (24% and 46%) collected between 2010 and 2014 in 12 European
countries [19]. AFN, API, brevianamide-F (BRV-F), EMO and tryptophol (TRPT) were also found in
pig feed (80%, 52%, 65%, 63% and 75%) [20], Egyptian animal feed (73%, 17%, 86%, 98% and 90%) [21]
and feed raw materials (84%, 55%, 5%, 74%, 59%) [22].

Multiple mycotoxins are frequently present in food and feed [10]. The co-occurrence of DON,
aflatoxins, fumonisins, zearalenone and other fungal secondary metabolites in maize seeds and
grains, as well as in animal feed, has been reported [21–23]. The presence of different fungi on the
same raw material, the ability of fungal species to produce several toxins, as well as the various
commodities present in completed feed, can explain this multiple contamination [24,25]. Compound
feed is particularly prone to multiple contaminations, as it typically contains a mixture of several
raw materials.

The co-occurrence of mycotoxins is challenging for at least two reasons: (i) The toxicity of
mycotoxins when present together cannot always be predicted based upon their individual toxicity and
(ii) the risk assessment is performed on a chemical-by-chemical basis [24,25]. Scientific interest in the
toxicity of these mixtures of mycotoxins is currently increasing rapidly [26–29]. Several studies have
investigated the combined toxicity of regulated mycotoxins on the intestine [30–33], but the combined
effect of regulated and other mycotoxins is poorly documented [34,35].

Among farm animals, pig is one of the most sensitive species to mycotoxins [36]. As feed raw
materials are potentially contaminated by several fungi at a time, and completed feed is made from
various commodities, pig can be exposed, through its rich cereal diet, to high concentrations of mixtures
of mycotoxins [10,37]. The sanitary and economic losses due to mycotoxin contamination are important
in the pig industry, even if they are hard to estimate precisely [38].

The aims of this study were thus to (i) determine the prevalence and concentration of mycotoxins
present in finished pig feed and (ii) assess the intestinal combined toxicity of DON in mixture with the
10 most prevalent emerging mycotoxins present in pig feed using realistic ratios.
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2. Results

2.1. Occcurrence and Abundance of Emerging Mycotoxins and DON in Finished Pig Feed

A total of 524 finished pig feed samples collected worldwide were analyzed, and more than
235 different metabolites were detected, including regulated mycotoxins, emerging mycotoxins and
modified/masked mycotoxins. Table 1 lists the 60 most prevalent fungal metabolites that contaminated
more than 20% of the finished pig feed samples. Among regulated mycotoxins, DON was detected
in 463 samples (88%), mostly in the Northern Hemisphere and in relatively similar concentrations in
samples from all countries (median concentration 206 μg/kg) (Figure 1A,B).

Figure 1. (A) Worldwide contamination of deoxynivalenol (DON). Concentration of DON is highlighted
by colors, where yellow indicates > 100 μg/kg, green > 200 μg/kg, dark green > 300 and dark blue
indicates > 400 μg/kg. (B) Abundance of DON in pig finished feed (P25, median, mean, P75). X axis
represents the distribution of the concentration, Y axis describes the number of contaminated samples.

All DON-contaminated samples were co-contaminated by other mycotoxins. The distribution
of the samples was checked. Table 1 gives the descriptive statistics for DON and the most abundant
metabolites that co-occur with DON.
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Table 1. Top 60 emerging and regulated mycotoxins co-occurring with DON in finished pig feed.

Metabolites
Occurrence

n (%)

Co-occurrence
with DON n

(%)

Contamination Level (μg/kg
Feed)

Correlation (DON
and Other

Mycotoxins)

P25 P50 P75 Coefficient p-Value

1 Deoxynivalenol 463 (88%) 463 (100%) 111 206 389 1.00 NA
2 Culmorin 492 (94%) 458 (99%) 38 107 247 0.50 0.00
3 Zearalenone 502 (96%) 449 (97%) 9 18 46 0.64 0.00
4 Brevianamide F 500 (95%) 446 (96%) 17 28 45 0.17 0.00
5 Cyclo-(L-Pro-L-Tyr) 494 (94%) 434 (94%) 117 196 371 0.14 0.00
6 Enniatin B 479 (91%) 430 (93%) 9 32 83 0.02 0.61
7 Enniatin B1 481 (92%) 430 (93%) 10 37 87 0.04 0.39
8 Asperglaucide 470 (90%) 419 (90%) 18 38 94 -0.11 0.02
9 Emodin 472 (90%) 418 (90%) 3 5 10 -0.01 0.91
10 Aurofusarin 464 (89%) 417 (90%) 87 211 548 0.59 0.00
11 Moniliformin 469 (90%) 416 (90%) 7 17 45 0.11 0.03
12 Beauvericin 464 (89%) 411 (89%) 4 7 13 0.32 0.00
13 Enniatin A1 459 (88%) 411 (89%) 5 16 33 0.09 0.08
14 3-Nitropropion acid 455 (87%) 407 (88%) 3 6 10 -0.03 0.57
15 Tryptophol 454 (87%) 407 (88%) 119 197 319 0.10 0.04
16 15-Hydroxyculmorin 429 (82%) 391 (84%) 76 142 277 0.79 0.00
17 Equisetin 424 (81%) 386 (83%) 5 10 23 0.01 0.80
18 Infectopyron 409 (78%) 366 (79%) 108 263 449 -0.16 0.00
19 DON-3 Glucoside 380 (73%) 362 (78%) 10 21 47 0.79 0.00
20 Neoechinulin A 407 (78%) 357 (77%) 10 19 42 0.06 0.22
21 Tenuazonic-acid 384 (73%) 347 (75%) 53 90 182 0.04 0.49
22 Alternariol 366 (70%) 333 (72%) 2 4 9 0.01 0.79
23 Rugulusovin 373 (71%) 332 (72%) 4 7 14 0.15 0.01
24 Tentoxin 342 (65%) 319 (69%) 2 3 6 -0.03 0.56
25 Apicidin 341 (65%) 310 (67%) 3 7 11 -0.13 0.02
26 Fumonisin B1 332 (63%) 304 (66%) 26 70 254 0.14 0.02
27 Nivalenol 315 (60%) 296 (64%) 10 24 57 0.14 0.02
28 Cyclo-(L-Pro-L-Val) 337 (64%) 286 (62%) 85 137 246 0.15 0.01
29 Epiequisetin 307 (59%) 285 (62%) 2 4 7 0.05 0.42
30 Citreorosein 317 (60%) 283 (61%) 3 5 8 0.12 0.05
31 Enniatin A 306 (58%) 282 (61%) 2 3 5 -0.01 0.81
32 Alternariolmethylether 307 (59%) 275 (59%) 2 3 5 0.09 0.14
33 Altersetin 301 (57%) 275 (59%) 13 29 76 0.18 0.00
34 Asperphenamate 311 (59%) 269 (58%) 5 11 27 -0.02 0.75
35 Lotaustralin 288 (55%) 257 (56%) 15 30 85 -0.10 0.13
36 Butenolid 253 (48%) 242 (52%) 22 37 70 0.32 0.00
37 Kojic acid 262 (50%) 241 (52%) 43 74 148 -0.06 0.39
38 Enniatin B2 258 (49%) 238 (51%) 2 3 5 -0.01 0.84
39 Fumonisin B2 258 (49%) 237 (51%) 19 50 143 0.16 0.01
40 Zearalenone Sulfate 236 (45%) 222 (48%) 10 25 53 0.25 0.00
41 Antibiotic Y 233 (44%) 215 (46%) 40 111 402 -0.02 0.75
42 T2 Toxin 235 (45%) 209 (45%) 2 4 9 0.12 0.07
43 Macrosporin 219 (42%) 202 (44%) 2 3 8 0.02 0.76
44 N-Benzoyl-Phenylalanine 220 (42%) 191 (41%) 3 5 11 -0.02 0.82
45 Flavoglaucin 206 (39%) 175 (38%) 7 16 34 0.05 0.51
46 Curvularin 196 (37%) 171 (37%) 2 4 8 -0.09 0.27
47 Questiomycin A 178 (34%) 162 (35%) 4 10 20 0.22 0.01
48 Rubellin D 179 (34%) 161 (35%) 4 8 18 0.10 0.21
50 Bikaverin 171 (33%) 153 (33%) 10 25 56 0.27 0.00
50 Fusarinolic-acid 157 (30%) 153 (33%) 47 130 320 0.3 0.00
51 Fumonisin B4 165 (31%) 149 (32%) 11 23 68 0.2 0.03
52 Cytochalasin J 170 (32%) 146 (32%) 13 29 63 0.1 0.46
53 Ergometrine 152 (29%) 145 (31%) 6 11 24 0.0 0.57
54 Ergocristine 151 (29%) 143 (31%) 2 5 13 0.2 0.02
55 Fumonisin B3 154 (29%) 136 (29%) 24 48 103 0.1 0.15
56 HT2-toxin 149 (28%) 134 (29%) 13 20 30 0.2 0.01
57 Monocerin 144 (27%) 133 (29%) 1 2 3 0.2 0.02
58 Chrysogin 136 (26%) 126 (27%) 7 12 17 0.4 0.00
59 Ergosin 128 (24%) 123 (27%) 3 6 13 -0.1 0.39
60 5-Hydroxyculmorin 121 (23%) 117 (25%) 107 170 304 0.7 0.00

The 60 mycotoxins found in more than 20% of the 524 samples of finished pig feed. Their concentrations in the three
quartiles (P25, P50 and P75) are expressed in μg/kg of feed. The correlation of their concentration with DON and the
associated P-value was calculated using Spearman’s rank correlation coefficient.

From this list, the most prevalent emerging mycotoxins co-occurring with DON and which were
commercially available were selected for the toxicological studies. Because of its high toxicity [39],
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apicidin (API) was included in the list. The worldwide distributions of these compounds are presented
in Supplementary Figure S1. Except for API, which was detected in only 67% of DON-contaminated
samples, the selected emerging mycotoxins were present in more than 87% of them (Table 1).
Three compounds API, emodin (EMO) and beauvericin (BEA) were detected in a median concentration
range of 5 to 10 μg/kg feed. The median concentration of four metabolites, enniatins A1, B, B1 (ENN-A1,
B, B1) and brevianamide F (BRV-F), was in the range of 15-40 μg/kg feed, and the last three compounds
aurofusarin (AFN), cyclo-(L-Pro-L-Tyr) (Cyclo) and tryptophol (TRPT) had median concentrations
close to 200 μg/kg feed, like DON (Supplementary Figure S2). Despite their high co-occurrence with
DON, with the exception of AFN, and to a lesser extent BEA, the concentration of these mycotoxins
showed limited correlation with DON concentration (Table 1 and Supplementary Figure S3).

2.2. Intestinal Toxicity of Emerging Mycotoxins Found in Pig Feed, alone or Combined with DON

2.2.1. Individual Toxicity of DON and Emerging Mycotoxins

The individual intestinal toxicity of 10 selected emerging mycotoxins, as well as that of DON,
was first analyzed at a wide range of concentrations (Supplementary Figure S4). As shown in
Supplementary Figure S4, all tested metabolites exhibited dose-dependent toxicity toward intestinal
epithelial cells, except BRV-F, Cyclo and TRPT, that were not toxic for this porcine cell line. AFN, EMO
and ENN-B1 reduced the viability of IPEC-1, but their toxicity was less than that of DON. The toxicity
of BEA and ENN-B was close to that of DON, whereas API and ENN-A1 were more toxic than DON.
As shown in Figure 2, low doses of API (0.01–0.3 μM) significantly stimulated the proliferation of
IPEC-1. When the doses leading to a 50% reduction in the cell viability (IC50) of these emerging
mycotoxins were compared with the dose of DON, then BRV-F, Cyclo and TRPT were classified as
non-toxic metabolites, while EMO, AFN and ENN-B1 were given as moderately toxic metabolites, and
finally API, ENN-A1, ENN-B and BEA as highly toxic metabolites (Table 2).

Figure 2. Dose effect curve of individual toxicity of apicidin (API). Data are mean ± SEM of three
biological replicates. Bonferroni multiple comparison test. Significant difference between control and
different doses of API *** p < 0.001.
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Table 2. IC50 values of the selected emerging mycotoxins on IPEC-1 cells.

Metabolites Abbreviation IC50 (μM) Toxicity

Brevianamide F BRV-F Non-Toxic
Non-toxicCyclo-(L-Pro-L-Tyr) Cyclo Non-Toxic

Tryptophol TRPT Non-Toxic

Aurofusarin AFN 19.1 ± 3.4
Moderately toxicEmodin EMO 19.0 ± 0.7

Enniatin B1 ENN-B1 13.5 ± 2.5

Enniatin B ENN-B 4.4 ± 0.9

Highly toxic
Beauvericin BEA 4.3 ± 1.8

Deoxynivalenol DON 3.2 ± 0.7
Enniatin A1 ENN-A1 1.6 ± 0.3

Apicidin API 1.5 ± 0.5

Data are the mean ± the standard error of the mean (SEM) of three biological replicates.

2.2.2. Combined Toxicity of DON and Emerging Mycotoxins

Next, the combined toxicity of DON and the selected emerging mycotoxins was assessed.
As mentioned above, the concentration of these secondary metabolites was not correlated with the
concentration of DON (Table 1 and Supplementary Figure S3). Thus, to account for the different
situations to which pigs can be exposed, three ratios were tested (Supplementary Table S1). Ratio 1
was calculated using the P25 (1st quartile) concentration of the emerging mycotoxin and P75 (3rd
quartile) concentration of DON. Ratio 2 was calculated using the median (2nd quartile) concentration
of DON and each emerging mycotoxin. Ratio 3 was calculated using the P75 concentration of the
emerging mycotoxin and P25 concentration of DON. For each ratio, serial dilutions were tested to
obtain a dose-effect curve that encompassed the realistic concentrations of the mixture of DON and the
tested metabolites.

2.2.3. Combined Toxicity of DON and the Non-Toxic Secondary Metabolites (BRV-F, Cyclo and TRPT)

First, the combined toxicity of DON and the ‘non-toxic’ secondary metabolites BRV-B, Cyclo and
TRPT were analyzed. As shown in Figure 3, whatever the ratios tested, the toxicity of the combination
of DON and the compound being tested was similar to the toxicity of DON alone.
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Figure 3. Dose-effect curves of deoxynivalenol (DON) (blue lines and symbols), emerging mycotoxins
(brevianamide-F (BRV-F), cyclo-(L-Pro-L-Tyr) (Cyclo) and tryptophol (TRPT)) alone (red lines and
symbols), or in combination with DON (black lines and symbols) at different ratios: ratio 1 was
calculated from the P25 concentration of emerging mycotoxin and P75 concentration of DON; ratio 2
was calculated from the median concentration of emerging mycotoxin and DON; ratio 3 was calculated
from the P75 concentration of emerging mycotoxin and the P25 concentration of DON. Six serial
dilutions of each ratio were tested (Emerging mycotoxin alone, DON alone, mixture). Data are mean ±
SEM of three biological replicates. Bonferroni multiple comparison test. Significant difference between
emerging mycotoxins alone and the mixtures *** p < 0.001. Significant difference between DON alone
and the mixtures # # # p < 0.001.

2.2.4. Combined Toxicity of DON and the Moderately Toxic Secondary Metabolites (AFN, EMO and
ENN-B1)

Next, the combined toxicity of DON and the moderately toxic metabolites AFN, EMO and ENN-B1
was assessed (Figure 4). The toxicity of AFN, EMO and ENN-B1 was minimal when used at ratio 1.
In these conditions, the toxicity of the combination of DON and emerging toxins was similar to the
toxicity of DON alone. Ratio 2 reached toxic concentrations of AFN and ENN-B1, but the toxicity of the
mixture was similar to the toxicity of DON alone, except at the highest concentration of ENN-B1 (4.1
μM), where the toxicity of the mixture (ENN-B1 4.1 μM + DON 50 μM) was higher than the toxicity of
ENN-B1 alone, but lower than the toxicity of DON alone.
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Figure 4. Dose-effect curves of DON (blue lines and symbols), emerging mycotoxins (AFN, EMO and
ENN-B1) alone (red lines and symbols) or in combination with DON (black lines and symbols) at
different ratios: ratio 1 was calculated from the P25 concentration of emerging mycotoxin and P75
concentration of DON; ratio 2 was calculated from the median concentration of emerging mycotoxin and
DON; ratio 3 was calculated from the P75 concentration of emerging mycotoxin and P25 concentration
of DON. Six serial dilutions of each ratio were tested (Emerging mycotoxin alone, DON alone, mixture).
Data are mean ± SEM of three biological replicates. Bonferroni multiple comparison test. Significant
difference between emerging mycotoxins alone and the mixtures *** p < 0.001. Significant difference
between DON alone and the mixtures # # # p < 0.001.

When cytotoxicity was tested at ratio 3, the toxicity of AFN + DON was identical to the one of
DON alone except at the concentrations DON 0.6 μM + AFN 1.6 μM and DON 1.9 μM + AFN 4.7 μM,
when the toxicity of the mixture was slightly lower than the toxicity of DON alone. At this ratio, EMO
alone was still not toxic, and even induced proliferation (up to 130% of treated cells).

The combined toxicity of DON and EMO was similar to the toxicity of DON alone except at the
highest concentration of EMO, when the mixture of DON (50 μM) and EMO (5 μM) was still less toxic
than DON alone. The combined toxicity of ENN-B1 + DON was the same as the toxicity of DON alone,
except at the highest concentrations of ENN-B1 (6 and 18 μM), when the toxicity of the mixture was
the same as the toxicity of ENN-B1 alone, but lower than the toxicity of DON alone.

In conclusion, our data showed that the toxicity of the combination of DON and emerging
mycotoxins such as AFN, EMO and ENN-B1 was similar to or lower than the toxicity of DON alone,
whatever the ratio used.
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2.2.5. Combined Toxicity of DON and The Highly Toxic Secondary Metabolites (ENN-B, BEA,
ENN-A1and API)

The combined toxicity of DON and highly toxic compounds (ENN-B, BEA, ENN-A1 and API)
was also analyzed at different ratios (Figure 5). At the first tested ratio (ratio 1), ENN-B, BEA, ENN-A1
and API were not toxic, and their combined toxicity in the presence of DON was similar to the toxicity
of DON alone. Ratio 2 reached toxic concentrations of ENN-B, ENN-A1 and API.

Figure 5. Dose-effect curves of DON (blue lines and symbols), emerging mycotoxins (ENN-B, BEA,
ENN-A1 and API) alone (red lines and symbols) or in combination with DON (black lines and symbols)
at different ratios: ratio 1 was calculated from the P25 concentration of the emerging mycotoxin and
the P75 concentration of DON; ratio 2 was calculated from the median concentration of emerging
mycotoxin and DON; ratio 3 was calculated from the P75 concentration of emerging mycotoxin and
the P25 concentration of DON. Six serial dilutions of each ratio were tested (Emerging mycotoxin
alone, DON alone, mixture). Data are mean ± SEM of three biological replicates. Bonferroni multiple
comparison test. Significant difference between emerging mycotoxins alone and the mixtures *** p <
0.001. Significant difference between DON alone and the mixtures # # # p < 0.001.

For ENN-B and ENN-A1, the toxicity of the mixture was similar to the toxicity of DON alone,
except at the highest concentrations of ENN-B (3.6 μM) and ENN-A1 (1.7 μM). The combined toxicity
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of DON (50 μM) + ENN-B (3.6 μM) was similar to the toxicity of ENN-B alone, but lower than the
toxicity of DON alone, whereas the combined toxicity of DON (50 μM) + ENN-A1 (1.7 μM) was higher
than the toxicity of ENN-A1 alone, but still lower than the toxicity of DON alone. The combined
toxicity of API and DON was similar to the toxicity of DON only for the higher doses. For the doses
lower than DON (5.6 μM) + API (0.09 μM) the combined toxicity was lower than the toxicity of DON
alone, but higher than API alone.

At ratio 3, the combined toxicity of DON and ENN-B displayed a different characteristic. At a
high concentration, the combined toxicity of DON (50 μM) + ENN-B (17.2 μM) was lower than the
toxicity of either DON alone or ENN-B alone. At this ratio, the toxicity of the mixture of DON and
BEA was similar to the toxicity of DON alone, except at the highest concentration of BEA (2.3 μM)
when mixed with DON (50 μM), where the toxicity was higher than that of BEA alone, but lower
than that of DON alone. The combined toxicity of DON (16.7μM) + ENN-A1 (2.2 μM) at ratio 3 was
similar to the toxicity of ENN-A1 alone, but lower than the toxicity of DON alone; the toxicity of DON
(50 μM) + ENN-A1 (6.5 μM) was higher than the toxicity of ENN-A1 alone, but lower than the toxicity
of DON alone. Finally, the combined toxicity of DON and API, at concentrations lower than DON
(5.6 μM) + API (0.3 μM), was always similar to API alone, but lower than DON alone, whereas at
higher concentrations, it was similar to the one of DON alone and higher than the one of API alone.
As mentioned above, a proliferation of IPEC-1 cells was observed at low concentrations of API.

In conclusion, our data showed that the toxicity of the combination of DON and highly toxic
emerging mycotoxins such as ENN-B, BEA, ENN-A1 and API, whatever the ratio used, was similar to
or lower than the toxicity of DON alone.

3. Discussion

Progress in analytical methods enabled the discovery of numerous fungal secondary metabolites
that are the subject of increasing attention today due to their prevalence in human food and animal
feed [19,20]. In the present study, 524 samples of finished pig feed were analyzed. In addition to
regulated mycotoxins such as DON, zearalenone and fumonisin B1, less known secondary metabolites
were detected.

As already described in other surveys [20–22], BRV-F, Cyclo, TRPT, ENNs, EMO, BEA and AFN,
culmorin, and moniliformin were highly prevalent emerging mycotoxins detected in more than 85% of
pig feed samples. The diversity of the metabolites detected is very likely related to the wide range of
fungal species that contaminate the raw materials used to make pig feed. Indeed, Fusarium species
produce ENNs (A1, B and B1), BEA, AFN, API, culmorin and moniliformin, while Penicillium species
produce BRV-F and Cyclo, Aspergillus EMO and Acremonium TRPT [22,40].

The toxicity of these new poorly documented metabolites was also investigated in the present
study. The results of our analyses showed that, even at high concentrations of up to 300 μM, BRV,
Cyclo and TRPT are not toxic to intestinal cells. Similar results were recently obtained using another
porcine intestinal cell line, IPEC-J2, and a different readout, cellular protein content [20]. Interestingly,
at a much higher concentration (2 mM), TRPT induced DNA damage in HepG2, A549 and THP-1
cells [41]. AFN and EMO were identified as moderately toxic compounds at relative IC50 values of 19.1
μM and 19 μM, respectively. These emerging mycotoxins were found to be more toxic for IPEC-J2 with
relative IC50 of 9.3 μM and 13.1 μM, respectively [20]. On the other hand, human multiple myeloma
blood cells were less sensitive to EMO (IC50 38 μM) [42]. According to their IC50, ENNs were ranked
in the following order of toxic potency ENN-A1 > ENN-B > ENN-B1. Similar ranking was reported
for HT-29 [43] and IPEC-J2 [44]. ENN-A1 is also more toxic than ENN-B1 for Caco-2 and HepG2,
but ENN-B displayed no toxicity at all [43]. The mechanism of toxicity of ENNs is related to their
ionophoric properties [19] that facilitate the transport of mono- or divalent cations such as K+ or Ca2+

across membranes, but the relative sensitivity of the different cell lines to the different ENNs is still
not understood. The high toxicity of BEA has already been reported in other cell lines of human
and porcine origin, including Caco-2, HT-29 and IPEC-J2 [20,43]. BEA also has ionophoric properties
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and increase ions permeability (Na+ K+ and Ca2+) in biological membrane, this mechanism of action
participates to the toxicity of this mycotoxin [6,19,44].

Data on the toxicity of API are very limited. We confirmed the toxicity of this metabolite when used
at high concentration (> 0.5 μM) [20,39]; we also observed that low concentrations of API (<0.1 μM)
stimulate the proliferation of porcine intestinal cells. The proliferative effect of low doses of some
mycotoxins has already been described. For example, up to 200% proliferation has been observed
in lymphocytes and splenocytes exposed to low doses (> 0.1μM) of DON, nivalenol, aflatoxin B1 or
fumonisin B1 [45]. Because of its high prevalence and its low IC50, it would be of great interest to
deepen our knowledge of API. The toxicity of other very prevalent metabolites, such as culmorin and
moniliformin, could not be evaluated in this study because they were not commercially available in
the quantities required for cellular experiments.

Different studies have described the co-occurrence of mycotoxins in cereals and other raw materials
used for animal feed in several regions of the globe [21,46,47]. In the present study, we investigated the
co-occurrence of mycotoxins in pig feed. We identified 60 metabolites that co-occur with DON in more
than 20% of samples, confirming the prevalence of co-contamination, and as a result, the exposure of
animals to a mixture of mycotoxins. Our results are in accordance with those of previous surveys of
raw materials and finished feed [20,46]. Although the exact composition of the analyzed pig feed is
not known, the main component of the majority of the samples is maize. The extraction efficiencies
are between 85%-95% determined in seven different matrices [48]. However, the focus of our study is
to provide a general picture of the worldwide contamination of pig feed and to test realistic ratios of
fungal compounds in vitro.

Despite the very high frequency of co-contamination by DON and emerging mycotoxins, the
correlation between the concentrations of DON and emerging mycotoxins was very low. The correlation
between DON and emerging mycotoxins is poorly documented. In winter wheat, Blandino and
co-workers [49] addressed the correlation between DON and other mycotoxins produced by Fusarium
graminearum and F. culmorum, and showed that correlations between DON and either culmorin or
moniliformin were significant (0.94 and 0.42, respectively). By contrast, the correlations between
DON and AFN or BEA were not significant (0.2 and -0.14, respectively). Correlations between the
concentration of DON and its modified forms enabled EFSA to calculate ratios between these different
toxins [11].

In the present study, the absence of correlation between the concentrations of the emerging
mycotoxins and DON could be explained by the diversity of fungi that produce the various metabolites
via different biosynthetic pathways. Furthermore, pigs feed is made of different raw materials, which
also explains the lack of correlation between the amounts of the different fungal metabolites involved.

The main objective of the present study was to assess the combined toxicity of DON and emerging
mycotoxins. As no correlation was found, to encompass the situations to which animals may be
exposed, different plausible ratios were tested. These ratios were based on the P25, the median and the
P75 concentrations of DON and emerging mycotoxins observed in pig feed, because these summary
statistics are robust to extreme outlier values. In most cases, we observed that when the non-toxic
metabolites (BRV, Cyclo and TRPT) were present in mixture with DON, whatever the doses or the ratio,
the effect was driven by DON. We observed a similar trend for the combined toxicity of DON with
moderate and highly toxic metabolites ENNs, BEA, API, AFN and EMO. The effect of the mixtures
was mostly similar to the effect of DON alone. The only exception was when very high concentrations
of DON were used, in which cases surprisingly, the toxicity of the mixture was lower than the toxicity
of DON alone.

To the best of our knowledge, this is the first study to investigate the interactions of different
mycotoxins using plausible ratios. Most published studies used toxins of equal toxicity, regardless of
their concentration in food or feed. For example, exposure of Caco-2 or IPEC-1 cells to low doses of
DON, combined with isotoxic concentrations of nivalenol and/or their acetylated derivatives, led to a
synergistic effect [31,32]. Similarly, mixtures of ENNs as well as mixtures of DON, ENNs and alternariol
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managed to induce synergistic cytotoxicity in Caco-2 cells [50,51]. A synergistic inflammatory effect
was also observed in porcine intestinal explants co-exposed to DON and nivalenol [33].

In the future, these original data on the intestinal toxicity of realistic mixtures of DON and
emerging mycotoxins should be completed by toxicity studies on other types of cells to account for all
target organs. In vivo experiments are also needed to confirm the in vitro data. More widely, the effects
of other mixtures of mycotoxins or of mycotoxins with other food contaminants should be investigated
at realistic doses. As the pig is a good model for human toxicity studies of food contaminants [52],
the results would be useful to estimate the effects of similar mixtures of toxins on human health.
Better knowledge of the occurrence and toxicity of the real mixtures present in food is a precondition
for the assessment of health risk [29].

4. Conclusions

This global survey of finished pig feed confirmed that such feed is co-contaminated by DON and
emerging mycotoxins. However, despite the high percentages of co-occurrence, no correlation was
found between the concentration of DON and most of these emerging mycotoxins. Using ratios based
on the concentration of DON and emerging mycotoxins in feed, we observed that the toxicity of most
of the mixtures was similar to the toxicity of DON alone. This demonstrates that, when these emerging
mycotoxins are present together with DON, the toxicity of the mixture is not exacerbated.

5. Materials and Methods

5.1. Extraction and Analysis of Metabolites

A total of 524 finished pig feed samples were collected from 2014 to 2018 on the world market,
but most in Europe (76.5%) and North America (15.8%) and fewer in Asia (3.2%), South Africa (1.5%),
Australia (2 samples) and some of unknown origin (2.5%) (Figure 1 and Supplementary Figure S1),
and more than 800 analytes, including fungal and bacterial secondary metabolites, were sought.
Samples were provided by the BIOMIN Mycotoxin Survey, and the analyses were performed using the
Liquid chromatography–mass spectrometry/mass spectrometry (LC–MS/MS) multi-mycotoxin method
described by Malachova [5].

A QTrap5500 LC-MS/MS System (Applied Biosystems, Foster City, CA, USA) equipped with a
TurboIonSpray electrospray ionization (ESI) source and a 1290 Series ultra high performance liquid
chromatography (UHPLC) System (Agilent Technologies, Waldbronn, Germany) was used for detection
and quantification of the analytes (Supplementary Figures S5 and S6). Chromatographic separation
was performed on a Gemini® C18-column (150 × 4.6 mm i.d., 5 μm particle size) equipped with a
C18 security guard cartridge (4 × 3 mm i.d.) (all from Phenomenex, Torrance, CA, USA) at 25 ◦C.
Elution was carried out in binary gradient mode. Both mobile phases contained 5 mm ammonium
acetate (NH4CH3CO2) and were composed of methanol/water/acetic acid in a ratio of 10:89:1 (v/v/v;
eluent A) or 97:2:1 (v/v/v; eluent B). After an initial time of 2 min at 100% A, the proportion of B was
increased linearly to 50% within 3 min. Further linear increase of B to 100% within 9 min was followed
by a hold-time of 4 min at 100% B and 2.5 min column re-equilibration at 100% A. The flow rate
was 1000 μL/min. ESI-MS/MS was performed in the scheduled multiple reaction monitoring (sMRM)
mode both in positive and negative polarities in two separate chromatographic runs. The sMRM
detection window of each analyte was set to the respective retention time ± 27 s and ± 42 s in positive
and in negative mode, respectively. The target scan time was set to 1 s. Confirmation of positive
analyte identification is obtained by the acquisition of two sMRMs per analyte (with the exception of
moniliformin and 3-nitropropionic acid, that each exhibit only one fragment ion), which yields 4.0
identification points according to commission decision 2002/657/EC (EU, 2002).

A total of 235 mycotoxins and other fungal secondary metabolites were detected and quantified
in the samples of finished pig feed analyzed. The threshold of relevant concentrations was set at > 1.0
μg/kg or the limit of detection, whichever was higher. Samples were collected only by trained staff,
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or after the instruction of untrained staff according to a protocol. A minimum of 500 g homogenized
sample was sent to the laboratory of the Institute of Bioanalytics and Agro-Metabolomics at the
University of Natural Resources and Life Sciences Vienna (BOKU) in Tulln, Austria. Samples were
milled and extracted with a mixture of acetonitrile, water and acetic acid (79:20:1, per volume) on
a shaker for 90 min. The solution was centrifuged, after which the supernatant was diluted and
injected into an LC-MS/MS system (electrospray ionization and mass spectrometric detection using
a quadrupole mass filter). Quantification was done by comparing an external calibration using a
multi-analyte stock solution. During the period 2014 to 2018, the number of substances measured
using this method increased each year, and more substances were included in the survey. Nevertheless,
the list of compounds investigated in this manuscript were those measured in 2014. All concentration
data were collected in a single file, and sample information such as sampling year and month, country
and region of origin and sample matrix were added for subsetting. Data were imported and analyzed
in R v 3.5.1 mainly using tidy-verse packages (www.tidyverse.org). Spearman correlation coefficients
and associated p-values were calculated with the corr.test function from the psych R package. Data
were plotted (including maps) using ggplot2.

5.2. Toxins

For the cytotoxicity test, toxins were purchased from Sigma (St Quentin Fallavier, France):
deoxynivalenol (DON) (purity > 98%), tryptophol (TRPT) (purity > 97%), apicidin (API) (purity > 98%)
and emodin (EMO) (purity > 90%). Enniatins (ENNs) (A1, B, B1, purity > 99%), cyclo-(L-Pro-L-Tyr)
(Cyclo) (purity > 98%), and brevianamide-F (BRV-F) (purity > 95%) were purchased from BioAustralis
(Smithfield, Australia), beauvericin (BEA) (purity > 95%) and aurofusarin (AFN), (purity > 97%)
were purchased from Santa Cruz Biotechnology (Dallas, TX, USA). All mycotoxins were dissolved in
dimethyl sulfoxide (DMSO) (Sigma) to prepare stock solutions stored at −20 ◦C. Working dilutions
were freshly prepared in cell culture medium for each experiment.

To convert the concentration in the pig feed into the concentration to which intestinal cells might
be exposed, we assumed, as already done in previous studies [53], that mycotoxins were ingested
in one meal, diluted in 1 L of gastrointestinal fluid and were entirely bioaccessible. Next, the ratio
of DON to emerging mycotoxins was calculated based on three plausible scenarios according to the
concentration of DON and emerging mycotoxins in the feed (Supplementary Table S1).

Several 3-fold dilutions of each individual toxin and mixtures at different ratios were performed
to account for the concentrations present in feed.

5.3. Cell Culture and Cytotxicity Assay

IPEC-1, derived from the small intestine of a newborn unsuckled piglet were maintained in
complete medium (Dulbecco’s modified Eagle’s medium (DMEM)/Ham’s F12 medium (Sigma) plus
1% Penicillin Streptomycin (Eurobio, Courtaboeuf, France), 5% fetal bovine serum (FBS) (Eurobio), 1%
L-glutamine (Eurobio), 5 μg/L epidermal growth factor (EGF) (Becton–Dickinson, Le Pont de Claix,
France), and 1% ITS solution (insulin (5 μg/mL), transferrin (5 μg/mL), selenium (5 ng/mL), (Sigma
Aldrich)) at 39 ◦C under 5% CO2, as previously described [54].

For the cytotoxicity experiments, cells were seeded in 96-white-well flat-bottom cell culture
plates (Costar, Cambridge, MA, USA) at a rate of 104 cells per well in 100 μL culture medium.
After 24 h, the medium was replaced by complete medium without FBS containing the mycotoxins
and incubated for a further 48 h. Toxicity was then assessed using the CellTiter-Glo® Luminescent Cell
Viability Assay (Promega, Charbonnières-les-Bains, France) that determine the number of viable cells
based on the quantitation of adenosine triphosphate (ATP). The luminescent signal produced by the
luciferase reaction, reflecting the presence of metabolically active cells, was read using a multiplate
reader (TECAN, Lyon, France). The results were obtained by calculating the percentage of viability
obtained by calculating the ratio of the luminescence in treated samples and the luminescence in
non-treated samples.
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5.4. Statistical Analysis

The reported values on viability are expressed as the means ± the standard error of the mean
(SEM) of at least three biological replicates, with duplicate wells for each dose. The IC50 value, the
dose of each toxin leading to 50% viability, was determined using CompuSyn statistical software
(CompuSyn Version-1 Inc. Paramus, NJ, USA). Significant differences between groups were analyzed
using the Bonferroni multiple comparison test in GraphPad (GraphPad Prism 4 La Jolla, CA, USA).

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6651/11/12/727/s1,
Figure S1: Worldwide contamination of emerging mycotoxins. Figure S2: Abundance of emerging mycotoxins in
finished pig feed. Figure S3: Scatter plot of the correlation between DON and 10 selected emerging mycotoxins.
Figure S4: Dose-effect curves of the individual toxicity of DON and 9 selected fungal emerging mycotoxins Table
S1: Concentration of the metabolites in 3 quartiles (P25, P50 and P75) and ratios between the concentration of
DON and 10 selected emerging mycotoxins. Figure S5: LC-ESI(+)-MRM chromatograms of one pig feed sample.
Figure S6: Overlay of the extracted ion chromatograms of both quantifier as well as qualifier of the 11 investigated
compounds in one pig feed sample.
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Abstract: The aim of this study was to investigate the effects of deoxynivalenol (DON) exposure on
the inflammatory injury nuclear factor kappa-B (NF-κB) pathway in intestinal epithelial cells (IPEC-J2
cells) of pig. The different concentrations of DON (0, 125, 250, 500, 1000, 2000 ng/mL) were added to the
culture solution for treatment. The NF-κB pathway inhibitor pyrrolidine dithiocarbamate (PDTC) was
used as a reference. The results showed that when the DON concentration increased, the cell density
decreased and seemed damaged. With the increase of DON concentration in the culture medium,
the action of diamine oxidase (DAO) in the culture supernatant also increased. The activities of IL-6,
TNF-α, and NO in the cells were increased with the increasing DON concentration. The relative
mRNA expression of IL-1β and IL-6 were increased in the cells. The mRNA relative expression
of NF-κB p65, IKKα, and IKKβ were upregulated with the increasing of DON concentration, while
the relative expression of IκB-α mRNA was downregulated. At the same time, the expression of
NF-κB p65 protein increased gradually in the cytoplasm and nucleus with a higher concentration of
DON. These results showed that DON could change the morphology of IPEC-J2 cells, destroy its
submicroscopic structure, and enhance the permeability of cell membrane, as well as upregulate
the transcription of some inflammatory factors and change the expression of NF-κB-related gene or
protein in cells.

Keywords: deoxynivalenol; IPEC-J2; cell damage; NF-κB inflammatory signal pathway

Key Contribution: This research discusses the mechanism of DON exposure on NF-κB inflammatory
injury pathway in IPEC-J2 cells.

1. Introduction

Mycotoxins are widely found in human and animal foods. Deoxynivalenol (DON) is mainly
produced by Fusarium graminearum which is prone to crops such as corn and wheat [1–3]. China is
widely contaminated by such kind of mycotoxins, especially in the area of Yangtze and Yellow rivers.
In different grains the climate is favorable to the growth of mold and their relevant toxin production [4].
Previously, from 2016–2017, 827 complete feed samples of pigs and 724 components of feed were
chosen from various provinces of China for analysis, which shows that the last standard rate of DON
ingredient was above 74.5%, and 450.0–4381.5 μg/kg was the average concentration [5]. Hence, further
studies on DON become even highly significant.

It has been reported that DON can cause animals to food refusal, organ damage, and increase the
risk of disease [6–8]. It is generally believed that DON exerts many toxic effects such as neurotoxicity,
immuno-toxicity, intestinal toxicity, and cytotoxicity [9,10]. Pigs are the utmost susceptible animal
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to DON [11]. When DON enters the animal’s body, it first acts on the digestive tract. When the
animal ingests food or feed containing DON, the intestinal epithelial cells will be exposed to a high
concentration of DON, which can potentially affect the intestinal function of the animal [12–14].

Small intestinal epithelial cells can effectively inhibit the propagation of potentially harmful
micro-organisms between the inner and lower mucosa [15]. Infection mechanisms of intestinal
epithelial cells include bacterial attachment or invasion of cells, proliferation of pathogens, and host
cell responses [16]. Experiments have shown that the use of 2000 ng/mL DON to treat pig intestinal
epithelial cells (IPEC-J1 and IPEC-J2), decreased ZO-1 protein expression in cells, indicating that
DON can make the mechanical integrity of intestinal barrier compromised [17]. At the same time,
the transportation and absorption of nutrients in epithelial cells have more impact, through which
the substances needed for the growth and development of the body are provided [18]. Maintaining
the homeostasis of the intestinal tract, at this point, the structure and function of epithelial cells and
lymphocytes in the intestinal mucosa play a key role. For example, lymphocytes in the mucosa can be
released by releasing a series of antibody molecules to neutralize toxins [19]. Simultaneously, there
is a chemical barrier in the intestines, which is composed of various liquids secreted by epithelial
cells mixed with bacteriostatic peptide secreted by the microflora in the intestinal tract to cover the
mucus on the surface of epithelial cells [20]. Therefore, the epithelial cells are also considered to be the
medium of an early natural immune response [21].

IPEC-J2 is isolated from the jejunal epithelial tissue of newborn piglets and is a small intestine cell
model of piglets cultured in vitro [22]. In view of the high homology of the intestinal structure and
function of pigs and humans, studies conducted by IPEC-J2 cells can provide a theoretical basis for
human medicine [22]. The pig intestinal epithelial cell line IPEC-J2 cells mostly form a cell monolayer
when cultured in vitro, and occasionally there are stratified regions. The monolayer consists of cuboid
cells interspersed with flat cells. No goblet cells were observed [16]. During cell injury or growth
NF-κB plays an important role by acting as a regulatory pathway [23], the classical NF-κB pathway
affecting numerous functions of cells that damage cells by enhancing inflammatory related genes
expression, growth, and immunity [24].

In this study, we increased the concentration of DON in the culture medium, and selected
the NF-κB pathway inhibitor PDTC as a reference, aimed to explore the phenomenon by which
DON persuades inflammatory impairment in IPEC-J2 cells via NF-κB signaling pathway by the
features of morphological structure, cell viability, cellular inflammatory mediators, and expression of
pathway-related gene proteins, etc.

2. Results

2.1. Effects of DON on Cell Viability Rate

As can be seen from Figure 1, the viability rate of IPEC-J2 cells decreased with the increasing
concentration of DON in the cell culture medium. Compared with the control cells, when the DON
concentration reached 250 ng/mL the viability rate of cells in each treatment group was significantly
decreased (p < 0.05), and further increased to 500 ng/mL and above (p < 0.01).
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Figure 1. Effects of DON on cell viability rate in cells. The concentrations are 500, 1000, 1500, and 2000
in order. The above data presented as means ± SD of three independent tests (n = 10). Note: * indicates
a significant difference compared with the data of the control group (p < 0.05), and ** indicates highly
significant compared with the control group (p < 0.01).

2.2. Effects of DON on Morphological Changes in Intestinal Epithelial Cells

As shown in Figure 2, the cells are in an irregular shape and closely connected when growing
normally with a large number of cells (Figure 2A). Subsequently, (125, 250, 500, 1000, and 2000 ng/mL)
concentrations of DON were applied to the cells, the cell density steadily reduced, and when the DON
concentration enhance in the culture medium, the cells indicate irregular architectures (Figure 2B–F).

 
Figure 2. Effect of DON on growth state in cells (400×). (A): Control group; (B): 125 ng/mL
deoxynivalenol (DON) group; (C): 250 ng/mL DON group, (D): 500 ng/mL DON group, (E): 1000 ng/mL
DON group, and (F): 2000 ng/mL DON group.

2.3. Effect of DON on the Submicroscopic Structure of Cells

Figure 3 shows that, the morphology of the cells in the control group is intact, the organelles
in the cytoplasm are normal, and the distribution of chromatin in the nucleus is relatively uniform
(Figure 3A1,A2). When the cells were exposed to 125 ng/mL of DON (Figure 3B1,B2), there was
no obvious pathological change seen in the nucleus, but rupture of mitochondrial mites seen in
the cytoplasm while the number of cristae was also reduced. With the increasing concentration
of DON in the culture solution (Figure 3C–E), the ribosome in the cytoplasm gradually decreased,
and the organelles such as mitochondria and endoplasmic reticulum gradually vacuolized and,
the chromatin marginal aggregation in the nucleus increased. When the concentration reached
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2000 ng/mL (Figure 3F1,F2), the chromatin in the nucleus aggregated and disappeared, and the
organelle vacuolization becomes severe.

 
Figure 3. Effect of DON on the ultrastructure of cells. (A1,A2: Control group), (B1,B2: 125 ng/mL
deoxynivalenol (DON) group), (C1,C2: 250 ng/mL DON group), (D1,D2: 500 ng/mL DON group),
(E1,E2: 1000 ng/mL DON group), (F1,F2: 2000 ng/mL DON group). Image amplification of A1–F1 is
6000×; image amplification of A2–F2 is 20,000×. The black frame in A1, B1, C1, D1, E1, and F1, are
enlarged to A2, B2, C2, D2, E2, and F2 respectively.

2.4. Effect of DON on DAO Activity in Cell Culture Supernatant

As shown in Figure 4, during comparison with the control group, increasing the concentration
of DON in the culture, the amount of DAO was expressively enhanced in the culture supernatant of
IPEC-J2 cells (p< 0.01). The DAO content in the supernatant of the experimental group was significantly
decreased (p < 0.01), when the DON was added with PDTC.

 
Figure 4. Effects of DON on the activity of DAO in cell culture fluid. The above data shows as means
± SD of three independent tests (n = 10). Note: ** shows extremely significant difference (p < 0.01),
compared with the control group. ## indicates highly significant (p < 0.05) compared with the test
group and with the same DON concentration but no addition of PDTC. These rules are also applied for
Figures 5–7.

2.5. Effect of DON on the Activity of Inflammatory Factors in Cells

The IL-6, TNF-α, and NO levels in the cells were increased with a higher concentration of DON
when matched to the control group, while PDTC reduces the content of these inflammatory mediators
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presented in Figure 5. Compared to the control group, when the concentration of DON in the culture
medium reached 125 ng/mL and above, the concentration of IL-6, TNF-α, and NO in the cells were
significantly increased (p < 0.01). Compared with the 1000 ng/mL DON group without PDTC, the group
after adding PDTC significantly reduced the contents of TNF-α and NO in the cells (p < 0.01).

 
Figure 5. Effect of DON on the concentration of inflammatory factors in cells. (A–C) IL-6, TNF-α,
and IL-1β expression. The collected data are shown as means ± SD of three independent tests (n = 10).
Note: ** shows extremely significant difference (p < 0.01), compared with the control group. ## indicates
highly significant (p < 0.05) compared with the test group and with the same DON concentration but
no addition of PDTC.

2.6. DON Effect on the mRNA Expression of Inflammation-Related Genes in Cells

The data in Figure 6 illustrated that DON increased the relative expression of inflammatory
mediators in IPEC-J2 cells, and decreased after the addition of pathway inhibitors. Among them,
the relative mRNA expression of IL-1β in the cells increased with the increasing of DON concentration,
and was significantly higher than the control group when the DON concentration was 250 ng/mL and
above (p < 0.01). The relative expression of IL-1β in the test group of 1000 ng/mL DON plus PDTC
was significantly lowered than that in the test group of 1000 ng/mL DON without PDTC (p < 0.05).
In addition, the relative expression of IL-6 gene in the cells increased significantly with the increasing
of DON concentration (p < 0.01).
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Figure 6. DON influence on the mRNA expression of NF-κB pathway associated genes in cells.
(A–H) the expression of IL-1β, IL-6, NF-κB p65, IκB-α, IKKα, IKKβ, iNOS, and COX-2 mRNA. Note:
* designates a significant change as compared to the control group (p < 0.05), and ** shows extremely
significant difference (p < 0.01), compared with the control group. # Indicates significant (p < 0.05)
compared with the test group and with the same DON concentration but no addition of DON.
## Indicates highly significant (p < 0.01) compared with the test group and with the same DON
concentration but no addition of PDTC.
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Figure 7. Effect of DON on the transcriptional activity of NF-κB p65 in cells. (A) Western blotting
showing NF-κB p65. (B) Impact of DON on the protein expression of NF-κB p65. Note: ** shows
extremely significant difference (p < 0.01), compared with the control group. ## indicates highly
significant (p < 0.05) compared with the test group and with the same DON concentration but no
addition of PDTC.

In this experiment, with the increasing of DON contents in the culture medium, the relative
expression levels of NF-κB p65, IKKα, IKKβ, iNOS, and COX-2 mRNA in the cells were upregulated to
different degrees compared with the control group. Compared with the unadded test group, the relative
expression of some genes in the PDTC test group was downregulated by different degrees. When
the concentration of DON in the culture medium was 125 ng/mL and above, the mRNA expression
levels of IKKα, IKKβ, iNOS, and COX-2 were significantly upregulated compared with the control
group (p < 0.01). After adding PDTC to the culture medium containing 1000 ng/mL DON, the relative
expression of iNOS mRNA gene in the cells was significantly decreased (p < 0.01). Compared to the
control group, when the concentration of DON in culture medium increased to 250 ng/mL, the relative
expression of NF-κB p65 mRNA significantly upregulated (p < 0.05), and the relative expression of
IκB-αmRNA downregulated (p < 0.05). When the concentration of DON increased to 500 ng/mL and
above, the relative expression of NF-κB p65 mRNA significantly upregulated compared with the control
group (p < 0.01) and the relative expression of IκB-αmRNA gene was a significant downregulation
(p < 0.01). After the addition of pathway inhibitors in the experimental group, the relative expression
of NF-κB p65 gene was significantly downregulated (p < 0.01), and the relative expression of IκB-α
mRNA gene was significantly upregulated (p < 0.05).

2.7. Effect of DON on the Expression of NF-κB p65 Protein in the Nucleus

In this study, the nuclear expression of NF-κB p65 was detected by EMSA. As shown in Figure 7,
with the increasing concentration of DON, the nuclear expression of NF-κB p65 was increased, as
well as significantly (p < 0.01) increased in DON treatment group, while the expression of NF-κB p65
protein in the 10 μM PDTC-treated cells decreased.

2.8. Effect of DON on the Expression and Distribution of NF-κB p65 Protein in Cells

When the concentration of DON in the culture medium increased, the green fluorescence intensity
of NF-κB p65 protein in the cell, especially in the nucleus also increased gradually as shown in Figure 8,
indicating that DON can enhance the expression of NF-κB p65 and nuclear expression.
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Figure 8. Effect of DON on the nuclear expression of NF-κB p65 protein in cells (800×).

3. Discussion

Many studies have found that zearalenone (ZEA) and DON can reduce the survival rate of
IPEC-J2 cells with a certain time and dose dependence manner [13,25]. Research has shown that DON
concentrations at 250 and 1000 ng/mL can significantly reduce cell counts in a dose-dependent manner.
When the DON concentration is 1000 ng/mL, it caused cell damage, including cell monolayer autolysis,
and cell loss [26]. According to the results of this experiment, when the DON concentration in the
culture medium was 125 ng/mL, it shows little effect on cell viability. When the concentration increased
to 250 ng/mL, the cell survival rate was significantly lower than that of the control group. The cell
survival rate decreased significantly, if the culture medium was 250 ng/mL or higher concentration.

Intestinal epithelial cells are not only selectively permeable as a nutrient-absorbing filter, but are
also considered to be the first line of defense against foreign antigens, such as pathogens and toxins
from the intestinal lumen [27]. DAO is an intracellular enzyme in mammalian intestinal epithelial
cells that put forth a protective effect on the intestinal mucosa. When small intestinal mucosal cells are
necrotic, DAO in cells will be released [28]. Thus, the extracellular fluid DAO content can reflect the
destruction of cells in small intestine. In this experiment, with the higher concentration of DON in the
culture solution, the DAO content in the culture supernatant also increased significantly, indicating
that DON can damage IPEC-J2 cells and enhance the permeability of the cell membrane [29].

DON influencing intestinal barrier integrity and induced pro-inflammatory cytokines abnormal
expression [30]. Previously it was found that DON can cause an increase in the activity of cytokines
such as IL-1β, IL-6, and TNF-α in IPEC-J2 cells [31]. In addition, DON also upregulates the activity
of TNF-α in IECs cell [30]. According to the test results of the present experiment, the activity of
inflammatory mediators in IPEC-J2 cells and the relative expression of IL-1β and IL-6 mRNA in the
cells increased with the increasing of DON concentration in the culture medium, while PDTC reduced
these trends. This indicated that DON cause an inflammatory response in IPEC-J2 cells and might
affect the normal physiological state of the cells via the NF-κB pathway.

Previously, it commonly exists in the shape of a p50/65-IκBα dimer [32]. Different studies showed
that when active NF-κB enhanced in a dose-dependent pattern, it initiates to be effective [29,33].
Furthermore, NF-κB pathway regulates COX-2 activation and additional transcription factors [34,35],
which demonstrates that this pathway plays a significant role in the inflammatory impairment of
the intestine.

In this experiment, the intracellular NO activity and the relative mRNA expression of iNOS
increased with the dosage of DON, and the relative expression of COX-2 gene, which is the same as the
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inducible enzyme, also increased in cells. These results indicate that IPEC-J2 cells are stimulated by
DON to produce a corresponding inflammatory response. On the other hand, the NF-κB pathway
is primarily thought to be a potential pathogenic factor that exerts deleterious effect on cells when it
is excessively or inappropriately activated [24,36]. In our results, the relative mRNA expression of
NF-κB p65, IKKα, and IKKβ genes were upregulated, while the mRNA relative expression of IκB-α
was downregulated to varying degrees. At the same time, the inhibitory changes were inhibited in
different degrees.

4. Conclusions

The current study indicated that DON alters IPEC-J2 cells morphology, destroys the submicroscopic
structure, boosts cell membrane permeability, and upregulates the transcription of various associated
inflammatory factors in cells and alters the expression of NF-κB-related gene or protein in cells.
We also concluded that the distribution and content of NF-κB p65 in the intracellular and nucleus
further indicated that DON induced inflammatory damage of IPEC-J2 cells through the NF-κB
signaling pathway.

5. Materials and Methods

5.1. Chemical and Reagents

DON (CAS No. D0156-5MG) was procured from Sigma (Sigma Chemical Co. St. Louis, MO,
USA). Porcine IPEC-J2 cells were obtained from a cell bank in Wuhan academy of agricultural
sciences, Wuhan, China. RPMI 1640, SuperScript III kit and Sybr qPCR mix were bought from
Thermo Fisher Scientific, Waltham, MA, USA. Fetal bovine serum (FBS) was procured from Clark
Bioscience, Richmond, VA, USA. NF-κB inhibitor (Pyrrolidine dithiocarbamate, PDTC) was procured
from Beyotime Biotechnology, Shanghai, China. Cell counting kit-8 (CCK-8) kits were obtained from
Dojindo Laboratories, Tokyo, Japan. The ELISA kit was bought from Senbeijia Biological Technology,
Nanjing, China. BSA was bought from biosharp Company, Beijing, China. The primary NF-κB
p65 polyclonal antibody (Product number: 10745-1-AP) was obtained from Proteintech Group, Inc,
Rosemont, IL, USA. FITC-goat anti-rabbit IgG antibody (Product number: BA1105) was purchased
from Boster Company, Wuhan, China. Trizol reagent was purchased from Invitrogen Biotechnology
Co., Ltd., Shanghai, China.

5.2. Cell Culture and Treatments

The intestinal epithelial cells (porcine IPEC-J2) were cultivated in culture bottles (4 × 6 cm) in
RPMI 1640 added with 10% (v/v) FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin, and cultured
at 37 ◦C and a moistened incubator with 5% CO2. DON solution of 1 mg/mL stock was prepared by
liquefying 1 mg DON in 1 mL RPMI 1640 comprising FBS of 10% (v/v). In this experiment diluted
concentrations of 125, 250, 500, 1000, and 2000 ng/mL DON were used [37].

IPEC-J2 cells in logarithmic growing phase (1 × 105 cells/mL) were cultivated in 96-well plates in
100 μL RPMI 1640 for 24 h; and were cured with (0, 125, 250, 500, 1000, and 2000 ng/mL) various DON
concentrations for 24 h for the evaluation of cell viability assay. For the estimation of NF-κB pathway
in response to DON acquaintance, PDTC, the NF-κB inhibitor was added to the two experimental
groups (0, 1000 ng/mL DON) 30 min earlier than the treatment with DON. The supernatants of cell
culture were gathered to know DAO releasing. The collected cells were observed for morphological,
inflammatory mediator activity, and studies of NF-κB pathway-associated gene or proteins [37].

5.3. IPEC-J2 Cell Morphology by Optical Microscope

The IPEC-J2 cells in the logarithmic growth phase were taken, and the cell density was adjusted
to 1 × 105 per mL in a 6-well cell culture plate. After culturing to adherence, the culture solution was
changed to a cell culture medium containing different concentrations of DON, and after 24 h, the cell
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growth of each group was observed under an inverted light microscope (Chongguang Industry Co.,
Ltd. Chongqing, China).

5.4. IPEC-J2 Cell Morphology by Transmission Electron Microscopy (TEM)

Cells were collected at the bottom of the centrifuge tube and 2.5% glutaraldehyde were used to be
fixed in for 4 h, dehydrated, soaked, embedded, ultrathin sections, lead citrate stained, and washed.
The cells ultrastructure was detected via a high resolution transmission electron microscope TEOL-2010
(Electronics Corporation, Tokyo, Japan).

5.5. Detection of Cell Viability

IPEC-J2 cells in the logarithmic growth phase were seeded in 96-well plates at about 1000 cells per
well, cultured until the cells were attached, and DON was used. After 24 h, 10 μL of CCK-8 reagent
was added to each well and cultured for 2 h. The cell viability was calculated by using the absorbance
at a wavelength of 450 nm.

5.6. Detection of Inflammatory Mediators and Intestinal Permeability Indicators

The cells were treated with DON and PDTC, and then cultured in an incubator for 24 h. The culture
solution was centrifuged at 1000 rpmmin−1 for 5 min to obtain a cell culture supernatant. The cells
were collected in a cell via a subculture method, and the cell lysate was collected. The NO, IL-6,
and TNF-α in the cell lysate were used according to the method of the ELISA kit (Senbeijia Biological
Technology, Nanjing, China). The activity and the DAO in the cell culture supernatant was measured,
and its activity was calculated according to a self-drawn standard curve.

5.7. Quantitative Real-Time PCR

As per the manufacturer’s protocol, total RNA was isolated from cells via a Trizol reagent.
Nanodrop lite (Thermo Inc, Waltham, MA, USA) was used to examine the concentrations of RNA.
The reverse transcription was accomplished via Super-Script III First-strand cDNA Synthesis Mix
(Thermo Inc, USA). Real-time PCR was performed with SybrGreen qPCR Mastermix (Thermo Inc,
USA). The overall samples were assayed three times. The reaction mixtures were incubated in a
7900 fast real-time PCR system (Applied Biosystems, Foster City, CA, USA)). The program comprised
of 1 cycle at 95 ◦C for 120 s, 40 cycles at 94 ◦C for 20 s, 60 ◦C for 20 s, and 72 ◦C for 30 s. The gene
relative expression levels were calculated according to the 2−ΔΔCT method. In real-time PCR analysis,
β-actin was used as a housekeeping gene to estimate levels of mRNA for normalization. The primer
sequences were synthesized by Sangon Biotech Co., Ltd. (Shanghai, China) and described in Table 1.

Table 1. Parameters of primer for inflammatory cytokines and β-actin genes.

Genes
Accession
Number

Primers Sequences (5′–3′) Production
Size/bp

β-actin AY_550069.1
Forward AGATCAAGATCATCGCGCCT

170Reverse ATGCAACTAACAGTCCGCCT

IL-1β NW_018085011.1
Forward TCAGCACCTCTCAAGCAGAA

120Reverse GACCCTCTGGGTATGGCTTT

IL-6 NC_010451.4
Forward CTGCAGTCACAGAACGAGTG

131Reverse GACGGCATCAATCTCAGGTG

NF-κB p65 NM_001114281.1
Forward GGGGCGATGAGATCTTCCTG

110Reverse CACGTCGGCTTGTGAAAAGG

IκB-α NC_010449.5
Forward GGAGTACGAGCAGATGGTGA

157Reverse TTCCATGGTCAGTGCCTTCT

iNOS NC_010454.4
Forward GGGTCAGAGCTACCATCCTC

114Reverse CGTCCATGCAGAGAACCTTG
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Table 1. Cont.

Genes
Accession
Number

Primers Sequences (5′–3′) Production
Size/bp

IKKα NC_010456.5
Forward CACTCTTACAGCGACAGCAC

145Reverse CCACCTTGGGCAGTAGATCA

IKKβ NT_176339.1
Forward ACCTGGCTCCCAACGACTT

184Reverse AGATCCCGATGGATGATTCTG

COX-2 NC_010451.4
Forward TGCGGGAACATAATAGAG

90Reverse GTATCAGCCTGCTCGTCT

5.8. Immunofluorescence

Phosphoryl-NF-κB p65 localization was quantified via an immunofluorescence technique.
Paraformaldehyde (v/v, 1/25) was used for IPEC-J2 cells fixation for 30 min at a temperature of
37 ◦C. After a PBS wash (0.1 mM, pH7.4), permeabilised in 0.5% Triton (Triton×100, Sigma, Harz Lower
Saxony, Germany) for 20 min, and for 20 min blocked with 5% BSA, as well as hatched with the
anti-phosphoryl-NF-κB p65 antibody (diluted 1:100) for the whole night at a temperature of 4 ◦C. After
washing with PBS (0.1 mM, pH7.4) for the second time, the secondary antibody was used to incubate
the cells for 1 h at room temperature. Coverslips were washed two times via PBS (0.1 mM, pH7.4),
and hatched with the goat anti-rabbit IgG antibody for 1 h in the absence of light, and hatched in
a DAPI staining solution for 10 min. After that it was washed again in PBS. The fluorescence was
monitored using an Olympus-fluoview ver.3.1 viewer (Olympus Corporation, Miyazaki Prefecture,
Kyushu, Japan) [38].

5.9. Electrophoretic Mobility Shift Assays (EMSAs)

NF-κB DNA-binding activity was examined by EMSA. The cytoplasmic and nuclear protein
extraction kit (Jiangsu KeyGEN BioTECH Corp., Ltd., Nanjing, China) was used to prepare nuclear
extract. The consensus nucleotide sequence for NF-κB was 5’-AGT TGA GGG GAC TTT CCC AGG
C-3’. The EMSA binding reaction was performed by the EMSA kit (Jiangsu KeyGEN BioTECH Corp.,
Ltd.). A nuclear extract was incubated in a 5× binding reaction buffer containing the biotinylated
probe. After incubated at room temperature for 20 min, the reaction mixture was electrophoresed on
a non-denaturing 6.5% polyacrylamide gel and then transferred to a nylon membrane. The shifted
mixture and the membrane were UV-cross-linked and the ECL kit used to detect was obtained from
(Jiangsu KeyGEN BioTECH Corp., Ltd.). For the super shift assay, 1 μg of antibody against NF-κB p65
was added together with the nuclear extract.

5.10. Statistics Analysis

For the calculation of protein expression of average optical density (OD), the Image-Proplus 6.0
Analysis Software (Media Cybernetics, Shanghai, China) were used. The obtained data were presented
as means ± SD (n = 10). Statistical analysis was performed by the Statistical Program for Social Sciences
(SPSS) software version 19.0 (IBM Corporation, Armonk, NY, USA). Analysis of variance (ANOVA)
was performed for the multiple comparison of different groups. The histogram was designed by using
the software of Graph Pad Prism version 5.0 (San Diego, California, CA, USA).
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Abstract: The purpose of this study was to determine the effects of single and combined
administrations of deoxynivalenol (DON) and zearalenone (ZEN) on the histology and ultrastructure
of pig liver. The study was performed on immature gilts, which were divided into four equal groups.
Animals in the experimental groups received DON at a dose of 12 μg/kg body weight (BW) per day,
ZEN at 40 μg/kg BW per day, or a mixture of DON (12 μg/kg BW per day) and ZEN (40 μg/kg BW).
The control group received vehicle. The animals were killed after 1, 3, and 6 weeks of experiment.
Treatment with mycotoxins resulted in several changes in liver histology and ultrastructure, including:
(1) an increase in the thickness of the perilobular connective tissue and its penetration to the lobules
in gilts receiving DON and DON + ZEN; (2) an increase in the total microscopic liver score (histology
activity index (HAI)) in pigs receiving DON and DON + ZEN; (3) dilatation of hepatic sinusoids
in pigs receiving ZEN, DON and DON + ZEN; (4) temporary changes in glycogen content in all
experimental groups; (5) an increase in iron accumulation in the hepatocytes of gilts treated with
ZEN and DON + ZEN; (6) changes in endoplasmic reticulum organization in the hepatocytes of
pigs receiving toxins; (7) changes in morphology of Browicz–Kupffer cells after treatment with ZEN,
DON, and DON + ZEN. The results show that low doses of mycotoxins used in the present study,
even when applied for a short period, affected liver morphology.

Keywords: zearalenone; deoxynivalenol; mycotoxins; histology; ultrastructure; pig; hepatocyte; liver

Key Contribution: Low doses of deoxynivalenol and zearalenone induce significant changes in
hepatocytes, Browicz–Kupffer cells, and perilobular connective tissue.

1. Introduction

Mycotoxins, secondary fungal metabolites, are frequent contaminants of cereals and cereal
products. Delivered via these plants and products, they pose a serious health threat to humans
and animals [1–3]. Whereas mycotoxins are sometimes regarded as stressors [4,5], they have a
target-specific mode-of-action and so are true toxins rather than stressors per se [6]. The most common
and important mycotoxins in Europe, produced by fungi of the Fusarium family, are deoxynivalenol
(DON), and zearalenone (ZEN). Pigs are particularly sensitive to DON [7], but they also show high
sensitivity to ZEN [8].

In pigs, high doses of DON cause reduced appetite, complete anorexia, vomiting [9],
and reproductive disorders [10]. Absorption of DON is rapid, and the toxin reaches the peak
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plasma concentrations within 30 min of oral administration [11]. The majority of ingested DON
is absorbed in the proximal part of the small intestine [12]. In the liver, DON is metabolized into
de-epoxy-DON [13]. An evidence showed that chronic ingestion of DON at low doses, which is
clinically asymptomatic, alters the mucosal epithelial cells and villi of the small intestine [14–17] and
affects the defense mechanisms of the large intestine [18].

ZEN and its metabolites are agonists of estrogen receptors, and they compete with endogenous
hormones for the binding sites of estrogen receptors [2,19]. Treatment with ZEN leads to precocious
puberty, reproductive disorders, and hyperestrogenism [20]. According to previous studies, domestic
pigs are particularly sensitive to the estrogenic effect of ZEN owing to the very rapid and large
(approximately 80–85%) absorption of the toxin in their digestive system [21]. In the liver, ZEN is
metabolized into α- and β-zearalenol, which are considered more toxic than ZEN. The ratio of these
two metabolites to each other is species-specific. Most studies showed that α-zearalenol predominates
in pigs [13,21–25]. This form is more active than β-zearalenol, which provides another explanation for
the high sensitivity of pigs to ZEN content in feed [21,24]. ZEN at low doses has deleterious effects on
the morphology of the small intestine [16,17] and affects the defense mechanisms of the liver [26] and
the large intestine [18].

During exposure to environmental mycotoxins, animals often encounter mixtures of toxins, rather
than single toxins. Therefore, the toxicity of mycotoxins needs to be addressed in the context of their
mixtures to assess their health risk [27–29]. However, studies on the effects of mycotoxin combinations
are relatively rare, and their results are very ambiguous [27,28,30,31].

The liver and gastrointestinal parts of the digestive system are major sites of mycotoxin
metabolism [32]. However, there is little molecular, metabolic, and histological research on the
effects of mycotoxins on the liver. In addition, the outcomes of these studies are not conclusive [15,28].
In pigs, some histological changes have been observed in the liver as a result of the individual or
combined effects of DON and ZEN [15,33]. Contrastingly, Renner and coauthors [34] showed that
chronic dietary DON exposure (4 weeks, 4.59 μg/kg BW) did not affect the histology of pig liver.

The purpose of this study was to determine the effects of single and combined administrations
of DON (12 μg/kg BW) and ZEN (40 μg/kg BW) to pigs for 1, 3, or 6 weeks on the histology and
ultrastructure of the liver. The selection of the doses used has been widely discussed in our previously
published papers [16–18].

2. Results and Discussion

2.1. Light Microscopy Study

2.1.1. Architecture of the Liver

The livers of control pigs had the typical structural characteristic for this species (Figures 1A
and 2A). The hepatic lobules were neatly outlined by an envelope of fibrous connective tissue,
which interconnected the portal areas. Within each lobule, hepatocytes were arranged in linear cords
radiating from the central vein and separated by sinusoids, which had a uniform diameter over their
entire length. The limiting plate of hepatocytes bordered the lobule interior from the connective tissue.

Prominent qualitative differences in the liver architecture were observed between the control
group and the DON and DON+ZEN groups. The perilobular connective tissue widened and contained
greater amounts of collagen fibers starting from the first week of treatment (Figures 1B and 2B, Table 1).
In addition, connective tissue penetrated into the lobule and caused disruption of the limiting plate
(Figure 1C). After 6 weeks of treatment, the presence of small scars was pronounced (Figure 1D).
The disorganization of hepatic cords was observed in the livers of pigs fed diets contaminated with
DON and DON + ZEN for 3 and 6 weeks.
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Figure 1. (A,B) Architecture of the liver in a control pig, 6th week of experiment (A) and in a pig receiving
deoxynivalenol (DON) for 6 weeks (B). Note the thickening of the interlobular septa. (C) A strip of
connective tissue in the liver lobule. A pig was treated with DON for 3 weeks. (D) Focal fibrosis inside
the liver lobule of a pig treated with DON for 6 weeks. Note that the central vein is surrounded by
connective tissue. Figures (A–D) show hematoxylin and eosin stained sections.
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Figure 2. (A,B) Trichrome staining of the liver in a control pig, 6th week of experiment (A) and in a pig
receiving DON for 6 weeks (B). Pay attention to the thickness of the interlobular septa and the content
of collagen fibers in them.

Table 1. Semiquantitative analysis of fibrosis.

Duration of
Mycotoxin Treatment

Group Testing Results
p < 0.05Control (C) ZEN (Z) DON (D) DON + ZEN (M)

1 week 0 0 1.0 2.67 C, Z < D; D <M

3 weeks 0 0 1.0 2.3 C, Z < D; D <M

6 weeks 0 0 1.33 3.0 C, Z < D; D <M

Description of the score used: 0, no fibrosis, perilobular tissue septa with small number of collagen, characteristic
for the pig liver; 1, mild enlargement of portal areas and perilobular tissue septa; 2, large enlargement of portal
areas and perilobular tissue septa, limiting plate fibrosis; 3, partial cirrhosis of some lobules. The values presented
are means.

The administration of DON and DON + ZEN significantly increased the thickness of perilobular
connective tissue in the liver after 3 and 6 weeks of treatment. No significant differences were observed
in the thickness of septa after ZEN treatment (Figure 3A). The cross-sectional area of the lobules did
not differ between the control group and the groups treated with mycotoxins (Figure 3B).

The data show that DON and DON + ZEN, but not ZEN, affected the qualitative and quantitative
characteristics of the liver architecture. The administration of DON and DON + ZEN resulted in an
excessive accumulation of extracellular matrix, including collagen, in perilobular connective tissue,
starting from the first week of treatment. Moreover, treatment with DON + ZEN for 3 and 6 weeks
caused a progressive accumulation of extracellular matrix in the liver parenchyma. We interpreted
the intra-lobular presence of mild scars as early fibrosis. The process of liver fibrosis is most often
a consequence of chronic diseases, but it can also be caused by many factors that induce acute
damage [35,36]. In experimental studies, administration of xenobiotics induced parenchymal fibrosis
similar to cirrhosis in rodent liver [36]. The intensity of the fibrosis process caused by external factors
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shows large differences [37]. Previous studies have shown that mycotoxins affect the histology of pig
liver [15,34,38]; however, the authors did not report the process of liver fibrosis.

 

Figure 3. (A) Thickness of the connective tissue septa. (B) Cross-sectional area of the liver lobules.
C—control group, Z—group treated with zearalenone (ZEN), D—group treated with deoxynivalenol
(DON), and M—group treated with DON and ZEN. The values are presented as mean ± standard
deviation. Bars labeled with different small lower-case letters differ significantly at p ≤ 0.05.

Disorganization of hepatic cords as one of the main lesions in piglets after chronic exposure to
DON was observed by Gerez et al. [15]. In our study, similar changes were found after 6 weeks of
DON and DON + ZEN ingestion.

2.1.2. Microscopic Liver Scoring

The analysis using modified microscopic liver scoring (histology activity index (HAI)) comprised
six histological criteria. Exemplary microphotographs of changes included in the individual criteria are
presented in Figure S1 (Supplementary Material). The cumulative score and the contribution of each
criterion are presented in Figure 4. The largest histopathological lesions of the liver were observed
in pigs treated with DON for 1 week or DON + ZEN for 1, 3, 6 weeks. The total HAI score for DON
resulted mainly from increased portal inflammation and focal lytic necrosis, whereas that for DON +
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ZEN resulted from increased portal and periportal inflammation, confluent necrosis, and especially
focal lytic necrosis, compared with control pigs. The total HAI scores in pigs receiving DON and DON
+ ZEN for 1, 3, and 6 weeks were significantly higher than in that in the control group.

 

Figure 4. Histopathological score of the examined livers according to the histology activity index (HAI)
modified by Stanek et al. [38]. Six histopathological parameters were scored in hematoxylin and eosin
(HE)-stained tissues (see Figure S1 in Supplementary material), and the cumulative HAI score was
calculated for each experimental group. The mean value of the cumulative HAI scores in each group is
represented by the total height of the bar. C—control group, Z—group treated with zearalenone (ZEN),
D—group treated with deoxynivalenol (DON), and M—group treated with DON and ZEN. The values
of the cumulative HAI score labeled with different lower-case letters above the bars differ significantly
at p ≤ 0.05.

The foci of hepatocyte necrosis with lymphocytic infiltrates, portal, periportal, and acinar
inflammation occur in the liver as a result of drug usage, intoxication, or viral and bacterial infections [39].
The occurrence of necrosis is also associated with the activation of immune mechanisms in response to
the adverse effects of toxic substances [36,40]. These changes are generally associated with pathological
symptoms; however, they also occur in seemingly healthy animals, and, in this case, they are considered
as preclinical conditions [41].

The results of our HAI analysis showed that the liver, being the first metabolic station, is affected
to varying degrees by the administered toxins. Treatment with ZEN had no significant effect on liver
histopathology. However, DON and DON + ZEN significantly affected pig liver regardless of the
administration period of toxins. The highest intensity of necrosis foci was observed in the livers of
animals receiving both mycotoxins. The results obtained may be interpreted as an effect of the toxic
effects of DON and the synergistic toxic effect of the combined toxins. In addition, they may be caused
by the stimulation of inflammatory processes in response to the administered mycotoxins. This is due
to the pro-inflammatory actions of DON and ZEN [42].

The results of previous studies on the effect of mycotoxins on the histology of the liver parenchyma
are diverse. Histological changes, including the disorganization of hepatic cords, the cytoplasmic
vacuolization of hepatocytes, megalocytosis, and focal necrosis, were reported in pigs subjected to
28 days of diet contaminated with DON (3 mg/kg) or DON (3 mg/kg) + NIV (1,5 mg/kg) + ZEN
(1,5 mg/kg) [15]. Acute exposure to DON at a dose of 1 mg/kg BW for 6 and 24 h led to apoptosis
of hepatocytes [33]. On the other hand, exposure to DON at a concentration of 4.59 mg/kg feed for
28 days [34] or 3.1 mg/kg feed for 37 days did not affect liver HAI [38].

Megalocytosis and cytoplasmic vacuolization were the main histological lesions reported in
piglets subjected to chronic exposure to DON [15]. Magalocytosis potentially indicates irreversible
hepatocyte injury [43]. However, in our study, this phenomenon concerned only a few hepatocytes,
and there were no differences in their presence between control and experimental pigs.
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2.1.3. Hepatic Sinusoids

The livers of pigs from all experimental groups were characterized by significant dilatation of the
hepatic sinusoids in Zone III (drainage) of acinus compared with those of control animals (Table 2;
Supplementary material, Figure S2). The largest sinusoidal dilatation was observed in pigs receiving
DON + ZEN. In these animals, significant sinusoidal dilatation occurred after 1, 3, and 6 weeks of
mycotoxin administration. In the groups treated with ZEN alone and DON alone, sinusoidal dilatation
decreased after 3 and 6 weeks (Table 2).

Table 2. Semiquantitative analysis of sinusoidal dilatation.

Duration of
Mycotoxin Treatment

Group Testing Results
p < 0.05Control (C) ZEN (Z) DON (D) DON + ZEN (M)

1 week 0 3.00 3.67 3.33 C < Z, D, M

3 weeks 0.66 2.33 3.33 3.67 C < Z, D, M; Z <M

6 weeks 0.33 2.0 2.33 3.33 C < Z, D, M; Z, D <M

Description of the score used in estimating changes: 0, absence; 1, sporadic presence; 2, few presence; 3, middle
presence; and 4, numerous presence.

Under physiological conditions, the liver sinusoids are characterized by a constant, uniform
diameter. Sinusoidal dilatation in Zone I has been observed in pregnancy, long-term steroid
administration, and hepatomegaly [44]. This phenomenon also occurs after exposure to vinyl
chloride and arsenic [40], and may also be the result of the administration of certain chemotherapy
drugs [45]. Sinusoidal dilatation in Zone III was observed in the case of local disorders of blood
flow in the portal veins or hepatic veins [40]. In our study, pronounced sinusoidal dilatation in Zone
III was observed as a result of DON and ZEN administration, which suggested a disruptive effect
of mycotoxins on blood flow in the liver. However, the histological findings did not provide any
suggestions about the possible cause of this disturbance.

2.1.4. Glycogen Storage

We used periodic acid-Schiff (PAS) staining to evaluate changes in glycogen content. An increase
in glycogen deposits was observed in the groups treated with ZEN, DON and DON + ZEN compared
with those in the control group after the first week of experiment (Figure 5, Table 3). The staining was
particularly intense in Zone I. After 3 and 6 weeks of treatment, there were no differences in glycogen
content between the control and experimental groups.

Table 3. Semiquantitative analysis of glycogen content in the central and peripheral parts of liver lobules.

Time of Mycotoxin
Treatment

Groups Testing
ResultsControl (C) ZEN (Z) DON (D) DON + ZEN (M)

Central part

1 week 0 3.00 2.33 2.33 C < Z, D, M

3 weeks 2.66 3.33 2.33 3.00 −
6 weeks 3.00 2.66 3.00 3.33 −

Peripheral part

1 week 0 4.00 4.00 3.33 C < Z, D, M

3 weeks 3.66 4.00 4.00 4.00 -

6 weeks 4.00 3.66 4.00 444 -

For a description of the score, see Table 2.
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Figure 5. (A,B) Distribution of glycogen in hepatocytes in a control pig (A) and a pig treated with ZEN
+ DON (B). The first week of experiment. Periodic acid-Schiff reaction. Note the increase in the amount
of glycogen in a pig treated with mycotoxins.

The liver is a major site of glycogen accumulation, and the main role of glycogen in the liver is
to store glucose for release during fasting. The amount of stored glycogen depends on nutritional
and living factors and shows large individual fluctuations [36,40]. In previous studies, no effects of
mycotoxins on glycogen storage were observed in pig liver [7]. The results of our current studies
showed that the effect of DON and ZEN on liver glycogen was temporary.

2.1.5. Iron Deposits

Prussian blue (PB) staining was used for the visualization of iron deposits. In control pigs,
small amounts of iron deposits were observed in hepatocytes and Browicz–Kupffer cells in the form
of very fine (pollen) granules. Iron-loaded cells are either isolated or grouped together without any
lobular systematization. In connective tissues, positive staining for iron corresponds to deposition
within fibrocytes or macrophages. In experimental animals, increased amounts of iron deposits were
observed both in the liver lobules and perilobular connective tissues, especially after 6 weeks of ZEN
and DON + ZEN administration (Figure 6, Table 4).

Table 4. Semiquantitative analysis of iron deposits.

Time of Mycotoxin
Treatment

Groups Testing
ResultsControl (C) ZEN (Z) DON (D) DON + ZEN (M)

One week 1.00 1.00 1.00 1.00 -

Three weeks 1.00 1.66 1.00 2.00 C, D < Z, M

Six weeks 1.33 3.33 1.33 3.33 C, D < Z, M

For a description of the score, see Table 2.
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Figure 6. (A,B) Iron deposits in the liver of pigs receiving ZEN + DON for six weeks. (A) Iron
deposits in hepatocytes in the form of fine granules. (B) Iron deposits with variable sizes in perilobular
connective tissue. Prussian blue staining.

Physiologically, iron deposits are present within hepatocytes as fine granules at the biliary pole
of cells and are distributed throughout the lobule according to a decreasing gradient from periportal
to centrilobular areas. Iron excess is associated with chronic liver diseases of various causes [46–48].
It is known that in states of persistent iron overload, the liver could be seriously affected [49], mainly
because of the extremely reactive hydroxyl radical formed during Fe2+ metabolism (by Fenton reaction)
in lysosomes [50].

Previous studies on the effect of mycotoxins on pig liver did not consider the effect of ZEN
on iron storage [7]. Based on the results obtained in our study, it can be stated that ZEN induced
duration-dependent iron accumulation in hepatocytes, Browicz–Kupffer cells, and connective tissue
cells. This indicated that disruption of iron metabolism in the liver worsened along with the duration
of ZEN administration. One possible mechanism is the effect of ZEN on hepcidin, a liver-derived
peptide hormone, which is a master regulator of iron metabolism [50]. Our results show a similar
effect of food contaminated with DON + ZEN on iron accumulation in the liver, as in the case of ZEN,
which suggested that DON had no effect on iron accumulation.

2.2. Ultrastructural Study

2.2.1. Hepatocytes

The hepatocytes of control pigs (Figure 7A) with polygonal or rectangular cross sections were
arranged in regular rows. Their nuclei were distinctly round and centrally located, with a predominance
of euchromatin. Hepatocytes had abundant amounts of both rough and smooth endoplasmic reticulum
(ER). Medium-length cisterns of rough ER were located close to the nucleus and around the mitochondria
(Figure 7B). The smooth ER was in the form of branched tubules and vesicles (Figure 7B). Mitochondria
with numerous cristae and an electron-dense matrix were distributed in the cytoplasm in clusters or
individually (Figure 7A). Lysosomes were localized mainly in the bile pole of hepatocytes. The content
of glycogen deposits varied significantly between individual hepatocytes. After the first week of
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experiment, glycogen deposits were rather sparse; however, they were more numerous after three
and six weeks. Lipid droplets were few and randomly distributed in the cytoplasm of hepatocytes.
The vascular domain surface of hepatocytes was covered by numerous microvilli.

The differences in hepatocyte ultrastructure in experimental pigs compared with control animals
were evident after 1, 3, and 6 weeks of treatment. The hepatocytes of ZEN-treated animals were
characterized by a specific ER (Figure 7C,D). The smooth ER consisted of a network of closely
located very narrow tubules and small vesicles, and occupied most of the cross sections of the
hepatocytes. The poorly developed rough ER created several clusters of cisterns arranged in parallel.
The mitochondria were located near these cisterns. Changes in the ER were observed from the first
week of experiment; however, the intensity increased markedly after 3 and 6 weeks of treatment
with ZEN. The ultrastructure of the mitochondria and lysosomes in ZEN-treated pigs did not differ
significantly from that in the control animals. However, occasionally, some damaged mitochondria
were observed. The amount of glycogen deposits in hepatocytes was usually low, except in the samples
taken after the first week of the experiment. Some necrotic hepatocytes were noted, especially after
6 weeks of treatment.

In hepatocytes of DON-treated pigs, both types of ER were formed by abundant short, dilated
cisterns and vesicles (Figure 7E,F), starting from the first week of the experiment. Both types of ER
were quite evenly distributed in the cytoplasm of hepatocytes. In some cells, very dilated vacuoles
of rough ER filled with protein micelles were observed. Large autophagosomes were present in the
cytoplasm of numerous hepatocytes. Necrotic cells were occasionally observed.

The ultrastructure of hepatocytes in DON + ZEN-treated pigs did not differ from that in
DON-treated pigs, except that necrotic hepatocytes were more frequently observed.

Changes in hepatocyte ultrastructure accompany numerous subclinical and clinical intoxications,
both acute and chronic. The nature of these changes depends on the chemical properties of the toxin,
dose, and duration of exposure. The most common changes are smooth and rough ER swelling,
damage of mitochondria, and modification in the amount and distribution of lipid drops and glycogen
deposits [51]. To date, data on the effect of mycotoxins on the ultrastructure of hepatocytes in pigs are
scarce [7].

Our results show that the mycotoxins used in the experiment affected the ultrastructure of
hepatocytes, especially the ER. ZEN administration resulted in conspicuous smooth ER proliferation
and rough ER marginalization. Smooth ER is involved in the metabolism of various chemicals, and cells
exposed to these chemicals showed hypertrophy of the smooth ER as an adaptive response. For this
reason, smooth ER hypertrophy is considered a sensitive toxicological parameter [52].

The administration of DON and DON + ZEN resulted in the dilatation of ER cisterns and no clear
difference between the two types of reticulum. The dilatation of ER cisternae, which indicates a loss
of ER homeostasis, is known as ER stress [53]. ER stress is associated with liver injury and fibrosis.
The hepatic factors that regulate ER stress remain unknown [54]. The fact that DON and DON + ZEN
induced ER dilatation suggested that chronic ingestion of low doses of these mycotoxins caused injury
in pig hepatocytes.
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Figure 7. (A–F) Ultrastructure of hepatocytes in control pigs, 6th week of the experiment (A,B),
pigs treated with ZEN for 6 weeks (C,D) and pigs treated with DON for 6 weeks (E,F). Note the
specific organization of endoplasmic reticulum with the predominance of smooth reticulum over rough
reticulum in pigs treated with ZEN. In DON-treated animals, both types of endoplasmic reticulum
were formed by abundant short, dilated cisterns and vesicles. SD, space of Disse; BC, bile canaliculus;
N, nucleus; M, mitochondria; RER, rough endoplasmic reticulum; SER, smooth endoplasmic reticulum;
G, glycogen particles.

75



Toxins 2020, 12, 463

2.2.2. Sinusoids and Perivascular Species

Hepatic sinusoids were formed by flat endothelial cells with prominent fenestrations, usually
lacking the basal lamina. Browicz–Kupffer cells with electron-lucent cytoplasm and numerous granules
with variable appearance were located inside the sinusoids. Ito cells situated outside the vessels were
numerous and usually contained one lipid droplet of moderate size. Pit cells situated inside the vessels
were sporadically observed.

There were no differences in the ultrastructure of endothelial cells between control pigs and
animals receiving mycotoxins. Browicz–Kupffer cells appeared to be more numerous in pigs receiving
ZEN for 1 week as well as in pigs treated with DON and DON + ZEN for 1, 3, or 6 weeks than those
in the control animals (Figure 8A–C). In these animals, Browicz–Kupffer cells showed prominent
cell processes and occupied a large part of the vessel lumen. Their cytoplasm contained numerous
phagosomes and rest bodies. Pit cells were more frequently observed in pigs treated with DON and
DON + ZEN for 3 and 6 weeks than in the control animals (Figure 8C). In pigs treated with DON and
DON + ZEN for 1, 3, or 6 weeks Ito cells were characterized by the presence of prominent cisterns of
the rough ER (Figure 8D).

The focal accumulation of collagen fibers was observed in the perivascular spaces of pigs receiving
DON and DON + ZEN for 3 and 6 weeks (Figure 9A). Their number increased with the duration of
treatment. The penetration of collagen fibers between hepatocytes and foci of fibrosis was noted in
pigs receiving DON + ZEN for 3 and 6 weeks (Figure 9B).

Our data shows, for the first time, that the administration of mycotoxins, especially DON, induced
changes in the population of Browicz–Kupffer cells, which suggested their activation. These cells
play an important role in the clearance of toxins from the portal blood [55]. Several cytokines,
chemokines, and reactive nitrogen and oxygen species are released by activated Browicz–Kupffer
cells, allowing these cells to modulate microvascular responses and the functions of hepatocytes and
Ito cells [55,56]. Browicz–Kupffer cells show large plasticity, adopting changes in local metabolic
and immune environment. They can play a protective role through their tolerogenic phenotype in
toxin-induced liver injury, but can also shift to a pathologically activated state and contribute to liver
inflammation. It could be considered that the changes in sinus diameters observed in our histological
studies were due to the activation of Browicz–Kupffer cells. Because of their location and shape,
these cells can interact with blood flow. Activation of Browicz–Kupffer cells is probably responsible for
the more frequent occurrence of pit cells in liver sinuses [55,57].

Ito cells are “quiescent” in the normal liver, having received no stimuli to transform into a
myofibroblastic state [56]. In our study, treatment with DON and DON + ZEN for 1, 3, or 6 weeks
resulted in the presence of Ito cells with prominent cisterns of rough ER. The changes in Ito cells
were probably related to their activation and transformation. They correlated with the occurrence of
collagen fibers in the spaces of Disse.

The obtained data show that the administration of low doses of DON and ZEN resulted in
prominent changes in the ultrastructure and histology of pig liver. In view of our results, even low
levels of these mycotoxins, being below or close to No Observed Adverse Effect Level (NOAEL)
values, should be considered as affecting the pig liver. The published data on the effects of such
doses of DON and ZEN on the liver biochemistry are limited; however, they showed rather weak
effects of these toxins on the serum activity of hepatic enzymes [58–60]. These findings agree with our
morphological data showing that the responses of hepatocytes to intoxication with ZEN and DON
seem to be adaptive. However, the changes in ER caused by ZEN and DON can affect the response
of hepatocytes to other stressors or toxins [7,51]. In our opinion, special attention should be paid to
the influence of ZEN and DON of the perilobular connective tissue, Browicz–Kupffer cells and Ito
cells, which may lead to chronic damage of the liver. These effects cannot be detected with routine
laboratory diagnostic methods.
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Figure 8. (A,B) Browicz–Kupffer cells (BK) in the sinusoid of pigs treated with DON for 3 weeks (A)
and 6 weeks (B). Note the presence of numerous processes in Figure (A) and lysosomes and rest bodies
in Figure (B,C) BK and pit (P) cells in the sinusoid of a pig treated with DON + ZEN for 6 weeks. (D) Ito
cell (It) in the perivascular space of pigs treated with DON + ZEN for 6 weeks. Note the cisterns of the
rough endoplasmic reticulum.

 

Figure 9. (A) Accumulation of collagen fiber in the space of Disse in a pig receiving DON for 6 weeks.
(B) Penetration of collagen fibers between hepatocytes in a pig treated with DON + ZEN for 6 weeks.
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3. Conclusions

Our current data provided strong evidence that the administration of low doses of DON and
ZEN affected the ultrastructure and histology of pig liver. The changes caused by mycotoxins
varied depending on the toxin and duration of intoxication. Both mycotoxins induced prominent
modifications in the hepatocyte ER. The hepatocytes of ZEN-treated animals were characterized by
extremely well-developed smooth ER, which comprised a dense network of narrow tubules. In the
hepatocytes of DON-treated pigs, both rough and smooth ER were formed by an abundance of
very short, dilated cisterns and vesicles. The effect of DON was greater than that of ZEN, as the
ultrastructure of hepatocytes in pigs treated with DON + ZEN did not differ from that in DON-treated
pigs. The total HAI scores in pigs receiving DON and DON + ZEN were significantly higher than that
in the control animals, mainly because of the greater degree of hepatocyte necrosis and focal infiltration
of inflammatory cells. Treatment with DON significantly increased the thickness of the perilobular
connective tissue. The focal accumulation of collagen fibers was also observed in the perivascular
spaces around the sinusoids, as shown by electron microscopy. These changes pointed to fibrosis as a
potential effect of DON intoxication. Browicz–Kupffer cells were more frequently found and formed
more prominent processes in pigs receiving mycotoxins, especially DON, and this phenomenon could
be responsible for the dilation of sinusoids. Pit cells were more frequently observed in pigs treated
with DON and DON + ZEN than in control animals. Examinations of glycogen and deposits of iron
show the minor effect of the examined mycotoxins on these features. Our data demonstrate that
DON and ZEN act both on hepatocytes and on liver immune/connective tissue cells. The response
of hepatocytes to low doses of these toxins seems to be adaptive, and it is not related to serious cell
damage. The influence of toxins on immune processes in the liver requires special attention because it
can be destructive to the liver. Further molecular and biochemical studies are necessary to clarify the
mechanisms of ZEN and DON toxicity in the liver.

4. Material and Methods

4.1. Animals, Toxins, and Experimental Design

The study was performed on 36 clinically healthy gilts of mixed breed (White Polish Big x Polish
White Earhanging), with body weights of 25 ± 2 kg at the beginning of the experiment. The animals
were purchased from a farm where they received feed without detectable amounts of ZEN, DON,
α-zearalenol, aflatoxin, and ochratoxin. The pigs were fed twice daily and had free access to water.

The animals were divided into three experimental groups (D, Z, and M; n = 9 in each group)
and a control group (C; n = 9). Group D received DON at a dose of 12 μg/kg BW per day, group Z
received ZEN at a dose of 40 μg/kg BW per day, and group M received a mixture of DON + ZEN (ZEN
40 μg/kg BW + DON 12 μg/kg BW per day). The mycotoxins were synthesized and standardized
at the Department of Chemistry, Faculty of Wood Technology, Poznań University of Life Sciences,
Poland. The mycotoxins were administered orally during morning feeding in water-soluble capsules
containing oat bran as a vehicle. The gilts were weighed every week to establish the amount of DON
and ZEN administered to each animal. The animals in group C received capsules without mycotoxins.

The animals from the control and experimental groups were killed by intravenous administration
of sodium pentobarbital (Vetbutal, Biowet, Poland) at a dose of 140–150 mg/kg and by exsanguination
after 1, 3, and 6 weeks of experiment. Tissue samples were taken no longer than 3 min after cardiac arrest.

All procedures were carried out in compliance with Polish legal regulations for the determination
of the terms and methods for performing experiments on animals and with the European Community
Directive for the ethical use of experimental animals. The protocol was approved by the Local Ethical
Council in Olsztyn (opinion No. 88/N of 16 December, 2009).
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4.2. Histological Examination

Tissue samples (approximately 1 × 0.5 cm) were cut from the middle part of the liver. They were
fixed in 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) for 48 h, dehydrated in ethanol
(TP 1020; Leica, Wetzlar, Germany), and embedded in paraffin (EG1150; Wetzlar, Leica). Next,
4-μm-thick sections were prepared using an HM 340E microtome (Microm, Lugo, Spain) and stained
with hematoxylin and eosin (HE), Mallory’s trichrome, PAS, and PB to detect iron using an automated
multistainer ST 5020 (Leica, Wetzlar, Germany). For histological evaluation, the sections were scanned
using a Mirax Desk scanner (Carl Zeiss, Oberkochen, Germany). The slides were signed in a way that
prevented the people involved in the microscopic analysis from knowing the kind and duration of the
animal treatment.

We evaluated the architectural changes in the liver, noting the organization of hepatic cords,
the appearance of perilobular connective tissue, and the penetration of collagen into the parenchyma
on Mallory- and HE-stained specimens.

Histological changes in the liver parenchyma were analyzed on HE-stained slides. The following
parameters were evaluated:

• Ishak modified histology activity index (HAI) based on Ishak et al. [61] and modified by Stanek et
al. [38]; parameters taken in consideration include portal, periportal, and acinar inflammation,
focal or confluent necrosis, and hemorrhages;

• The presence of lymphoid follicles, steatosis, hepatocellular dysplasia, karyomegaly;
• The dilatation of hepatic sinusoids using the semi-counted method.

For morphometrical evaluations, the following parameters were determined:

• The cross-sectional area of lobules;
• The thickness of the interlobular connective tissue septa.

Measurements were performed on HE-stained sections using the Pannoramic Viewer 1.15 software
(3D-Histech, Budapest, Hungary).

Glycogen content and iron accumulation in hepatocytes was evaluated in PAS- and PB-stained
sections, respectively.

4.3. Ultrastructural Examination

Samples of liver tissue were collected from sites adjacent to the sampling sites for histological
examination, and then immersion-fixed in a mixture of 1% paraformaldehyde and 2.5% glutaraldehyde
in 0.2 M phosphate buffer (pH 7.4) for 2 h at 4 ◦C. Next, they were washed and post-fixed in 2% OsO4

in 0.2 M phosphate buffer (pH 7.4) for 2 h. After dehydration, the samples were embedded in Epon 812.
Semi-thin sections were cut from each block of tissue, stained with 1% toluidine blue, and examined
under a light microscope to choose the sites for preparing ultrathin sections. Ultrathin sections were
cut using a Leica Ultracut III ultramicrotome (Leica, Wetzlar, Germany) and contrasted with uranyl
acetate and lead citrate. They were examined with a Tecnai 12 Spirit G2 BioTwin transmission electron
microscope (FEI, Hillsboro, OR, USA) equipped with two digital cameras: Veleta (Olympus, Tokyo,
Japan) and Eage 4k (FEI, Hillsboro, OR, USA).

4.4. Statistical Analysis

The data from morphometric investigations were analyzed using one-way ANOVA with a Duncan
test as a post-hoc procedure, and the data from semiquantitative analyses were analyzed using
Kruskal–Wallis non-parametric ANOVA. Statistical analyses were performed using Statistica 10.0
software (StatSoft Polska, Cracow, Poland).
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Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6651/12/7/463/s1.
Figure S1. Microphotographs of the histopathological parameters taken into account in HAI A. Portal inflammation.
B. Periportal inflammation C. Acinar inflammation. D. Confluent necrosis. E. Focal lytic necrosis F. Hemorrhage,
Figure S2. Dilatation of hepatic sinusoids in zone III (periportal) of acinus in a pig receiving DON + ZEN for
3 weeks. HE staining.
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Abstract: Zearalenone (ZEN) is a mycotoxin that not only binds to estrogen receptors, but
also interacts with steroidogenic enzymes and acts as an endocrine disruptor. The aim of this
study was to verify the hypothesis that low doses, minimal anticipated biological effect level
(MABEL), no-observed-adverse-effect level (NOAEL) and lowest-adverse-effect level (LOAEL), of ZEN
administered orally for 42 days can induce changes in the peripheral blood concentrations of selected
steroid hormones (estradiol, progesterone and testosterone) in pre-pubertal gilts. The experiment
was performed on 60 clinically healthy gilts with average BW of 14.5 ± 2 kg, divided into three
experimental groups and a control group. Group ZEN5 animals were orally administered ZEN at 5 μg
ZEN/kg BW, group ZEN10 — at 10 μg ZEN/kg BW, group ZEN15 — at 15 μg ZEN/kg BW, whereas
group C received a placebo. Five gilts from every group were euthanized on analytical dates 1, 2 and
3 (days 7, 14 and 42 of the experiment). Qualitative and quantitative changes in the biotransformation
of low ZEN doses were observed. These processes were least pronounced in group ZEN5 (MABEL
dose) where ZEN metabolites were not detected on the first analytical date, and where β-ZEL was
the predominant metabolite on successive dates. The above was accompanied by an increase in the
concentration of estradiol (E2) which, together with “free ZEN”, probably suppressed progesterone
(P4) and testosterone (T) levels.

Keywords: zearalenone; low doses; steroid hormones; biotransformation; pre-pubertal gilts

Key Contribution: A comparison of the present findings with the results of a previous study
performed on the same gilts indicates that the MABEL dose contributes to accelerating somatic
development and delays sexual maturity.

Toxins 2019, 11, 561; doi:10.3390/toxins11100561 www.mdpi.com/journal/toxins85
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1. Introduction

Zearalenone (ZEN) is a macrocyclic lactone of β-resorcylic acid with clear estrogen activity. This
non-steroidal estrogenic mycotoxin is produced by several species of the genus Fusarium. Zearalenone
is metabolized to numerous derivatives by microorganisms, plants, animals and humans. Previous
research into the metabolism of ZEN revealed the presence of reducing metabolites, in particular
α-zearalenol (α-ZEL) and its stereoisomer, β-zearalenol (β-ZEL) [1]. When these catechol metabolites
are synthesized, the activity of ZEN resembles that of endogenous estrogens, such as estradiol (E2).
As a result, ZEN can affect reproduction in pre-pubertal gilts, the expression of hydroxysteroid
dehydrogenases (HSDs) and the synthesis and secretion of sex hormones, including E2, progesterone
(P4) and testosterone (T) [2,3]. These unverified facts have become the reason for the studies. This was
accompanied by other doubts of tape – that this mycotoxin should not be tested using the minimal
anticipated biological effect level (MABEL) dose, the no-observed-adverse-effect level (NOAEL)
dose [4] and/or the lowest-adverse-effect level (LOAEL) dose [5]. Mammals have adapted to prolonged
exposure to low monotonic doses of ZEN [6], or have even learned to exploit this mycotoxin in their
physiological processes [7–9].

At the beginning of this decade, the classical dose-response paradigm was undermined by the
“low dose hypothesis”, in particular, with regard to hormonally active substances [6] which act as
endocrine disruptors (EDs) and/or disrupt paracrine and endocrine signaling [1]. These processes
can be observed during exposure to low doses of undesirable substances which are present in food
and feed [10,11] and which induce differential responses in macroorganisms (hormesis [12]). These
dose-response interactions remain relatively unexplored, and the risks (clinical symptoms or laboratory
results) associated with high doses cannot be clearly extrapolated to low doses [13,14] that deliver
counterintuitive effects.

From the point of view of biomedical practice [15], the MABEL concept is garnering increasing
interest because the clinical picture is influenced by numerous endogenous factors. The clinical
picture reflects not only disruptions in the steroid hormone balance or the quantity and quality of
exogenous hormone-like substances [16], but also other somatic responses, including reproductive
behavior [1], immune responses [17] and changes in the metabolic profile of peripheral blood [9].
A thorough understanding of the relevant mechanisms of action and the final effects supports sound
decision-making [14]. Substances that disrupt hormonal homeostasis have undermined long-standing
paradigms in toxicology, in particular the “dose makes the poison” concept [18]. Low doses of ZEN and
its metabolites (ZELs) induce specific changes [7–9] that are not encountered during exposure to high
doses. Research into natural hormones and EDs has demonstrated that low doses produce ambiguous
responses (pro-inflammatory, anti-inflammatory, increase or decrease in proliferative activity [19]).
The above also applies to ZEN [1,20,21].

In view of the above, the aim of this study was to validate the hypothesis that MABEL, NOAEL
and LOAEL doses of ZEN administered orally for 42 days can induce changes in peripheral
blood concentrations of selected steroid hormones (estradiol, progesterone and testosterone) in
pre-pubertal gilts.

2. Results

2.1. Experimental Feed

The analyzed feed did not contain mycotoxins, or its mycotoxin content was below the sensitivity
of the method (VBS). The concentrations of modified and masked mycotoxins were not analyzed.

2.2. Clinical Observations

Clinical signs of ZEN mycotoxicosis were not observed throughout the experiment. However,
changes in specific tissues or cells were frequently observed in analyses of the serum biochemical
profile, caecal water genotoxicity and intestinal microbiome parameters in samples collected from the
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same animals and in those animals’ growth performance. The results of these analyses were published
in a different paper [7–9].

2.3. The Effect of Various Doses of Zearalenone on Hormone Secretion

2.3.1. The Effect of Estradiol

The concentration of E2 in the blood of pre-pubertal gilts (see Figure 1) ranged from 2.9 to
19.9 pg/mL. Significant differences (see Figure 1) were observed between analytical dates in groups and
between groups on different dates. In the control group (C), E2 levels increased by 5.7 pg/mL during
the experiment. Estrogen concentration also increased in all experimental groups during the entire
period of exposure (by 6.2 pg/mL in group ZEN5; by 1.9 pg/mL in group ZEN10 – a value lower than in
group C; by 14.3 pg/mL in group ZEN15), but the reference level on D1 was higher in the experimental
groups than in group C. On D2, the concentration of E2 decreased in groups ZEN5 and ZEN10, relative
to D1.

On different analytical dates (see Figure 1), the concentration of E2 increased in the experimental
groups relative to group C (from 1.8 pg/mL on D1, through 3.8 pg/mL on D2 to 10.2 pg/mL on D3),
proportionally to the applied mycotoxin dose. Estrogen levels decreased in groups ZEN5 (difference
of 2.2 pg/mL) and ZEN10 (difference of 2.3 pg/mL) on date D2, and in group ZEN10 (difference of
2.0 pg/mL) on date D3, relative to group C.

Figure 1. The effect of zearalenone (ZEN) on estradiol (E2) concentration in the blood of pre-pubertal
gilts: arithmetic means (x) of five samples collected on each analytical date (D1, D2 and D3) in every
group (control (C), ZEN5, ZEN10 and ZEN15). Statistically significant differences were determined at
*P ≤ 0.05 and **P ≤ 0.01.

A comparison of the mean (x) concentrations of E2 in groups during the entire experiment revealed
the lowest values in group ZEN10 (5.4 pg/mL). In the remaining experimental groups, E2 levels were
higher than in group C, proportionally to the administered dose of ZEN (from 6.2 pg/mL in group C
and 6.4 pg/mL in group ZEN5 to 11.5 pg/mL in group ZEN15).

2.3.2. The Effect of Progesterone

Progesterone concentrations ranged from 0.1 to 0.9 ng/mL during the experiment (Figure 2).

87



Toxins 2019, 11, 561

Figure 2. The effect of ZEN on progesterone (P4) concentration in the blood of pre-pubertal gilts:
arithmetic means (x) of five samples collected on each analytical date (D1, D2 and D3) in every group
(C, ZEN5, ZEN10 and ZEN15). Statistically significant differences were determined at *P ≤ 0.05.

Significant differences in progesterone concentrations are presented in Figure 2. In group C, P4

levels decreased by 0.7 ng/mL and 0.8 ng/mL between D1 versus D2 and D3, respectively. In group
ZEN5, P4 concentration remained stable at approximately 0.1 ng/mL. In the remaining experimental
groups, a steady increase in P4 levels was observed over time (to 0.5 ng/mL in group ZEN10; to 0.6 ng/mL
in group ZEN15).

On D1, progesterone concentrations were much lower in the experimental groups than in group
C (by 0.7; 0.8 and 0.8 ng/mL, respectively). On D2, P4 values were similar in group C and groups ZEN5
and ZEN10 (0.1 ng/mL lower in both groups than in group C). In group ZEN15, the concentration of P4

increased to 0.3 ng/mL, and it was 0.2 ng/mL higher than in group C. On D3, P4 levels were low and
similar in groups C and ZEN5 at around 0.1 ng/mL. In groups ZEN10 and ZEN15, the noted values
were much higher than in group C (by 0.5 and 0.6 ng/mL, respectively).

The mean concentration of P4 in each group was very low on each analytical date. The mean values
of P4 in all experimental groups were lower than in group C (0.3 ng/mL in group C; 0.1 ng/mL in group
ZEN5; 0.2 ng/mL in group ZEN10; 0.3 ng/mL in group ZEN15), proportionally to the administered
dose of ZEN.

2.3.3. The Effect of Testosterone

Significant differences in testosterone concentrations are presented in Figure 3. Testosterone levels
ranged from 0.03 to 0.14 ng/mL during the experiment.

In all groups, testosterone levels were lowest at the beginning of the experiment, and they
increased over time of exposure to ZEN. Similar changes were observed in groups C, ZEN5 and ZEN10,
but a rapid increase in T levels was noted on D2. Testosterone concentrations increased gradually over
time from 0.08 ng/mL on D1, to 0.09 ng/mL on D2 and 0.14 ng/mL on D3 only in group ZEN15.

On D1 and D3, T levels were highly similar at 0.03–0.04 ng/mL, excluding in group ZEN15 where
they were very high at 0.08 ng/mL on D1 and 0.14 ng/mL on D3. On D2, T concentrations ranged from
0.08 to 0.09 ng/mL in all groups, and the highest value was noted in group C.

During the experiment, the mean concentration of T was highest in group ZEN15 (0.102 ng/mL).
Testosterone levels were lower in the remaining groups (from 0.05 ng/mL in group C and 0.05 ng/mL
in group ZEN5 to 0.05 ng/mL in group ZEN10).
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Figure 3. The effect of ZEN on testosterone (T) concentration in the blood of pre-pubertal gilts:
arithmetic means (x) of five samples collected on each analytical date (D1, D2 and D3) in every group
(C, ZEN5, ZEN10 and ZEN15). Statistically significant differences were determined at *P ≤ 0.05 and
**P ≤ 0.01.

2.3.4. Pearson’s Correlation Coefficient (r)

The values of r were calculated based on the concentrations of steroid hormones (estradiol – E2,
progesterone – P4 and testosterone – T) in the blood of pre-pubertal gilts on different analytical dates
and in different groups. The coefficients of correlations between the concentrations of E2 and P4, E2

and T, and P4 and T are presented in Tables 1–3, respectively [22]. A positive correlation (r > 0) was
determined when an increase in the concentration of one hormone led to a rise in the concentration of
another hormone. The strength of positive correlations was determined on the following scale: r < 0.2
— no correlation, r = 0.2 to 0.4 — weak correlation, r = 0.4 to 0.7 — moderate correlation, r = 0.7 to 0.9
— relatively strong correlation, and r > 0.9 – very strong correlation. The correlation coefficient was
determined at 0.0 only when the concentration of P4 on a given analytical date was below the sensitivity
of the method. A negative correlation (r < 0) was determined when an increase in the concentration
of one hormone led to a decrease in the concentration of another hormone. The strength of negative
correlations was determined on the following scale: r = 0.0 to −0.2 — no correlation, r = −0.2 to −0.4
— weak correlation, r = −0.4 to −0.7 — moderate correlation, r = −0.7 to −0.9 — relatively strong
correlation, and r = −0.9 to −1.0 — very strong correlation.

Table 1. Coefficients of correlations (r) between the concentrations of estradiol (E2) and progesterone (P4).

Analytical Date Group C Group ZEN5 Group ZEN10 Group ZEN15

D1 0.105 0.445 −0.483 0.0
D2 0.767 0.0 0.0 0.594
D3 0.244 −0.231 −0.147 0.511

Key: Strength of linear correlations between the concentrations of E2 and P4 in the blood of pre-pubertal gilts on
different analytical dates (D1 — exposure day 7; D2 — exposure day 21; D3 — exposure day 42) and in different
groups where ZEN was administered once daily before the morning feeding (group C — placebo; group ZEN5 —
5 μg ZEN/kg BW; group ZEN10 — 10 μg ZEN/kg BW; group ZEN15 — 15 μg ZEN/kg BW).

In group C, the correlations between the concentrations of E2 and P4 (Table 1) were absent,
relatively strong and weak on successive analytical dates (these values were used as the reference in
further analyses). In group ZEN5, the above correlations were evaluated as moderate on D1 and as
absent on D2 and D3. In group ZEN10, a moderate negative correlation was noted on D1, and the
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absence of correlations was determined on D2 as well as D3. In group ZEN15, E2 and P4 concentrations
were not correlated on D1, whereas moderate correlations were noted on D2 and D3.

Table 2. Coefficients of correlations (r) between the concentrations of E2 and testosterone (T).

Analytical Date Group C Group ZEN5 Group ZEN10 Group ZEN15

D1 0.326 0.408 −0.596 −0.015
D2 0.076 0.452 0.069 0.117
D3 −0.203 −0.492 −0.128 −0.472

Key: Strength of linear correlations between the concentrations of E2 and T in the blood of pre-pubertal gilts on
different analytical dates (D1 — exposure day 7; D2 — exposure day 21; D3 — exposure day 42) and in different
groups where ZEN was administered once daily before the morning feeding (group C — placebo; group ZEN5 —
5 μg ZEN/kg BW; group ZEN10 — 10 μg ZEN/kg BW; group ZEN15 — 15 μg ZEN/kg BW).

In group C, the correlations between the concentrations of E2 and T (Table 2) were determined as
weak, absent, and weak negative on successive analytical dates (these values were used as the reference
in further analyses). In group ZEN5, the analyzed correlations were moderate on successive dates, and
a moderate negative correlation was noted on D3. In group ZEN10, a moderate negative correlation
was found on D1, the absence of a negative correlation was observed on D3, and the absence of a
positive correlation was noted on D2 (negative value). In group ZEN15, the absence of a negative
correlation was found on D1, a moderate negative correlation was observed on D3, and the absence of
a positive correlation was noted on D2.

Table 3. Coefficients of correlations (r) between the concentrations of P4 and T.

Analytical Date Group C Group ZEN5 Group ZEN10 Group ZEN15

D1 0.220 0.998 0.730 0.0
D2 0.576 0.0 0.0 0.694
D3 0.522 0.0 0.148 −0.372

Key: Strength of linear correlations between the concentrations of P4 and T in the blood of pre-pubertal gilts on
different analytical dates (D1 — exposure day 7; D2 — exposure day 21; D3 — exposure day 42) and in different
groups where ZEN was administered once daily before the morning feeding (group C — placebo; group ZEN5 —
5 μg ZEN/kg BW; group ZEN10 — 10 μg ZEN/kg BW; group ZEN15 — 15 μg ZEN/kg BW).

In group C, the concentrations of P4 and T (Table 3) were not correlated on D1, whereas moderate
correlations were noted on D2 and D3 (these values were used as the reference in further analyses).
In group ZEN5, a very strong correlation was observed on D1, whereas the values noted on D2 and
D3 were not correlated. In group ZEN10, a relatively strong correlation was determined on D1, and
the absence of correlations was noted on D2 (r = 0.00) and D3. In group ZEN15, no correlations
were determined on D1 (r = 0.0), a moderate correlation was observed on D2, and a weak negative
correlation was found on D3.

2.4. Concentrations of Zearalenone and its Metabolites in Peripheral Blood

Zearalenone concentrations in the peripheral blood of pre-pubertal gilts did not differ significantly
between analytical dates or groups (see Figure 4). However, considerable differences were noted in
mean values. On D1, mean ZEN levels differed by 0.6 ng/mL between groups ZEN5 and ZEN10 and by
0.5 ng/mL between groups ZEN5 and ZEN15. On D2, the corresponding differences were determined
at 1.3 and 2.6 ng/mL. The smallest differences between the above groups were observed on D3 at 0.0
and 1.1 ng/mL, respectively.
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Figure 4. Mean (x) concentrations of ZEN and its metabolites (α-ZEL and β-ZEL) (ng/mL) in the
peripheral blood of pre-pubertal gilts on different analytical dates (D1 — exposure day 7; D2 — exposure
day 21; D3 — exposure day 42) and in the experimental groups (group ZEN5 — 5 μg ZEN/kg BW;
group ZEN10 — 10 μg ZEN/kg BW; group ZEN15 − 15 μg ZEN/kg BW). Limits of detection (LOD) >
values below the limit of detection were regarded as equal to 0.
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Similar observations were made in an analysis of ZEN metabolites, i.e., α-ZEL and β-ZEL.
However, the mean levels of both metabolites differed considerably between analytical dates (see
Figure 4).

On D1, the concentrations of α-ZEL differed between group ZEN5 (values below limits of detection
(LOD), regarded as equal to 0) and groups ZEN10 and ZEN15 by 0.7 and 0.8 ng/mL, respectively (see
Figure 4). On D2, α-ZEL levels were lowest in group ZEN15 relative to groups ZEN5 and ZEN10
(0.8 ng/mL). On D3, the differences in α-ZEL concentrations between group ZEN5 and groups ZEN10
and ZEN15 reached 0.5 ng/mL.

On D1, the concentrations of β-ZEL differed between group ZEN5 (values below LOD, regarded as
equal to 0) and groups ZEN10 and ZEN15 by 2.5 and 1.6 ng/mL, respectively (see Figure 1). On D2, the
corresponding differences were determined at 0.8 and 0.0 ng/mL, respectively. On D3, the respective
differences were clearly pronounced at 1.5 and 2.0 ng/mL, respectively.

3. Discussion

The results of the present experiment validated the hypothesis that low doses of ZEN affect the
concentrations of E2, P4 and T in pre-pubertal gilts on different days of exposure.

The results obtained on the first analytical date (D1) reflect the stimulatory effects of ZEN
(undesirable substance) administered over a period of seven days. In the studied gilts, the effect of
adaptive mechanisms, accompanied by considerable loss of energy and protein [9], was manifested
on D2 [23]. The above could also be accompanied by an increase in Ca2+ deposition, in particular
in the mitochondria [24,25], or changes in the activity of selected enzymes, such as hydroxysteroid
dehydrogenases [26], which can disrupt steroidogenesis [14]. Hyperestrogenism induced by excess
ZEN (that was not biotransformed or was recovered from enterohepatic circulation) probably took
place on D3. “Free ZEN” can probably be utilized in specific life processes [14].

3.1. Estradiol

A significant or highly significant increase in E2 concentrations (see Figure 1) responsible for
hyperestrogenism or supraphysiological hormonal levels [27] was observed in the experimental
groups [2,14] relative to group C, excluding groups ZEN5 and ZEN10 on D2. The observed increase
occurred as a counter-reaction to the administered doses of ZEN. On D1, E2 concentrations in the
experimental groups relative to group C (physiological levels) were indicative of supraphysiological
hormonal levels rather than hypoestrogenism (in relation to the physiological deficiency of endogenous
E2 in group C). “Free ZEN” was captured by estrogen receptors (ERs) in the gastrointestinal tract (own
study, unpublished data), and it stimulated qualitative changes (activation?) in ERs. These processes
were manifested by changes in the expression of ERs, in particular ERß in the descending colon, with a
simultaneous quantitative increase in microbiota and an increase in genotoxicity under exposure to
higher ZEN doses [7,8]. Estradiol concentrations in the peripheral blood and the metabolic profile
of the studied gilts [9] indicate that “free ZEN” could: (i) induce changes during steroidogenesis
(see Figure 1, group ZEN15), thus confirming that ZEN modifies the expression of enzymes such as
HSD at the pre-receptor level, inversely to the applied ZEN dose [26,28], and is capable of converting
T to E2. (ii) Increases feed intake and the accumulation of body energy reserves in gilts [9] for
reproductive processes in the future [29]. The strength of linear correlations between E2 levels and the
concentrations of P4 and T in the blood of pre-pubertal gilts (see Tables 1 and 2 – moderate correlations
or absence of correlations) testifies to a minor and inversely proportional (negative) effect of “free
ZEN” in groups ZEN5 (MABEL dose) and ZEN10 (NOAEL dose). As a result, ZEN suppressed the
concentrations of the two remaining hormones [30]. This is a significant consideration in the treatment
of autoimmune disorders [23] and, more importantly, in the production of pork (sexual maturity is
delayed in gilts [31,32]). In contrast, E2 levels in group ZEN15 (LOAEL dose) were not correlated
with the concentration of P4 (see Table 1) on D1, whereas moderate correlations indicative of ZEN’s
stimulatory effects were noted on the remaining analytical dates. In group ZEN15, the concentrations
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of E2 and T (see Table 2) were not correlated or were bound by a moderate correlation (positive
correlation on D2, negative correlation on D1 and D3), which suggests that ZEN exerted weak and
suppressive effects.

3.2. Progesterone

An analysis of P4 levels in the blood of pre-pubertal gilts exposed to different doses of ZEN (see
Figure 2) revealed low and similar values (0.1 ng/mL) in groups C and ZEN5. Progesterone levels
were determined at 0.9 ng/mL in group C only on D1. These variations are difficult to interpret [27,33].
In groups ZEN10 and ZEN15, P4 concentrations continued to increase throughout the experiment,
which indicates that a premature increase in P4 levels can enhance endometrial receptivity and induce
morphological changes in the reproductive system [31]. The above was accompanied by a rise in the
levels of endogenous E2, but the correlation between E2 and P4 concentrations was negative (inversely
proportional) in group ZEN10 (see Table 1). In group ZEN15, the correlation was positive. These
findings suggest that the presence of MABEL and NOAEL doses of ZEN in the diet contributes to
supraphysiological hormonal levels [27] and impairs P4 synthesis in pre-pubertal gilts long before
the first estrus in pre-pubertal gilts (on D3, BW values ranged from 34 kg in group C to 41 kg
in group ZEN15 [9]). In groups ZEN5 and ZEN10, P4 suppressed the production of antibodies,
in particular asymmetrically glycosylated antibodies that are incapable of triggering immune effector
mechanisms [23]. The above could be attributed to the fact that endogenous hormones and ZEN
(an endocrine-disrupting chemical [6]) demonstrate hormonal activity by binding to nuclear hormone
receptors (a rivalry mechanism). The consequences of the unexpected interactions [24] that take place
outside the endocrine system are difficult to predict.

3.3. Testosterone

Testosterone was the third analyzed hormone in the present experiment (see Figure 3). Endogenous
T plays a key role in female health because it exerts direct androgenic effects or is converted to E2 [3].
Testosterone concentrations are characterized by significant diurnal variations [34]. They are also
affected by the phase of the reproductive cycle as well as the strength and duration of exposure to
stressors [35]. Testosterone regulates (i) sexual differentiation, (ii) muscle and bone mass, and (iii)
erythropoietic and metabolic processes. It can exert direct and indirect biological effects through
conversion to E2 [36]. In pre-pubertal gilts, an increase in the blood concentrations of T was directly
correlated with an increase in the animals’ body weights [9]. In groups ZEN10 and ZEN15, E2 and T
levels were bound by negative (inversely proportional) correlations (moderate correlation in group
ZEN10, absence of correlations in group ZEN15) on D1. On D3, negative correlations were noted in
all groups, and the highest negative values (indicative of moderate correlations) were observed in
groups ZEN5 and ZEN15, whereas weak correlations were noted in the groups ZEN10 and C. These
findings contradict the results reported by Kanakis et al. [34] and White et al. [35] who argued that
the concentration of E2 in pre-pubertal gilts is influenced by the rate at which T is converted to E2.
In pre-pubertal gilts, the levels of endogenous T do not compensate for physiological demand, and the
resulting deficit is covered by “free ZEN” which changes the expression of enzymes such as HSDs [26].
However, the above does not explain the high concentration of T in all groups on D2 (see Figure 3).
According to van Anders et al. [37], dominance hierarchy and animal behavior, such as maintenance of
leadership and status in the herd, are affected by T, regardless of sex. This is highly probable, but in
this study, ZEN was tested only in gilts of similar age and body weight that had been housed without
boars. The observed differences (P ≤ 0.01) indicate that ZEN was a stimulating factor only in group
ZEN15 (see Figure 3). Considerable variations were noted in the linear correlations between P4 and T
levels (see Table 2). No correlations or moderate correlations between P4 and T levels were noted in
group C. The experimental groups were characterized by extreme variations in r values, denoting an
absence of correlations to the presence of very strong correlations, regardless of group or analytical
date. These data are very difficult to interpret. It could be postulated that a LOAEL dose of ZEN
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increases the concentration of T on all analytical dates (see Figure 3), without inducing any correlations
or promoting only weak correlations between E2 and T levels. However, the interactions between
these hormones increase muscle mass and decrease adipose tissue mass [38]. Similar results were
reported by Rykaczewska et al. [9].

3.4. Zearalenone (ZEN) and its Metabolites

In the current study, the absorption and biotransformation of ZEN and its metabolites in
pre-pubertal gilts varied on an individual basis. Significant differences were not observed due to
considerable variations in SD values (see Figure 4).

Our study demonstrated that even trace amounts of ZEN and its metabolites in peripheral blood
can affect the levels of selected steroid hormones. This observation is supported by the concentrations
of ZEN and its metabolites on D1 (see Figure 4) in all experimental groups. The noted levels
of ZEN metabolites have not been documented in the literature. According to most studies, the
biotransformation of ZEN in pigs (where 3α-HSD is more active than in other animal species) produces
moreα-ZEL thanβ-ZEL [1]. However, the noted concentrations of ZEN and its metabolites in peripheral
blood could be indicative of biotransformation processes that do not induce hyperestrogenism, but
alleviate the deficiency of endogenous estrogen in prepubertal gilts [27]. In group ZEN5 (MABEL
dose), ZEN metabolites were not detected on D1, which can probably be attributed to the low supply of
endogenous steroid hormones and the presence of exogenous ZEN. In the first case, the present results
(see Figure 4) contradict other authors’ findings suggesting that the predominant ZEN metabolite in
the peripheral blood of pigs is α-ZEL, rather than β-ZEL [1,14]. The above could be attributed to the
higher demand for compounds with estrogenic activity, such as α-ZEL and ZEN, but not β-ZEL [39].
The noted levels of ZEN metabolites could also represent physiological values that are essential for
vital life processes [2]. Our findings point to a predominance of detoxification processes in pigs
that were exposed to very low doses of ZEN. It should also be noted that: (i) the seventh day of
exposure to an undesirable compound such as ZEN is the final date of adaptive processes, in particular
adaptive immunity [23], (ii) ZEN was utilized as a substrate (inversely proportional) regulating the
expression of HSDs genes which act as molecular switches for the modulation of steroid hormones at
the pre-receptor level [26,28,40], (iii) undesirable substances undergo enterohepatic circulation before
they are excreted [14,41], and/or (iv) exposure to ZEN induces a specific response from intestinal
microbiota [7]. The above processes, alone or in combination, can influence the peripheral blood levels
of ZEN and its metabolites. Zearalenone is a promiscuous compound that can inhibit the synthesis
and secretion of the follicle-stimulating hormone (FSH, [1]) via negative feedback, which decreases the
production of steroid hormones [16,42].

Similar correlations between the mean concentrations of ZEN and its metabolites in peripheral
blood were observed on D2 and D3 relative to D1 (see Figure 4). Zearalenone and α-ZEL levels were
higher, but still low or very low. The mean concentrations of β-ZEL were similar to the values noted for
ZEN on the analyzed dates. These results should be interpreted similarly to the observations made on
D1. However, two differences were noted (see Figure 4). Firstly, both ZEN metabolites were present in
all experimental groups. Secondly, the values of all analyzed indicators were higher, which can probably
be attributed to the accumulation of ZEN and its metabolites (due to the saturation of active estrogen
receptors and other factors that affect the concentrations of steroid hormones [1,43]) throughout the
experiment. In the literature, the biotransformation of ZEN in peripheral blood was studied in animals
exposed to higher doses of ZEN [14,44,45]. According to the hormesis principle, exposure to very
low doses of ZEN [12,14,46] influences the synthesis and secretion of sex steroids [1,14,47]. The above
implies that very low doses of ZEN were biotransformed in an identical manner, but the parent
compound (ZEN) and its metabolites were utilized completely or to a much greater extent (which
was the case in group ZEN5). The interactions between endogenous and environmental (exogenous)
steroids could also be affected by other endogenous factors [15].
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3.5. Summary

This study produced interesting observations regarding the biotransformation of ZEN in
pre-pubertal gilts that were orally administered low doses of zearalenone (MABEL, NOAEL and
LOAEL) over a period of 42 days. On D1, ZEN metabolites were not detected in the peripheral
blood of pigs exposed to the MABEL dose. On D2 and D3 (NOAEL and LOAEL doses), the average
concentration of β-ZEL in all experimental groups was three to four times higher than the concentration
of α-ZEL. As a result:

- a minor increase was noted in peripheral blood levels of E2 and “free ZEN”, proportionally to the
ZEN dose and analytical date;

- the concentration of E2 in peripheral blood decreased on D1 in all experimental groups and it
increased on D2 and D3 in selected experimental groups (in group ZEN15 on D2, and in groups
ZEN10 and ZEN15 on D3);

- testosterone levels increased significantly on all analytical dates in response to the LOAEL dose,
and the concentrations of E2 and T were not correlated or were bound by weak linear correlations.

The observed endocrine effects differed in all groups due to qualitative and quantitative changes
in the biotransformation of low doses of ZEN. These processes were least pronounced in the group
exposed to the MABEL dose: ZEN metabolites were not detected on D1, whereas β-ZEL was the
predominant metabolite on D2 and D3. The above was accompanied by an increase in the concentration
of E2 which, together with “free ZEN”, probably suppressed P4 and T levels.

4. Materials and Methods

4.1. General Information

All experimental procedures involving animals were carried out in compliance with Polish
regulations setting forth the terms and conditions of animal experimentation (Opinions No. 12/2016
and 45/2016/DLZ of the Local Ethics Committee for Animal Experimentation the University of Warmia
and Mazury in Olsztyn, Poland in of 27 April 2016 and 30 November 2016).

4.2. Experimental Animals and Feed

The in vivo experiment was performed at the Department of Veterinary Prevention and Feed
Hygiene of the Faculty of Veterinary Medicine at the University of Warmia and Mazury in Olsztyn on
60 clinically healthy pre-pubertal gilts with initial BW of 14.5 ± 2 kg [9]. The animals were housed in
pens with free access to water. All groups of gilts received the same feed throughout the experiment.
They were randomly assigned to three experimental groups (group ZEN5, group ZEN10 and group
ZEN15; n = 15) and a control group (group C; n = 15 — control group) [48,49]. Group ZEN5 gilts were
orally administered ZEN (Sigma-Aldrich Z2125-26MG, St. Louis, MO, USA) at 5 μg ZEN/kg BW, group
ZEN10 pigs — at 10 μg ZEN/kg BW, and group ZEN15 pigs — at 15 μg ZEN/kg BW. Analytical samples
of ZEN were dissolved in 96 μL of 96% ethanol (SWW 2442-90, Polskie Odczynniki SA, Poland) in
weight-appropriate doses. Feed containing different doses of ZEN in an alcohol solution was placed
in gel capsules. The capsules were stored at room temperature before administration to evaporate
the alcohol. In the experimental groups, ZEN was administered daily in gel capsules before morning
feeding. The animals were weighed at weekly intervals, and the results were used to adjust individual
mycotoxin doses. Feed was the carrier, and group C pre-pubertal gilts were administered the same gel
capsules, but without mycotoxins [7–9].

The feed administered to all experimental animals was supplied by the same producer. Friable
feed was provided ad libitum twice daily, at 8:00 a.m. and 5:00 p.m., throughout the experiment.
The composition of the complete diet, as declared by the manufacturer, is presented in Table 4.
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Table 4. Declared composition of the complete diet.

Parameters Composition Declared by The Manufacturer (%)

Soybean meal 16
Wheat 55
Barley 22
Wheat bran 4.0
Chalk 0.3
Zitrosan 0.2
Vitamin-mineral premix1 2.5

1Composition of the vitamin-mineral premix per kg: vitamin A — 500,000 IU; iron — 5000 mg; vitamin D3 —
100,000 IU; zinc — 5000 mg; vitamin E (alpha-tocopherol) — 2000 mg; manganese — 3000 mg; vitamin K — 150 mg;
copper (CuSO4·5H2O) — 500 mg; vitamin B1 — 100 mg; cobalt — 20 mg; vitamin B2 — 300 mg; iodine — 40 mg;
vitamin B6 — 150 mg; selenium — 15 mg; vitamin B12 — 1500 μg; L-lysine — 9.4 g; niacin — 1200 mg; DL-methionine
+ cystine — 3.7 g; pantothenic acid — 600 mg; L-threonine — 2.3 g; folic acid — 50 mg; tryptophan — 1.1 g; biotin —
7500 μg; phytase + choline — 10 g; ToyoCerin probiotic + calcium — 250 g; antioxidant +mineral phosphorus and
released phosphorus — 60 g; magnesium — 5 g; sodium; calcium — 51 g.

The proximate chemical composition of diets fed to pigs in groups C, ZEN5, ZEN10, and
ZEN15 was determined using the NIRS™ DS2500 F feed analyzer (FOSS, Hillerød, Denmark),
a monochromator-based NIR reflectance and transflectance analyzer with a scanning range of
850–2500 nm.

4.3. Determination of Mycotoxins in Feed

Feed was analyzed for the presence of mycotoxins and their metabolites: ZEN, α-ZEL and
DON. Mycotoxin concentrations in feed were determined by separation in immunoaffinity columns
(Zearala-TestTM Zearalenone Testing System, G1012, VICAM, Watertown, MA, USA; DON-TestTM

DON Testing System, VICAM, Watertown, MA, USA) and high-performance liquid chromatography
(HPLC system, Hewlett Packard type 1050 and 1100) — mass spectrometry (MS) and chromatographic
column (Atlantis T3 3 μm 3.0 × 150 mm Column No. 186003723, Waters, AN Etten-Leur, Ireland).
The mobile phase was a water and acetonitrile mixture with an 80:10 solvent ratio and 2 ml of CH3
COOH. The flow rate was 0.4 mL/min. The obtained values did not exceed the limits of quantitation
(LoQ) of 2 ng/g for ZEN and 5 ng/g for DON. The analyzed compounds were quantified at the
Department [50].

4.4. Blood Sampling

Blood was sampled from 5 gilts from every group on three analytical dates: exposure day 7 (D1),
exposure day 21 (D2) and exposure day 42 (D3). Directly before slaughter, blood samples of 20 mL
each were collected from all gilts (blood was sampled within 20 s after immobilization [51]) by jugular
venipuncture into syringe containing 0.5 mL of heparin solution. Blood was centrifuged at 3000 rpm
for 20 min at 4 ◦C. The obtained plasma samples were stored at – 18 ◦C until the analyses of ZEN,
α-ZEL, β-ZEL, estradiol (E2), progesterone (P4) and testosterone (T) concentrations.

4.5. Determination of Hormone Concentrations

4.5.1. Estradiol

Estradiol concentration was determined at the Institute of Animal Reproduction and Food Research
of the Polish Academy of Sciences in Olsztyn, Poland. Blood plasma concentrations of E2 were analyzed
by the radioimmunoassay (RIA) method with a commercially available kit (ESTR-US-CT, CIS BIO
ASSAYS), as described previously [52,53]. All measurements were performed in duplicate for every
cultured probe. The extraction yield for E2 was 90.67% ± 0.73%. The radioactivity of samples with J125

was measured with the Wallac 1470 WIZARDÆ automatic gamma scintillation counter (Perkin Elmer,
Waltham, MA, USA). Radioactivity was determined within 1 min with a Geiger counter (counting
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efficiency, 75%). The sensitivity of the E2 assay was 1.36 pg/mL. The standard curve range was from
2.72 to 550 pg/mL. The intra- and inter-assay coefficients of variation were 5% and 5%, respectively.

4.5.2. Progesterone and Testosterone

Progesterone and testosterone were quantified at the Analytical Laboratory of the Municipal
Hospital with Polyclinic in Olsztyn, Poland, by the ECLIA electrochemiluminescence assay with
the use of Elecsys Progesterone II and Elecsys Testosterone II assays and the Cobas c6000 analyzer
(Hitachi, Tokyo, Japan). In the first stage, the samples were incubated with biotinylated monoclonal
antibodies specific for P4 and T and for P4 and T derivatives labeled with a ruthenium complex.
The extent to which the hormones were bound to antibodies was determined by their concentrations.
Streptavidin-coated microspheres were added in the second stage, and the complex was bound to the
solid phase during the interactions between biotin and streptavidin. The quantity of labeled P4 bound
to the solid phase was inversely proportional to the concentration of P4 in the sample. The reaction mix
was sucked into the measuring cell where microspheres were magnetically captured on the surface
of the electrode. Unbound compounds were removed with the ProCell. Voltage was applied to the
electrode, and the resulting chemiluminescence was measured with a photomultiplier. The results
were read from a two-point calibration curve and a standard curve developed with a barcode verifier.
The analytical range of the method was determined by the lower limit of detection and the highest
point on the calibration curve at 0.03–60 ng/mL for P4 and 0.025–15 ng/mL for T. All determinations
were performed in accordance with the manufacturer’s instructions.

4.5.3. Statistical Analysis

Hormone concentrations were measured in three experimental groups and the control group
on three analytical dates. The results were expressed as mean values (x) and standard deviation
(SD) for each sample. The following assays were performed for every hormone: (i) the differences
between means were analyzed for the experimental groups and the control groups on fixed dates and
(ii) the differences between means were analyzed in a fixed group on each analytical date. In both
cases, the determinations were made by one-way ANOVA. If the differences between group means
were statistically significant, the differences between pairs of means were determined by Tukey’s
multiple comparison test. The equality of variances in the compared groups was evaluated with
Levene’s test and the Brown–Forsythe test. If the equal variance hypothesis was rejected in both tests,
the significance of differences was evaluated with the Kruskal–Wallis non-parametric test. In each
analysis, the tested values were regarded as highly significant at P < 0.01 (**) and as significant at
0.01 < P < 0.05 (*). Linear correlations between the concentrations of steroid hormones in fixed groups
were determined based on the values of the Pearson’s correlation coefficient [22]. Data were processed
in Statistica v. 13 (TIBCO Software Inc., Silicon Valley, CA, USA, 2017).

4.6. Extraction Procedure

The presence of zearalenone, α-ZEL and β-ZEL in the blood plasma were determined with the use
of immuno-affinity columns (Zearala-TestTM Zearalenone Testing System, G1012, VICAM, Watertown,
MA, USA) and different protocols for each compound. All extraction procedures were performed
according to the recommendations of column manufacturers. After extraction, the eluates were placed
in a water bath at 50 ◦C, and the solvent was evaporated in a stream of nitrogen. Next, 0.5 mL of 99.8%
methanol was added to dry residues to dissolve the mycotoxin.

4.6.1. Quantification of ZEN and Its Metabolites

The presence of ZEN, α-ZEL and β-ZEL in the blood plasma was determined by various
separation methods with the use of immuno-affinity columns (Zearala-TestTM Zearalenone Testing
System, G1012, VICAM, Watertown, MA, USA) and the Agilent 1100 series liquid chromatography
(LC)/mass spectrometry (MS) system. The prepared sample was estimated with the use of a
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chromatographic column (Atlantis T3 3 μm 3.0 × 150 mm Column No. 186003723, Waters, AN
Etten-Leur, Ireland). The mobile phase consisted of 70% acetonitrile (LiChrosolvTM, No. 984 730 109,
Merck-Hitachi, Mannheim, Germany), 20% methanol (LiChrosolvTM, No. 1.06 007, Merck-Hitachi,
Mannheim, Germany) and 10% deionized water (Milipore Water Purification System, Millipore S.A.
Molsheim-France, 2 mL of CH3 COOH). The immunoaffinity bed in the column was washed with
demineralized water (Millipore Water Purification System, Millipore S.A., Molsheim, France). The
flow rate was 0.4 mL/min., and the temperature of the oven column was 40 ◦C. The chromatographic
analysis was completed in 4 min. The column was eluted with 99.8% methanol (LIChrosolvTM, No.
1.06 007, Merck-Hitachi, Mannheim, Germany) to remove the bound mycotoxin. The eluates were
placed in a water bath at 50 ◦C, and the solvent was evaporated in a stream of nitrogen. In the next
step, 0.5 mL of 99.8% methanol was added to dry residues to dissolve the mycotoxin. Mycotoxin
concentrations were determined according to the external standard and were expressed in ppb (ng/mL).

Matrix-matched calibration standards were used for quantification to avoid matrix effects which
can reduce sensitivity. The calibration standards were dissolved in the sample matrix prepared
according to the same procedure as the remaining samples. The material used for the preparation of
calibration standards was mycotoxin-free. The limits of detection (LODs) for individual mycotoxins
were determined as the concentrations at which the signal-to-noise ratio decreased to 3. Alpha-ZEL
and beta-ZEL were also determined. Derivative concentrations were below the LODs, and they were
separated from their respective parent compounds during purification.

4.6.2. Statistical Analysis

The concentrations of ZEN and its metabolites in the blood plasma of prepubertal gilts were
analyzed in the control group and in three experimental groups on three analytical dates. The results
were expressed as mean values (x) and standard deviation (SD) for each sample. The following
assays were performed for every hormone: (i) the differences between means were analyzed for the
three ZEN doses (experimental groups) and the control groups on fixed dates, and (ii) the differences
between means were analyzed for a fixed ZEN dose (group) on each analytical date. In both cases, the
differences between means were determined by one-way ANOVA. If the differences between group
means were statistically significant, the differences between pairs of means were determined with
Tukey’s multiple comparison test. If all values were below the limit of detection (mean and variance
equal to zero) in any group, one-way ANOVA was performed for the remaining groups (if the number
of the remaining groups was higher than two), and the means of these groups were compared against
zero with the use of Student’s t-test. The differences between groups were determined with Student’s
t-test. In each analysis, the tested values were regarded as highly significant at P < 0.01 (**) and as
significant at 0.01 < P < 0.05 (*). Data were processed in Statistica v. 13 (TIBCO Software Inc., Silicon
Valley, CA, USA, 2017).
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Abstract: The aim of the present study was to determine the effect of zearalenone (ZEN), administered
per os to gilts at doses equivalent to 50%, 100%, and 150% of no-observed-adverse-effect level (NOAEL)
values for 14, 28, and 42 days during weaning, on changes in the parameters of the oxidoreductive
balance, cytokine secretion, and basal metabolism in ileal Payer’s patches. Immunoenzymatic ELISA
tests and biochemical methods were used to measure the concentrations of interleukin 1α, interleukin
1β, interleukin 12/23p40, interleukin 2, interferon γ, interleukin 4, interleukin 6, interleukin 8, tumor
necrosis factor α, interleukin 10, transforming growth factor β, malondialdehyde, sulfhydryl groups,
fructose, glucose, and proline, as well as the activity of peroxidase, superoxide dismutase and catalase.
The study demonstrated that ZEN doses corresponding to 50%, 100%, and 150% of NOAEL values,
i.e., 5 μg, 10 μg, and 15 μg ZEN/kg BW, respectively, have proinflammatory properties, exacerbate
oxidative stress responses, and disrupt basal metabolism in ileal Payer’s patches in gilts.

Keywords: zearalenone; pre-pubertal gilts; GALT; oxidative stress; cytokine; metabolism

Key Contribution: This is the first ever study to investigate the influence of ZEN administered per
os at NOAEL concentrations on the maintenance of homeostasis in the intestinal immune system
of gilts during weaning. The results indicate that ZEN exerts proinflammatory effects, initiates the
mechanism of oxidative stress in GALT, and modulates intestinal epithelial function by inducing
changes in the metabolism of sugars and amino acids.

1. Introduction

Zearalenone (ZEN) is regarded as one of the most frequently occurring mycotoxins in the
world [1–3]. The structure of ZEN molecules enables the mycotoxin to bind to estrogen receptors
and induce estrogenic effects. Cereals are the most frequent vectors of ZEN transmission [4], and
according to the literature, 32% of 5010 mixed cereal samples analyzed in Europe were found to be
ZEN positive [5]. Zearalenone is detected not only in fresh plants, but also in processed products,
including pelleted feed, which can be attributed to the mycotoxin’s stability under exposure to increased
temperature and pressure [6,7].
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Pigs are regarded as a livestock that is very sensitive to ZEN. The above applies particularly to
pre-pubertal gilts where ZEN induces symptoms of ovarian cysts, uterine edema, and early maturation
of ovarian follicles [8,9]. In pre-pubertal gilts, exposure to ZEN causes edema and thickening of the
vaginal wall and the lining of the vulva, increases uterus weight, and leads to ovarian atrophy and
intensified proliferation of the epithelium of the uterine mucosa within 3 to 7 days [10]. In pregnant
and lactating pigs, exposure to ZEN reduces the number of follicles in F1-generation piglets, which can
lead to the premature recruitment of the oocyte pool in subsequent stages of development [11].

The gastrointestinal tract, a very important system in the body that digests and absorbs nutrients,
is the first physiological barrier to ZEN [12,13]. Considerable differences in ZEN absorption have been
observed in different segments of the small intestine, where 70%–80% of the mycotoxin was absorbed
in the jejunum, and only 15%–30% in the ileum [14]. After crossing the intestinal barrier, ZEN enters
the bloodstream and reaches the liver, where it is mainly biotransformed in hepatocytes in the presence
of reducing factors such as NADPH, which leads to the transformation of ZEN to α-zearalenol (α-ZEL),
β-zearalenol (β-ZEL), α-zearalanol (α-ZAL), and β-zearalanol (β-ZAL). Despite the fact that ZEN
metabolites have different affinity for estrogen receptors ERα and ERβ [15], they disrupt endocrine
functions in various animal species, both male and female [16]. Zearalenone’s estrogenic activity is 80
to 160 times weaker than that of 17-β-estradiol, but ZEN effectively competes with 17-β-estradiol, and
the formed complex activates the transcription of estrogen-sensitive genes [16,17].

During continuous exposure to ZEN, the tissues of the porcine gastrointestinal tract remain under
the constant influence of ZEN and its metabolites due to enterohepatic circulation of metabolites
in pigs [18,19]. Zearalenone’s tropism for estrogen receptors plays a key role in the mycotoxin’s
influence on the functions of gut-associated lymphoid tissue (GALT). Zearalenone exerts its effects
mainly through ERα on T lymphocytes, natural killer (NK) cells, and macrophages, as well as ERβ
that occur mainly on B lymphocytes and monocytes, and these processes are closely related to the
mycotoxin’s effect on metabolic transformations in immunocompetent cells. Zearalenone also disrupts
the oxidoreductive balance, which can lead to changes in cytokine expression in GALT.

Previous studies have demonstrated that progressing oxidative stress induced by ZEN in the
gastrointestinal system increases the peroxidation of macromolecules, leading to changes to lipid
membranes and proteins, and, consequently, a decrease in the barrier properties of the intestinal
epithelium [20]. Reactive oxygen species (ROS) produced during lipid peroxidation promote the
formation of 4-hydroxy-2-nonenal (4-HNE), malondialdehyde (MDA), propanal, and hexanal [21].
Malondialdehyde is the most mutagenic product, but 4-HNE is most toxic because it reacts with
protein thiol and amino groups. Moreover, 4-HNE is metabolized to acetaldehyde, and together with
MDA, it is bound to macromolecules via the amino groups of lysine, histidine, and arginine residues.
The Schiff base is regrouped, which leads to the synthesis of lipid peroxidation end products. The same
reactions take place in DNA, which induce the formation of protein/MDA/DNA intermolecular
cross-links. These molecules induce inflammation, initiate complement activation, and play a role in
the atherosclerotic process. By binding to mitochondrial proteins, MDA also modifies the activity of
enzymes, membrane transport proteins, and cytoskeletal proteins.

GALT comprises different structures in the small intestine. It is composed of organized lymphoid
follicles in the jejunum, whereas the ileum contains a continuous layer of aggregated lymphoid nodules
(Peyer’s patches) that stretches from the ileum to the colon [22,23]. The functional significance of the
organizational structure of Peyer’s patches remains unknown. It could be speculated that the massive
accumulation of lymphoid tissue protects the boundary between the small intestine (jejunum and
ileum) with moderate numbers of bacteria and the large intestine, which has an abundant microflora
and contains potentially pathogenic microorganisms. The aim of the present experiment was to
determine the effect of ZEN doses equivalent to 50% no-observed-adverse-effect level (NOAEL)—the
no observable effect level (5 μg/kg BW), 100% NOAEL (10 μg/kg BW), and 150% NOAEL (15 μg/kg
BW) values on changes in the oxidoreductive balance, cytokine secretion, and metabolic markers in
ileal Peyer’s patches in pre-pubertal gilts during weaning.
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2. Results

2.1. The Effect of Zearalenone on Cytokine Secretion

2.1.1. Proinflammatory Cytokines

The concentration of IFN-γ in porcine ileal Peyer’s patches ranged from 9.52 to 52.45 pg/mg
(Table 1). Significant differences were observed between groups and analytical dates. In groups ZEN II
and ZEN III, the secretion of IFN-γ tended to increase with prolonged exposure to ZEN, and IFN-γ
concentration increased by 29.73 and 11.03 ng/mg, respectively, relative to day 14 of the experiment.
The noted increase was determined not only by the duration of exposure, but also by the administered
ZEN dose. The concentration of IFN-γ peaked at 52.45 pg/mg on day 42 in response to a ZEN dose of
10 μg ZEN/kg BW (Table 1). On day 42, the concentration of IFN-γ decreased by 18.47 and 9.58 pg/mg
in the control group and group ZEN I, respectively, relative to day 14.

Table 1. Changes in IFN-γ content in the ileum. Experimental group and zearalenone (ZEN)
concentration: Control Group, ZEN I—5 μg/kg BW, ZEN II—10 μg/kg BW, ZEN III—15 μg/kg BW.

Group
Experimental Day

14 28 42

mean SEM mean SEM mean SEM

Control 35.98 9.66 17.33 2.84 17.51 A 2.49
ZEN I 19.10 7.88 10.60 1.69 9.52 B 0.70
ZEN II 22.72 3.31 16.55 2.59 52.45 C 10.37
ZEN III 23.66 5.39 28.61 7.28 34.69 3.17

The results are expressed as means ± SEM (standard error of the mean). Statistically significant differences: 42 day,
A Control Group vs. ZEN II, p < 0.01; B ZEN I vs. ZEN II, p < 0.001; C ZEN I vs. ZEN III, p < 0.05.

In the remaining groups of proinflammatory cytokines, similar trends were noted in the secretion
of interleukin (IL)-1α, IL-1β, and IL-2 (Tables 2–4). Significant differences were observed between
experimental and control gilts and analytical dates. The greatest increase in IL-1α secretion was noted
in response to ZEN doses of 10 μg/kg BW (ZEN II) and 15 μg/kg BW (ZEN III), in particular on days 14
and 42, and IL-1α levels increased by 322.70 and 351.90 pg/mg (ZEN II) and by 155.80 and 287.30 pg/mg
(ZEN III), respectively, relative to the control group (Table 2).

Table 2. Changes in IL-1α content in the ileum. Experimental group and ZEN concentration: Control
Group, ZEN I—5 μg/kg BW, ZEN II—10 μg/kg BW, ZEN III—15 μg/kg BW.

Group
Experimental day

14 28 42

mean SEM mean SEM mean SEM

Control 307.30 A 12.12 352.70 30.74 281.00 C,D 16.87
ZEN I 283.10 B 32.76 267.50 20.80 161.20 E,F 8.16
ZEN II 630.00 72.20 390.70 33.47 632.90 107.90
ZEN III 463.10 81.18 417.90 77.07 568.30 55.67

The results are expressed as means ± SEM (standard error of the mean). Statistically significant differences: 14 day,
A Control Group vs. ZEN II, p < 0.001; B ZEN I vs. ZEN II, p < 0.001; 42 day, C Control Group vs. ZEN II, p < 0.0001,
D Control Group vs. ZEN III, p < 0.01, E ZEN I vs. ZEN II, p < 0.0001, F ZEN I vs. ZEN III, p < 0.0001.

105



Toxins 2020, 12, 350

Table 3. Changes in IL-1β content in the ileum. Experimental group and ZEN concentration: Control
Group, ZEN I—5 μg/kg BW, ZEN II—10 μg/kg BW, ZEN III—15 μg/kg BW.

Group
Experimental Day

14 28 42

mean SEM mean SEM mean SEM

Control 113.70 9.32 114.60 9.12 99.01 B,C 8.78
ZEN I 93.11 A 10.43 91.40 9.74 75.80 D,E 9.87
ZEN II 167.30 22.20 86.21 9.89 193.60 37.13
ZEN III 154.80 22.13 103.60 27.92 187.20 21.79

The results are expressed as means ± SEM (standard error of the mean). Statistically significant differences: 14 day,
A ZEN I vs. ZEN II, p < 0.05; 42 days, B Control Group vs. ZEN II, p < 0.01, C Control Group vs. ZEN III, p < 0.01,
D ZEN I vs. ZEN II, p < 0.001, E ZEN I vs. ZEN III, p < 0.001.

Table 4. Changes in IL-2 content in the ileum. Experimental group and ZEN concentration: Control
Group, ZEN I—5 μg/kg BW, ZEN II—10 μg/kg BW, ZEN III—15 μg/kg BW.

Group
Experimental Day

14 28 42

mean SEM mean SEM mean SEM

Control 6.39 A,B 1.21 11.93 1.78 10,10 E,F 1.29
ZEN I 6.56 C,D 0.88 8.97 1.30 7.43 G,H 1.46
ZEN II 28.68 2.67 22.52 2.90 55.04 I 13.55
ZEN III 24.81 4.65 22.03 4.19 31.93 1.28

The results are expressed as means ± SEM (standard error of the mean). Statistically significant differences: 14 day,
A Control Group vs. ZEN II, p < 0.01, B Control Group vs. ZEN III, p < 0.05, C ZEN I vs. ZEN II, p < 0.01, D ZEN I vs.
ZEN III, p < 0.05; 42 day, E Control Group vs. ZEN II, p < 0.0001, F Control Group vs. ZEN III, p < 0.01, G ZEN I vs.
ZEN II, p < 0.0001, H ZEN I vs. ZEN III, p < 0.01, I ZEN II vs. ZEN III, p < 0.01.

Similar observations were made in the concentration of IL-1β, which increased by 53.6 and
94.59 pg/mg in group ZEN II, and by 41.10 and 88.19 pg/mg in group ZEN III on days 14 and 42,
respectively (Table 3).

The secretion of IL-2 also increased in response to ZEN doses of 10 and 15 μg ZEN/kg BW.
The highest increase in the concentration of IL-2 was noted on day 42 in group ZEN II where its content
was 21.83 pg/mg higher than in the control gilts (Table 4).

The IL-6 secretion profile was highly similar in group ZEN I and in the control group. On day 42,
the concentration of IL-6 increased significantly (p < 0.001) by 287.78 pg/mg in group ZEN II relative to
the control group (Table 5).

Table 5. Changes in IL-6 content in the ileum. Experimental group and ZEN concentration: Control
Group, ZEN I—5 μg/kg BW, ZEN II—10 μg/kg BW, ZEN III—15 μg/kg BW.

Group
Experimental Day

14 28 42

mean SEM mean SEM mean SEM

Control 45.44 4.86 67.76 12.72 47.72 A 5.39
ZEN I 41.66 5.50 54.35 6.11 47.15 B 8.31
ZEN II 141.80 13.12 160.20 21.34 345.50 C 175.80
ZEN III 88.69 12.10 103.20 17.43 126.90 6.81

The results are expressed as means ± SEM (standard error of the mean). Statistically significant differences: 42 day,
A Control Group vs. ZEN II, p < 0.001, B ZEN I vs. ZEN II, p < 0.001, C ZEN II vs. ZEN III, p < 0.05.

In turn, IL-8 concentration tended to decrease throughout the experiment and was proportional
to the administered ZEN dose (Table 6). The content of IL-8 decreased by 589.00 pg/mg in group ZEN I
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on day 42, by 906.00 pg/mg in group ZEN II on day 28, and by 929.20 pg/mg in group ZEN III on day
42 relative to the control group.

Table 6. Changes in IL-8 content in the ileum. Experimental group and ZEN concentration: Control
Group, ZEN I—5 μg/kg BW, ZEN II—10 μg/kg BW, ZEN III—15 μg/kg BW.

Group
Experimental Day

14 28 42

mean SEM mean SEM mean SEM

Control 1390.00 79.32 1916.00 A,B 266.60 1619.00 177.20
ZEN I 1400.00 141.90 1840.00 C,D 147.60 1030.00 E 89.83
ZEN II 1502.00 150.60 1010.00 114.20 1700.00 321.90
ZEN III 1203.00 165.30 986.80 163.30 1267.00 64.91

The results are expressed as means ± SEM (standard error of the mean). Statistically significant differences: 28 day,
A Control Group vs. ZEN II, p < 0.01, B Control Group vs. ZEN III, p < 0.01, C ZEN I vs. ZEN II, p < 0.01, D ZEN I vs.
ZEN III, p < 0.01; 42 day, E ZEN I vs. ZEN II, p < 0.05.

The concentration of IL-12/23p40, which is produced by, among others, macrophages, increased
significantly (p < 0.001) after 42 days of administration to ZEN (Table 7), and it was 701.40 pg/mg
higher than in the control group.

Table 7. Changes in IL-12/23p40 content in the ileum. Experimental group and ZEN concentration:
Control Group, ZEN I—5 μg/kg BW, ZEN II—10 μg/kg BW, ZEN III—15 μg/kg BW.

Group
Experimental Day

14 28 42

mean SEM mean SEM mean SEM

Control 873.60 76.30 918.90 67.70 827.60 A 38.05
ZEN I 653.70 117.30 823.80 87.98 539.50 B 42.28
ZEN II 762.90 89.15 652.00 68.79 1529.00 C 323.40
ZEN III 753.50 36.76 590.90 121.10 763.80 99.28

The results are expressed as means ± SEM (standard error of the mean). Statistically significant differences: 42 day,
A Control Group vs. ZEN II, p < 0.001, B ZEN I vs. ZEN II, p < 0.0001, C ZEN II vs. ZEN III, p < 0.001.

Similarly to IL-2, IL-1α and IL-1β, the secretion of tumor necrosis factor alpha (TNFα) was clearly
affected by ZEN. The increasing trend in the concentration of TNFα was observed in groups ZEN II
and ZEN III. The content of TNFα was highest in group ZEN III on day 42 when it exceeded TNFα
levels in the control group by 149.84 pg/mg (p < 0.0001) (Table 8).

Table 8. Changes in TNFα content in the ileum. Experimental group and ZEN concentration: Control
Group, ZEN I—5 μg/kg BW, ZEN II—10 μg/kg BW, ZEN III—15 μg/kg BW.

Group
Experimental Day

14 28 42

mean SEM mean SEM mean SEM

Control 38.45 A 6.52 100.30 15.27 46.16 B,C 6.79
ZEN I 100.90 32.73 98.03 21.61 49.26 D,E 9.38
ZEN II 132.90 17.87 111.60 9.35 196.00 41.90
ZEN III 97.99 10.89 135.50 20.92 125.20 7.20

The results are expressed as means ± SEM (standard error of the mean). Statistically significant differences: 14 day,
A Control Group vs. ZEN II, p < 0.01; 42 days, B Control Group vs. ZEN II, p < 0.0001, C Control Group vs. ZEN III,
p < 0.05, D ZEN I vs. ZEN II, p < 0.0001, E ZEN I vs. ZEN III, p < 0.05.
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2.1.2. Anti-Inflammatory and Regulatory Cytokines

The dynamics of IL-4 secretion was similar to the changes in the concentration of the
proinflammatory IFN-γ. The concentration of IL-4 ranged from 277.40 to 2894.00 pg/mg. The highest
increase in IL-4 content was noted in group ZEN II where the analyzed parameter was 2616.60 pg/mg
higher on day 14 and 2094.30 pg/mg higher on day 42 than in the control group (Table 9).

Table 9. Changes in IL-4 content in the ileum. Experimental group and ZEN concentration: Control
Group, ZEN I—5 μg/kg BW, ZEN II—10 μg/kg BW, ZEN III—15 μg/kg BW.

Group
Experimental Day

14 28 42

mean SEM mean SEM mean SEM

Control 277.40 A 56.61 572.30 130.40 470.70 D 91.95
ZEN I 356.80 B 56.00 463.80 77.36 330.90 E 56.96
ZEN II 2894.00 C 955.90 1352.00 318.90 2565.00 F 680.60
ZEN III 589.80 91.53 994.20 260.70 908.50 93.04

The results are expressed as means ± SEM (standard error of the mean). Statistically significant differences: 14 day,
A Control Group vs. ZEN II, p < 0.001, B ZEN I vs. ZEN II, p < 0.001, C ZEN II vs. ZEN III, p < 0.01; 42 day, D Control
Group vs. ZEN II, p < 0.01, E ZEN I vs. ZEN II, p < 0.01, F ZEN II vs. ZEN III, p < 0.05.

The changes in the IL-10 profile were similar to those noted in the content of IL-4, IL-1α, IL-1β,
IFN-γ, and IL-2. During the experiment, the concentration of IL-10 was lowest in group ZEN I. In turn,
IL-10 levels increased in gilts administered ZEN doses of 10 and 15 pg/kg BW. The highest concentration
of IL-10 relative to the control group was observed on day 42 in gilts from group ZEN II where it
reached 62.61 pg/mg (Table 10).

Table 10. Changes in IL-10 content in the ileum. Experimental group and ZEN concentration: Control
Group, ZEN I—5 μg/kg BW, ZEN II—10 μg/kg BW, ZEN III—15 μg/kg BW.

Group
Experimental Day

14 28 42

mean SEM mean SEM mean SEM

Control 37.40 6.45 57.49 B 8.16 35.35 C 4.89
ZEN I 23.69 A 6.44 25.87 2.70 14.46 D,E 1.47
ZEN II 52.33 6.76 39.31 2.41 77.06 15.46
ZEN III 42.51 5.36 44.76 7.42 56.36 3.66

The results are expressed as means ± SEM (standard error of the mean). Statistically significant differences: 14 day,
A ZEN I vs. ZEN II, p < 0.05; 28 day, B Control Group vs. ZEN I, p < 0.01; 42 day, C Control Group vs. ZEN II,
p < 0.001, D ZEN I vs. ZEN II, p < 0.0001, E ZEN I vs. ZEN III, p < 0.001.

Similarly to IL-8, the concentration of TGFβ decreased throughout the experiment, and significant
differences were observed in groups ZEN II and III relative to the control group (Table 11).

2.2. The Effect of Zearalenone on Oxidative Stress Markers

Oxidative stress in the ileal Peyer’s patches of gilts was evaluated based on the activity of catalase
(CAT), peroxidase (POD) and superoxide dismutase (SOD), MDA content, and the number of free
metabolic sulfhydryl groups (-SH). The changes in the values of oxidative stress markers were similar
to those noted in the concentrations of IL-1α, IL-1β, IFN-γ, IL-2, IL4, IL-10 and TNFα.
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Table 11. Changes in TGFβ content in the ileum. Experimental group and ZEN concentration: Control
Group, ZEN I—5 μg/kg BW, ZEN II—10 μg/kg BW, ZEN III—15 μg/kg BW.

Group
Experimental Day

14 28 42

mean SEM mean SEM mean SEM

Control 215.20 A 19.46 263.30 B,C 19.46 134.50 15.71
ZEN I 143.40 23.98 212.20 D,E 28.75 160.20 13.42
ZEN II 125.60 15.56 116.60 14.16 129.90 8.25
ZEN III 193.80 28.69 126.50 7.21 170.20 39.46

The results are expressed as means ± SEM (standard error of the mean). Statistically significant differences: 14 day,
A Control Group vs. ZEN III, p < 0.05; 28 days, B Control Group vs. ZEN II, p < 0.001, C Control Group vs. ZEN III,
p < 0.0001, D ZEN I vs. ZEN II, p < 0.05, E ZEN I vs. ZEN III, p < 0.05.

Peroxidase activity in the ileal Peyer’s patches of gilts ranged from 47.66 to 231.30 units/mg/min
(Table 12).

Table 12. Changes in peroxidase activity in the ileum. Experimental group and ZEN concentration:
Control Group, ZEN I—5 μg/kg BW, ZEN II—10 μg/kg BW, ZEN III—15 μg/kg BW.

Group
Experimental Day

14 28 42

mean SEM mean SEM mean SEM

Control 74.88 A,B 4.56 74.63 E,F 4.85 87.04 I,J 6.63
ZEN I 47.66 C,D 5.42 79.13 G,H 3.09 73.62 K,L 5.64
ZEN II 184.40 19.23 156.90 13.99 231.30 19.70
ZEN III 157.90 16.06 179.20 29.34 214.80 16.03

The results are expressed as means ± SEM (standard error of the mean). Statistically significant differences: 14 day, A

Control Group vs. ZEN II, p < 0.0001, B Control Group vs. ZEN III, p < 0.001, C ZEN I vs. ZEN II, p < 0.0001, D ZEN
I vs. ZEN III, p < 0.0001; 28 day, E Control Group vs. ZEN II, p < 0.001, F Control Group vs. ZEN III, p < 0.0001, G

ZEN I vs. ZEN II, p < 0.01, H ZEN I vs. ZEN III, p < 0.0001; 42 day, I Control Group vs. ZEN II, p < 0.0001, J Control
Group vs. ZEN III, p < 0.0001, K ZEN I vs. ZEN II, p < 0.0001, L ZEN I vs. ZEN III, p < 0.0001.

Catalase activity ranged from 2.32 to 12.36 H2O2 [mM/mg/min] (Table 13). Significant differences
were observed between experimental and control gilts and analytical dates. Catalase activity was
strongly suppressed in gilts administered a ZEN dose of 10 μg ZEN/kg BW. The highest CAT activity
was observed in group ZEN II.

Table 13. Changes in catalase activity in the ileum. Experimental group and ZEN concentration:
Control Group, ZEN I—5 μg/kg BW, ZEN II—10 μg/kg BW, ZEN III—15 μg/kg BW.

Group
Experimental Day

14 28 42

mean SEM mean SEM mean SEM

Control 6.67 A 0.35 6.49 E 0.40 3.92 H,I 0.25
ZEN I 4.24 B,C 0.62 3.58 F,G 0.38 2.32 J,K 0.14
ZEN II 12.23 D 1.12 9.20 0.81 12.36 L 1.50
ZEN III 7.65 0.61 7.83 1.09 8.73 0.52

The results are expressed as means ± SEM (standard error of the mean). Statistically significant differences: 14 day,
A Control Group vs. ZEN II, p < 0.0001, B ZEN I vs. ZEN II, p < 0.0001, C ZEN I vs. ZEN III, p < 0.01, D ZEN II vs.
ZEN III, p < 0.001; 28 day, E Control Group vs. ZEN I, p < 0.05, F ZEN I vs. ZEN II, p < 0.0001, G ZEN I vs. ZEN III,
p < 0.001; 42 day, H Control Group vs. ZEN II, p < 0.0001, I Control Group vs. ZEN III, p < 0.0001, J ZEN I vs. ZEN II,
p < 0.0001, K ZEN I vs. ZEN III, p < 0.01.

The activity of SOD was highly similar to POD and CAT activity, and significant differences were
observed between control and ZEN groups and analytical dates. The greatest increase in SOD activity
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was noted in group ZEN II where this parameter reached 17.94 H2O2 [mM/mg/min] on day 42 and
was 7.62 H2O2 [mM/mg/min] higher than in the control gilts (Table 14).

Table 14. Changes in the activity of superoxide dismutase in the ileum. Experimental group and ZEN
concentration: Control Group, ZEN I—5 μg/kg BW, ZEN II—10 μg/kg BW, ZEN III—15 μg/kg BW.

Group
Experimental Day

14 28 42

mean SEM mean SEM mean SEM

Control 11.35 A 0.65 11.63 0.78 10.32 E,F 0.32
ZEN I 8.14 B 0.91 7.31 C,D 0.73 1.14 G,H 0.10
ZEN II 17.94 1.55 14.12 1.28 18.63 2.75
ZEN III 13.57 1.33 14.62 2.54 15.80 0.36

The results are expressed as means ± SEM (standard error of the mean). Statistically significant differences: 14 day,
A Control Group vs. ZEN II, p < 0.05, B ZEN I vs. ZEN II, p < 0.001; 28 day, C ZEN I vs. ZEN II, p < 0.05, D ZEN I vs.
ZEN III, p < 0.01; 42 day, E Control Group vs. ZEN I, p < 0.001, F Control Group vs. ZEN II, p < 0.01, G ZEN I vs.
ZEN II, p < 0.0001, H ZEN I vs. ZEN III, p < 0.0001.

The MDA profile in group ZEN I was highly similar to that noted in the control group.
The concentration of MDA was highest on day 42 in groups ZEN II and ZEN III where it reached 1.43
and 1.39 pM/mg, respectively (Table 15).

Table 15. Changes in the concentration of malondialdehyde in the ileum. Experimental group and
ZEN concentration: Control Group, ZEN I—5 μg/kg BW, ZEN II—10 μg/kg BW, ZEN III—15 μg/kg BW.

Group
Experimental Day

14 28 42

mean SEM mean SEM mean SEM

Control 0.28 A 0.08 0.67 0.34 0.41 C,D 0.11
ZEN I 0.25 B 0.12 0.49 0.18 0.32 E,F 0.20
ZEN II 1.26 0.12 0.65 0.06 1.43 0.50
ZEN III 0.54 0.07 0.83 0.15 1.39 0.52

The results are expressed as means ± SEM (standard error of the mean). Statistically significant differences: 14 day,
A Control Group vs. ZEN II, p < 0.05, B ZEN I vs. ZEN II, p < 0.05; 42 day, C Control Group vs. ZEN II, p < 0.05,
D Control Group vs. ZEN III, p < 0.05, E ZEN I vs. ZEN II, p < 0.05, F ZEN I vs. ZEN III, p < 0.05.

During the experiment, the concentration of -SH groups decreased in gilts from group ZEN I.
In turn, a very high increase in the concentration of -SH groups was noted in groups ZEN II and ZEN
III. On day 42, this parameter reached 0.73 μM/mg in group ZEN II and 0.63 μM/mg in group ZEN III
(Table 16).

Table 16. Changes in the content of -SH groups in the ileum. Experimental group and ZEN concentration:
Control Group, ZEN I—5 μg/kg BW, ZEN II—10 μg/kg BW, ZEN III—15 μg/kg BW.

Group
Experimental Day

14 28 42

mean SEM mean SEM mean SEM

Control 0.27 A, B 0.01 0.30 E, F 0.02 0.27 I, J 0.01
ZEN I 0.21 C, D 0.02 0.26 G, H 0.02 0.17 K, L 0.01
ZEN II 0.63 0.04 0.53 0.04 0.77 0.09
ZEN III 0.51 0.04 0.54 0.07 0.63 0.02

The results are expressed as means ± SEM (standard error of the mean). Statistically significant differences: 14 day,
A Control Group vs. ZEN II, p < 0.0001, B Control Group vs. ZEN III, p < 0.001, C ZEN I vs. ZEN II, p < 0.0001,
D ZEN I vs. ZEN III, p < 0.0001; 28 day, E Control Group vs. ZEN II, p < 0.001, F Control Group vs. ZEN III, p < 0.001,
G ZEN I vs. ZEN II, p < 0.0001, H ZEN I vs. ZEN III, p < 0.0001, 42 day, I control group vs. ZEN II, p < 0.0001,
J Control Group vs. ZEN III, p < 0.0001, K ZEN I vs. ZEN II, p < 0.0001, L ZEN I vs. ZEN III, p < 0.0001.
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2.3. The Effect of Zearalenone on Basal Metabolic Markers

Basal metabolism in ileal Peyer’s patches was evaluated based on the concentrations of glucose,
fructose, and proline. In groups ZEN II and ZEN III, the values of metabolic markers were characterized
by similar change trends to the values of oxidative stress markers (POD, CAT, SOD, MDA, -SH) and
cytokine concentrations (IL-2, IFN-γ, IL-1α, IL-1β, IL4, IL-10, TNFα). Significant differences were
observed mainly in groups ZEN II and ZEN III (Tables 17–19).

Table 17. Changes in glucose content in the ileum. Experimental group and ZEN concentration:
Control Group, ZEN I—5 μg/kg BW, ZEN II—10 μg/kg BW, ZEN III—15 μg/kg BW.

Group
Experimental Day

14 28 42

mean SEM mean SEM mean SEM

Control 5.60 A,B 1.68 11.79 D 2.71 20.59 E,F 1.98
ZEN I 23.20 C 2.45 15.67 2.41 16.39 G,H 1.73
ZEN II 44.93 8.86 40.80 4.36 80.79 I 20.29
ZEN III 62.39 6.92 29.37 3.69 51.74 11.37

The results are expressed as means ± SEM (standard error of the mean). Statistically significant differences: 14 day,
A Control Group vs. ZEN II, p < 0.01, B Control Group vs. ZEN III, p < 0.0001, C ZEN I vs. ZEN III, p < 0.01; 28 day,
D Control Group vs. ZEN II, p < 0.05; 42 day, E Control Group vs. ZEN II, p < 0.0001, F Control Group vs. ZEN III,
p < 0.05, G ZEN I vs. ZEN II, p < 0.0001, H ZEN I vs. ZEN III, p < 0.01, I ZEN II vs. ZEN III, p < 0.05.

Table 18. Changes in fructose content in the ileum. Experimental group and ZEN concentration:
Control Group, ZEN I—5 μg/kg BW, ZEN II—10 μg/kg BW, ZEN III—15 μg/kg BW.

Group
Experimental Day

14 28 42

mean SEM mean SEM mean SEM

Control 5.24 A,B 0.26 4.94 F 0.32 5.18 H,I 0.25
ZEN I 5.78 C,D 0.69 4.98 G 0.32 2.73 J,K 0.20
ZEN II 19.23 E 2.11 12.26 0.67 18.28 L 2.73
ZEN III 12.70 1.36 8.60 1.04 10.46 0.29

The results are expressed as means ± SEM (standard error of the mean). Statistically significant differences: 14 day,
A Control Group vs. ZEN II, p < 0.0001, B Control Group vs. ZEN III, p < 0.0001, C ZEN I vs. ZEN II, p < 0.0001, D

ZEN I vs. ZEN III, p < 0.001, E ZEN II vs. ZEN III, p < 0.001; 28 day, F Control Group vs. ZEN II, p < 0.0001, G ZEN I
vs. ZEN II, p < 0.001; 42 day, H Control Group vs. ZEN II, p < 0.0001, I Control Group vs. ZEN III, p < 0.01, J ZEN I
vs. ZEN II, p < 0.0001, K ZEN I vs. ZEN III, p < 0.0001, L ZEN II vs. ZEN III, p < 0.0001.

Table 19. Changes in proline content in the ileum. Experimental group and ZEN concentration: Control
Group, ZEN I—5 μg/kg BW, ZEN II—10 μg/kg BW, ZEN III—15 μg/kg BW.

Group
Experimental Day

14 28 42

mean SEM mean SEM mean SEM

Control 6.39 0.56 6.32 B 0.73 5.04 E,F,G 0.52
ZEN I 3.76 A 0.49 2.51 C,D 0.33 1.27 H,I 0.16
ZEN II 8.29 1.19 5.77 0.36 10.76 1.32
ZEN III 6.57 0.83 6.37 1.08 10.21 0.98

The results are expressed as means ± SEM (standard error of the mean). Statistically significant differences: 14 day,
A ZEN vs. ZEN II, p < 0.001; 28 day, B Control Group vs. ZEN I, p < 0.01, C ZEN I vs. ZEN II, p < 0.05, D ZEN I vs.
ZEN III, p < 0.01; 42 day, E Control Group vs. ZEN I, p < 0.01, F Control Group vs. ZEN II, p < 0.0001, G Control
Group vs. ZEN III, p < 0.0001, H ZEN I vs. ZEN II, p < 0.0001, I ZEN I vs. ZEN III, p < 0.0001.
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3. Discussion

In the European Union, the maximum limits for ZEN in livestock have been set at 0.25 mg ZEN/kg
feed/day for adult pigs and 0.10 mg ZEN/kg feed/day for sows and piglets [24]. These limits have been
introduced to protect pigs against the hyperestrogenic effects of ZEN. In morphometric analyses of
porcine vulvae and uteri in animals exposed to ZEN, the NOAEL for ZEN was determined at 10.4 μg
ZEN/kg BW/day for piglets and 40 μg ZEN/kg BW/day for mature female pigs [25]. When designing
this study, the authors aimed to determine whether the established limits for protecting pigs against
the estrogenic effects of ZEN are safe for GALT homeostasis. The theory proposed nearly 30 years
ago [26] postulates that chemical processes involving oxidation-reduction reactions elicit oxidative
stress and play a key role in the pathophysiology of inflammations [27]. This experiment was carry out
on pre-pubertal gilts administered ZEN per os in doses equivalent to 50%, 100%, and 150% NOAEL
values for 14, 28, and 42 days to evaluate the oxidoreductive balance, cytokine secretion, and basal
metabolic markers in ileal Peyer’s patches. This research concept was formulated to address the
general scarcity of the relevant data in the literature and to determine whether the elimination of ZEN’s
estrogenic effects can also inhibit other adverse effects exerted by this mycotoxin.

Macrophages, mucosal cells, dendritic cells, NK cells, and neutrophils are responsible for innate
immune defense in the digestive tract. The adaptive immune system is composed of T and B
lymphocytes which, when activated, secrete cytokines and produce antibodies, respectively [28]. When the
gastrointestinal mucosa is in a state of homeostasis, a strict balance is maintained between proinflammatory
(IL-6, TNFα, IL-17, IL-1, IL-23, and IL-8) and anti-inflammatory cytokines (TGFβ, IL-5, IL-10, and IL-11),
where neutrophils and other types of cells initiate inflammation by releasing proinflammatory interleukins
to activate the adaptive immune response [29].

In the body, homeostasis is determined by the oxidant–antioxidant balance, which is most often
disrupted by excessive production of ROS. Oxidation-reduction reactions are powerful chemical
processes that involve oxidation and reduction of proteins and lipids, in particular unsaturated fatty
acids, which generate superoxide radicals. The produced metabolites disrupt cell functions and
regulatory mechanisms that are essential for maintaining homeostasis and a balance between health
and disease [30].

Estradiol is a naturally occurring estrogen that delivers immunosuppressive effects when applied
at high concentrations under experimental conditions. Previous research has demonstrated that low
doses of mycoestrogens such as ZEN activated the porcine immune system [31,32]. The present study
focused on evaluating the effect of low ZEN doses that do not exert estrogenic effects (5, 10 and
15 μg ZEN/kg BW) on GALT in the ileum’s walls of gilts during weaning. Zearalenone’s effects were
evaluated based on cytokine secretion, the enzymatic and non-enzymatic markers of oxidative stress,
and cellular metabolism in ileal Peyer’s patches.

The study demonstrated that each of the tested ZEN doses increased the secretion of
proinflammatory cytokines (IFN-γ, IL-12/23p40, IL-1α, IL-1β, IL-2, IL-6, TNFα) in a different manner,
which corroborates the findings of other authors [32,33]. In an in vitro study of the IPEC-2 cell line and
mouse peritoneal macrophages, Fan et al. [34] noted an increase in the secretion of IL-1β and IL-18
under exposure to ZEN, and similar observations were made by Yousef et al. [35] in cultures of bovine
oviductal epithelial cells. The present study also demonstrated that the concentrations of regulatory
and anti-inflammatory cytokines (IL-4, IL-10) tended to increase, whereas TGFβ levels tended to
decrease on successive days of exposure to ZEN. This is a very important observation, because TGFβ
determines the integrity of the intestinal epithelium and is responsible for its repair as well as cell
migration [36]. The binding of TGFβ signal molecules to the TGFβ IIR receptor may be disrupted
in non-specific inflammatory bowel diseases (e.g., Crohn’s disease). In this experiment, each ZEN
dose increased the concentrations of IL-2, IL-6, IL-12β, and IFN-γ in ileal Peyer’s patches. However,
according to the literature, cytokine expression is determined not only by ZEN concentration, but also
by the type of the exposed tissue or organ. Tarnau et al. [37] reported a decrease in the expression of
IL-6, IL-8, IL-1β, TNFα, and IFN-γ genes in the liver and duodenum of gilts receiving a ZEN dose of
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100 ppb. In contrast, the mRNA expression of the above cytokines increased in the pancreas, kidneys,
and the colon, and IFN-γ expression increased in the liver. The real-time PCR method used in this
study measures RNA levels; therefore, it does not have to be closely related to the direct concentration
of cytokine protein. Despite the above, the expression of cytokine genes in the cited studies was similar
to that noted in this experiment. Liu et al. [38] administered ZEN at 2.77 mg/kg feed to pregnant
sows and reported an increase in the expression of genes encoding proinflammatory cytokines IL-6,
IL-1α, IL-1β, and TNFα, but it did not observe changes in the expression of the IL-8 gene. The cited
study revealed inflammation of the small intestine in pregnant sows as well as changes in newborn
piglets where immune dysfunctions and increased expression of the genes encoding proinflammatory
cytokines IL-6, IL-1α, IL-1β, and TNFα were observed in the small intestine.

Changes in the expression ratio of proinflammatory to anti-inflammatory cytokines can influence
the permeability of the intestinal epithelium. Zearalenone can also affect the intestinal microbiome by
decreasing the counts of selected bacterial strains, including Lactobacillus sp. [39]. Cytokines such
as IL-12, IL-1α, IL-1β, TNFα, and IFN-γ are the key mediators of inflammation in GALT, whereas
IL-10 and TGFβ should alleviate inflammatory states. According to some authors, ZEN induces
intestinal inflammations via the NLRP3 inflammasome, which is composed of a NOD-like receptor
and caspase-1 precursor. The NRLP inflammasome activated by ZEN is responsible for the maturation
and secretion of proinflammatory cytokines IL-1β and IL-18, which play a role in the etiology of
non-specific inflammatory bowel diseases. According to the literature, ZEN induces oxidative stress
and increases ROS levels in the mitochondria, which also activates the NLRP inflammasome [34].

The intestinal epithelium significantly affects intestinal immunity because enterocytes form a
protective barrier that shields the body from external influences. Enterocytes secrete retinoic acid
metabolites, thymic stromal lymphopoietin (TSLP), and TGFβ, which induce immune tolerance to
dietary antigens. Mycotoxins increase the permeability of the intestinal epithelium by influencing cell
viability [40], and they decrease the proliferation of enterocytes and intestinal epithelial stem cells in
intestinal crypts. Damage to the intestinal barrier allows the passage of intraluminal antigens, including
bacterial antigens such as lipopolysaccharides (LPS), which stimulate macrophages and dendritic cells.
Macrophages are polarized toward the M1 subpopulation, which increases the secretion of IL-12, IL-1β,
and IL-1α [41]. A similar mechanism was observed in the current study, where the concentrations of
IL-12/23p40, IL-1β, and IL-1α in ileal Peyer’s patches increased under exposure to ZEN doses of 10
and 15 μg ZEN/ kg BW. Elevated levels of IL-2 and IFN-γ are also indicative of the Th1/Tc1 response,
which is induced by, among others, IL-12 secreted by macrophages. Macrophage metabolism also
changes during inflammation because, according to the literature, M1 macrophages and dendritic cells
activated by LPS undergo metabolic reprogramming [42]. This process is characterized by a decrease in
the intensity of mitochondrial biochemical pathways, including the tricarboxylic acid cycle, respiratory
chain, and fatty acid β-oxidation, as well as an increase in the activity of metabolic pathways in the
cytoplasm, including glycolysis, the pentose phosphate pathway, and the synthesis of fatty acids and
nucleic acids.

In the present study, glucose, fructose, and proline levels were elevated in gilts administered ZEN
doses equivalent to 100% and 150% NOAEL values. According to the literature, mitogen-activated
immune cells increase the demand for energy even 20-fold, which can be attributed to higher expression
of the glucose transporter 1 (GLUT 1) gene [43]. The fact that glucose and fructose levels were higher
than in the control gilts could be linked with the intensification of glycolysis and the pentose phosphate
pathway, in particular in M1 macrophages and dendritic cells activated by LPS, whereas the increase
in proline concentration in lymphoid tissues could be induced by activated metalloproteinases and the
intensified synthesis of proline from glutamine.

Proline is a stress response marker in both plants and animals. In the current experiment, proline
levels tended to increase in the GALT of gilts exposed to ZEN. According to the literature, inflammatory
states lead to metabolic reprogramming as well as an increase in glucose uptake by cells and an increase
in the expression of the GLUT 1 gene. An increase in glucose uptake, lactic acid production, and

113



Toxins 2020, 12, 350

NADPH oxidase activity was reported in cultures of smooth muscle cells isolated from rat mesenteric
veins and in human aortic smooth muscle cells treated with IL-1β [44]. Other authors demonstrated
that the activation of T lymphocytes is determined by the amount of glucose transported into the cells,
the GLUT 1 transporter, and the PI3K/Akt signaling pathway. Interestingly, a lower availability of
glucose has been linked with a decrease in the IFN-γ secretion and proliferation of T cells. Despite
the presence of other components, glucose is essential for the proliferation of T lymphocytes and IL-2
synthesis. Interleukin 10 exerts anti-inflammatory effects e.g., by blocking the expression of glycolytic
enzymes and glucose transporters GLUT 1 and GLUT 4. In the present experiment, the progressive
increase in IL-10 secretion was correlated with ZEN dose. However, other studies have demonstrated
that the effects of IL-10 are reversible. Even low doses of estrogenic substances can stimulate IL-10
production by monocytes and macrophages [45] and by dorsal root ganglion cells in the nervous
system [45].

Proline is also regarded as a marker of metabolic reprogramming. In pigs and humans, the small
intestinal epithelium is the main site of proline synthesis from glutamate, but proline synthesized from
arginine was not found in the intestinal epithelium of suckling piglets. Proline synthesis from glutamate
is induced after weaning, and it is also linked with synthetase of pyrroline-5-carboxylic acid and proline
oxidase. These enzymes are regulated by glucocorticoids [46], but also by lactic acid, which is present
in quite high concentrations in the plasma of suckling animals. Research has also demonstrated that the
synthesis of arginine and citrullin from proline in the intestinal epithelium decreases in environments
with high concentrations of lactic acid [47]. In ileal Peyer’s patches, the synthesis of large quantities of
lactic acid is linked with the metabolic reprogramming of M1 macrophages, high glycolytic activity, and
high secretion of IL-12 and IL-1β [14]. M1 macrophages are produced after activation with bacterial
products such as LPS during inflammations, including in the intestinal epithelium [47]. Lactic acid
decreases the activity of proline oxidase, which catalyzes proline, an amino acid that participates in the
biochemical transformation of arginine, a source of nitric oxide (NO). NO plays an important function
in the regulation of the intestinal barrier function, and decreased proline metabolism can compromise
intestinal integrity and lead to intestinal damage [47]. Interestingly, hypoargininemia was found to
coexist with hyperargininemia and hyperlactacidemia in the plasma of patients with sepsis. During
inflammations, proline can be released from the extracellular matrix, such as collagen, under the
influence of metalloproteinases activated by stress responses and/or inflammation [48]. It should also
be noted that proline and collagen synthesis can increase during inflammation, which can lead to tissue
fibrosis [49]. More proline is synthesized from glutamine when the activity of the c-MYC transcription
factor, also known as the oncogenic transcription factor, is intensified [50]. Proline contains an amine
group with a ring structure, and unlike other amino acids, it does not undergo biochemical reactions,
but is catabolized within the proline cycle [51]. This biochemical pathway occurs in the mitochondria,
and its secondary effects include the production of superoxide anion radicals and an increase in the
concentration of SOD. The proline cycle supports the generation of ATP when the activity of the
respiratory chain decreases. The proline cycle also donates electrons to complexes III and IV of the
respiratory chain, which is broken during inflammatory states caused by the metabolic reprogramming
of cells [50,51]. Metabolic reprogramming also leads to oxidative stress that can be induced by ZEN.

An analysis of selected oxidative stress parameters revealed a correlation between immunological,
metabolic, and oxidative stress parameters. Superoxide dismutase activity was proportional to proline
content as well as CAT and POD activity. The activity of CAT, POD, and SOD increases at the beginning
of inflammation, and it appears to be a defense response [52,53]. Oxidative stress is also linked with
the activity of the inflammasome, IL-1α, and IL-1β, and it increases the permeability of the intestinal
barrier, which affects the intestinal epithelium [54]. In reality, these processes are linked by biochemical
pathways, and they are also dependent on the ZEN dose. The concentration of proinflammatory
cytokines (IL-1β, TNFα, IFNγ) in the liver and spleen decreased in gilts fed diets containing 316 μg
ZEN/kg feed [55]. According to the literature, the expression of CAT and glutathione peroxidase genes
was elevated in oxidative stress [55]. In the current experiment, the values of metabolic, oxidative stress,
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and immunological parameters peaked under exposure to a ZEN dose of 10 μg ZEN/kg feed. However,
in piglets administered 15 μg ZEN/kg feed, these parameters decreased or showed a decreasing trend
relative to the previous dose, but, interestingly, their values were still higher than in the control gilts.
In other studies, the values of immunological and oxidative stress parameters in the kidneys increased
in pigs administered ZEN doses of 0.0003, 0.048, 0.098, and 0.146 g ZEN/kg feed.

In the present study, the concentrations of metabolic sulfhydryl groups (-SH) increased in ileal
Peyer’s patches. Metabolic -SH groups are linked with the pentose phosphate pathway and glycolysis,
which are elements of metabolic reprogramming in cells during inflammation [39,56]. Cysteine
residues in proteins and glutathione (GSH) are the main donors of -SH groups in cells. The reduced
form of glutathione (GSSG) is synthesized by glutathione reductase. The activity of this enzyme is
linked with intracellular redox states and reduced forms of nicotinamide adenine coenzymes NADH
and NADPH [22]. The supply of reduced coenzymes is strictly correlated with the activity of the
glycolysis pathway and the pentose phosphate pathway. Moreover, GSH also stimulates glycolysis and
glutaminolysis, which are characteristic of metabolic reprogramming of active T lymphocytes via the
myc transcription factor [39]. Catalase activity can be closely linked with the level of NADPH because
this coenzyme is molecularly bound to CAT. For example, human CAT contains four molecules of
tightly bound NADPH [39]. At the same time, metabolic changes decrease oxidative phosphorylation,
which disrupts the respiratory chain and leads to the production of ROS and hydrogen peroxide.
The above intensifies the peroxidation of cell membrane lipids, increases MDA concentration, and
enhances the activity of cellular scavenger enzymes: CAT and POD [57]. Malondialdehyde is a
reactive compound that is formed during reactions involving ROS (mainly superoxide anion radicals
and hydrogen peroxide) and unsaturated fatty acids which are found in plasma membranes and
endoplasmic reticulum in mitochondrial, microsomal, and nuclear membranes. Reactive oxygen
species are produced during inflammatory states in the mitochondria, where metabolic reprogramming
contributes to alterations in the Krebs cycle. The above leads to the accumulation of succinic acid, a
decrease in the concentrations of reduced forms of flavin adenine dinucleotide (FAD) and nicotinamide
adenine dinucleotide (NAD), and uncoupling of the respiratory chain. Reactive oxygen species are
most dynamically formed in complexes I and III of the electron transport chain [50].

4. Conclusions

To sum up, the close links between metabolic, oxidative stress, and immunological parameters
during inflammatory states testify to the presence of a single process that begins with biochemical
changes in metabolism in response to stress factors. The results of the present study indicate that
ZEN doses are equivalent to 50%, 100%, and 150% NOAEL values, which induce such changes in ileal
Peyer’s patches. It could be postulated that cell responses to low ZEN doses initiate reactions that
lead to inflammation. The proinflammatory properties of ZEN and intensified oxidative stress can
impair the function of the intestinal epithelium, as demonstrated by oxidative stress markers such as
the biochemical changes associated with the metabolism of sugars (enhanced glycolysis) and amino
acids (proline).

5. Materials and Methods

5.1. Animals and Diet

Experiments were carried out in compliance with Polish regulations setting forth the terms and
conditions of animal experimentation (Opinions No. 12/2016 and 45/2016/DLZ of the Local Ethics
Committee for Animal Experimentation of 27 April 2016 and 30 November 2016).

A total of 60 gilts (14.5 ± 2 kg BW) were used in the experiment. The animals were acclimated
in the experimental facilities of the Faculty of Veterinary Medicine of the University of Warmia and
Mazury in Olsztyn (Poland) for one week before the experiment. Gilts were penned in groups with ad
libitum access to feed and water throughout the experiment. The animals were randomly divided into
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three experimental groups (ZEN I, ZEN II, and ZEN III; n = 15) and a control group (Control; n = 15).
The experimental gilts were orally administered ZEN (Z2125-25MG, Sigma-Aldrich, USA) at a dose of
5 μg ZEN/kg BW (group ZEN I), 10 μg ZEN/kg BW (group ZEN II), and 15 μg ZEN/kg BW (group
ZEN III). The appropriate analytical doses of mycotoxins were dissolved in 96% ethanol, combined
with the feed carrier and placed in gel capsules (Polskie Odczynniki SA, Gliwice, Poland). Before
administration, open capsules were stored to evaporate ethanol. The capsules were administered daily
before morning feeding. The gilts were weighed every week to adjust the ZEN dose to the body weight
of each pig.

All animals were fed pelleted feed supplied by the same producer. The gilts were fed ad libitum
at 08:00 and 17:00 during the entire experiment. The composition of pelleted feed is presented in
Table 20 [58].

Table 20. Declared composition of the complete diet.

Parameters Composition Declared by the Manufacturer (%)

Wheat 55

Barley 22

Soybean meal 16

Wheat bran 4.0

Chalk 0.3

Zitrosan 0.2

Vitamin–mineral premix 1 2.5
1 Composition of the vitamin–mineral premix per kg: vitamin A—500.000 IU; iron—5000 mg; vitamin
D3—100.000 IU; zinc—5000 mg; vitamin E (alpha-tocopherol)—2000 mg; manganese—3000 mg; vitamin
K—150 mg; copper (CuSO4·5H2O)—500 mg; vitamin B1—100 mg; cobalt—20 mg; vitamin B2—300 mg;
iodine—40 mg; vitamin B6—150 mg; selenium—15 mg; vitamin B12—1500 μg; L-lysine—9.4 g; niacin—1200 mg;
DL-methionine+cystine—3.7 g; pantothenic acid—600 mg; L-threonine—2.3 g; folic acid—50 mg; tryptophan—1.1 g;
biotin—7500 μg; phytase+choline—10 g; ToyoCerin probiotic+calcium—250 g; antioxidant+mineral phosphorus
and released phosphorus—60 g; magnesium—5 g; sodium; calcium—51 g.

5.2. Tissue Sampling and Preparation for Analyses

The experimental material comprised segments of the ileum collected from gilts after 14, 28,
and 42 days of exposure to ZEN. On each sampling date, five gilts selected randomly from each
group were premedicated with azaperone in dose 4 mg/kg BW, im (Stresnil, Jansen Pharmaceutica
NV, Belgium) and euthanized (sodium pentobarbital, 0.6 ml/kg BW, iv) after 15 min (Morbital, Biowet
Puławy, Poland). Segments of the ileum (with a length of 5 cm each, sampled from the same site in
every animal) located 2 cm away from the ileocecal valve were collected immediately after euthanasia.
The samples were stored at a temperature of −80 ◦C until cytokine analysis.

Samples of 1 g of minced ileum were processed with 2.5 ml of the extraction dilution (137 mM
NaCl, 2.7 mM KCl, 8.1 mM Na2HPO4, 1.5 mM KH2PO4), 0.5% sodium citrate (Avantor, Poland), 0.05%
Tween 20 (Serva, Germany), protease inhibitors (Roche, Germany)] in a homogenizer (Omni-TipsTM
Disposable, Omni International, Kennesaw, GA, USA). The homogenate was centrifuged (8600 g for 1
hour) in an Eppendorf 5804R centrifuge, and supernatant samples were stored at −80 ◦C until analysis.

5.3. Immunoenzymatic Determination of Cytokines and Oxidative Stress Markers

To determine the concentrations of cytokines in porcine tissues, commercial ELISA kits were used
(Table 21). The tissues were homogenized in radioimmunoprecipitation assay buffer (RIPA) buffer in
4 ◦C and were centrifuged (30,000× g for 1 h). After centrifugation, the obtained tissue supernatants
were aliquoted and stored at −80 ◦C. The supernatants were used for cytokines measurements.
The ELISA test plate was measured with the TECAN Infinite M200PRO (Austria) plate reader at
a wavelength of λ = 492 nm. The concentrations of cytokines in the tissues were measured by the
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bicinchoninic acid (BCA) method (Pierce BCA Protein Assay Kit, Thermo Scientific, Rockford, IL, USA)
and expressed per milligram of protein.

Table 21. ELISA kits used for the determination of cytokine concentrations in porcine tissues. IL:
interleukin, TGF: transforming growth factor, TNF: tumor necrosis factor.

Antigen
ELISA Test and

Catalogue Number
Manufacturer, Country

Assay Range
pg/mL

IL-1α Porcine IL-1 alpha/IL-1F1
DuoSet ELISA, DY680

R&D systems,
Minneapolis, MN, USA

93.8–6000
Intra-assay CV < 2.92%
Inter-assay CV < 4.21%

IL-1β Porcine IL-1 beta/IL-1F2
DuoSet ELISA, DY681

R&D systems,
Minneapolis, MN, USA

62.5–4000
Intra-assay CV < 1.1%
Inter-assay CV < 3.2%

IL-2 Porcine IL-1 alpha/IL-1F1
DuoSet ELISA, DY652

R&D systems,
Minneapolis, MN, USA

46.9–3000
Intra-assay CV < 4%

Inter-assay CV < 5.6%

IL-4 Porcine IL-4 DuoSet
ELISA, DY654

R&D systems,
Minneapolis, MN, USA

156.0–10,000
Intra-assay CV < 5%

Inter-assay CV < 6.69%

IL-6 Porcine IL-6 DuoSet
ELISA, DY686

R&D systems,
Minneapolis, MN, USA

125.0–8000
Intra-assay CV < 1.98%
Inter-assay CV < 5.76%

IL-8 Porcine IL-8/CXCL8
DuoSet ELISA, DY535

R&D systems,
Minneapolis, MN, USA

125.0–8000
Intra-assay CV < 7.3%
Inter-assay CV < 8%

IL-10
Porcine IL-10 DuoSet

ELISA,
DY693B

R&D systems,
Minneapolis, MN, USA

23.4–1500
Intra-assay CV < 3%

Inter-assay CV < 4.64%

IL-12/23p40 Porcine IL-12/IL-23 p40
DuoSet ELISA, DY912

R&D systems,
Minneapolis, MN, USA

78.1–5000
Intra-assay CV < 3.67%
Inter-assay CV < 4.25%

TNFα Porcine TNF-alpha
DuoSet ELISA

R&D systems,
Minneapolis, MN, USA

31.2–2000
Intra-assay CV < 5.11%
Inter-assay CV <5.24%

IFN-γ Porcine IFN-gamma
DuoSet ELISA, DY985

R&D systems,
Minneapolis, MN, USA

62.5–4000
Intra-assay CV < 3.4%
Inter-assay CV < 4.6%

TGFβ
TGF beta-1 Multispecies
Matched Antibody Pair,

CHC1683

ThermoFisher Scientific,
Waltham, MA, USA

62.5–4000
Intra-assay CV < 2.9%
Inter-assay CV < 5%

5.4. Determination of Malondialdehyde Levels (Thiobarbituric Acid Assay)

The level of malondialdehyde (MDA) was measured according to the method described by Weitner
et al. [59] with small modifications. Briefly, the tissue supernatant with buthylohydroxytoluene (BHT,
Sigma Aldrich, Saint Louis, MO, USA) was deproteinized with 20% TCA (trichloroacetic acid, Avantor,
Poland) and centrifuged for 1 h; 100 μl of the supernatant was then combined with thiobarbituric
acid (TBA, Sigma Aldrich, Saint Louis, MO, USA) and incubated (1 h at 95◦C). The level of MDA was
read from a calibration curve (TBA, MDA Standard, Cayman, Ann Arbor, MI, USA). Absorbance was
read in a Perkin Elmer spectrophotometer Lambda 25 at a wavelength of λ= 520 nm (Biocompare,
Baltimore, MD, USA). The level of MDA was expressed in picomoles per milligram of whole protein in
the tissue supernatant.
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5.5. Determination of Sulfhydryl Groups (–SH)

Thiol groups were measured according to the modified Ellman method. Briefly, 1.0 ml of 40 mM
Ellman’s reagent (5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB) solution (Serva, Heidelberg, Germany)
was added to the sample (86 mM Tris (Sigma Aldrich, Saint Louis, MO, USA), 90 mM glycine (Avantor,
Gliwice, Poland), 4 mM ethylenediaminetetraacetic acid (EDTA) (Avantor, Gliwice, Poland), 8 M
urea (Sigma Aldrich, Saint Louis, MO, USA), 0.5% sodium dodecyl sulfate (SDS, Serva, Heidelberg,
Germany), 0.2 M Tris-HCl (Sigma Aldrich, Saint Louis, MO, USA)) with pH 8.0. Next, 200 μl of each
sample was added to 1.0 ml of DTNB. The samples were incubated at room temperature for 30 min.
Cysteine was used (Avantor, Gliwice, Poland) as a standard, and absorbance was measured by a Perkin
Elmer spectrophotometer Lambda 25 at a wavelength of λ= 412 nm (Biocompare, Baltimore, MD, USA).
The concentration of -SH groups was measured from a calibration curve based on cysteine solution in
PBS. The concentration of -SH groups was expressed in micromoles per milligram of whole protein in
the ileal supernatant.

5.6. Determination of Fructose and Glucose Concentrations

Fructose level was determined in the ileum by the method described by Messineo and Musarra [60]
with some modifications. This method is specific for fructose and similar to sucrose and inulin
measurements method without interference from glucose (aldohexoses), aldopentose, and ketopentose.
Glucose concentration was evaluated by Trinder’s glucose oxidase method modified by Lott and
Turner [61], with further modifications. The measurements were conducted spectrophotometrically
with glucose oxidase reagent (G7521, Pointe Scientific, Canton, MI, USA) with the appropriate
modifications. Fructose and glucose concentrations were expressed in micrograms per milligram of
whole protein in the ileal supernatant.

5.7. Determination of Proline Concentration

Proline concentration in ileal Peyer’s patches was determined by the modified method for the
determination of proline levels in plants [62]. Tissue homogenates in the amount of 500 mL were
placed in glass test tubes, and 1.0 mL of 2.5% ninhydrin solution, 1.0 mL of 3% sulfosalicylic acid, and
1.0 mL of glacial acetic acid were added. The samples were incubated (boiling water bath for 15 min.).
The glass test tubes were cooled under running water, and 2 mL of toluene was added. The tubes were
shaken for 15 min and left to stand until the separation of mixture components. The toluene layer was
measured spectrophotometrically at a wavelength of 520 nm. Proline concentration was read from the
standard curve, and points on the curve were determined based on the sample preparation method.

5.8. Statistical Analysis

The results were processed in Excel (Microsoft, Redmond, WA, USA) and GraphPad Prism 6
(GraphPad Software, San Diego, CA, USA) applications. Mean values and standard error of the mean
(SEM) were determined for all groups. Population distributions were evaluated by the Shapiro–Wilk
normality test. The results were processed by two-way ANOVA with post hoc Tukey’s multiple
comparison test. The results were regarded as statistically significant at p < 0.05.
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Abbreviations

4-HNE: 4-Hydroxynonenal; BCA: Bicinchoninic acid; BW: Body weight; CAT: Catalase; DNA: Deoxyribonucleic
acid; DTNB: Ellman’s reagent (5,5’-dithiobis-(2-nitrobenzoic acid); EDTA: ethylenediaminetetraacetic acid; ELISA:
enzyme-linked immunosorbent assay; ERα: Estrogen receptors alpha; ERβ: Estrogen receptors beta; FAD: Flavin
adenine dinucleotide; GALT: Gut-associated lymphoid tissue; GLUT: Glucose transporter; GSH: Glutathione;
GSSG: Glutathione disulfide; IL-10: Interleukin 10; IL-12: Interleukin 12; IL-1α: Interleukin 1 alpha; IL-1β:
Interleukin 1 beta; IL-2: Interleukin 2; IL-4: Interleukin 4; IL-6: Interleukin 6; IL-8: Interleukin 8; KCl: Potassium
chloride; KH2PO4: Monopotassium phosphate; LPS: Lipopolysaccharides; MDA: Malondialdehyde; Na2HPO4:
Disodium phosphate; NaCl: Sodium chloride; NAD: Nicotinamide adenine dinucleotide; NADP: Nicotinamide
adenine dinucleotide phosphate; NADPH: Reduced form of nicotinamide adenine dinucleotide phosphate;
NK: Natural killer cells; NOAEL: No-observed-adverse-effect level; PBS: Phosphate-buffered saline; RIPA:
Radioimmunoprecipitation assay buffer; ROS: Reactive oxygen species; SH: Sulfhydryl group; SOD: Superoxide
dismutase; TBA: 2-Thiobarbituric acid; TCA: Trichloroacetic acid; TNFα: Tumor necrosis factor alpha; TGFβ:
Transforming growth factor beta; Tris HCl: Trizma hydrochloride; TSLP: thymic stromal lymphopoietin; ZEN:
Zearalenone; α-ZAL: α-zearalanol; α-ZEL: α-zearalenol; β-ZAL: β-zearalanol; β-ZEL: β-zearalenol.
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Abstract: The objective of this study was to determine the effect of long-term (48 days), per os
administration of specific zearalenone (ZEN) doses (20 and 40 μg ZEN/kg BW in experimental
groups EI and EII, which were equivalent to 200% and 400% of the upper range limit of the
no-observed-adverse-effect-level (NOAEL), respectively) on the bioavailability of ZEN and the rate
of changes in estradiol and testosterone concentrations in the peripheral blood of pre-pubertal gilts.
ZEN and α-ZEL levels were similar until day 28. After day 28, α-ZEL concentrations increased
significantly in group EI, whereas a significant rise in ZEN levels was noted in group EII. The presence
of estradiol in peripheral blood plasma was not observed until day 20 of the experiment. Spontaneous
secretion of estradiol was minimal, and it was determined at very low levels of up to 10 pg/mL in
EI and EII groups. Testosterone concentrations ranged from 4 to 9 ng/mL in all groups. A decrease
in the concentrations of both analyzed hormones was reported in the last stage of the experiment.
The results of the experiment indicate that: (i) The bioavailability of ZEN in peripheral blood has
low diagnostic value, (ii) exposure to low doses of ZEN induces minor changes in the concentrations
of the analyzed hormones, which could lead to situational supraphysiological hormone levels and
changes in endogenous hormonal balance.

Keywords: zearalenone; bioavailability; estradiol; testosterone; blood concentration; pre-pubertal gilts

Key Contribution: The exposure to ZEN doses equivalent to 200% and 400% of the upper range limit
of NOAEL had no significant effect on the bioavailability of ZEN and α-ZEL in the blood serum of
pre-pubertal gilts; but it induced supraphysiological hormone levels and improved the bioavailability
of “free ZEN” in group EI in line with the hormesis principle.

1. Introduction

The majority of environmental estrogens (not all of them have toxic or contaminating effects) are
endocrine disrupters (EDs) [1] which are commonly encountered in soil, air, water, food products,
and animal feeds [2,3]. Phytoestrogens (e.g., genistein and coumestrol) and mycoestrogens (including
ZEN produced by moulds) [4,5] are natural EDs found in the environment.
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Zearalenone is a resorcylic acid lactone chemically described as 6-(10-hydroxy-6-oxo-E-1-
undecenyl)-β-resorcylic acid lactone (C18H22O5, molar mass: 318.36 g/mol, CAS: 17924-92-4).
Zearalenone is a white crystalline compound with melting temperature of 164–165 ◦C. This mycotoxin
is insoluble in water, but it is soluble in alkaline solutions and organic solvents. Zearalenone remains
stable during storage, grinding and processing, including thermal processing [4].

Endocrine disruptors also influence the transport and distribution [6] of endogenous hormones,
leading to changes in their concentrations and free hormone levels [7,8]. The effect of endogenous
hormones and xenoestrogens on ion channels is an example of such activity. In general, EDs including
environmental mycotoxins, such as ZEN and its metabolites, disrupt the activity of Ca2+ channels
and/or Ca2+ signaling in certain types of cells [9]. These findings indicate that endogenous hormones
and EDs exhibit hormonal activity by binding to nuclear hormone receptors. By acting outside the
normal hormonal milieu, they are capable of producing unexpected results [10–12].

Zearalenone and its metabolite α-zearalenol (α-ZEL) have a similar chemical structure to estrogen,
but unlike steroids, they do not originate from sterane structures [6]. Endocrine disruptors, including
ZEN, are involved in several mechanisms [7,13] that can influence hormonal systems [14] and produce
adverse results, in particular in pubertal gilts: (i) They compete with endogenous estrogens for
estrogens receptors (ERs) or androgen receptors (ARs) binding sites, which leads to changes in mRNA
expression and protein synthesis and reduces the effectiveness of endogenous steroid hormones,
and they are responsible for the transport of ZEN inside cells [6,12,15]; (ii) they can bind with the
receptor without activating it, and the presence of a substance on the receptor prevents natural hormone
binding (antagonistic effect) [11,16]; (iii) they can bind with blood transport proteins to lower the
concentrations of natural hormones in blood [17]; (iv) by disrupting metabolic processes in the body,
EDs may affect the degree of synthesis/breakdown and the release of natural hormones [6,18,19].

The functions of the endocrine system are modified when physiologically active ligands
(hormones) such as estradiol (E2) and testosterone (T) are present at low concentrations [20,21].
Endogenous hormones and EDs act via receptors, but their activity is determined by, among others,
the applied dose [22]. Lower doses of EDs influence the production, metabolism, absorption,
and secretion of hormones because minor changes in hormone concentrations have far-reaching
biological consequences [23]. Endogenous hormones are active in blood at very low concentrations
for several reasons: (i) Receptors have high affinity for specific hormones, and they are capable of
accepting a sufficient number of molecules to produce the most effective response [11]; (ii) a nonlinear
correlation exists between hormone concentrations and the number of saturated receptors [22]; (iii) a
nonlinear correlation also exists between the number of saturated receptors and the magnitude of a
biological effect [7].

The objective of this study was to determine the effect of 48-day administration of ZEN doses of 20
and 40 μg ZEN/kg BW (equivalent to 200% and 400% of the highest NOAEL value, respectively), on the
bioavailability of ZEN and the concentrations of E2 and T in the peripheral blood of pre-pubertal gilts.

2. Results

2.1. Bioavailability of ZEN and Its Metabolite

The blood plasma bioavailability [24] of ZEN and α-ZEL on different days of the experiment is
given in Figure 1. ZEN and its metabolite were determined in both experimental groups. Their presence
was not observed in control group animals (values below limits of detection—LOD—regarded as equal
to 0).
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Figure 1. Arithmetic means (x) and standard deviation (SD) for the bioavailability of zearalenone (ZEN)
and α-zearalenol (α-ZEL) (ng/mL) in the peripheral blood of pre-pubertal gilts on different analytical
days and in the experimental groups (group EI 20 μg ZEN/kg BW; group EII 40 μg ZEN/kg BW). Limits
of detection (LOD) > values below the limit of detection were regarded as equal to 0. Statistically
significant differences were determined at * p ≤ 0.05 and ** p ≤ 0.01.

Significant differences (* p< 0.05) were observed between groups EII and EI: (i) In the bioavailability
of ZEN on days 2, 16, 30, 36, and 38 and in their mean values for the entire experimental period (EI
< EII on all sampling dates, excluding day 16); (ii) in the bioavailability of α-ZEL on days 4, 24, 28,
and 38 (EI < EII on the first two sampling dates, and EI > EII on the remaining days); (iii) in the
bioavailability of ZON (see Figure 2) on days 22, 30, 32, and 40, and in their mean values during the
entire experiment (EI < EII on all sampling dates). Highly significant differences (** p < 0.01) were
noted between groups EI and EII: (i) In the bioavailability of ZEN on days 28 (EI > EII) and 32 (EI < EII)
and in ZON concentrations on days 2 (EI < EII) and 28 (EI > EII).
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Figure 2. Arithmetic means (x) and standard deviation (SD) for the bioavailability of ZON (ZEN +
α-ZEL) (ng/mL) in the peripheral blood of pre-pubertal gilts on different sampling dates and in the
experimental groups (group EI 20 μg ZEN/kg BW; group EII 40 μg ZEN/kg BW). Limits of detection
(LOD) > values below the limit of detection were regarded as equal to 0. Statistically significant
differences were determined at * p ≤ 0.05 and ** p ≤ 0.01.

2.2. Estradiol Concentrations

On the first ten sampling dates, the concentrations of E2 were below the limit of sensitivity in all
experimental groups (see Figure 3). This was also noted in group EI on day 20. Significant differences
at p < 0.05 were noted between groups EI and C on days 24 and 36 (EI > C), and between groups EII
and C on day 26 (EII > C). Highly significant differences at p < 0.01 were observed between groups EI
and C on day 38 (EI > C).

Figure 3. Arithmetic means (x) and standard deviation (SD) for the concentrations of estradiol (pg/mL)
in the peripheral blood of pre-pubertal gilts on different sampling dates and in the experimental groups
(group EI 20 μg ZEN/kg BW; group EII 40 μg ZEN/kg BW). Limits of detection (LOD) > values below
the limit of detection were regarded as equal to 0. Statistically significant differences were determined
at * p ≤ 0.05 and ** p ≤ 0.01.

Between experimental days 36 and 42, a clear increase in E2 levels was noted in both E groups
in comparison with group C (see Figure 3). The concentrations of E2 in the analyzed pre-pubertal
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gilts ranged from 3.0 to 10.5 pg/mL during the entire experiment. The mean increase in the values
of E2 was similar during the experiment, but considerably higher in both E groups until day 42.
The concentrations of E2 in experimental groups decreased towards the end of the experiment in
comparison with control. The mean values of E2 in peripheral blood were determined at 3.46 pg/mL in
group C, 3.90 pg/mL in group EI and 3.83 pg/mL in group EII on 24 sampling dates, and at 5.77 pg/mL,
6.33 pg/mL, and 6.22 pg/mL, respectively, on the last 15 sampling dates (see Figure 3).

2.3. Testosterone Concentrations

Testosterone concentrations in blood plasma samples from pre-pubertal gilts are presented in
Figure 4. During the entire experiment, T concentrations in the analyzed pre-pubertal gilts ranged
from 4.0 to 9.0 ng/mL. Testosterone concentrations were higher in group C on 15 out of 25 sampling
dates (60%). The changes in T concentrations were highly similar during the experiment. The mean
concentration of T in peripheral blood during the entire experiment (25 sampling dates) was determined
at 6.18 ng/mL in group C, 5.98 ng/mL in group EI, and 6.35 ng/mL in group EII.

Figure 4. Arithmetic means (x) and standard deviation (SD) for the concentrations of testosterone
(ng/mL) in the peripheral blood of pre-pubertal gilts on different sampling dates and in the experimental
groups (group EI 20 μg ZEN/kg BW; group EII 40 μg ZEN/kg BW). Statistically significant differences
were determined at * or ˆ p ≤ 0.05 and ** p ≤ 0.01; *—EI or EII compared with C; ˆ—EII compared
with EI.

Statistically significant differences at p < 0.05 were reported between groups EI and C on days 14
and 30 (C > EI), between groups EII and C on days 6 (C < EII) and 30 (C > EII), and between groups
EII and EI on days 2 (EI > EII), 20 (EI < EII), and 32 (EI < EII). Significant differences at p < 0.01 were
observed between groups EII and C on day 34 (C < EII). The differences were statistically significant
on days 6 and 34. A decrease in T concentrations in the experimental groups, relative to the control
group, or no changes in T levels were observed more frequently.

3. Discussion

According to Shephard [25], animals are constantly exposed to mycotoxins which are secondary
products of mould metabolism. Their elimination depends on the animal’s age and the bioavailability of
toxins in the blood plasma. This suggests that mycotoxins are always present in the natural environment,
but at LOD doses. The bioavailability of ZEN and α-ZEL in the blood plasma is determined by the
rate and the form of their biotransformation to water-soluble substances which are broken down
by enzymes in the liver or other tissues as part of the detoxification process. According to some
authors [26,27], biotransformation can generate products which are more toxic (bioactivation) than the
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parent mycotoxin. One of such compounds is ZEN which is transformed to α-ZEL in pre-pubertal gilts,
and the consequences of this process are visible in tissues sensitive to that metabolite [13]. Tiemann
et al. [28] observed that a decrease in steroid synthesis in cultures of porcine ovarian follicular granulosa
cells resulting from the inhibition of P450scc activity is inversely proportional to the α-ZEL dose.

3.1. Zearalenone and Its Metabolite

In this study, the bioavailability of ZEN and α-ZEL in the blood plasma indicates that ZEN levels
remained low in the peripheral blood of the experimental pre-pubertal gilts (groups EI and EII) in the
first 28 days of the experiment. This can probably be attributed to enhanced biotransformation of ZEN
and the distribution (carryover) of ZEN and α-ZEL to estrogen-sensitive tissues such as enterocytes,
in particular in the duodenum and jejunum [19] in the initial period of exposure [29] and, subsequently,
their bioavailability in peripheral blood.

The decrease in the values of ZEN in peripheral blood (see Figure 5) in both groups in the first
two weeks of exposure provides evidence for the above, and it could indicate that: (i) All forms of
mycoestrogen are intercepted by enterocytes (at absorptive level) or (ii) estrogen-sensitive tissues have
a high demand for estrogen (at post-absorptive level) in pre-pubertal animals. In this experiment,
the bioavailability of ZEN in peripheral blood 30 min after per os administration (maximum ZEN
concentration in the blood [11]), was very low in comparison with the values reported by Dänicke
and Winkler [30] and the values noted in intestinal tissues by Zielonka et al. [19] and Zheng et al. [31],
which makes the resulting data difficult to interpret. It should also be noted that those values are
inversely proportional to the ZEN dose (see Figure 5). Therefore, exposure to a lower ZEN dose leads
to a hormetic dose response [32] by influencing the concentrations of the parent compound and its
metabolite in peripheral blood, as well as the synthesis and secretion of sex steroid hormones (see
Figures 3 and 4) [31,33,34]. The above state limits bioavailability. The analyzed values reflect on liver
metabolism, i.e., the unmetabolised portion of the active substance (e.g., ZEN) and the produced
and unutilised α-ZEL metabolite. The resulting “free ZEN” can be utilized for specific purposes [17],
for example, for competing with endogenous E2 or coregulating its supply. The above is illustrated by
the fact that both doses lead to a significant increase in the concentrations that induce hyperestrogenism
although rather supraphysiological hormone levels (increase in the concentrations of E2 in both E
groups and increase in T levels in group EII relative to group C) [34,35]. This observation points to a
counter response to the presence of specific ZEN doses in pre-pubertal gilts. The presented results
can be extrapolated [19,33,34] to suggest that “free ZEN” is captured by estrogen receptors (ERs) in
the digestive tract [36], and that it stimulates qualitative changes (activation?) of ERs. The analyzed
scenario testifies to the multidirectional effects of ZEN and its metabolite [33]. Therefore, it could be
postulated that a dose of 20 μg ZEN/kg is more effectively utilized by pre-pubertal gilts. The above
implies that biotransformation processes proceed in an identical manner, but the bioavailability of
ZEN is higher in group EII and the bioavailability of α-ZEL is higher in group EI, whereas the
parent compound (ZEN) and its metabolite, α-ZEL, are utilized more effectively in group EI (due to
lower supply).

The values of ZON (see Figure 2), i.e., the total concentration of the parent compound and
its metabolite, confirm the above suggestions. The values of ZON were higher in group EII on 15
sampling dates (60%). These findings indicate that the bioavailability of ZEN was higher in group
EII, but they do not prove that ZEN was more effectively utilized for physiological processes. Low
values of ZON at the beginning of the experiment can probably be attributed to the “saturation” of
digestive tract tissues, in particular in regions with a higher concentration of ERs [19,36], and the low
concentrations of endogenous hormones in animals during sexual maturation [5,8,34,37]. In other
words, the involvement of the analyzed hormones in the stimulation of steroidogenesis and the
conversion of T to E2 ultimately led to supraphysiological hormone levels, in particular in group EII.

128



Toxins 2020, 12, 144

Figure 5. The bioavailability factor. The mean values (x) of the ratio of ZON (ZEN + α-ZEL)
bioavailability in peripheral blood (ppb) to ZEN concentration in the diet (ppb), expressed as the total
dose administered in each week of the experiment.

3.2. Concentrations of Estradiol and Testosterone

Zearalenone is an ED [22], but its presence in the diet of experimental animals did not affect the
production of endogenous hormones such as E2 and T relative to the control group [38]. The presence
of E2 (see Figure 3) was not observed on the first nine sampling dates (19 days) of the experiment.
On successive sampling dates (15 dates, 53.33%), E2 values were higher in both E groups than in group
C. The concentrations of T (see Figure 4) were lower on 60% sampling dates in both experimental groups
than in the control group, which provides indirect evidence for the acceleration of metabolic processes
or the conversion of T to E2 [39] under the suppressive influence of ZEN [34,40–42]. The concentrations
of E2 after 20 days of exposure and serum T levels throughout the experiment were directly proportional
to the ZEN dose. According to Vandenberg et al. [22], ZEN and/or α-ZEL exert a “complementary”
effect on the concentrations of endogenous hormones (see Figures 3 and 4). The above is reflected
by an increase in E2 levels from day 20 to day 42 of the experiment and the decreasing trend in the
concentrations of T between day 2 and the end of the experiment, which could alleviate disruptions
in hormonal homeostasis [40,41]. The observed T values could also be attributed to the fact that T
regulates sexual differentiation, muscle and bone mass, and erythropoietic and metabolic processes
which play a very important role in the development of pre-pubertal gilts. These findings suggest that
the physiological demands of young gilts considerably exceed the supply of endogenous E2 and T.
“Free ZEN” compensates for (or relieves) the resulting endocrinological dysfunction, e.g., by changing
the expression of HSD enzymes [34].

3.3. Conclusions

The results of endocrinological analyses of selected estrogens (E2) and androgens (T) in pre-pubertal
gilts, administered at specific doses (200% and 400% of the highest NOAEL value) of ZEN (20 or
40 μg ZEN/kg BW) for 48 days suggest that: (i) The bioavailability of ZEN in peripheral blood is very
low and highly varied throughout exposure, and that its diagnostic values are difficult to determine;
(ii) experimentally-induced hyperestrogenism or, in other words, “supraphysiological hormone levels”
contributed to a minor increase in total concentrations of E2 (which could intensify proliferative
processes) and influenced the levels of T (T values were lower in the experimental groups on 60% of
sampling dates); (iii) the presented results can be extrapolated to suggest that the investigated ZEN
doses caused different responses—the lower dose probably generated stimulatory/adaptive effects,
whereas the higher dose probably inhibited life processes in the studied animals.
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By extrapolation [34], it can be stated that the analyzed ZEN values affect the levels of E2 and T in
pre-pubertal gilts, thus reducing the risk of fighting for establishing the dominance hierarchy in the
herd, contributing to changes in animal behaviour, slowing down sexual maturation, and boosting
metabolism. Such observations could be important for pig breeders and veterinarians supervising pig
farming and commercial feed production.

4. Materials and Methods

All of the experimental procedures involving animals were carried out in compliance with Polish
legal regulations determining the terms and methods for performing experiments on animals (Opinion
No. 14/2005/N of the Local Ethics Committee for Animal Experimentation at the University of Warmia
and Mazury in Olsztyn, Poland in of 26 January, 2005).

4.1. Experimental Animals

This study was conducted at the Department of Veterinary Prevention and Feed Hygiene, Faculty
of Veterinary Medicine, University of Warmia and Mazury in Olsztyn, Poland, on 18 clinically healthy,
two-month-old pre-pubertal gilts. The mean initial body weight was 30 ± 2 kg. The pre-pubertal gilts
were housed in individual cages with ad libitum access to water. Prior to the experiment, a cannula
was placed in the cranial vena cava to minimize stress during blood sampling. The animals were
administered with standard feed which was tested for the following mycotoxins: Aflatoxin, ochratoxin,
ZEN, α-ZEL, and deoxynivalenol. Mycotoxin levels in the feed were estimated by common separation
techniques with the use of immunoaffinity columns and HPLC (Hewlett Packard, type 1050 and 1100,
Santa Clara, CA, USA) with fluorescent and/or UV detection techniques [34]. The obtained values
were below the sensitivity of the tests.

4.1.1. Experimental Design

The animals were divided into two experimental groups and a control group of six individuals
each. Group EI gilts were orally administered 20 μg ZEN/kg BW (200% more than the highest NOAEL
value) for 48 days, group EII gilts were orally administered 40 μg ZEN/kg BW (400% more than the
highest NOAEL value) per os for 48 days, and group C animals were orally administered placebo for 48
days (Table 1). The placebo was a gelatine capsule filled with a control medium onto which ZEN was
applied in experimental groups.

Table 1. Daily feed intake in a restricted feeding regimen (kg/day) and mean dietary concentrations of
ZEN per kg of feed (μg/kg feed).

Weeks of
Exposure

Group EI Group EII Group C

Feed Intake
Total ZEN

Dose
Feed Intake

Total ZEN
Dose

Feed Intake

kg/day μg/kg BW μg/kg Feed kg/day μg/kg BW μg/kg Feed kg/day

I 1.7 664.4 390.82 1.75 1328.8 759.314 1.7

II 1.8 737.4 409.66 1.9 1474.8 776.210 1.85
III 1.9 819 431.05 1.9 1638 862.105 1.9
IV 2.0 912.2 456.1 1.9 1818.8 957.263 2.0
V 2.15 1014 471.62 2.2 2017.2 916.909 2.1
VI 2.1 1121.8 534.19 2.25 2243.6 997.155 2.2
VII 2.1 1232.4 586.85 2.2 2476.4 1125.636 2.2

4.1.2. Reagents

Sample weight of ZEN (Z-0167, Sigma Chemical Co., Steinheim, Germany) were administered per
os daily in gelatine capsules before the morning feeding according to the weight of gilts. ZEN samples
were diluted in 300 μL 96% ethyl alcohol (96% ethyl alcohol, SWW 2442-90, Polskie Odczynniki
Chemiczne SA, Gliwice, Poland) to produce ZEN doses of 20 and 40 μg/kg BW. The resulting solutions
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were added to the feed, placed in gelatine capsules, and stored at room temperature for 12 h to
evaporate the solvent.

4.2. Mycotoxicological Analyses

4.2.1. Blood Sampling to Mycotoxicological Analyses

Blood was sampled on the first day of the experiment after the administration of ZEN, and
ZON levels (average total ZEN and α-ZEL concentrations) were estimated. Blood samples for
determinations of ZEN and α-ZEL concentrations were collected every 48 h, 1 h after mycotoxin
administration. The samples were directly transferred to chilled centrifuge tubes containing heparin
and were centrifuged at 3000 rpm for 20 min at the temperature of 4 ◦C. The resulting plasma was
transferred to 3 mL polypropylene Eppendorf tubes 3810X, it was frozen and stored at −20 ◦C until
analysis. Blood loss was compensated through the administration of multi-electrolyte solutions in
amounts corresponding to the volume of collected samples.

4.2.2. Analysis of ZEN and Its Metabolite in Blood Plasma

The presence of ZEN (see Figure 1) and α-ZEL (see Figure 1) in the blood plasma was determined
by various separation methods with the use of immunoaffinity columns (Zearala-TestTM Zearalenone
Testing System, G1012, VICAM, Watertown, MA, USA) and HPLC with fluorescent detection.

4.2.3. HPLC Analysis

The presence of ZEN and α-ZEL in blood plasma was determined using immunoaffinity columns
(Zearala-TestTM Zearalenone Testing System, G1012, VICAM, Watertown, MA, USA) and Agilent
1260 series liquid chromatography (LC) coupled with a mass spectrometer (MS) (Agilent 6460,
Agilent Technologies, Inc., Santa Clara, CA, USA). The prepared sample was identified with the
use of a chromatographic column (Atlantis T3 3 μm 3.0 × 150 mm Column, Waters, AN Etten-Leur,
Dublin, Ireland). The mobile phase consisted of 70% acetonitrile (LiChrosolvTM, No. 984 730 109,
Merck-Hitachi, Mannheim, Germany), 20% methanol (LiChrosolvTM, No. 1.06 007, Merck-Hitachi,
Mannheim, Germany), and 10% deionized water (Milipore Water Purification System, Millipore S.A.
Molsheim, France) with an addition of 0.2% CH3 COOH. The flow rate was 0.4 mL/min., and the
temperature of the oven column was 40 ◦C. The chromatographic analysis was completed in 4 min.
Mycotoxin concentrations were determined according to the external standard and were expressed
in ppb (ng/mL). The limits of detection (LODs) for individual mycotoxins were determined as the
concentrations at which the signal-to-noise ratio decreased to three. The LOQ was estimated as
the triple LOD value. Quantification limits (LOQs) were determined at 0.100 ng/mL for ZEN and
α-ZEL. The correlation coefficient (r) for the calibration curve was 0.9996 and 0.9989 for ZEN and
α-ZEL, respectively.

4.2.4. Determination of Mycotoxin Bioavailability in Blood Plasma

The data were recorded and integrated with the use of the Computer Integrator POL-LAB
application and CHROMAX for Windows v. 2000 software for processing chromatographic data
(Pol-Lab Artur Dzieniszewski, Warszawa, Poland). Mycotoxin concentrations were determined
according to the external standard method and given in terms of ng/mL.

4.3. Determination of Hormone (Estradiol and Testosterone) Concentrations in Blood Plasma

Blood was sampled every 48 h (25 times), 1 h after mycotoxin administration. The samples were
transferred to chilled centrifuge tubes and were centrifuged at 3000 rpm for 20 min at the temperature
of 4 ◦C. The resulting plasma was transferred to plastic polypropylene Eppendorf tubes, it was frozen
and stored at −18 ◦C until analysis of selected steroid hormone levels.
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Estradiol (see Figure 3) and T (see Figure 4) concentrations in the blood plasma were estimated
by RIA procedures described for E2 by Hotchkiss et al. [43] and for T—by Kotwica and Williams [44].
Estradiol and T antibodies (obtained from the Institute of Animal Physiology, University of Warmia
and Mazury in Olsztyn, Poland) were characterized by Szafrańska et al. [45]. The sensitivity of E2 and
T assays was 5 pg and 2.5 ng (per tube), respectively. Intra-assay and inter-assay CVs for E2 and T
were determined at 6.9% and 11.8% and 7.6% and 12.5%, respectively.

4.4. Bioavailability Factor

The daily dose of ZEN (20 or 40 μg/kg BW) was administered to each animal individually,
which corresponds to exposure to 928.74–1856.8 μg ZEN/kg of a complete diet, depending on daily
feed intake (Table 1).

The bioavailability factor (see Figure 5) was calculated as the ratio of ZEN + α-ZEL = ZOL
bioavailability in peripheral blood (expressed as ppb) to ZEN concentration in the diet (expressed
as ppb), expressed as the overall dose administered in each week of the experiment, according to a
previously described method.

4.5. Statistical Analysis

Plasma concentrations of ZEN (see Figure 1), α-ZEL (see Figure 1), and ZON (see Figure 2) as
well as E2 (see Figure 3) and T (see Figure 4) levels in the blood plasma of the examined gilts were
presented as arithmetic means (x) and SD (±). Statistical calculations were performed using the
Statistica application (Statsoft Inc., Tulsa, OK, USA). Due to the applied ZEN dose and the length
of application, arithmetic means were compared by one-way analysis of variance for systems with
repeatable measurements. The homogeneity of variances in the compared groups (required in analyses
of variance) was verified by the Brown–Forsythe test. Differences between groups were analyzed by
Tukey’s honestly significant difference test (p < 0.05 or p < 0.01).
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5. Kowalska, K.; Habrowska-Górczyńska, D.E.; Piastowska-Ciesielska, A.W. Zearalenone as an endocrine
disruptor in humans. Environ. Toxicol. Phar. 2016, 48, 141–149. [CrossRef]

6. Lathe, R.; Kotelevtsev, Y.; Mason, J.I. Steroid promiscuity: Diversity of enzyme action. J. Steroid Biochem.
2015, 151, 1–2. [CrossRef] [PubMed]

7. Barton, M. Position paper: The membrane estrogen receptor GPER—Clues and questions. Steroids 2012, 77,
935–942. [CrossRef] [PubMed]

8. Fürst, R.W.; Pistek, V.L.; Kliem, H.; Skurk, T.; Hauner, H.; Meyer, H.H.D.; Ulbrich, S.E. Maternal low-dose
estradiol-17β exposure during pregnancy impairs postnatal progeny weight development and body
composition. Toxicol. Appl. Pharm. 2012, 263, 338–344. [CrossRef] [PubMed]
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Abstract: Mycotoxins are secondary metabolites of fungi that contaminate food and feed and have a
significant negative impact on human and animal health and productivity. The tropical condition in
Sub-Saharan Africa (SSA) together with poor storage of feed promotes fungal growth and subsequent
mycotoxin production. Aflatoxins (AF) produced by Aspergillus species, fumonisins (FUM), zearalenone
(ZEN), T-2 toxin (T-2), and deoxynivalenol (DON) produced by Fusarium species, and ochratoxin A
(OTA) produced by Penicillium and Aspergillus species are well-known mycotoxins of agricultural
importance. Consumption of feed contaminated with these toxins may cause mycotoxicoses in animals,
characterized by a range of clinical signs depending on the toxin, and losses in the animal industry.
In SSA, contamination of dairy feed with mycotoxins has been frequently reported, which poses
a serious constraint to animal health and productivity, and is also a hazard to human health since
some mycotoxins and their metabolites are excreted in milk, especially aflatoxin M1. This review
describes the major mycotoxins, their occurrence, and impact in dairy cattle diets in SSA highlighting
the problems related to animal health, productivity, and food safety and the up-to-date post-harvest
mitigation strategies for the prevention and reduction of contamination of dairy feed.

Keywords: mycotoxins; dairy; aflatoxin; Sub-Saharan Africa; aflatoxin M1

Key Contribution: This paper looks at the prevalence and effects of mycotoxins in the dairy sector in
Sub-Saharan Africa and its impact on animal health and food safety. Mycotoxin occurrence in dairy
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feed is widespread in Sub-Saharan Africa and affects animal health and productivity as well as food
safety. Therefore, there is a need for enhanced regulation as well as the use of mitigation strategies to
promote animal health and productivity and food safety.

1. Introduction

The livestock sector accounts for about 18% of the gross domestic product (GDP) in Sub-Saharan
Africa (SSA). In 2017, there were 35.3 million tons of milk produced by 71.1 million dairy cattle in Africa,
of which 66.5% is located in SSA [1]. However, Africa is producing only 5.1% of the world milk and
the total yield per cow per year is also low [1]. With a population of about 1 billion people, projected to
rise to over 1.2 billion by 2025 [1], there is an urgent need for improved productivity per animal since
the increased production of milk over the years was rather the result of an increased number of animals
than increased individual animal productivity. This may be attributed to the traditional (pastoralism)
system that is mostly practiced in SSA. However, due to human population growth, increased milk
consumption per capita, and land shortage and increasing interest in production, semi-intensive
and intensive dairy farming systems are increasingly being adopted [2]. In these semi-intensive and
intensive systems, mostly localized in rural and peri-urban regions, the animals either graze or are fed
on planted fodder or crop residues supplemented with concentrates [3]. Cereal grains are the major
ingredients of most of the concentrates and these are often of substandard grade, mostly due to fungal
growth and discoloration and thus considered unfit for human consumption, which predisposes these
feeds to mycotoxin contamination [4].

Mycotoxins are secondary metabolites of fungi that contaminate food and feed and have a
significant negative impact on human and animal health including animal productivity. Aspergillus,
Fusarium, and Penicillium are the major mycotoxin-producing fungi. These toxigenic fungi are classified
into two groups; field fungi that contaminate crops and produce toxins while still on the field such as
Fusarium species, and storage fungi, such as Aspergillus and Penicillium species, that mainly produce
toxins after harvesting during storage. Production of mycotoxins is related to environmental conditions,
stress to the plant, and damage to the grains caused by rodents and pests and abiotic factors such as
pH of feed and moisture content [5,6]. The tropical condition in SSA together with poor storage of feed
promotes fungal growth and subsequent mycotoxin production [6,7].

Aflatoxins (AF) produced by Aspergillus species, fumonisins (FUM), zearalenone (ZEN), T-2 toxin
(T-2), and deoxynivalenol (DON) produced by Fusarium species, and ochratoxin A (OTA) produced by
Aspergillus and Penicillium species are well-known mycotoxins of major agricultural importance and
have been found concurrently occurring in feeds, with AF, which is a class 1 carcinogen to human
beings, the most prevalent and also the most studied in SSA [8–11].

Consumption of feed contaminated with these toxins may cause mycotoxicoses in animals,
characterized by a range of clinical signs depending on the toxin, and may cause losses in the animal
industry. In SSA, contamination of dairy feed with mycotoxins has been frequently reported, which
poses a serious constraint to animal health and productivity and is also a hazard to human health.
This is because some mycotoxins and their metabolites are excreted in milk, especially aflatoxin
M1 (AFM1). This review describes the major mycotoxins and their occurrence and impact in dairy
cattle diets in SSA, highlighting the problems related to animal health and productivity, food safety,
and provides the up-to-date post-harvest mitigation strategies for the prevention and reduction of
contamination of dairy feed.

2. Legislation of Mycotoxins in Africa

As per 2003, 15 countries in Africa had mycotoxin regulations covering 59% of the inhabitants
of Africa. These regulations only are concerned with AF except for South Africa where guidance
levels exist for ZEN, FUM, and DON in dairy feeds [10,12]. Regionally, East Africa Community (EAC)
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harmonized and set regulatory limits for AFB1 at 5 μg/kg in dairy feed and 0.5 μg/kg for AFM1 in
milk. In addition, Rwanda through the Rwanda Standards Board (RSB) has established a regulatory
limit of 5 μg/kg for AFB1 in cattle feed supplements [13]. No other regional regulatory limits have
been established and implemented in Africa. In West Africa, Nigeria through the National Agency
for Food and Drug Administration and Control has set a regulatory limit of 5 μg/kg and 0.5 μg/kg
for AFB1 in dairy feed and AFM1 in milk, respectively [14]. Cote d’ Ivoire has set a limit of 10 μg/kg
for total AF in complete feed, while Senegal has a limit of 50 μg/kg for AFB1 for animal feeds from
peanuts [12]. In Southern Africa, Republic of South Africa has a regulatory limit for AF and guidance
levels for other mycotoxins in dairy feed, i.e., at 5 μg/kg for AFB1, 50,000 μg/kg for FUM, 500 μg/kg
for ZEN, and 3000 μg/kg for DON. The regulatory limit for AFM1 in milk is set at 0.05 μg/kg [10].
Mozambique has set regulatory limits for total AF at 10 μg/kg in dairy feed, while Zimbabwe has
not set the limit for dairy feed but use a 10 μg/kg limit for poultry feed [12]. Worldwide, the World
Health Organization/Food and Agriculture Organization of the United Nations (WHO/FAO) through
the Codex Alimentarius Commission (CODEX) have set up a regulatory limit for AFB1 in dairy feeds
at 5 μg/kg and for AFM1 in milk at 0.5 μg/kg [15]. The European Union (EU) and the United States of
America through the United States Food and Drug Agency (USFDA) have also established a regulatory
limit for AF and guidance limits for other mycotoxins, as shown in Table 1.

Sirma et al. [16] noted that countries with mycotoxin problems including most SSA countries
tend to have laxer enforcement of the regulations set and this may be due to the countries setting
limits that are beyond their capacity to implement. Some developed regions such as the EU, USA,
and Canada have set up regulations that allow the contaminated feed to be used in less susceptible
species. The EAC through Policy Brief on Aflatoxin Prevention and Control (Policy Brief No. 8, 2018)
has recommended setting up a policy for cascading for direct utilization of AF-contaminated food
based on the level of contamination and negative effects to the animal species, however, this has
not been established yet in EAC and other SSA countries [16,17]. Local influencing factors such as
enforcement capacity, levels of contamination with mycotoxins, and existing regional standards and
the use of these commodities need to be considered in order to improve acceptability and uptake of
these regulations [16].

Table 1. Regulatory and guidance levels of mycotoxins in dairy feed and milk.

Country/Region
Regulatory Limit (μg/kg) Guidance Values (μg/kg)

Total AF AFB1 Milk AFM1 DON FUM OTA ZEN Reference

Central Africa region - - - - - - - -
East Africa Community 10 5 0.5 - - - - [16]

West Africa region - - - - - - - -
South Africa 10 5 0.05 3000 50,000 - 500 [10]

Rwanda 10 5 - - - - - [13]
Nigeria - 5 0.5 - - - - [14]
Senegal - 50 - - - - - [12]

Cote d’ Ivorie 10 - - - - - - [12]
Mozambique 10 - - - - - - [12]

CODEX - 5 0.5 - - - - [15]
European Union - 5 0.05 5000 50,000 - 500 [18]

USA 20 - 0.5 - 30,000 - - [19]

AF—Aflatoxins, AFB1—Aflatoxin B1, AFM1—Aflatoxin M1, CODEX—Codex Alimentarius DON—Deoxynivalenol,
EU—European Union, FUM—Fumonisins, OTA—Ochratoxin A, USA—The United States of America. - Not detected.

3. Incidence of Mycotoxins in Dairy Feed in Sub-Saharan Africa

In SSA, dairy cattle are fed on fodder that includes grazed grass, hay, legumes, and silage and
supplemented with concentrates. These concentrates are often compounded feeds, grain millings, and
oilseed cakes. The compounded feed is made from mixing raw materials such as cereals including
maize, small grains, oil cakes such as cotton seed cake, sunflower cake, soy meal cake, copra, noug
seed, and fish meal [10,20,21]. Taking into account the feed and food shortage in SSA, spoiled and
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moldy maize that has been considered unfit for human consumption is often fed to animals [22,23].
Both fodder and concentrates have been reported to be contaminated with mycotoxins, with the
latter being the major source of contamination [11,24–26]. This makes all dairy farming practiced
in SSA at risk of contamination with mycotoxins. Table 2 is a summary of reported cases of dairy
feed contamination in SSA, most of which are above the maximum regulatory levels set by national
institutions, regional bodies, and the European Union (EU). Overall, aflatoxins (AFs) are the most
commonly tested and detected mycotoxins in both finished feed and raw material with a maximum
level of 9661 μg/kg [27]. Fumonisins (FUMs) were the second most common mycotoxins with sorted
bad maize used for animal feed from Tanzania having the highest mean level of 14 mg/kg [28]. OTA was
reported in South Africa, Kenya, Nigeria, and Sudan with the highest level of 19 μg/kg in Sudan.
However, the sample sizes in these countries were too small for a proper comparison between countries.
The means of the positive samples were between 2 and 15 μg/kg [29] and below the 50 μg/kg EU
guidance limit for OTA. The occurrence of OTA seems to follow a similar pattern to AF in areas where
AF commonly occur and this may be because they are both produced by Aspergillus species. HT-2
toxin was only reported in South Africa [11].

AF and FUM have been widely studied in SSA due to their frequent occurrence in food and
feed [29] and high toxicity to animals and humans. This also makes them be regulated in most
countries [10]. However, recently, other mycotoxins have been reported in dairy feed in South
Africa [4,10,11], Kenya [6,21,30], Rwanda [13], Tanzania, Sudan, Ghana, and Nigeria [21]. Furthermore,
raw materials used for compounded feed preparation can simultaneously be contaminated by different
mycotoxins since some mycotoxigenic fungi grow and produce mycotoxins under similar conditions [31].
Synergistic, additive, and antagonistic effects due to co-occurrence of mycotoxins occur with, for
example, FUM, reported to increase the uptake of AF and subsequently the carry-over to milk [32].

140



Toxins 2020, 12, 222

T
a

b
le

2
.

M
yc

ot
ox

in
s

in
da

ir
y

fe
ed

in
Su

b-
Sa

ha
ra

n
A

fr
ic

a.

A
fl

a
to

x
in

s

C
o

u
n

tr
y

M
y

co
to

x
in

T
e
st

F
e
e
d

n
P

o
si

ti
v

e
(%

)
A

b
o

v
e

E
U

L
im

it
(%

)
M

a
x

(μ
g
/k

g
)

M
e
a
n

(μ
g
/k

g
)

R
e
fe

re
n

ce

Et
hi

op
ia

A
FB

1
EL

IS
A

D
ai

ry
fe

ed
(c

om
po

un
de

d
fe

ed
,b

re
w

er
ye

as
t,

si
la

ge
,m

ai
ze

,a
nd

pe
a

hu
ll)

15
6

10
0%

10
0%

41
9

97
[3

3]

G
ha

na
A

F
H

PL
C

-F
LD

A
ni

m
al

fe
ed

an
d

ra
w

m
at

er
ia

ls
18

72
%

19
9

26
[2

1]

K
en

ya

A
F

EL
IS

A
A

ni
m

al
fe

ed
(m

ol
dy

m
ai

ze
)

20
7

56
%

7.
13

3.
8

[1
7]

A
FB

1
EL

IS
A

C
on

ce
nt

ra
te

s
an

d
fo

ra
ge

s
74

57
%

56
%

14
7.

9
28

.3
[6

]
A

FB
1

EL
IS

A
C

om
po

un
d

da
ir

y
fe

ed
(M

an
uf

ac
tu

re
r)

10
2

62
%

46
82

9.
8

[2
7]

A
FB

1
D

ai
ry

fe
ed

(R
et

ai
le

rs
)

31
90

%
11

98
25

.6
A

FB
1

D
ai

ry
fe

ed
(F

ar
m

er
)

11
4

73
%

96
61

13
.7

A
F

TL
C

D
ai

ry
fe

ed
72

10
0%

95
%

11
23

[3
4]

A
F

H
PL

C
-F

LD
A

ni
m

al
fe

ed
an

d
ra

w
m

at
er

ia
ls

27
78

%
55

6
52

[2
1]

N
ig

er
ia

A
FB

1
H

PL
C

-F
LD

D
ai

ry
fe

ed
14

4
87

%
66

%
24

.8
10

.5
[3

5]
A

F
H

PL
C

-F
LD

A
ni

m
al

fe
ed

s
an

d
ra

w
m

at
er

ia
ls

50
94

%
43

5.
9

11
5

[2
1]

Su
da

n
A

F
H

PL
C

-F
LD

A
ni

m
al

fe
ed

an
d

ra
w

m
at

er
ia

ls
13

54
%

75
90

[2
1]

So
ut

h
A

fr
ic

a

A
FB

1
U

H
PL

C
-Q

TO
F-

M
S/

M
S

D
ai

ry
fe

ed
40

48
%

62
%

3.
3

0.
7

[1
1]

A
FB

2
D

ai
ry

fe
ed

40
93

%
23

.9
3.

1
A

FG
1

D
ai

ry
fe

ed
40

55
%

19
.9

2.
6

A
FG

2
D

ai
ry

fe
ed

40
10

0%
11

6.
0

41
.3

A
F

LC
M

S/
M

S
C

om
po

un
de

d
da

ir
y

fe
ed

s
25

52
%

16
%

71
.8

14
.7

[1
0]

A
F

H
PL

C
-F

LD
A

ni
m

al
fe

ed
an

d
ra

w
m

at
er

ia
ls

77
6%

7
0.

2
[2

1]

Ta
nz

an
ia

A
FB

1
EL

IS
A

Sp
oi

lt
m

ai
ze

41
29

%
3.

5
[2

8]
A

FB
1

M
ai

ze
br

an
20

60
%

3.
3

A
FB

1
H

PL
C

Su
nfl

ow
er

ba
se

d
da

ir
y

fe
ed

20
65

%
62

%
20

.5
[3

6]

141



Toxins 2020, 12, 222

T
a

b
le

2
.

C
on

t.

T
y

p
e

B
T

ri
ch

o
th

e
ce

n
e
s

C
o

u
n

tr
y

M
y

co
to

x
in

T
e
st

F
e
e
d

n
P

o
si

ti
v

e
(%

)
M

a
x

(μ
g
/k

g
)

M
e
a
n

(μ
g
/k

g
)

R
e
fe

re
n

ce

G
ha

na
Ty

pe
B

tr
ic

ho
th

ec
en

es
(D

O
N

,3
/1

5-
A

c-
D

O
N

,
an

d
N

IV
)

H
PL

C
-U

V
A

ni
m

al
fe

ed
an

d
ra

w
m

at
er

ia
ls

18
50

%
15

50
95

5
[2

1]

K
en

ya

Ty
pe

B
tr

ic
ho

th
ec

en
es

(D
O

N
,3
/1

5-
A

c-
D

O
N

,
an

d
N

IV
)

H
PL

C
-U

V
A

ni
m

al
fe

ed
an

d
ra

w
m

at
er

ia
ls

25
48

38
59

42
2

Ty
pe

B
tr

ic
ho

th
ec

en
es

(D
O

N
,3
/1

5-
A

c-
D

O
N

,
an

d
N

IV
)

EL
IS

A
C

on
ce

nt
ra

te
s

an
d

fo
ra

ge
s

74
63

%
18

0
49

[6
]

N
ig

er
ia

Ty
pe

B
tr

ic
ho

th
ec

en
es

(D
O

N
,3
/1

5-
A

c-
D

O
N

,
an

d
N

IV
)

H
PL

C
-U

V
A

ni
m

al
fe

ed
s

an
d

ra
w

m
at

er
ia

ls
45

58
%

46
3

31
6

[2
1]

Su
da

n
Ty

pe
B

tr
ic

ho
th

ec
en

es
(D

O
N

,3
/1

5-
A

c-
D

O
N

,
an

d
N

IV
)

H
PL

C
-U

V
A

ni
m

al
fe

ed
an

d
ra

w
m

at
er

ia
ls

9
33

%
35

3
10

0
[2

1]

So
ut

h
A

fr
ic

a

Ty
pe

B
tr

ic
ho

th
ec

en
es

(D
O

N
,3
/1

5-
A

c-
D

O
N

,
an

d
N

IV
)

H
PL

C
-U

V
A

ni
m

al
fe

ed
an

d
ra

w
m

at
er

ia
ls

77
87

%
11

,0
22

14
69

[2
1]

D
O

N
U

H
PL

C
-Q

TO
F-

M
S/

M
S

D
ai

ry
fe

ed
40

60
%

82
20

[1
1]

D
O

N
LC

-M
S/

M
S

C
om

po
un

de
d

da
ir

y
fe

ed
s

25
96

%
22

80
89

1
[1

0]

142



Toxins 2020, 12, 222

T
a

b
le

2
.

C
on

t.

F
u

m
o

n
is

in
s

C
o

u
n

tr
y

M
y

co
to

x
in

T
e
st

F
e
e
d

n
P

o
si

ti
v

e
(%

)
M

a
x

(μ
g
/k

g
)

M
e
a
n

(μ
g
/k

g
)

R
e
fe

re
n

ce

G
ha

na
FU

M
LC

-M
S

A
ni

m
al

fe
ed

an
d

ra
w

m
at

er
ia

ls
18

89
%

92
9

50
0

[2
1]

K
en

ya
FU

M
LC

-M
S

A
ni

m
al

fe
ed

an
d

ra
w

m
at

er
ia

ls
25

76
10

,4
85

95
6

[2
1]

N
ig

er
ia

FU
M

LC
-M

S
A

ni
m

al
fe

ed
s

an
d

ra
w

m
at

er
ia

ls
45

78
%

28
60

91
9

[2
1]

Su
da

n
FU

M
LC

-M
S

A
ni

m
al

fe
ed

an
d

ra
w

m
at

er
ia

ls
9

11
%

23
23

[2
1]

So
ut

h
A

fr
ic

a

FU
M

LC
-M

S/
M

S
C

om
po

un
de

d
da

ir
y

fe
ed

s
25

10
0%

24
97

97
5

[1
0]

FB
1

U
H

PL
C

-Q
TO

F-
M

S/
M

S
D

ai
ry

fe
ed

40
85

%
13

90
37

3
[1

1]

FU
M

LC
-M

S
A

ni
m

al
fe

ed
an

d
ra

w
m

at
er

ia
ls

77
57

%
43

98
45

4
[2

1]

Ta
nz

an
ia

FU
M

EL
IS

A
Sp

oi
lt

m
ai

ze
41

51
%

14
,4

50
[2

8]
FU

M
EL

IS
A

M
ai

ze
br

an
20

60
%

16
30

H
T

-2
T

o
x
in

C
o

u
n

tr
y

M
y

co
to

x
in

T
e
st

F
e
e
d

n
P

o
si

ti
v

e
(%

)
M

a
x

(μ
g
/k

g
)

M
e
a
n

(μ
g
/k

g
)

R
e
fe

re
n

ce

So
ut

h
A

fr
ic

a
H

T-
2

U
H

PL
C

-Q
TO

F-
M

S/
M

S
D

ai
ry

fe
ed

40
88

%
31

3
35

[1
1]

O
ch

ra
to

x
in

a

C
o

u
n

tr
y

M
y

co
to

x
in

T
e
st

F
e
e
d

n
P

o
si

ti
v

e
(%

)
M

a
x

(μ
g
/K

g
)

M
e
a
n

(μ
g
/K

g
)

R
e
fe

re
n

ce

K
en

ya
O

TA
H

PL
C

-F
LD

A
ni

m
al

fe
ed

an
d

ra
w

m
at

er
ia

ls
2

50
%

2
2

[2
1]

N
ig

er
ia

O
TA

H
PL

C
-F

LD
A

ni
m

al
fe

ed
s

an
d

ra
w

m
at

er
ia

ls
5

10
0%

12
12

[2
1]

Su
da

n
O

TA
H

PL
C

-F
LD

A
ni

m
al

fe
ed

an
d

ra
w

m
at

er
ia

ls
6

67
%

19
15

[2
1]

So
ut

h
A

fr
ic

a
O

TA
LC

-M
S/

M
S

C
om

po
un

de
d

da
ir

y
fe

ed
s

25
16

%
17

10
[1

0]

143



Toxins 2020, 12, 222

T
a

b
le

2
.

C
on

t.

Z
e
a
ra

le
n

o
n

e

C
o

u
n

tr
y

M
y

co
to

x
in

T
e
st

F
e
e
d

n
P

o
si

ti
v

e
(%

)
M

a
x

(μ
g
/k

g
)

M
e
a
n

(μ
g
/k

g
)

R
e
fe

re
n

ce

G
ha

na
Z

EN
H

PL
C

-F
LD

A
ni

m
al

fe
ed

an
d

ra
w

m
at

er
ia

ls
18

11
%

31
0

17
8

[2
1]

K
en

ya
Z

EN
H

PL
C

-F
LD

A
ni

m
al

fe
ed

an
d

ra
w

m
at

er
ia

ls
25

56
%

16
7

67
[2

1]
N

ig
er

ia
Z

EN
H

PL
C

-F
LD

A
ni

m
al

fe
ed

s
an

d
ra

w
m

at
er

ia
ls

45
51

%
80

46
[2

1]

So
ut

h
A

fr
ic

a

Z
EN

U
H

PL
C

-Q
TO

F-
M

S/
M

S
D

ai
ry

fe
ed

40
60

%
28

3
[1

1]

Z
EN

LC
-M

S/
M

S
C

om
po

un
de

d
da

ir
y

fe
ed

s
25

96
%

12
3

72
[1

0]
Z

EN
H

PL
C

-F
LD

A
ni

m
al

fe
ed

an
d

ra
w

m
at

er
ia

ls
77

29
%

19
5

86
[2

1]

A
F—

A
fl

at
ox

in
s,

A
FB

1—
A

fl
at

ox
in

B
1,

A
FB

2—
A

fl
at

ox
in

B
2,

A
FG

1—
A

fl
at

ox
in

G
1,

A
FG

2—
A

fl
at

ox
in

G
2,

A
c-

D
O

N
—

3/
15

-A
ce

ty
l-

d
eo

xy
ni

va
le

no
l,

D
O

N
—

D
eo

xy
ni

va
le

no
l,

E
L

IS
A

—
E

nz
ym

e-
lin

ke
d

Im
m

u
no

so
rb

en
tA

ss
ay

,F
B

1—
Fu

m
on

is
in

B
1,

FU
M

—
To

ta
lF

u
m

on
is

in
s,

H
P

L
C

-U
V

—
H

ig
h-

P
er

fo
rm

an
ce

L
iq

u
id

C
hr

om
at

og
ra

ph
y

w
it

h
U

lt
ra

vi
ol

et
D

et
ec

ti
on

,
H

P
L

C
-F

L
D

—
H

ig
h-

P
er

fo
rm

an
ce

L
iq

ui
d

C
hr

om
at

og
ra

ph
y

w
it

h
Fl

uo
re

sc
en

tD
et

ec
ti

on
M

E
A

N
-M

ea
n

of
po

si
ti

ve
s,

L
C

-M
S/

M
S—

L
iq

ui
d

C
hr

om
at

og
ra

ph
y

Ta
nd

em
M

as
s

Sp
ec

tr
om

et
ry

,
N

IV
—

N
iv

al
en

ol
,U

H
PL

C
-Q

TO
F-

M
S/

M
S—

U
lt

ra
H

ig
h-

pe
rf

or
m

an
ce

Li
qu

id
C

hr
om

at
og

ra
ph

y
co

up
le

d
w

it
h

Q
ua

dr
up

ol
e

Ti
m

e
of

Fl
ig

ht
ta

nd
em

M
as

s
Sp

ec
tr

om
et

ry
,Z

EN
—

Z
ea

ra
le

no
ne

.

144



Toxins 2020, 12, 222

3.1. East Africa

Mycotoxins were reported in compounded dairy feeds, forages, and raw materials used for
making compounded dairy feeds. Countries from East Africa that are near the equator have a higher
occurrence of AF than other mycotoxins due to the warm and humid climate, which promotes the
growth of Aspergillus species.

In Ethiopia, Gizachew et al. [33] reported a 100% incidence of AFB1 in compounded dairy feed,
brewer yeast, silage, maize, and pea hull with all of the samples above the EU and EAC regulatory limit
of 5 μg/kg. Similarly, in Kenya, Okoth and Kola [34] reported a 100% incidence of AF in compounded
dairy feed, cottonseed cake, and sunflower seed cake at levels ranging from 5.13 to 1123 μg/kg. In the
study, 95% of the samples were above the regulatory limit of 10 μg/kg with cottonseed cake and
compounded dairy feed having a higher number of samples above the regulatory limit at 51.2% and
41.9%, respectively; 7% of the sunflower seed cake samples exceeded the regulatory limit. However, in
Tanzania, Mohammed et al. [36] reported 61.5% of sunflower-based dairy feed having AFB1 above the
EAC and EU regulatory limit and an overall incidence of 65%. Senerwa et al. [27] in Kenya reported a
higher level of samples having AFB1 above the EAC and EU regulatory limit in compounded dairy
feed at 90.3% but noted differences between different agro-ecological zones. Moldy maize used as
animal feed in Kenya [23] and Tanzania [28] had AF and AFB1, respectively, at 56% and 29%; however,
the means (3.84 μg/kg and 3.49 μg/kg respectively) were below the EAC and EU regulatory limit.
In Sudan, Rodrigues et al. [21] reported an incidence of 54% of AF in compounded dairy feed and raw
material used for making compounded dairy feed.

FUM are the second most common mycotoxins reported. Rodrigues et al. [21] reported 76%
incidence of FUM in compounded animal feed, grains, and other feed commodities in Kenya with
a mean of 956 μg/kg, which is below the EU guidance limit for FUM of 50,000 μg/kg. In Tanzania,
Nyangi et al. [28] reported incidence of 60% and 51% of FUM in spoilt maize unfit for human
consumption sorted from good maize after harvesting and meant for animal feed and maize bran,
with the spoilt maize having a higher mean of 14,450 μg/kg, which is still below the EU guidance
limit. Type B trichothecenes (DON, 3/15-acetyl-deoxynivalenol and nivalenol) were also reported in
Kenya [6,21] and Sudan [21] at incidences of between 33% and 63% in compounded dairy feed, raw
materials for animal feed, and forages. ZEN and OTA were also reported in dairy feed in Kenya and
Sudan; however, few numbers of samples were analyzed for OTA for comparison [21].

3.2. Central Africa

Little information concerning mycotoxins contamination in feed is available for Central Africa.
This is attributed to the lack of knowledge on the mycotoxin issue, poverty, and lack of research
facilities, manpower, and skills in these countries [37]. However, in Burundi and the Democratic
Republic of Congo, AFB1 has been reported in food samples and AFM1 in cow milk [38], but little data
is available on mycotoxins contamination in dairy feed. Raphaël et al. [39] reported the occurrence of
AF in poultry feed, maize, and peanut meal at levels as high as 950 μg/kg in Cameroon, but little data
is available on dairy feed.

3.3. West Africa

AF and FUM were the most prevalent mycotoxins in Ghana (72% and 94%, respectively) and
Nigeria (100% and 89%, respectively) [21,35]. Rodrigues et al. [21] reported the highest level of AF in
compounded dairy feed and raw materials for making compounded feed in Nigeria at 435.9 μg/kg and
a mean of positive of 115 μg/kg [21]. However, another study by Omeiza et al. [35] on compounded
dairy feed and pasture showed a lower mean of 10.5 μg/kg, with 66.4% of the samples exceeding the
EU regulatory limit. In the study, concentrates had the highest incidence of AFB1 at 93% with dry
pasture having 60% and pasture mixed with concentrates having an incidence of 86.9%, indicating
concentrates as the major source of AF. In Ghana, the highest level was 199 μg/kg with a mean of
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26 μg/kg in compounded dairy feed and raw materials [21]. The highest level and mean of FUM
reported in the region were in Nigeria (2860 μg/kg and 919 μg/kg, respectively) [21]. Other mycotoxins
reported are ZEN, OTA, and type B trichothecenes (DON, 3/15-acetyl-deoxynivalenol, and nivalenol).
This occurrence pattern of mycotoxins is similar to that of East Africa and this may be because countries
in West Africa and East Africa are both near the equator, hence similar environmental conditions such
as the higher levels of humidity.

3.4. South Africa

South Africa exhibited higher contamination of Fusarium mycotoxins FUM, DON, and ZEN [21].
This is in line with the findings by Gruber-Dorninger et al. [29] who reported DON, FUM, and ZEN
as the most common mycotoxins in South Africa. FUM had an incidence of between 57% and 100%.
The highest level of FUM was reported by Rodrigues et al. [21] at 4.4 mg/kg in commercial dairy
feed, grain, and other feed commodities, with the highest mean level reported by Njobeh et al. [10] in
compounded dairy feed being 0.98 mg/kg and below the EU guidance limit and South African limit of
50 mg/kg. Changwa et al. [11] and Njobeh et al. [10] reported similar occurrence patterns and incidences
of DON and ZEN in dairy feed. This is also in line with the findings of Gruber-Dorninger et al. [29]
where DON and ZEN are commonly reported to occur together since they are produced by the same
species of fungi, but DON occurring at higher levels. Njobeh et al. [10] reported an incidence of 96%
of both DON and ZEN in compounded feed and Changwa et al. [11] an incidence of 60% of both
DON and ZEN in assorted dairy feeds. In both studies, compounded dairy feed had the highest
level of DON. Rodrigues et al. [21] reported an incidence of 87% for type B trichothecenes (DON,
3/15-acetyl-deoxynivalenol, and nivalenol) and a lower incidence of 29% for ZEN. The highest reported
level of DON (2280 μg/kg) [10] and ZEN (195 μg/kg) [21] were below the EU guidance limit for
DON (5000 μg/kg) and ZEN (500 μg/kg), respectively, and the South African limit 3000 μg/kg and
500 μg/kg, respectively.

AF occurred at 6%–100%, with aflatoxin G2 (AFG2) being the most prevalent in compounded
dairy feed and raw materials for animal feed. Changwa et al. [11] reported AFG2 and AFB2 as the
most frequent AFs, with AFG2 having the highest mean concentration of 41 μg/kg in maize silage,
grass, total mixed ratio, brewer yeast, molasses, and maize bran. AFB1 was the least frequent AF, with
the highest level reported in lucerne based feeds (mean 2.1 μg/kg). Incidence and levels of AFG2 in the
study were high, 62% of the positive samples exceeded the Food and Drug Agency (FDA) regulatory
limit for AF of 20 μg/kg. However, Njobeh et al. [10] and Rodrigues et al. [21] reported lower levels of
samples exceeding the regulatory limit (mean 14.7 μg/kg) in compounded dairy feed and 0.2 μg/kg in
compounded feed and raw materials, respectively). Other mycotoxins reported were OTA and HT-2
toxin. Njobeh et al. [10] reported OTA at 16%, but Rodrigues et al. [21] and Changwa et al. [11] did not
detect OTA. Changwa et al. [11] reported 87.5% incidence of HT-2 toxin with Njobeh et al. [10] and
Rodrigues et al. [21] not detecting T-2 and HT-2 in compounded dairy feed and raw materials.

4. Impact of Mycotoxins in Dairy

Mycotoxins in Africa have an impact on food security and safety, animal and human health,
international trade, and national budgets, leading to reduced self-sustainability and increased reliance
on foreign aid [37]. In the dairy sector, contamination of feed with mycotoxins causes serious
economic and food security and safety issues. Economic impact occurs through the direct market
costs associated with lost trade or reduced revenues due to the rejection of contaminated animal
products and reduced productivity, death of the animal especially calves which are more sensitive,
and increased cost of treatment and mycotoxin mitigation [37]. Some mycotoxins, including AF and
T-2, are immunosuppressive in cattle, leading to vaccination failure and increased susceptibility to
infectious diseases [40] with hidden cost affecting animal health and productivity. The impact is borne
by all participants in the dairy sector including feed manufacturers, dairy farmers, milk processors,
and consumers [21]. Little has been done to financially quantify the cost of mycotoxins exposure in the
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dairy enterprise in Africa. In Kenya, Senerwa et al. [27] reported 61.4% of feed contaminated with
AFB1 above the FAO/WHO/Kenya limit of 5 μg/kg. This translates to a possible economic cost per
year for dairy feed manufacturers of 22.2 billion US $ and, additionally, a further 37.4 million US $ is
incurred in losses by farmers annually due to reduced milk yield as a result of feeding cattle with feed
contaminated with AFB1 [27]. In the same study, 10.3% of the milk samples had AF levels above the
WHO/FAO limit of 0.5 μg/kg, which would cost dairy farmers 113.4 million US $ per year if legislation
was enforced.

Animal health issues due to mycotoxicoses affect both the health and productivity of animals with
the clinical signs manifested depending on the individual mycotoxin as shown in Table 3. There are
two forms of mycotoxicoses, acute mycotoxicoses that occur due to consumption of a high single dose
of mycotoxins and chronic mycotoxicoses due to chronic consumption of low levels of mycotoxins
over time. Recorded toxic levels of mycotoxins that cause acute disease in dairy cattle are 100 μg/kg
for AF, 400 μg/kg for ZEN, and above 100 μg/kg for T-2 [41]; however, chronic aflatoxicosis caused
by low-level exposure of mycotoxins over time poses a more common health problem to the animals
and also food safety concern to humans. Generally, mycotoxins cause reduced feed intake, alter
ruminal fermentation and reduce feed utilization, suppressing immunity, alter reproduction, and
cause hepatotoxicity and nephrotoxicity [42]. In comparison, ruminants can be less severely affected
by certain mycotoxins compared to monogastrics, which is attributed to the microbial activity in the
rumen that can modify the mycotoxin chemical structure into less toxic compounds. Upandaya et
al. [43] conducted an in vitro study on the degradation of AFB1 by ruminal fluid from Holstein cattle
using 80 μg/kg AFB1 and reported a degradation starting after 3 h incubation with an eventual 14%
reduction of AFB1 by 12 h. In agreement, Jiang et al. [44] also performed an in vitro study with rumen
fluid collected from Holsteins fed with two substrate alfalfa hay (HA) and ryegrass hay (HR) and, after
72 h incubation, there was a decrease of 83% for HA and 84% for HR of included AFB1 (960 ng/mL).
However, in both studies, the metabolites formed due to the degradation were not reported.

Table 3. Effect of mycotoxins in dairy cattle.

Effect AF DON FUM OTA T-2 ZEN

Reduced feed intake
√ √ √ √ √ √

Reduced milk yield
√ √ √ √ √ √

Reproductive effects
√ √ √ √

Immunosuppression
√ √

Hepatotoxicity
√ √

Nephrotoxicity
√ √

Gastroenteritis
√ √

AF—Aflatoxin, DON—Deoxynivalenol, FUM—Fumonisin, OTA—Ochratoxin A, T-2—T-2 toxin, ZEN—Zearalenone.√
Effect present.

Fumonisins are minimally absorbed by ruminants with most of it being excreted in the
unmetabolized form in feces. Gurung et al. [45] in an in vitro study using 100 mg/kg FB1/kg reported
minimal degradation of FB1 (10%) to hydroxylized FB1 (HFB1) by ruminal microbiota after incubation
for 72 h. Similarly, goats fed diets containing 95 mg FB1/kg for 112 days excreted 50% of the FB1 in the
unmetabolized form in feces [46].

The intact ruminal epithelium is an effective barrier against DON and ZEN [47]. DON is degraded
by the ruminal microbiota to the less toxic metabolite de-epoxy DON (DOM-1) [48,49]. A study by
Seeling et al. [48] reported 94%–99% biotransformation of DON to DOM-1. Keese et al. [47] reported no
significant amount of unmetabolized DON passing through the ruminal epithelium in cattle fed 50%
concentrate proportion and 5.3 mg DON/kg DM, nor if a ration with 60% concentrate and 4.6 mg/kg
DM fed for a total period of 29 weeks; however, DOM-1 was present in serum, which indicates systemic
uptake. Valgaeren et al. [49] studied the role of roughage provision on the absorption and disposition
of DON and its acetylated derivatives in calves and observed an absolute DON oral bioavailability of
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4.1% in ruminating calves compared to 50.7% in non-ruminating calves, indicating the ability of the
rumen to degrade DON. Recently, Debevere et al. [50] showed the degradation of DON was hampered
when ruminal pH was low (pH 5.8), as is the case in cattle suffering from sub-acute rumen acidosis.
Interestingly, when rumen inoculum of non-lactating cows was used, a similarly reduced degradation
of DON was seen.

An in vitro study by Kiessling et al. [51] on the effect of ruminal microbiota on OTA, ZEN, and T-2
after incubation between 30 min to 3 h showed degradation of OTA to ochratoxin α and phenylalanine,
which are non-toxic metabolites mainly produced by the action of protozoa. This ruminal fauna of
protozoa can also be affected by diet and the variation in the ruminal protozoa population will affect
mycotoxin degradation. Kiessling et al. [51] reported a decrease of 20% of OTA degradation in sheep
fed with a high hay concentrate ratio (3:7 weight/weight) compared to a low hay concentrate ratio
(5:4 weight/weight). An in vivo study in sheep with 5 mg/kg OTA showed no OTA in blood [51].
For ZEN, the conversion was to α-zearalenol and to a lesser extent to β-zearalenol. α-zearalenol is
more toxic and more easily absorbed from the intestines into the bloodstream as compared to the
parent compound due to increased polarity, indicating the action of the ruminal microbiota can also
increase the toxicity of ZEN. Kiessling et al. [51] also reported in vitro conversion of T-2 to HT-2 toxin
after 30 min of incubation with ruminal fluid collected from sheep.

4.1. Aflatoxins

Field and experimental aflatoxicosis have been previously described in dairy cattle.
Van Halderen et al. [52] reported a field outbreak mortality of 7 out of 25 calves in South Africa
fed rations containing locally produced maize with 11,790 μg/kg AF. Clinical signs included loss in
body mass, rough hair coat, diarrhea, and rectal prolapse. Outside SSA, Mckenzie et al. [53] reported
acute aflatoxicosis that was believed to have caused mortality of 12 to 90 drought-stricken calves
in Australia. The calves were fed peanut hay that was later analyzed and determined to contain
2230 μg/kg AF. More recently, Umar et al. [54] reported 45 field cases of aflatoxicosis on a local farm in
Okara (Punjab, Pakistan). The cows were fed corn-rich forage with 33,500 μg/kg AF. The clinical signs
were anorexia, depression, photosensitization, and diarrhea, with 15 animals dying.

Experimental studies have described aflatoxicosis, with clinical signs being reduced feed
intake and feed conversion, reduced milk production, reduced reproduction capacity, lameness,
immunosuppression, hepatotoxicity, and nephrotoxicity [41,42]. Applebaum et al. [55] reported a
significant decrease in milk production in cattle fed with 13 mg AFB1 per day for 7 days. Likewise,
Ogunade et al. [56] and Jiang et al. [57] also reported a numerical drop in milk yield in cows fed 75 μg/kg
Dry Matter Intake (DMI) (1725 μg/head per day) for 5 days. Sulzberger et al. [58] reported depression
in milk yield and feed conversion at 100 μg AFB1/kg of DMI. In contrary, studies by Queiroz et al. [59]
on cattle fed 75 μg/kg DMI (1725 μg/head per day) for 4 days, Kutz et al. [60] feeding 112 μg of AFB1/kg
of Total Mixed Ration (TMR) DMI to dairy cows in early to mid-lactation for 7 days, Sumantri et al. [61]
on cattle fed 350 μg AFB1/cow/day for 10 days, and Mosoero et al. [62] using lower levels of AF of
0.16 μg/kg BW and 3.41 μg AFB1/cow/day for 3 days showed no health effect [62]. Exposure to AF also
affects rumen fermentation, reducing the utilization of nutrients, and eventually may affect animal
productivity. Mesgaran et al. [63] reported reduced gas production, dry matter digestibility, and
ammonia-N concentrations caused by AFB1 in vitro. Jiang et al. [44] also reported similar results with
AFB1 affecting in vitro fermentation characteristics in terms of reduced ammonia N and volatile fatty
acids (VFA) concentrations but without reducing dry matter digestibility or affecting VFA pattern.
Based on the levels of AF reported in dairy feed in SSA, chronic aflatoxicosis is a risk in the dairy sector.

4.2. Deoxynivalenol

DON, also called vomitoxin, induces anorexia and emesis in humans and animals. This is usually
achieved by affecting the chemoreceptor trigger centers and causing gastrointestinal lesions. Pigs are
the most sensitive species while cattle are less susceptible. DON affects ruminal fermentation and
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causes reduced milk yield [41]. Contradictory results have been shown on the effect of DON on feed
intake. Trenholm et al. [64] studied the effect of a diet contaminated with DON in non-lactating Holstein
dairy cows fed at a dose of 1.5 mg/kg and 6.4 mg/kg of feed for 6 weeks, there was no adverse effect
observed, however, there was a slight decline in feed consumption following the change from the low
DON dose (1.5 mg/kg) to the high DON dose (6.4 mg/kg). In contrary, Seeling et al. [41] reported no
effect on feed intake on feeding approximately 3.4 mg DON per kg at a reference DM of 88% complete
ration, similar to Winkler et al. using 5 mg DON/kg feed showed no effect on performance parameters
on dairy cattle [65]. In calves, Valgaeren et al. [49] reported severe liver failure in 2-3 months old calves
with no functioning rumen induced by 1.13 mg DON/kg feed, indicating the significance of rumen
microbiota in DON degradation.

4.3. Fumonisins

Ruminants are more resistant to FUM toxicity than horses and pigs [66]. Field outbreaks have been
reported in horses and pigs but not in dairy cattle. Fumonisins act by altering sphingolipid biosynthesis
hence leading to the accumulation of sphinganine and causing toxicity. Oral administration to calves
with a diet containing FB1 at 2.36 mg/kg/day increased to 3.54 mg/kg/day for 239 to 253 days showed
elevated sphinganine/sphingosine ratios with mild hepatocellular morphology changes accompanied
by mild bile duct epithelial changes [67]. Feeding trials with 75 mg/kg, 94 mg/kg, and 105 mg/kg FB1
for 14 days, 253 days, and 31 days, respectively, have also been reported to cause reduced milk yield,
reduced feed intake, hepatotoxicity, nephrotoxicity, and reproduction problems and, hence, it can be
concluded that oral administration with levels above 75 mg/kg is toxic to cattle [41,42,68]. Experimental
administration of 1 mg/kg of FB1 intravenously to calves for 7 days caused lethargy, loss of appetite,
hepatotoxicity, and nephrotoxicity [66].

4.4. Ochratoxin A

Ochratoxicosis is rarely reported in cattle. This is attributed to the ability of the rumen microbiota
to easily degrade OTA to non-toxic forms as demonstrated by Kiessling et al. [51]. Ribelin et al. [69]
reported anorexia, diarrhea, difficulty in rising and cessation of milk production with recovery on the
4th day in cattle fed a high single dose of OTA of 13.3 mg/kg; this dose can be rarely achieved in the
field and low doses of 0.2 mg/kg, 0.75 mg/kg, and 1.66 mg/kg for 5 days produced no clinical disease.
With the highest level of OTA reported in SSA being 19 μg/kg, which is way lower than those used in
the experiment, it can, therefore, be concluded that OTA is rarely a problem in dairy cattle in SSA.

4.5. T-2 toxin

In dairy cattle, T-2 has been associated with hemorrhagic gastroenteritis [41], feed refusal, and
gastrointestinal lesions [70]. Weaver et al. [70] reported severe depression, hindquarter ataxia, knuckling
of the rear feet, listlessness, and anorexia in a calf fed 0.6 mg T-2/kg body weight for seven consecutive
days. Reduction in milk yield and the absence of estrus have also been associated with T-2 [41].

4.6. Zearalenone

Zearalenone has an estrogenic response in cattle causing abortion and changes in the reproductive
organs. A case report by Kallela and Ettala [71] reported early abortion in cattle feeding on hay
containing 10 mg/kg ZEN. Abnormal estrus cycle, vaginitis, behavioral estrus in pregnant animals,
mammary development in pre-puberty heifers, and sterility have also been reported in cattle fed with
feed containing 1.5 mg ZEN/kg feed [72]. Experimental studies using 500 mg and 250 mg of 99%
purified ZEN in a gelatin capsule orally in lactating dairy cattle and virgin heifers, respectively, showed
no effects except for depression in the conception rate in the virgin heifers [73,74].
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5. Food Safety and Hazards of Mycotoxins

Besides the effects on animal health, some mycotoxins can pass to milk causing food safety issues
and posing a hazard to human health. Of all the studied mycotoxins, only AF has been described to be
transferred to the milk of lactating cattle in significant levels of concern. This is of great importance to
public health worldwide as the toxin is classified as a carcinogen and infants, the primary consumers
of milk, are more susceptible. Negligible transfer of FUM, ZEN, OTA, and DON has been reported, but
the health impacts of this are unknown. Carry-over studies and surveys of mycotoxins in milk in SSA
have not been extensively carried out, except for surveys of AFM1.

Once ingested by ruminants, part of the ingested AFB1 is degraded in the rumen. Kiessling et al. [51]
suggested that the type of microbiota in the rumen will determine the level of degradation and is
dependent on species, age, sex, and breed. Upadhaya et al. [43] further reported AFB1 degradation of
14% in cattle compared to 25% in goats with type of feed also determining the level of degradation.
Similarly, Jiang et al. [44] reported a higher degradation of AFB1 that was dependent on the type of
feed. The type of feed has an effect on the rumen microbial ecosystem with a higher degradation in
feed with cellulose such as roughages than those without. In both studies, AFB1 degradability rate
was calculated as the difference between initially included AFB1 and residual AFB1 in the culture
fluids with no formed metabolites tested for. The remaining AF is absorbed in the small intestines
and hydroxylated in the liver to form AFM1, the major metabolite among other metabolites [75],
with AFM1 being excreted in milk and urine, and is classified as class 1 carcinogen to humans [22].
The carry-over of AFB1 to milk varies from less than 1% to 6.2% [61,72,76]. The level of carry-over is
usually determined by several factors such as the animal species, individual animal variability [72],
feeding regimens and type of diet [77], presence of other mycotoxins [32], stage of lactation [76], and
actual milk production [76]. AFM2 is also another metabolite of hydroxylation of AFB2 but is of little
concern as compared to AFM1. Hernandez–Camarillo et al. [78] reported an occurrence of AFM2 in
20% of cheese in Mexico (mean 0.2 μg/kg) in comparison with 53% reported for AFM1 (mean 3.0 μg/kg)
in the same samples [78]. With the higher occurrence of AFB1 in dairy feed in comparison with AFB2
in SSA, AFM1 is therefore of major concern as compared to AFM2. Studies on milk in SSA countries
have shown a high incidence of AFM1 (Table 4).

Table 4. Aflatoxin M1 in milk in Sub-Saharan Africa.

Country Test Sample n Positive
(%)

Above Eu
Limit (%)

Max
(μg/Kg)

Mean
(μg/Kg)

Reference

Burundi ELISA Milk (fresh and
yoghurt) 16 100% 0.08 0.03 [38]

D.R.
Congo ELISA

Milk (fresh and
yogurt) and

cheese
10 100% 0.26 0.03 [38]

Ethiopia ELISA Milk 110 100% 91.8% 4.98 0.4 [33]

Kenya

ELISA Milk 96 100% 66.4% 4.63 0.29 [79]
ELISA Milk 291 51.9% 1.1 0.08 [80]
ELISA Milk 512 39.7% 10.4% 6.9 0.003 [27]
ELISA Milk 200 55% 1.67 0.128 [81]

Nigeria HPLC Milk powder 125 53.6% 0.46 [14]
HPLC Raw milk 100 75% 64% 0.46 0.11 [82]

Sudan Fluorometry Raw milk 35 100% 100% 2.52 0.92 [83]
Imported

powder milk 12 0.85 0.29

South
Africa

ELISA
Milk 30 100% 90.6% 0.15 0.09 [7]
Milk 37 100% 62.1% 0.11 0.07

Tanzania HPLC Milk 37 83.8% 100 2.01 [36]

ELISA—Enzyme-Linked Immunosorbent Assay. HPLC—High-Performance Liquid Chromatography, EU
Limit—0.05 μg/kg.

Due to the rumen’s capability to degrade DON, the carry-over of both unmetabolized DON
and DOM-1 to milk is negligible. Keese et al. [47] detected no unmetabolized DON in milk using an
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HPLC–UV method with prior β-glucuronidase incubation in cows fed either 5.3 mg DON/kg dry matter
(DM) over 11 weeks, or a ration with 60% concentrate and 4.6 mg/kg DM for 29 weeks. Negligible
amounts of DOM-1 (0.21 μg/kg) in two out of 24 samples in the study were detected with LC-MS/MS.
In agreement, Seeling et al. [48] using an HPLC–UV method with β-glucuronidase incubation (limit of
detection or LOD of 0.5 μg/kg) also reported no unmetabolized DON in milk and DOM-1 at 1.6 and
2.7 μg/kg in cows with 34 mg to 76 mg daily DON intake. Using a more sensitive GC-MS method (LOD
of 0.1 μg/kg), DON was detected at levels between 0.1 and 0.3 μg/kg with DOM-1 at levels between 1.5
and 3.1 μg/kg.

Carry-over of FUM to milk is not significant and does not pose a hazard to human health.
The occurrence of milk naturally contaminated with FUM does, however, occur, with Maragos and
Richard [84] reporting only one sample out of 150 having detectable levels of FB1 using an LC with
fluorescence detection method (LOD of 5 ng/mL). Experimentally, Richard et al. [68] did not detect any
FUM in milk in two jersey cattle fed 3 mg/kg DMI daily (total 75 mg) for 14 days using two analytical
methods (LOD of 5 ng/mL). Similarly, Scott et al. [85] detected no residues of FB1 in the milk of cows
dosed with pure FB1 either orally (1.0 and 5.0 mg FB1/kg Body Weight (BW) or by i.v. injection (0.05
and 0.20 mg FB1/kg BW).

Both OTA and its metabolite ochratoxin α can be transferred to milk. Ribelin et al. [69] reported
OTA in milk the next day in cows fed on 13.3 mg/kg OTA as a single dose, trace amount of OTA
from day 3 to 5 in cows fed 1.66 mg/kg daily for four days, and no OTA in cows dosed with less than
1.66 mg/kg OTA. However, milk from all cows had traces of ochratoxin α. Other experimental studies
have reported no carry-over of OTA. Zhang et al. [86] did not detect OTA and ochratoxin α using
LC-MS/MS (LOD of 0.1–0.2 ng/mL) in cows administered a single dose of OTA at levels 30 μg/kg OTA
BW) in feed. Similarly, Hashimoto et al. [87] detected no OTA in milk of cows fed 100 μg/kg DM for
28 days. Thus, with this negligible rate of carry-over and the low levels of OTA in feed in SSA, OTA
poses no health hazard to humans through dairy products.

Little information is available on the levels of these other mycotoxins and their residues in milk
in SSA.

5.1. East Africa

In East Africa, there is a high prevalence of AFM1 in milk that corresponds to the high levels of AFB1
reported in feeds. Ethiopia, Kenya, and Sudan have reported a 100% incidence of AFM1, with 91.8%,
66.4%, and 100% of the positive samples being above the EU regulatory limit of 0.05 μg/kg [33,80,83].
Imported milk powder in Sudan also had AFM1 at levels between 0.01 and 0.85 μg/kg [83], with 50%
exceeding the EU regulatory limit and 33% above the CODEX and EAC regulatory limit of 0.5 μg/kg.
Other studies in Kenya have reported AFM1 occurrence in milk between 39.7% and 99% and between
10.4% and 64% exceeded the EU regulatory limit of 0.05 μg/kg [80,81,88,89], with the highest level of
6.9 μg/kg that is way higher than the EU and EAC limit. Similar high AFM1 found in milk samples
from Tanzania, with 83.8% of all positive samples exceeding the EU regulatory limit [36].

5.2. Central Africa

Despite little data being available of AFB1 in dairy feeds, AFM1 contaminates raw milk and milk
products such as cheese and yogurt. A study on the levels of AFM1 in milk and milk products in
markets in Burundi and DR Congo showed 100% positive samples with maximum levels of 0.082 and
0.261 μg/kg, respectively. These maximum levels are above the EU regulatory limit [38].

5.3. South Africa

High levels of AFM1 occur in milk in South Africa. Dutton et al. [90] reported a 100% incidence of
AFM1 in milk from dairy farms, ranging from 0.02 μg/L to 1.5 μg/L. Retail milk was also contaminated
with AFM1, at levels of 0.01–3.1 μg/L. Similarly, Mulunda et al. [7] in a study carried out in selected
rural areas of Limpopo Province in South Africa reported 100% AFM1 occurrence with 90.6% and
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62.1% of the positive samples above South Africa and EU regulatory limit of 0.05 μg/kg in Mapete and
Nwanedi area, respectively [7].

5.4. West Africa

A high prevalence of AFM1 was found in raw milk and imported milk powder in Nigeria. Oyeyipo
et al. [14] reported AF in repacked milk powder in five states in the South West region, Nigeria. Of the
milk samples, 53.6% was contaminated with AFM1 but none exceeded the Nigerian regulatory limit of
0.5 μg/kg. However, the maximum level of 0.46 μg/kg was above the EU regulatory limit of 0.05 μg/kg.
Interestingly, very high levels of AFB1 above the Nigerian and EU regulatory limit of 5 μg/kg were
reported in milk (29.7–79.4 μg/kg) and this can be explained by the frequent presence of Aspergillus
species that were found contaminating the milk due to the open-air repackaging of the milk powder.
In another study on raw milk from free-grazing cows in Abeokuta, Nigeria, Oluwafemi et al. [82]
reported a 75% occurrence of AFM1 with 64% exceeding the EU limit.

The high level of AFM1 in SSA is a major food safety concern. A risk assessment by Ahlberg et al. [91]
on AFM1 exposure in low- and mid-income dairy consumers in Kenya reported 2.7% of children could
hypothetically be stunted due to AFM1 exposure from milk, although stunting has not been proven
to occur after exposure to AFM1. Exposure to AFM1 from milk in Kenya has been associated with a
reduction in growth, although this is no evidence of causation [92]. However, the hepatocellular cancer
risk was low at 0.004 cases per 100,000. In agreement, Sirma et al. [93] reported the annual incidence
rates of cancer attributed to the consumption of AFM1 in milk in Kenya between 0.0014 to 0.0039 per
100,000 people. The potential risks to human health have led to several countries setting up legislation
for mycotoxins in dairy feeds and milk.

6. Mycotoxin Mitigation Strategies

Due to the negative health and economic impact of mycotoxins on the dairy industry and the
relative stability of mycotoxins to manufacturing processes, strategies have been developed to mitigate
the effects of mycotoxins. Most of these strategies have been developed for control of AF but some
are applicable for control of other mycotoxins. There is low awareness on mycotoxins by dairy
farmers in SSA with little done in dissemination of information on appropriate control strategies [94].
Kangethe et al. [95] in a study in urban areas in Kenya reported the highest level of awareness on AF at
42%. Similarly, Kirino et al. [81] reported 58% of milk traders being aware of AF but very few had
knowledge of AF carry-over to milk [81], and farmers also report feeding moldy maize to animals [23].
In Rwanda, 92.4% of livestock farmers and animal feed vendors were unaware of AF and FUM and
their effects [13]. Similarly, Changwa et al. [11] reported a general awareness of mycotoxins between
17% and 92% in South Africa. James et al. [96] reported AF awareness levels of 20.8% among farmers,
26.7% among traders, 60% among poultry farmers, and 25.2% among consumers in Benin, Ghana, and
Togo. A low level of awareness has also been reported in Tanzania and Ethiopia [94]. This low level of
awareness may hinder the implementation of various mitigation strategies. These strategies are divided
into two; pre-harvest strategies that are aimed at preventing the fungal contamination in the field and
the post-harvest strategies that are applied to the harvested products during harvesting, processing,
or storage to prevent contamination and reduce or eliminate the mycotoxin contamination [97,98].
Prevention of contamination is the preferable method, and post-harvest mitigation strategies are,
therefore, very important. However, since this is not always sufficient in SSA, post-contamination
options are also needed.

Post-harvest strategies are applied following harvesting. Rapid drying after harvesting reduces
the moisture content that is essential in stopping the growth of fungi and mycotoxins production.
Moisture content of 10%–13% is considered safe for cereals. However, proper drying and storage is
often an issue in most SSA countries due to the high temperatures and humidity [98].

Storage of feed in dry condition with low humidity, proper aeration, and free from rodents and
pests is essential for minimizing fungal contamination and mycotoxin production [98].
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Most of the dairy feeds are usually bought or harvested and stored, the storage conditions are
sometimes unfavorable and hence have a negative effect on feed quality [3].

The tropical climate in SSA is favorable for mycotoxin production by fungi as well as causing
issues with food insecurity leading to practices such as diverting moldy grains to be used as animal
feeds. This, therefore, makes decontamination the best strategy for the prevention of mycotoxins in
the dairy chain [23,99]. Decontamination is applied to the already contaminated feed to eliminate the
mycotoxin or to reduce the bioavailability of the toxin [42]. Chemical, physical, and biological methods
have been widely applied to decontaminate feed from mycotoxins [5,42,100]. Substances used for
decontamination are called detoxifiers and can be grouped into binders that prevent the absorption of
mycotoxins and modifiers that break down the mycotoxins in the intestines into less toxic metabolites.
Binders usually include clay minerals or yeast products, while modifiers include microorganisms and
enzymes [101].

6.1. Chemical Decontamination

Chemical methods include the use of acids, bases, aldehydes, bisulphites, oxidizing agents,
chlorinating agents, and various gases. These chemicals have been applied and found to be effective
against some mycotoxins. Ammoniation has been shown to reduce the levels of OTA in cereals to
undetectable levels with these grains being suitable for use in making animal feed without changing
the nutritional value [102]. Bailey et al. [103] and Fremy et al. [104] demonstrated the effectiveness of
ammonia treatment on the reduction of carry-over of AFM1 to milk in cattle; however, ammoniation
is not effective against FUM with contaminated grains still retaining toxicity against rats [105,106].
Sodium bisulphite, hydrogen peroxide, and ozone are also effective in reducing AFB1 contamination in
human food [107]. However, these methods are expensive and not easily acceptable by dairy farmers
and may affect animal health in vivo due to the accumulation of chemical residues.

6.2. Physical Decontamination

Physical methods use adsorbents such as activated charcoal and aluminosilicate clay minerals
such as smectite, bentonite, and montmorillonite. These adsorbents act by binding the mycotoxin to
prevent its absorption and are effective and safe in ruminants [108–110].

Several adsorbents are effective on AF in terms of reducing the carry-over of AFM1 and the effect
on animal health. Pietri et al. [109] reported a 41% and 31% decrease in AFM1 in milk in cows fed
diet contaminated with 97.3 μg AFB1/kg DMI using 50 g/cow/day and 20 g/cow/day of a commercial
detoxifier that contains bentonite, Eubacterium and yeast. Kissel et al. [111] in agreement found a 60.4%
decrease in AFM1 carry-over in milk in cows fed a diet with 227 g/cow per day of bentonite, and
Kutz et al. [60] reported a 45% and 48% decrease in excretion of AFM1 in the milk of cows fed 112
μg AFB1/kg DMI supplemented with two commercial sodium calcium aluminosilicate adsorbents at
0.56% of the diet. In another study, Xiong et al. [112], using sodium montmorillonite with live yeast,
yeast culture, mannan oligosaccharide, and vitamin E at a dose of 0.25% of the diet, reported a decrease
in the transfer of AFM1 from feed with 20 μg AFB1/kg Dry Matter Intake (DMI) compared with the
AFB1 alone control (0.46 vs. 0.56%, respectively). Jiang et al. [57] also reported a reduced transfer of
dietary AFB1 as AFM1 in milk and prevention in a decrease in milk yield caused by AFB1. The cows
were fed a diet with 75 μg AFB1/kg DMI supplemented with bentonite clay (200 g/cow/day) with or
without Saccharomyces cerevisiae fermentation product (35 g/cow/day). Sulzberger et al. [58] also further
reported a 25% reduction in AF transfer from the rumen to milk using 0.5% clay, 18% (1% clay), and
41% (2% clay) in cows administered 100 μg AFB1/kg DMI. The cows received oral supplementation of
0.5%, 1%, and 2% clay containing vermiculite, nontronite, and montmorillonite. In other ruminants,
Mugerwa et al. [110] reported a reduction of AFM1 carry-over in milk in lactating goats fed 100 μg
AFB1/kg and 1% DMI activated charcoal and calcium bentonite. None of the adsorbents had any
impact on feed intake and milk composition. The efficacy of these adsorbents to bind AF can be affected
by the ratio of adsorbent to mycotoxin, the pH, and the temperature. Sumantri et al. [61] reported no
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effect of inclusion of bentonite at 0.25% and 2% in the diet of cows fed 350 μg AFB1/cow per day for
5 days. Ogunade et al. [56], despite also reporting no reduction in AFM1 concentration after feeding a
diet with 75 μg AFB1/kg DMI and 20 g/head/day of a sequestering agent containing sodium bentonite
and S. cerevisiae fermentation product, reported a reduction of the time required to reduce AFM1 in
milk to safe levels after AFB1 contaminated feed withdrawal. However, there is a possibility of some
of the adsorbents to bind other nutrients reducing feed nutritive value and feed palatability with EFSA
recommending a maximum level of bentonite of 20,000 mg/kg for complete feed [108,113].

Adsorbents have low effectiveness against other mycotoxins. Bhatti et al. [114] in a study on
the protective role of bentonite against OTA-induced immunotoxicity in broilers reported partial
or no improvement on the negative effects induced by OTA. Binders containing humic acids and
mixed-layered smectite-containing binders have been shown to have the capacity to bind to ZEN.
De Mil et al. [101] in an in vitro study based on the low level of free ZEN concentration after 4 h
incubation with a ZEN: binder ratio of 1:20,000 reported the binding of ZEN.

6.3. Biological Decontamination

Biological methods use enzymes or microorganisms to biotransform mycotoxins into less toxic
metabolites. BBSH® 797 is a bacterial strain of the family Coriobacteriaceae that produces specific
enzymes de-epoxidases that open the toxic epoxide ring of trichothecenes, such as DON and T-2 toxin,
thus detoxifying them. The yeast strain Trichosporon mycotoxinivorans (Trichosporon MTV) is capable of
degrading OTA and ZEN [115].

Enzymes used for biotransformation usually cleave the mycotoxin at the site responsible for toxicity
in the gastrointestinal tract and produce a metabolite(s) with less toxicity than the parent mycotoxin.
AF detoxifizyme (AFDF) from Armillariella tabascens [116] and laccase enzyme from Peniophora and
Pleurotus ostreatus fungus [117] have been shown to be AF degrading enzymes. Carboxylesterase
and amino-transferase have been shown to degrade FUM [118], with fumonisin esterase being
commercially used for decontamination of feed contaminated with FUM [119]. Fumonisin esterase
is an FB1 hydrolyzing enzyme that catalyzes the cleavage of FB1′s tricarballylic acid side chains to
form partially hydrolyzed FB1a and b (pHFB1a, pHFB1b) and eventually hydrolyzed FB1 (HFB1).
This HFB1 is less toxic compared to FB1 [120]. Despite no information being available for their use in
dairy cattle, the enzymes are effective in pigs and poultry [119,121].

In Kenya, mycotoxins detoxifiers are used in animal feeds for decontamination. Lack of regulation
has led to a lack of information on the efficacy of these detoxifiers and this may expose the farmers
to products that are not effective. Mutua et al. [99] in a study on the use of mycotoxin detoxifiers in
Kenya showed that usage of binders is uncontrolled, and all nine types of products sold on the Kenyan
market were imported as feed additives and not specified as mycotoxin binders. These binders are
bought by feed processors and farmers formulating their feed. Information is still lacking on the use
and regulation of these products. More information and regulation are, therefore, needed on the use of
these detoxifiers in the dairy enterprise in SSA as an alternative strategy of controlling mycotoxins.

6.4. Vaccination against AFs

Vaccination as a recently investigated way of reducing AF toxicity, and AFM1 carry-over is a
valuable option for AF mitigation in dairy. Polonelli et al. [122] reported up to 46% lower AFM1 levels
in milk in vaccinated cows compared to control cows exposed to AFB1. Anaflatoxin B1(AnAFB1)
conjugated to keyhole limpet hemocyanin (KLH) together with Freund’s adjuvant was used as a
vaccine (AnAFB1-KLH) and produced long-lasting titers of anti-aflatoxin B1 (AFB1) antibodies that
also cross-reacted with other AFs. Giovati et al. [123] in an attempt to improve the vaccine used
AnAFB1 conjugated to KLH and mixed with complete (priming) and incomplete Freund’s adjuvant
(boosters) and reported the average AFM1 concentration in milk collected from vaccinated cows being
74% lower than in milk of control animals. Similarly, the carry-over rate calculated in vaccinated cows
(0.77%) was lower than control animals (3.40%). The results show that vaccination can be a feasible
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option for controlling hazards caused by AFs on animals and humans. However, the production of
these vaccines is costly and hence not used as a mitigation strategy.

7. Conclusions

It is evident that mycotoxin contamination of dairy feeds is widespread in SSA. Due to low levels
of awareness of mycotoxins and food insecurity in SSA, dairy animals will continue to be fed with
mycotoxin-contaminated feed. This negatively impacts the dairy industry in SSA due to significant
economic losses as a result of the impact on animal health and productivity and food safety due
to the contamination of milk. Vital information concerning mycotoxin contamination of dairy feed
and products in most African countries, especially Central Africa, is lacking and this may hinder the
development of the dairy industry. Furthermore, this information may help in designing effective
mycotoxin control strategies in SSA. Mycotoxin detoxifiers may play a significant role in controlling
the effects of mycotoxins due to the high levels of contamination of dairy feeds shown in SSA; however,
information is lacking on their use and regulation of these detoxifiers, exposing dairy farmers to the
risk of using ineffective products. More research and regulation on the use of these detoxifiers may be
an effective means of ensuring animal health as well as food safety and security.
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Abstract: Forages are important components of dairy cattle rations but might harbor a plethora
of mycotoxins. Ruminants are considered to be less susceptible to the adverse health effects of
mycotoxins, mainly because the ruminal microflora degrades certain mycotoxins. Yet, impairment
of the ruminal degradation capacity or high ruminal stability of toxins can entail that the intestinal
epithelium is exposed to significant mycotoxin amounts. The aims of our study were to assess (i) the
mycotoxin occurrence in maize silage and (ii) the cytotoxicity of relevant mycotoxins on bovine
intestinal cells. In total, 158 maize silage samples were collected from European dairy cattle farms.
LC-MS/MS-based analysis of 61 mycotoxins revealed the presence of emerging mycotoxins (e.g.,
emodin, culmorin, enniatin B1, enniatin B, and beauvericin) in more than 70% of samples. Among
the regulated mycotoxins, deoxynivalenol and zearalenone were most frequently detected (67.7%).
Overall, 87% of maize silages contained more than five mycotoxins. Using an in vitro model with
calf small intestinal epithelial cells B, the cytotoxicity of deoxynivalenol, nivalenol, fumonisin B1
and enniatin B was evaluated (0–200 μM). Absolute IC50 values varied in dependence of employed
assay and were 1.2–3.6 μM, 0.8–1.0 μM, 8.6–18.3 μM, and 4.0–6.7 μM for deoxynivalenol, nivalenol,
fumonisin B1, and enniatin B, respectively. Results highlight the potential relevance of mycotoxins
for bovine gut health, a previously neglected target in ruminants.

Keywords: modified mycotoxin; co-occurrence; corn silage; CIEB; WST-1; NR; SRB; sphingolipid
metabolism; Sa/So

Key Contribution: By analyzing 158 samples from 10 different countries, we provide a comprehensive
overview on mycotoxin contamination patterns in European maize silages. For the first time, the
cytotoxicity of frequently occurring Fusarium toxins was determined on bovine intestinal cells,
resulting in a toxicity ranking of NIV > DON > ENNB > FB1.

1. Introduction

Mycotoxins are toxic secondary metabolites of different molds, such as Aspergillus spp., Fusarium
spp., Penicillium spp. or Alternaria spp., and often found in animal feeds. They impair animal health
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by manifold modes of action, causing hepatotoxic, nephrotoxic, immunomodulatory, genotoxic, and
neurotoxic effects as well as reproductive and developmental disorders [1]. During the last decade, the
intestine has moved into the spotlight of mycotoxin research. It represents the first barrier to these feed
contaminants and is often exposed to higher mycotoxin concentrations than other body tissues. Here,
mycotoxins do not only affect digestion and nutrient uptake, but also intestinal histomorphology, gut
barrier integrity, mucin production, microbiota composition, and the local immune system [2,3].

Due to their frequent occurrence and negative impact on animal health, many countries have
established regulations for mycotoxins in feed. In the European Union (EU), maximum limits are in place
for aflatoxin B1 (AFB1) and ergot alkaloids [4], while guidance levels have been set for deoxynivalenol
(DON), zearalenone (ZEN), ochratoxin A (OTA) and the sum of fumonisin B1 (FB1) and fumonsin B2
(FB2) [5]. These regulations neither take the presence of multiple mycotoxins into account, nor the
occurrence of so-called emerging mycotoxins. This heterogenous group of fungal metabolites is not
clearly defined, but commonly referred to as “mycotoxins, which are neither routinely determined, nor
legislatively regulated; however, the evidence of their incidence is rapidly increasing” [6]. Proper risk
assessment of emerging mycotoxins, e.g., enniatins, culmorins, beauvericin, moniliformin, roquefortine
C or fusaric acid, is challenging, as data on toxicity and occurrence are still scarce [7].

Forages are especially prone to contamination by emerging mycotoxins [8,9]. Fresh, dried and
ensiled forages are important components of ruminant diets, representing 50–75% of the total diet [10].
Ensiling describes the preservation of green forage by lactic fermentation under anaerobic conditions
and shows geographic variations concerning the quantity and type of silage produced [11]. In the EU-28
alone, approximately 2.4 million tons of green maize, which is mainly grown for silage, were harvested
in 2018 [12]. Silages can contain a wide range of mycotoxins, that originate either from pre-harvest
contamination, or from spoilage with (acid-tolerant and micro-aerobe) toxigenic fungi during storage [8].
Hence, ruminants might be exposed to a plethora of mycotoxins, in particular compared to chicken or
swine, which have less diverse diets [9]. However, this risk has been poorly addressed so far, and the
need for thorough mycotoxin monitoring in ruminant forages has been highlighted only recently [9].

In general, ruminants are considered to be less susceptible to mycotoxins than other livestock
species, mainly because their ruminal microflora is capable of degrading certain mycotoxins to less toxic
metabolites [8]. Most prominently, DON is extensively metabolized to de-epoxy-deoxynivalenol (DOM-1),
reaching conversion rates of up to 81–99% in dairy cattle [13,14]. The close connection between a functional
ruminal microflora and DON toxicity was impressively depicted by Valgaeren et al. [15]. Driven by clinical
cases of DON toxicosis in 2- to 3-month-old beef calves, the authors showed that the oral bioavailability
of DON is markedly increased in non-ruminating calves (50.7%) compared to ruminating calves (4.1%).
Moreover, it was recently demonstrated that a low ruminal pH-value can impair the degradation of DON,
NIV, ZEN, and enniatin B (ENNB) in vitro [16]. Especially in the light of subacute rumen acidosis, one
of the most important nutritional diseases in dairy cattle [17], these findings are of significant practical
relevance. In addition, certain mycotoxins, e.g., ENNB [18], exert antimicrobial activity. It has therefore
been suggested that such mycotoxins might alter the ruminal microflora and its degradation capacity [8].
Finally, some mycotoxins hardly undergo ruminal metabolism [8]. For example, limited degradation of
10–18% was reported for FB1 [19,20]. Hence, major amounts of mycotoxins might reach the small intestine
and affect gut health both in non-ruminating calves and dairy cattle.

The aims of our study were twofold. First, we investigated the mycotoxin exposure of dairy
cattle. To this end, a total of 158 maize silage samples were collected in Europe and analyzed for
61 mycotoxins, including regulated as well as emerging mycotoxins. Second, an in vitro model using
calf small intestinal epithelial cells B (CIEB) was established to assess the cytotoxicity of DON, NIV,
FB1 and ENNB. Thus, our study does not only deliver comprehensive mycotoxin occurrence data,
but also new toxicological information regarding the relevance of mycotoxins for bovine gut health,
a previously neglected target in ruminants.
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2. Results

2.1. Mycotoxin Occurrence in Maize Silage

Maize silage samples (n= 158) were collected during a 5-year period (2014–2018) at European dairy
cattle farms and were analyzed for mycotoxin occurrence with a liquid chromatography–tandem mass
spectrometry (LC-MS/MS)-based multi-mycotoxin method. Table 1 gives an overview on proportions
of positive samples and detected mycotoxin concentrations in fresh silages.

Table 1. Occurrence of tested mycotoxins in 158 dairy maize silage samples collected in Europe from
2014 to 2018. Mycotoxin concentrations are expressed as μg/kg fresh silage. Numbers in bold indicate
the top five values per category (e.g., highest number of positive samples, highest median, etc.).

Mycotoxin
Positive

Samples 1 (n)
Positive

Samples 1 (%)

Median
Concentration 2

(μg/kg)

75th Percentile
2 (μg/kg)

95th

Percentile2

(μg/kg)

Maximum
Concentration

(μg/kg)

Regulated mycotoxins (except ergot alkaloids) 3

Aflatoxin B1 4 0 0.0 - - - -
Deoxynivalenol 107 67.7 303 556 1490 3060
Fumonisin B1 55 34.8 60.0 147 262 553
Fumonisin B2 46 29.1 20.4 34.4 101 133
Ochratoxin A 4 2.5 2.38 2.51 2.62 2.65
Zearalenone 107 67.7 15.2 61 1110 1670

Ergot alkaloids 3

Ergine 0 0.0 - - - -
Ergocornine 0 0.0 - - - -
Ergocorninin 0 0.0 - - - -
Ergocristine 0 0.0 - - - -

Ergocristinine 0 0.0 - - - -
Ergocryptine 2 1.3 5.41 7.77 9.65 10.12

Ergocryptinine 0 0.0 - - - -
Ergometrine 1 0.6 49.6 49.6 49.6 49.6

Ergometrinine 1 0.6 3.20 3.20 3.20 3.20
Ergosin 2 1.3 1.89 1.90 1.91 1.91

Ergosinin 0 0.0 - - - -
Ergotamine 1 0.6 1.54 1.54 1.54 1.54

Ergotaminine 0 0.0 - - - -
Ergovalin 0 0.0 - - - -

Type-A trichothecenes
Diacetoxyscirpenol 0 0.0 - - - -

HT-2 toxin 34 21.5 14.7 21.4 51.9 90.2
Monoacetoxyscirpenol 4 2.5 9.91 15.9 29.5 32.9

Neosolaniol 0 0.0 - - - -
T-2 toxin 6 3.8 2.55 2.89 3.79 4.08

Type-B trichothecenes
3-Acetyldeoxynivalenol 0 0.0 - - - -

15-Acetyldeoxynivalenol 8 5.1 274 480 624 687
Nivalenol 94 59.5 113 237 623 5770

Modified mycotoxins
Deoxynivalenol-3-glucoside 40 25.3 17.1 49.2 121 129

HT-2-toxin-3-glucoside 5 1 0.6 6.28 6.28 6.28 6.28
Nivalenol-3-glucoside 5 5 3.2 6.01 6.06 9.68 10.6

α-zearalenol 12 7.6 4.84 6.93 18.1 22.2
β-zearalenol 8 5.1 4.90 6.66 12.4 12.6

Emerging mycotoxins
Alternariol 45 28.5 3.11 4.45 12.1 48.1

Alternariol methylether 37 23.4 1.95 3.46 5.79 30.8
Apicidin 79 50.0 9.49 25.0 102 175

Aurofusarin 108 68.4 97.8 307 3840 4710
Beauvericin 120 76.0 9.16 19.0 75.9 214
Bikaverin 42 26.6 20.3 58.8 248 415
Butenolid 30 19.0 28.9 70.9 249 583
Culmorin 125 79.1 190 719 2930 6680

5-Hydroxyculmorin 19 12.0 571 989 1400 1480
15-Hydroxyculmorin 84 53.2 229 504 1520 1670
15-Hydroxyculmoron 22 13.9 204 396 441 484

Emodin 131 82.9 4.38 14.1 211 1640
Enniatin A 30 19.0 2.45 5.23 32.5 50.1

Enniatin A1 98 62.0 2.70 8.73 25.2 173.9
Enniatin B 121 76.6 7.07 13.8 47.4 429

Enniatin B1 124 78.5 5.68 15.5 46.7 555
Enniatin B2 8 5.1 3.40 5.49 16.0 20.7
Enniatin B3 0 0.0 - - - -
Equisetin 86 54.4 4.75 8.42 17.4 45.4

Fusaproliferin 4 2.5 170 286 316 322.3
Fusaric acid 35 22.2 229 998 1800 4120
Kojic acid 67 42.4 96.3 185 876 25,930

Moniliformin 71 44.9 7.84 18.5 61.6 113
Mycophenolic Acid 9 5.7 14.8 80 262 352

Roquefortine C 7 4.4 11.7 21.3 326 454
Sterigmatocystin 3 1.9 2.38 5.89 8.65 9.35
Tenuazonic acid 42 26.6 60.6 182 574 727

1 Samples with values > limit of detection (LOD); 2 Excluding data < LOD. In case values were between LOD and
limit of quantification (LOQ), LOQ/2 was used for calculation; 3 According to regulations/recommendations set
by the European Commission for dairy feeds [4,5]; 4 All samples below < LOD for aflatoxin B2, aflatoxin G1 and
aflatoxin G2; 5 Included in analysis from 2016 onwards.

Only two out of 158 samples (1.2%) showed no mycotoxin contamination (all mycotoxins < limit
of detection). The presence of regulated mycotoxins was absent or marginal in the case of aflatoxin B1
and ochratoxin A. Similarly, ergot alkaloids were only found in 2.5% of samples, with no dominant
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pattern on co-occurrence of individual alkaloids. However, since concentrations of ergot alkaloids
were rather low, and epimerization is promoted using acidic extraction solvents, those results should
not be over interpreted. In comparison, the Fusarium toxins ZEN and DON showed a high prevalence
of 67.7% each. Among the regulated mycotoxins, the highest median and maximum values were
obtained for DON with 303 μg/kg and 3060 μg/kg, respectively. None of the samples exceeded the EU
maximum/guidance levels set for aflatoxins, DON, FB1+FB2, ochratoxin A, or ergot alkaloids [4,5].
For the latter, it should be noted that the respective EU directive refers to the content of rye ergot
(Claviceps purpurea; 1000 mg/kg), whereas concentrations of individual ergot alkaloids were determined
in our study. Values of the 14 ergot alkaloids were adjusted to a dry matter content of 88% and summed
up, yielding a maximum of 103 μg/kg total ergot alkaloids found in a silage sample from Germany.
In contrast, eight samples (5.1%) contained ZEN levels ≥ 2000 μg/kg, which represents the EU guidance
value for cereals and cereal products, including forages. Those samples originated from two different
countries (Austria, the Netherlands) in two consecutive years (2014, 2015).

Besides DON, the highest prevalence among trichothecenes was found for NIV (59.5%) and
HT-2 toxin (21.5%). Despite moderate median values, maximum NIV levels reached 5770 μg/kg
in a maize silage sample from Denmark (collected in 2015). Notably, another sample from the
Netherlands contained 2260 μg/kg NIV (2018), implying that prominent NIV levels were not limited
to one country or season. Indicative levels for T-2+HT-2 toxin in feed were not exceeded [21].
Interestingly, 3-acetyldeoxynivalenol was not found in any of the samples, whereas the median value
of 15-acetyldeoxynivaleol (274 μg/kg) was similar to the one obtained for DON.

Furthermore, maize silages were analyzed for several modified mycotoxins,
including deoxynivalenol-3-glucoside (DON-3-Glc), HT-2-toxin-3-glucoside (HT2–3-Glc) and
nivalenol-3-glucoside (NIV-3-Glc). Concentrations of the modified mycotoxins did not exceed the
levels of the respective parent toxins. DON-3-Glc was found in 25.3 % of samples, albeit at low
levels and with an average molar percentage of D3G/DON of 2.7% (0.3–9.3%). Molar percentage for
HT2–3-Glc/HT-2 toxin and NIV-3-Glc/NIV were 10.9% and 1.3% (0.9–1.6%), respectively.

Overall, the five most frequently detected mycotoxins all belonged to the group of emerging
mycotoxins: emodin (EMO) was found in 82.9% of samples, followed by culmorin (CUL; 79.1%),
enniatin B1 (ENNB1; 78.5%), enniatin B (ENNB; 76.6%), and beauvericin (BEA; 76.0%). In addition,
members of the emerging mycotoxins showed the highest median (5-hydroxyculmorin, 571 μg/kg) and
maximum values (kojic acid 25,930 μg/kg) observed in our survey. Only six of the analyzed emerging
mycotoxins were present in less than 10% of the samples, namely mycophenolic acid, enniatin B2,
roquefortine C, fusaproliferin, sterigmatocystin, and enniatin B3.

Finally, we evaluated the co-occurrence of mycotoxins in maize silages. On average, 13 mycotoxins
per sample were found (range: 0–32), and 87% of samples contained more than five mycotoxins
(Figure 1, left). For assessment of the most frequently co-occurring mycotoxin combinations, toxins
with an individual prevalence of ≥ 20% were considered. The most prevalent combinations were
ENNB & ENNB1 (in 74.1% of samples), CUL & ENNB (67.7%), CUL & ENNB1 (67.7%), CUL & DON
(66.5%), and CUL & BEA (65.8%). Figure 1 (right) illustrates all mycotoxin combinations analyzed.
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Figure 1. Mycotoxin co-occurrence in maize silage samples collected at European dairy cattle farms. Left:
Number of mycotoxins detected per sample. Right: Prevalence of different mycotoxin combinations
(only mycotoxins with individual prevalence of ≥ 20% were used for calculations).

2.2. Cytotoxicity of Mycotoxins on Calf Small Intestinal Epithelial Cells

First, the species origin of used CIEB was verified via DNA Barcoding. In addition, the absence
of mycoplasma contamination was confirmed prior to and throughout the experimental period.
CIEB formed a cell monolayer and showed typical epithelial, cobblestone morphology (Figure 2A).
For further characterization, immunohistochemistry was employed. Cytokeratins were expressed
as a network radiating from the nucleus to the plasma membrane (Figure 2B), whereas villin was
uniformly distributed in the cytoplasma of CIEB (Figure 2C). Vimentin was strongly expressed,
forming a filamentous network throughout the cytoplasm with increased density around the nucleus
(Figure 2D). As expected, isotype control antibody (Mouse IgG1,) did not show a positive reaction
(Supplementary Figure S1).

Figure 2. (A) Morphology of calf small intestinal epithelial cells B (CIEB) visualized with inverse
light microscopy (passage 10, 100 ×magnification). Immunostaining of CIEB in chamber slides with
(B) cytokeratin as an epithelial cell marker, (C) villin as marker for intestinal cells, and (D) vimentin
as mesenchymal marker. 4′,6-Diamidin-2-phenylindol (DAPI) was used as cell nuclei counterstain
(400×magnification).
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The cytotoxicity of DON, NIV, FB1, and ENNB on CIEB was evaluated based on metabolic activity
(WST-1 assay), lysosomal activity (NR assay), and total protein content (SRB assay). To this end, cells
were treated for 48 h with increasing toxin concentrations (0–200 μM). While DON, NIV and FB1 were
dissolved in culture medium, DMSO had to be used in case of ENNB due to its lower solubility. Since
the DMSO proportions in the three highest ENNB concentrations (0.33–1.33% DMSO for 50–200 μM
ENNB) affected the lysosomal activity of CIEB (Supplementary Table S1), respective data were excluded
for calculations of IC50 values.

All mycotoxins tested had a dose-dependent effect on metabolic and lysosomal activity as well as
on total protein content of CIEB. Obtained absolute IC50 values varied depending on the mycotoxin and
assay (Figure 3). Still, some general patterns were observed. First, in all assays employed, NIV showed
the highest cytotoxicity with IC50 values ranging between 0.8 and 1.0 μM, followed by DON (IC50
values 1.2–3.6 μM) and ENNB (IC50 values 4.0–6.7 μM). In comparison, FB1 showed less pronounced
cytotoxic effects (IC50 values 8.6–18.3 μM). Second, the WST-1 assay showed the highest sensitivity for
all tested mycotoxins except for ENNB. Here, the lowest IC50 value was obtained with the NR assay.
Calculation of the absolute IC50 value for the SRB assay was not possible because the protein content
never deceeded 50% in ENNB-treated cells.

Figure 3. Impact of deoxynivalenol (DON), nivalenol (NIV), fumonisin B1 (FB1), and enniatin B (ENNB)
on metabolic activity (%) of calf small intestinal epithelial cells B assessed via the WST-1 assay (48 h
incubation, six independent experiments, three replicates per experiment). For comparison, absolute
IC50 values for all three assays (WST-1, NR, SRB) are listed.

To monitor alterations of the sphingolipid metabolism in FB1-treated cells, sphinganine (Sa) and
sphingosine (So) were determined in cell supernatants via LC-MS/MS. Sa was significantly increased
from 25μM FB1 onwards, whereas no influence on So concentrations was observed (Table 2). Compared
to the control, a significant elevation of the Sa/So ratio was evident at 6.25–200 μM FB1. From 12.5 μM
FB1 onwards, the numerical increase of the Sa/So ratio was less distinct, indicating a plateau in
the response.
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Table 2. Sphinganine (Sa) and sphingosine (So) concentrations as well as sphinganine to sphingosine
ratio (Sa/So) in supernatants of calf small intestinal epithelial cells B treated with increasing
concentrations of FB1 (0–200 μM; n = 4 independent experiments). a,b Superscripts indicate significant
differences to cells incubated without FB1 (0 μM).

FB1 (μM) Sa (ng/mL) So (ng/mL) Sa/So

0 0.21 ± 0.81 a 1.40 ± 0.40 0.15 ± 0.02 a

0.781 0.28 ± 0.10 a 1.42 ± 0.33 0.20 ± 0.03 a

1.563 0.53 ± 0.25 a 1.70 ± 0.47 0.31 ± 0.06 a

3.125 3.89 ± 1.51 a 1.61 ± 0.25 2.36 ± 0.55 a

6.25 15.60 ± 5.91 a 1.53 ± 0.25 9.98 ± 2.20 b

12.5 33.61 ± 13.29 a 1.96 ± 0.64 16.96 ± 2.11 b

25 44.57 ± 17.19 b 2.36 ± 1.00 19.11 ± 1.71 b

50 50.64 ± 25.01 b 2.49 ± 1.11 20.08 ± 0.86 b

100 53.57 ± 23.27 b 2.29 ± 0.90 23.25 ± 1.15 b

200 56.13 ± 26.26 b 2.16 ± 0.83 25.58 ± 2.11 b

p-value <0.0001 0.0462 <0.0001

3. Discussion

Mycotoxin occurrence is influenced by multiple factors, including plant species and variety, region,
temperature, humidity, insect damage, storage conditions, and other agricultural practices [22]. Our
survey focused on the presence of mycotoxins in maize silage, because this feed component can be
the main source for dietary mycotoxin intake in dairy cattle [23]. Since sample numbers per country
and/or year were limited in our survey, definite conclusions on regional or yearly trends of mycotoxin
occurrence were not justified and therefore omitted. Respective information can be retrieved from
other excellent feed surveys [24] and reviews [9,11]. Similar to the approach of Storm et al. [25],
mycotoxin concentrations were expressed as μg/kg fresh weight except for the comparison with EU
maximum/levels, for which levels were normalized to a dry matter content of 88%. Because literature
reports do not uniformly express mycotoxin concentrations in silage (using either fresh or dried
weight), the suffix “fresh weight” is used in the following whenever clearly indicated in the respective
study, or when samples were not dried prior to analysis.

In 98.8% of silage samples at least one mycotoxin was detected. The top five positions in
terms of prevalence were all held by emerging mycotoxins, namely EMO, CUL, ENNB1, ENNB, and
BEA. Although data on the presence of emerging mycotoxins in feed are scarce, high incidences of
enniatins and BEA have been described previously. For example, ENNB1, ENNB, and BEA were
found in 97%, 90%, and 100% of maize silages collected in Poland, respectively [26]. Reported median
values (6.0–20.9 μg/kg fresh weight) were in a similar range in our study. In silage samples from
Spain [27], ENNB showed yearly variations in prevalence (31–72%) with higher average concentrations
(151–163 μg/kg). In contrast, moderate incidences of around 25% for ENNB [25] and BEA [28] were
reported in Denmark. Differences between studies might stem from distinct fungal contamination
patterns and/or variations in methodology (e.g., sampling procedure, limits of detection). Reports on
the toxicity of these Fusarium toxins in ruminants are completely lacking so far [29]. In this respect,
the described antimicrobial activity of enniatins and BEA, potentially affecting the composition and
function of the rumen microbiota, might be of special interest. In addition, ENNB and BEA were
demonstrated to impair the barrier function in intestinal porcine enterocytes (IPEC-J2; [30]). Since a
certain proportion of ENNB might by-pass the rumen [16], negative effects on the bovine gut cannot
be excluded.

To the best of our knowledge, the occurrence of EMO and CUL in European maize silages has
not been addressed yet. In line with our data, a survey conducted in Israel showed high prevalence
of EMO in maize silages (100%; [31]). For CUL, results deviate from our study, mostly in terms of
incidence (6.6% versus 79.1%) but also concerning median values obtained (46 μg/kg fresh weight
versus 190 μg/kg). This mycotoxin has recently caught scientific attention because of its potency

169



Toxins 2019, 11, 577

to inhibit DON glucuronidation [32], and we confirmed the commonly observed co-occurrence of
CUL and DON [7] for maize silages. Still, the relevance of CUL for dairy cattle remains debatable,
as metabolization to DOM-1 is the primary detoxification pathway for DON in ruminants. Another
emerging mycotoxin that has gained certain interest is fusaric acid. Shimshoni et al. [31], authors
of the aforementioned survey in Israel, pointed out both its high prevalence and concentration in
maize silage. Evaluated on a larger sample size and in a different region, our findings corroborate a
certain relevance for fusaric acid (detected in nearly one quarter of silages, maximum concentration
of 4,120 μg/kg fresh weight). Concerns for bovine health were related to the growth inhibition of
important rumen microorganisms and the toxin’s potential carry over to milk [31]. However, like for
other emerging mycotoxins, toxicodynamic and toxicokinetic studies are warranted to verify these
assumptions and to elucidate the role of fusaric acid for food safety.

FB1+FB2 were detected in approximately one third of the samples, albeit at low concentrations.
As unveiled by Latorre et al. [33], the majority of fumonisins in maize silage are present in a modified
form. These so-called “hidden fumonisins” escape routine analysis, but are expected to be released
upon mammalian digestion [34]. For assessing the total fumonisin burden, alkaline hydrolysis of
samples is required [33]. This was not performed in the present case and thus represents a limitation
of our study. Similarly, total exposure to type-A or -B trichothecenes is underestimated in surveys
that do not account for acetylated or modified forms. In our study, DON showed a high prevalence of
67.7% with moderate median concentrations of 303 μg/kg fresh weight. In the past, higher average
DON values of 1,629 μg/kg fresh weight [25] or 854–1316 μg/kg [10,27] were monitored, and incidences
varied substantially from 6.1–86% [25–27,35]. While average molar DON-3-Glc/DON percentages
of 20% were proposed for cereals [36], we found markedly lower values of 2.72%. Further studies
are necessary to assess whether this observation is related to the commodity maize silage as such or
merely to our sample set. The same applies to our findings on NIV-3-Glc and HT2–3-Glc, both showing
negligible prevalence. Although this indicates that NIV-3-Glc does not contribute significantly to
the total NIV burden of dairy cattle, the prominent prevalence of the parent toxin (59.5%) must be
underlined. Maximum NIV values exceeded previously reported data [25,26,37], revealing that the
NIV exposure can be extremely high for individual dairy cattle herds.

ZEN was the only mycotoxin found at levels above the EU maximum/guidance limits [4,5], with
5.1% of samples exceeding ≥ 2,000 μg/kg ZEN. In most mycotoxin surveys, maize silages complied to
the EU regulations [10,25,26,37], whereas Dangac et al. [27] reported 1.4% of samples exceeding the
recommended maximum levels for ZEN. It should be noted that a different limit was employed in that
study (500 μg/kg ZEN for complete feedstuffs), which hampers a direct comparison of results. Still, data
emphasize the need to monitor ZEN in maize silage and to control its formation pre- and postharvest.
This is especially important in the light of potential synergistic effects with other mycotoxins. Naturally,
ZEN often co-occurred with DON (63.3%). While exposure to diets co-contaminated with ZEN and
DON did not affect the performance of dairy cows [38], alterations of health-related blood parameters
were observed by Dänicke et al. [39]. In addition, authors suggested an influence on ketogenesis at
the cellular level. Clearly, more studies are needed to decipher the interactions of DON and ZEN in
ruminants. The same is valid for other mycotoxin combinations.

Co-occurrence of mycotoxins might be of relevance for animal health even at comparably low
concentrations. As summarized by Chehli et al. [40], the type and intensity of mycotoxin interactions
can vary dose-dependently. Our study confirmed that mycotoxin co-occurrence in feed is rather the
rule than the exception. Strikingly, silage samples contained 13 mycotoxins on average, and in 87%
of samples more than five mycotoxins were found. These high values are partly attributed to the
broad palette of mycotoxins tested in our study, and therefore, further expand existing knowledge on
mycotoxin co-contamination in maize silage (e.g., Refs. [9,26,27]).

Next, we investigated the impact of silage mycotoxins on bovine gut health. Based on our
survey results, we focused on Fusarium toxins and assessed the cytotoxic potential of DON, NIV,
FB1, and ENNB on bovine intestinal cells. Toxins were selected due to their high prevalence (DON,
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ENNB), maximum concentrations (NIV) or ruminal stability even under physiological conditions
(FB1; [20]). The toxicity of mycotoxins in bovine intestinal cells is currently unknown, mainly because
of two reasons. First, the rumen microbiota was long thought to neutralize the toxicity of mycotoxins.
However, recent studies indicate that the ruminal degradation capacity might be impaired under
specific conditions, such as altered ruminal development in calves [15] or rumen acidosis [16]. Second,
the small number of commercially available bovine lines restrains research in this field.

Since CIEB are not widely used, we first confirmed the species identity and the absence of
mycoplasma contamination. Although these aspects are of paramount importance for reliable
and reproducible in vitro results, they are often neglected. Mycoplasma contamination can alter the
properties of cell lines, and infected CIEB were described to exhibit low viability and poor growth [41]. In
the same study, authors reported misidentification of three out of eight tested cell lines. The dimension
of this issue is even more striking when retrieving information from the International Cell Line
Authentication Committee, which has documented 451 false identified cell lines [42]. Resources wasted
in the last 50 years due to misidentification of cell lines, stemming from cross-contamination, wrongly
labelled samples or inadequate protocols, can only be estimated [43]. Consequently, increased attention
should be paid to adequate quality controls for in vitro experiments, also in mycotoxin research.

Further characterization of CIEB was performed by immunofluorescence staining. CIEB showed a
positive reaction for cytokeratins and villin. Cytokeratin proteins, which are characteristic components
of the cytoskeleton, are commonly used for identification of epithelial cells [44]. Villin is an actin-binding
protein in the microvilli of epithelial cell [45]. Expression of both proteins has been used to verify
the intestinal epithelial nature of bovine cells before [46]. Besides, CIEB were immuno-positive for
vimentin. This protein is a typical marker for non-epithelial cells, such as fibroblasts [47]. However,
unequivocal identification of fibroblasts remains challenging. For example, the expression of vimentin
was reported for the intestinal porcine epithelial cell line (IPEC-J2; [48]). Another study even excluded
the presence of fibroblasts in cells isolated from calf intestine although they showed a positive reaction
for vimentin [49]. It seems that the expression of vimentin is not a unique property of mesenchymal
cells but can also be found in intestinal epithelial cells and should be evaluated in combination with the
presence/absence of cytokeratin expression. Altogether, our immunohistochemistry results asserted
the epithelial intestinal origin of CIEBs.

Absolute IC50 values of mycotoxins were calculated based on viability tests performed with three
different assays (WST-1, SRB, NR). Independent of the assay, NIV was the most cytotoxic mycotoxin
(IC50 0.8–1.0 μM), closely followed by DON (1.2–3.6 μM). The higher comparative cytotoxicity of
NIV is in accordance to experiments performed in human (epithelial colorectal adenocarcinoma cells,
Caco-2; [50]) and porcine intestinal cells (IPEC-1, IPEC-J2; [51,52]). Likewise, the absolute IC50 values
obtained for NIV and DON in CIEB are in a similar range as reported previously. For example,
IC50 values for NIV were 0.9–2.1 μM in Caco-2, IPEC-1 and IPEC-J2 cells [50–52], and 0.9–3.6 for
DON [50–53]. Opposed to that, individual studies found higher IC50 values, e.g., 6.9 μM for NIV [54]
or up to 44.8 μM for DON [55]. Differences between studies can derive from experimental conditions,
such as cultivation medium, tested concentration range, exposure period, chosen endpoint, calculation
of IC50 values, or differentiation status of cells [40]. Overall, data indicate that CIEB are at least as
sensitive to NIV and DON as human or porcine intestinal cells.

For ENNB, a higher cytotoxicity compared to NIV [54] and DON [56] was observed in Caco-2,
which could not be confirmed for CIEB. Interestingly, the most sensitive IC50 value for ENNB (4.0
μM) was generated by the NR assay, which measures lysosomal activity. Indeed, destabilization of
lysosomes has been suggested as an upstream event of ENNB-induced cell death [57]. As IC50 values
after incubation periods of up to 48 h varied strongly in Caco-2 (2.1 to > 30 μM; [18]), comparison of
results is challenging. Still, in line with the present study, it was reported that the NR assay yields
lower IC50 values for ENNB than assays measuring metabolic activity [57,58]. Since mitochondria
are one of the major cellular targets of enniatins [18], we originally assumed a strong response in the
WST-1 assay. However, among other effects on these cell organelles, enniatins induced swelling of rat
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liver mitochondria [59]. Interestingly, the same phenomenon was described for IPEC-J2 cells exposed
to DON, and here the comparably weaker cytotoxic response assessed by the WST-1 assay was partly
attributed to alterations of the mitochondrial morphology and metabolic activity [30]. Although further
mechanistic studies are needed, cumulative data suggest that the metabolic activity does not represent
the most sensitive endpoint for cytotoxicity assessment of ENNB. For the SRB assay, calculation of
an IC50 value was not possible. To the best of our knowledge, no other study has employed this test
to determine the cytotoxicity of ENNB so far. Hence, we cannot conclude whether the total protein
content is the least sensitive endpoint for this mycotoxin or whether this finding is rather limited to our
experimental conditions. Concordant with Springler et al. [55], our study underlines the importance of
multi-parameter analysis in the cytotoxicity assessment of mycotoxins.

FB1 showed the lowest cytotoxicity among the toxins tested in our study. Considering previous
studies demonstrating minor cytotoxicity of this mycotoxin in Caco-2 [60–63] and IPEC-J2 [52,64], these
results are not surprising. Still, it should be noted that IC50 values obtained in CIEB are markedly lower
than the ones reported previously for other intestinal cells (if computable at all). This might be partly
related to the narrow concentration range tested in some of the studies [52,60,63]. FB1-induced effects
on the intestine were proposed to originate from disruption of the sphingolipid metabolism which
causes intracellular accumulation of the sphingoid bases sphinganine (Sa) and sphingosine (So) [65].
In line with reports addressing intestinal tissues/cells from monogastric livestock species [66,67],
a dose-dependent increase of the Sa/So ratio was observed in CIEB. Compared to Loiseau et al. [66],
who found a significant elevation of the Sa/So ratio after 48 h of exposure to 100 μM FB1 in IPEC-J2,
CIEB reacted to lower toxin concentrations, reaching statistical significance at 6.25 μM FB1. Yet,
absolute Sa/So values were smaller in our study, which might be explained by the type of matrix used
for analysis (cell extract [66] or supernatant).

Although ZEN showed high prevalence in silage samples and was the only mycotoxin exceeding
the EU guidance levels, we did not include this compound in our cytotoxicity experiments. This
decision was mainly based on the primary mode of action of ZEN, which is the activation of
estrogen receptors [68]. Compared to other mycotoxins, the effects of ZEN on the intestine are less
detrimental [69]. For example, IC50 values for ZEN obtained by measuring metabolic activity in
Caco-2 were 313 μM [70] and 25 μM [62] after 48 and 72 h of incubation, respectively, and thus even
higher than those observed for FB1 in the same experiments. However, increased sensitivity of CIEB
to ZEN cannot be ruled out at this stage and should be addressed in future studies. In vitro models
represent an essential tool to unravel the toxicological relevance and mode of action of substances.
Yet, direct extrapolation to in vivo conditions is often limited, mainly because in-vitro experiments
cannot fully reflect the complexity of an intact organism [40]. In an attempt to compare concentrations
used in our in vitro experiment to mycotoxin levels in dairy feed, we used the dataset provided by
Seeling et al. [14]. In this study, 14 duodenal fistulated cows were exposed to DON-contaminated
feed, which allowed the assessment of the toxin’s duodenal flow. On average, 1.3% on ingested DON
reached the duodenum in unmetabolized form. This low proportion partly stemmed from ruminal
absorption of the toxin, but mostly from metabolization to DOM-1 (94–99%). Calculating with this
percentage, the IC50 value for DON in CIEB (356 μg/L; WST-1) theoretically corresponds to a feed
concentration of approximately 27,400 μg/kg. Although this value exceeds the maximum DON levels
detected in fresh maize silage by a factor of ten, it should not be overlooked that minor changes in the
ruminal degradation capacity would have a marked impact on the outcome of this estimation. As such,
it highlights the practical relevance of our findings.

4. Conclusions

Our survey reports a high prevalence of emerging mycotoxins, namely EMO, CUL, enniatins
and BEA, in European maize silages. In addition, the well-known Fusarium toxins ZEN, DON and
NIV were frequently detected, often co-occurring with the listed emerging mycotoxins. Based on the
comparison of obtained IC50 values, our data indicate that CIEB are at least as sensitive to NIV, DON,
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ENNB and FB1 as human or porcine intestinal cells. Thus, our study stresses the potential negative
health impact of mycotoxins on bovine gut health and highlights the need for further research in this
field. In particular, effects of mycotoxin combinations on the composition and functionality of the
rumen microbiota as well as on bovine gut health in vivo should be addressed

5. Materials and Methods

5.1. Mycotoxin Survey

In total, 158 maize silage samples were collected at European dairy cattle farms from January 2014
to December 2018. Per year, 19 (2014), 20 (2015), 51 (2016), 36 (2017), and 31 (2018) samples were taken.
The 10 countries of origin are displayed in Figure 4.

 
Figure 4. Number of maize silage samples per country of origin.

Samples were provided by the BIOMIN Mycotoxin Survey Program and collected as described
previously [71]. Feed was sent for analysis in paper bags or bags with ventilation to avoid
humidity building up. Prior to LC-MS/MS analysis, aliquots of 500 g were dried (60 ◦C, 48 h;
drying cabinet FP 24, Binder GmbH, Tuttlingen, Germany), and the dry matter content was
determined simultaneously. Thereafter, dried samples were homogenized, extracted and subjected to
LC-MS/MS-based multi-mycotoxin analysis according to Malachovà et al. [72]. Details regarding the
identification and quantification of mycotoxins as well as the method performance are reported in
the aforementioned publication. The accuracy of the method is verified by regular participation in
proficiency testing schemes including samples of complex animal feed [72,73].

Final mycotoxin concentrations were corrected for dry matter content and expressed as μg/kg
fresh weight (average dry matter content 36.5 ± 8.6%). Samples with mycotoxin levels below the
limit of detection (LOD) were considered negative. In case samples shown a mycotoxin concentration
between the LOD and limit of quantification (LOQ), LOQ/2 was used to calculate median and percentile
values. For evaluation of samples exceeding the EU legislation on maximum/guidance/indicative
mycotoxin levels in feed [4,5,21], values were normalized to a dry matter content of 88%. Specifically,
the guidance values for the category “Feed materials – Cereals and cereal products” were used for
DON (8,000 μg/kg), ZEN (2,000 μg/kg) and ochratoxin A (250 μg/kg). In the case of FB1, the guidance
level for “Feed materials – Maize and maize products” was selected (60,000 μg/kg), whereas for the
sum of T-2 and HT-2 toxins, the indicative level for “Cereal products for feed and compound feed –
Other cereal products” (500 μg/kg) was used.
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5.2. In vitro Experiments

5.2.1. Cell Line

Calf small intestinal epithelial cells B (CIEB) are a spontaneously immortalized cell line from bos
taurus (NCBI Taxonomy: 9913). CIEB clone 9 (RRID:CVCL_6A77) were originally purchased from
Bionutritec (Iunel, France).

Prior to the conduction of experiments, cells were checked for the absence of mycoplasma
contamination with the broth-agar microbiological culture method (Friis and PH broth and agar media;
German Collection of Microorganisms and Cell Cultures, Braunschweig, Germany). In addition,
CIEB were sent to DSMZ for confirmation of species identification. Cells were tested to be free of
mitochondrial DNA sequences from human (detection limit: 10–3) as well as from mouse, rat, and
Syrian and Chinese hamster (detection limit:10–5). DNA Barcoding by PCR amplification of the
5´-coding region of Cytochrome C Oxidase I and sequencing of the respective PCR product was used
to confirm the species origin of CIEB.

5.2.2. Routine Cultivation of CIEB

Cells were maintained in high glucose (4.5 g/L) Gibco®D-MEM medium (Invitrogen, Thermo
Scientific, Vienna, Austria). Media was supplemented with 10% fetal bovine serum (Life Technologies,
Thermo Scientific, Vienna, Austria), 16 mM HEPES (Sigma Aldrich, Vienna, Austria), Gibco®2.5 mM
GlutaMAX™, and penicillin/streptomycin (100 units/mL; 100 μg/mL; Sigma Aldrich)). CIEB were
cultivated at 37 ◦C in a 5% CO2 atmosphere (Galaxy 48 S, New Brunswick, Eppendorf, Hamburg,
Austria). At first passage, coated (Coating Matrix Kit, Life Technologies) 25-flasks (Star Lab, Hamburg,
Germany) were used. Thereafter, cells were cultivated in uncoated 75-flasks (Star Lab). CIEB were
subcultured two to three times a week upon reaching 80% confluence. Cells were used until passage 24
and regularly confirmed to be free of mycoplasma contamination via PCR (Venor®GeM Mycoplasma
Detection Kit; Minerva Biolabs, Berlin, Germany).

5.2.3. Characterization of CIEB by Immunohistochemistry (Cytokeration, Vimentin and Villin)

For antibody staining, eight well cell imaging slides (Eppendorf, Hamburg, Germany) were coated
with a Coating Matrix Kit (Life Technologies). CIEB were seeded at a density of 2 × 104 cells/well and
incubated for 48 h at 37 ◦C and 5% CO2. Cells were washed twice with PBS before fixing them with 4%
paraformaldehyde solution for 10 minutes at 4 ◦C. Subsequently, cells were washed again with PBS.
For permeabilization, cells were incubated with PBS containing 0.1% Triton X-100 at 200 rpm followed
by another washing step with PBS. Blocking was performed by incubating cells for 1 h at 200 rpm with
a 2% BSA solution at room temperature, followed by a washing step with PBS. Thereafter, cells were
incubated with primary antibodies for 1 h at room temperature: mouse anti-pan cytokeratin antibody
[C11] (1:250 dilution, ab7753, Abcam), mouse anti-vimentin antibody [RV202] (1:150, dilution, ab8978,
Abcam), mouse anti-villin antibody [3E5G11] - N-terminal (1:250 dilution, ab201989, Abcam). Mouse
IgG1, Kappa Monoclonal [B11/6]–Isotype Control (1:250 dilution, ab91353, Abcam) was used as isotype
control. After another washing step, cells were incubated for 2 h at room temperature in the dark
with the secondary antibody: goat anti-mouse IgG H&L FITC (1:2,000, ab6785, Abcam). Thereafter,
cells were washed again, and three drops/well of a fluoroshield mounting medium containing DAPI
(Abcam) were added for 5 minutes at room temperature in the dark. Finally, the chambers of the
imaging slides were removed, and cover glasses were added.

5.2.4. Cytotoxicity Tests

Solid mycotoxin standards were purchased from Romer Labs (Tulln, Austria; DON, NIV and FB1)
or Sigma Aldrich (ENNB). For the preparation of stock solutions, 5 mg of DON, NIV and FB1 were
dissolved in appropriate amounts of culture medium to yield a concentration of 1 mM, respectively.
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In the case of ENNB, 5 mg of the standard were dissolved in DMSO to achieve a concentration of
15 mM. All stock solutions were stored at −20 ◦C.

CIEB were seeded in 96-well plates (Eppendorf, Vienna, Austria) with a density of 2× 104 cells/well
and 200 μL medium/well. After 24 h, cells were incubated with DON, NIV, FB1 (0–200 μM) or ENNB
(0–200 μM; DMSO 0–1.33%) in triplicate for 48 h. Thereafter, three different assays were performed to
assess the cytotoxicity of increasing mycotoxin concentrations. First, the water-soluble tetrazolium
(WST-1; Roche, Rotkreuz, Switzerland) was performed to assess the metabolic activity of CIEB. While
the sulforhodamine B assay (SRB; Xenometrix, Allschwil, Switzerland/Sigma Aldrich) was used to
measure the total protein synthesis of cells, the neutral red assay (NR, Xenometrix) was used the
measure the ability of viable cells to incorporate and bind neutral red within lysosomes. All tests
were performed according to the instructions of the manufacturer. Six independent experiments were
performed for each mycotoxin and test, respectively.

5.2.5. Sphinganine and Sphingosine Analysis

In supernatants of FB1-treated cells, the concentration of the sphingoid bases sphinganine (Sa) and
sphingosine (So) were determined via LC-MS/MS as described in Reisinger et al. [74]. Supernatants
from triplicates were pooled, and four independent experiments were performed.

5.2.6. Data Analysis

Statistical analysis was performed with GraphPad Prism (Prism version 8 for Windows, GraphPad
Software, La Jolla, California, USA). Absolute IC50 values of data from the WST-1, NR and SRB
assays were calculated with relative numbers. After data normalization, a four-parameter nonlinear
regression curve [log (inhibition) versus response with variable slope (least squares ordinary fit, with
the condition that the Hillslope is < 0)] was applied to calculate the IC50 values. Sa/So ratios were
calculated by dividing the Sa concentration by the So concentration of each experiment. As data were
not normally distributed, the Kruskal-Wallis test was performed as a non-parametric test. Dunnett’s
test was used as a post-hoc test to compare different FB1 concentrations against cell control (0 μM FB1).

For the extrapolation of DON concentrations used in vitro to DON levels in feed, data from
Seeling et al. [14] were used. Average DON recovery in duodenum (% of ingested DON) was calculated
based on the individual data provided for 14 cows in table 3 of the publication.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6651/11/10/577/s1,
Figure S1: Immunostaining of calf small intestinal cells B (CIEB) in chamber slides with isotype control antibody
for cytokeratin, villin and vimentin, Table S1: Impact of the solvent DMSO (0–10%) on metabolic activity (%) of calf
small intestinal epithelial cells B assessed via the WST-1, NR, and SRB assay (48 h incubation, four independent
experiments, three replicates per experiment).
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Abstract: A wide range of pet food types are available on the market; the dominant type is dry food
formulated in croquets. One of the most common ingredients of dry food are cereals—vectors of
harmful mycotoxins posing the risk to pet health. In this study, 38 cat and dog dry food samples
available on the Polish market were investigated. Morphological and molecular methods were
applied to identify fungal genera present in pet food. Quantification of ergosterol and Fusarium
mycotoxins: Fumonisin B1, deoxynivalenol, nivalenol, and zearalenone were performed using
high performance liquid chromatography. Obtained results indicated five genera of mycotoxigenic
fungi: Alternaria sp., Aspergillus sp., Cladosporium sp., Penicillium sp., and Fusarium sp., including
Fusarium verticillioides and Fusarium proliferatum. Ergosterol and mycotoxins of interest were detected
in both cat and dog food samples in the amounts ranging from 0.31 to 4.05 μg/g for ergosterol
and 0.3–30.3, 1.2–618.4, 29.6–299.0, and 12.3–53.0 ng/g for zearalenone, deoxynivalenol, nivalenol,
and fumonisin B1, respectively. The conclusion is the presence of mycotoxins in levels much lower
than recommended by EU regulations does not eliminate the risk and caution is advised concerning
that long-term daily intake of even small doses of mycotoxins can slowly damage pet’s health.

Keywords: pet food; Fusarium; ergosterol; mycotoxins; trichothecenes; fumonisin B1;
zearalenone; HPLC

Key Contribution: Due to cereal additions, pet food contains plant pathogens, like Fusarium sp.
Tested samples were contaminated with mycotoxins: fumonisin B1, deoxynivalenol, nivalenol and
zearalenone. Therefore, mycotoxin analyses are needed in pet food together with microbiological tests.

1. Introduction

Companion animals play a significant role in people’s lives since their domestication. In the past
they were treated as workers or hunters and now people call them “family members” and “friends”.
People often assign human emotions, behavior, and personality traits to animals. This phenomenon is
called anthropomorphism [1]. There are numerous research reports available concerning health and
emotional benefits coming from the companionship of pets. For example, the presence of a dog or cat
in a human’s lifetimes decreases blood pressure and heart rate and reduces stress. Pets can also support
treatment during depression and other psychic and emotional disorders [2]. It has been proven that
taking care of animals by children teaches them responsibility, builds self-confidence, and ensures
appropriate emotional development [3].

Increasing attention and care for pets’ health and well-being is observed because of the relationship
between human and companion animals. Therefore, the owners pay heed to diet for their pets more
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often than they did in the past and this became easier because of a large availability of pet food—a
type of animal feed dedicated for companion animals. The pet food industry offers a wide range of
food products for dogs and cats, especially wet and dry food. According to the statistical data on
statista.com, the mean value of pet food sales in years 2010–2016 was 8.5 million tons per year. It is
quite obvious why consumers choose commercial pet food—it is a simple, fast, and cheap way to obtain
balanced and differential food for dog or cat [4]. Because dogs are omnivores and cats are carnivores,
every food must have a suitable composition and nutrient value. This difference entails consequences
in the varying nutrient requirements of these animals. For example, cats use proteins as a main source
of energy so they food should contain more proteins (>26%) comparing to dog food (18–22%) according
to recommendations of the Association of American Feed Control Officials. Moreover, cat food must
include higher doses of taurine, vitamin A, arachidonic acid, and arginine [5]. On the other hand,
a dog’s genome contains genes responsible for starch digestion and glucose absorption [6], while cats
do not have these genes and are generally not able to digest dietary fiber, which may eventually be
fermented by gut bacteria [7,8]. The excess of carbohydrates derived by cereals in dry cat food might
affect the animal health in opposition to cooked starch, which is efficiently digested by cats [8].

The main types of pet food are home-cooked and raw food as well as commercially available dry,
canned, and semi-moist food. Animal derivatives or by-products are the most important ingredient
in dry food followed by vegetables and cereals, which are the main source of starch and, therefore,
they play a role of fillers improving croquet consistency. Maize, wheat, rice, and barley are most
commonly used to the production of dry pet food. In grain-free pet food cereals are replaced by
potatoes and beet pulp. Besides the impact on pets’ gastrointestinal tract (changes in commensal
microflora populations), cereals are among the most important sources of toxic contaminations of the
pet food [7].

Mycotoxin-producing fungi from the Fusarium genus are the primary cereal pathogens, causing
every year yield losses world-wide. The most common pathogens of maize are Fusarium verticillioides
and F. proliferatum, while F. culmorum, F. avenaceum, and F. graminearum are common wheat pathogens.
Three groups of mycotoxins produced by Fusarium fungi are of major importance: fumonisins,
trichothecenes and zearalenone, causing sphingolipid metabolism disruption; replication, transcription
and translation disturbances and estrogen receptors overexpression, respectively [9]. Only a few
research studies are available dealing with the toxicity of mycotoxins to dogs’ and cats’ health.
According to data contained in EFSA 2017 report, there are only eight reports about deoxynivalenol
(DON) toxicity on pets’ health [10]. Trichothecenes (especially deoxynivalenol) cause appetite and
weight loss, diarrhea, vomiting and even gastrointestinal hemorrhage [11,12]. Zearalenone (ZEN)
induces oviducts and uterus hyperplasia and edema in bitches and reduces spermatogenesis in
dogs [13]. There are no publications about fumonisins affecting companion animals’ health.

During pet food processing dry foods are subjected to extrusion under pressure of 34–37 bars and
temperature of 100–200 ◦C. This process, lowering the moisture to about 8–10% and hermetic storage
are common practices used to protect the pellet from contamination and mold development [14,15].
However, this issue does not solve the problem of mycotoxins, which are thermostable and still pose
a health risk. Many research reports state food and feed quality problems and their influence on
human and animal health but there is limited information about pet food quality and the effect of
mycotoxins on their health [16–18]. There are enormous numbers of publications and websites about
pet nutrition but only few papers about pet food quality, and dog food is more often concerned than
cat food. Main health institutions in Europe, USA, and Canada are aware that Fusarium mycotoxins
pose a health risk. Therefore, there are established regulations of their permissible content in pet food
and feed (especially for farm animals) [19,20]. Unfortunately, they still do not apply to the food for
dogs and cats. The aim of this study was to investigate dry food for dogs and cats in respect to their
microbiological quality and contamination by mycotoxins to estimate its purity and possible risk for
companion animals’ vigor.
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2. Results

Pet food producers commonly apply cereals to dry pet food as fillers for croquets consistency
improvement. According to the cereal additions’ information, five groups of pet food samples: “maize”,
“maize and wheat”, “wheat”, “no cereals”, and “no data” were distinguished. Dog food samples
represented all five groups while only three groups were present for cat food because of the lack
of samples containing solely wheat and no cereals. Each sample was screened for the presence of
filamentous fungi as well as ergosterol content and main Fusarium mycotoxins were analyzed (Table 1).
Five genera of fungi were identified: Alternaria sp., Aspergillus sp., Cladosporium sp., Fusarium sp.,
and Penicillium sp. Penicillium sp. was the most common genus contaminating food samples (38%),
followed by Fusarium sp. (33%) (Figure 1). F. verticillioides was commonly observed among Fusarium
population but F. proliferatum and F. oxysporum were also identified. F. verticillioides and F. proliferatum
produce fumonisin B1, which was detected in eleven samples out of 33 dry pet foods for dogs and
cats, regardless of cereal component in the pet food, primarily in samples containing wheat or maize
and wheat.

 

Figure 1. Frequencies of fungal genera and Fusarium species isolated and identified in dry pet food
samples for cats and dogs.

Among all material collected, only two samples did not contain any fungal contaminant, however,
the indicator of fungal biomass–ergosterol (ERG) was detected (Table 1). Both samples belonged to the
dog food group, and one of them (dF59) still contained fungal mycotoxins. This indicates the need of
supporting the mycotoxins investigation with microbiological screening of the samples.

The recommended maximum allowed concentration of ergosterol in grain is 7 μg/g [21]. In our
study, ergosterol was detected in all investigated samples and the range of its concentration was
0.31–4.15 μg/g which means that the legal limit has not been exceeded.

Zearalenone, trichothecenes and fumonisin B1 were also found but these mycotoxins were not
present in all investigated samples. The minimum and maximum values of ZEN, DON, NIV, and
FB1 were 0.3–30.3, 22.2–618.4, 29.6–299.0, and 17.9–53.0 ng/g, respectively. Deoxynivalenol was
the most abundant mycotoxin among all food samples (74%) and it also prevailed in dog food
(77%), while zearalenone was dominating in cat food samples. The least frequent mycotoxin was
FB1, which is very interesting finding, considering the fact that the most frequent isolated species
were F. proliferatum and F. verticillioides—main producers of fumonisin B1. In addition, Fusarium
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representatives biosynthesizing trichothecenes and zearalenone, e.g., F. culmorum, F. graminearum,
or F. equiseti, were not detected.

Table 1. Fungal species and genera isolated and identified in dog and cat food samples, along with
ergosterol, zearalenone, deoxynivalenol, nivalenol and fumonisin B1 concentrations measured in the
respective samples. The samples were grouped based on their cereal component.

Pet
Sample

No.

Fusarium
sp.

Other
Fungi

ERG
[μg/g]

Mycotoxins

ZEN
[ng/g]

DON [ng/g] NIV [ng/g]
FB1

[ng/g]

maize and wheat

cat

cF1 Fv, Fp P 0.73 ± 0.04 3.9 ± 0.3 55.3 ± 3.6 n.d. 17.9 ± 2.9
cF2 Fv P 1.04 ± 0.07 4.1 ± 0.4 104.5 ± 8.6 n.d. n.d.
cF4 Fv P 4.14 ± 0.19 n.d. 22.2 ± 4.6 n.d. n.d.

cF15 Fv P 1.75 ± 0.05 8.7 ± 1.5 53.0 ± 9.4 n.d. n.d.

dog

dF36 − P, C 0.88 ± 0.03 2.0 ± 0.5 n.d. 29.6 ± 4.0 n.d.
dF39 Fv P, Alt 1.36 ± 0.07 n.d. n.d. n.d. 28.9 ± 2.4
dF40 Fo P 0.43 ± 0.04 n.d. n.d. n.d. n.d.
dF42 − P 0.85 ± 0.05 0.3 ± 0.1 97.3 ± 7.6 n.d. n.d.
dF45 Fv P, C 1.32 ± 0.17 30.3 ± 2.6 303.4 ± 18.9 86.0 ± 13.6 53.0 ± 4.2
dF46 Fv P, A 1.19 ± 0.13 n.d. 279.6 ± 18.7 76.9 ± 3.7 46.9 ± 2.3
dF47 − P, A 0.50 ± 0.03 n.d. 76.3 ± 3.7 100.1 ± 14.1 n.d.
dF58 − P 0.41 ± 0.02 n.d. 129.9 ± 13.6 102.9 ± 9.4 n.d.
dF59 − − 0.83 ± 0.02 n.d. 24.6 ± 5.0 61.3 ± 3.2 n.d.

maize

cat

cF12 Fv, Fp P, C 0.85 ± 0.04 4.5 ± 0.8 n.d. 42.0 ± 3.1 n.d.
cF13 − P 2.04 ± 0.14 2.8 ± 0.2 217.5 ± 18.4 46.7 ± 4.1 n.d.
cF14 Fv − 4.05 ± 0.07 2.0 ± 0.2 n.d. 64.8 ± 4.2 12.5 ± 2.9
cF29 Fv P, C 1.09 ± 0.14 9.1 ± 2.1 n.d. n.d. n.d.

dog

dF33 Fv P 2.95 ± 0.18 n.d. 554.3 ± 40.4 299.0 ± 25.9 31.9 ± 2.6
dF51 Fv P, A 1.18 ± 0.12 3.0 ± 0.3 99.4 ± 8.3 66.1 ± 4.8 33.5 ± 3.6
dF52 Fv P, A 0.83 ± 0.04 0.5 ± 0.0 114.7 ± 12.3 n.d. n.d.
dF53 Fv P, A, Alt 1.18 ± 0.07 5.3 ± 0.3 n.d. n.d. 52.4 ± 2.7
dF54 − C, P 0.31 ± 0.02 n.d. 203.1 ± 10.1 n.d. n.d.
dF56 Fv P 0.74 ± 0.04 1.7 ± 0.48 300.1 ± 20.8 n.d. n.d.
dF57 − A 1.58 ± 0.05 3.7 ± 0.3 195.1 ± 9.1 96.5 ± 8.2 n.d.
dF60 − P, C 0.78 ± 0.03 1.2 ± 0.3 307.8 ± 15.1 37.7 ± 3.6 n.d.
dF80 − A, Alt 1.05 ± 0.08 1.9 ± 0.2 n.d. n.d. n.d.
dF81 − P, Alt 1.02 ± 0.07 2.1 ± 0.2 36.8 ± 3.7 n.d. n.d.

wheat

dog
dF43 Fv P 1.39 ± 0.12 n.d. 195.4 ± 13.5 n.d. 33.7 ± 3.8
dF50 − − 0.38 ± 0.02 n.d. n.d. n.d. n.d.
dF55 − P 0.50 ± 0.03 n.d. 195.8 ± 8.8 n.d. n.d.

no cereals

dog dF49 Fp P, A 0.66 ± 0.04 n.d. 37.3 ± 5.4 n.d. n.d.
dF79 − P, Alt 1.01 ± 0.04 n.d. 24.5 ± 3.4 n.d. n.d.

no data

cat

cF24 Fv − 1.28 ± 0.16 27.2 ± 6.1 618.4 ± 35.1 87.2 ± 8.1 n.d.
cF25 Fv A 1.28 ± 0.13 17.2 ± 5.3 124.3 ± 8.2 265.8 ± 21.4 n.d.
cF26 − P, C 1.83 ± 0.19 1.6 ± 0.9 38.2 ± 6.4 31.6 ± 3.1 n.d.
cF30 − P 0.95 ± 0.06 23.4 ± 5.6 n.d. n.d. 12.3 ± 2.1

dog dF48 Fv − 0.58 ± 0.02 1.2 ± 0.2 112.0 ± 17.3 67.3 ± 4.4 n.d.
dF78 Fv A 0.71 ± 0.02 2.2 ± 0.2 93.1 ± 7.7 n.d. 29.1 ± 3.4

cF–cat food, dF–dog food, Fv–F. verticillioides, Fp–F. proliferatum, Fo–F. oxysporum, P–Penicillium, C–Cladosporium,
A–Aspergillus, Alt–Alternaria, n.d.–not detected.

Based on cereal composition, three groups were distinguished among cat food samples—food
containing: maize and wheat, only maize and samples without composition data (Table 2). The highest
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mean concentration of ergosterol occurred in cat maize-containing food, and it reached 2.01 μg/g.
In samples without the information about cereal composition, significantly different values of the three
mycotoxins were observed compared to the samples with maize or wheat and maize. The following
concentrations of zearalenone, deoxynivalenol and nivalenol were measured: 17.3, 260.3, and 128.2 ng/g,
respectively. In samples containing maize and wheat, nivalenol was not detected. It is worth
highlighting that the concentrations of fumonisin B1 in cat food with maize were lower than in food
containing maize and wheat. Similar trend was observed for dog food but probably relating to a
larger set of samples rather than higher concentrations of FB1 in food composed with maize and wheat
comparing to food with pure maize.

Table 2. Content of ergosterol and Fusarium mycotoxins in cat food samples in relation to their
cereal composition.

Cereal
Composition

ERG [μg/g]
Mycotoxins [ng/g]

ZEN DON NIV FB1

Range Mean Range Mean Range Mean Range Mean Range Mean

maize 0.81–4.12 2.01 a 1.9–11.3 4.6 b 196.4–230.2 * 217.5 b 43.0–69.0 51.2 b 10.0–15.6 * 12.5 a

maize and
wheat 0.70–4.35 1.93 a 3.6–10.3 5.6 b 18.7–112.3 59.7 b n.d. n.d. b 15.0–20.8 * 17.9 a

no data 0.90–2.03 1.34 a 0.9–32.2 17.3 a 32.6–652.9 260.3 a 29.2–281.0 128.2 a 10.1–14.4 * 12.3 a

LSD0.05 0.94 5.71 134.22 53.07 5.51

ANOVA F 0.301 <0.001 0.047 0.003 0.841

n.d–not detected; a, b–in columns, means followed by the same letters are not significantly different; * calculations
based on one sample.

In contrast to cat food samples, in dog food the highest concentrations of ERG and mycotoxins
were detected in the samples containing either maize or maize and wheat (Table 3). Examined
material presented the highest mean values for trichothecenes (226.4 and 124.8 ng/g for DON and
NIV, respectively) in samples containing maize. In turn, dog food with maize and wheat contained
maximum concentrations of ZEN (10.9 ng/g) as well as FB1 (42.9 ng/g). It is worth noting that dog
food sample without cereals contained the lowest level of ergosterol (837.6 ng/g) and zearalenone,
nivalenol and fumonisin B1 were not detected. Only deoxynivalenol was present in a very low
amount—30.9 ng/g.

Table 3. Content of ergosterol and Fusarium mycotoxins in dog food samples in relation to their
cereal composition.

Cereal
Composition

ERG [μg/g]
Mycotoxins [ng/g]

ZEN DON NIV FB1

Range Mean Range Mean Range Mean Range Mean Range Mean

maize 0.29–3.13 1.16 a 0.5–5.6 2.4 a 32.8–593.1 226.4 a 33.6–325.5 124.8 a 29.5–55.5 39.3 a

maize and
wheat 0.38–1.45 0.86 ab 0.2–32.6 10.9 a 19.3–324.6 151.9 ab 26.5–114.8 76.1 a 26.5–57.0 42.9 a

wheat 0.36–1.50 0.76 ab n.d. n.d. 184.7–210.5 195.6 ab n.d. n.d. 29.6–37.1 * 33.7 a

no cereals 0.62–1.06 0.84 ab n.d. n.d. 21.0–42.2 30.9 b n.d. n.d. n.d. n.d.
no data 0.56–0.72 0.65 b 1.0–2.4 1.7 a 86.2–127.1 102.5 ab 62.5–71.1 * 67.3 a 29.6–32.8 29.1 a

LSD0.05 0.458 5.22 115.3 56.58 16.88

ANOVA F 0.048 0.441 0.043 0.123 0.572

n.d.–not detected; a, b–in columns, means followed by the same letters are not significantly different; * calculations
based on one sample.

The comparison of food samples for dogs and cats distinguished two trends in mycotoxins
distribution (Figure 2). In the first one, dog food samples with maize/maize and wheat revealed higher
concentrations of all mycotoxins (except ZEN) than cat food samples with those cereals. The reverse
trend was observed in the samples without cereal addition data—mycotoxin levels in cat food were
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higher comparing to dog food. The only exception was FB1 which level was higher in dog food than in
cat food just like in cereal-containing samples.

 

Figure 2. Comparison of Fusarium mycotoxins content in cat and dog food samples in relation to their
cereal composition.

Only 58% of samples contained detectable Fusarium spp. among collected material, while Fusarium
mycotoxins were detected in 94% of samples. We compared the samples in terms of Fusarium species
content and their mycotoxins contribution (Figure 3). As expected, the concentrations of mycotoxins
were higher in food samples containing Fusarium sp. than in food samples with other fungal
contaminants. Only one mycotoxin (fumonisin B1) was not detected in the sample with the absence of
Fusarium sp.

So far, no mycotoxin limit values have been established for pet food. In 2006, the European
Commission issued a recommendation regarding the permitted levels of mycotoxins in animal feed
products [19,20]. The guidance values of DON, ZEN and FB1 + FB2 in feed with a moisture content of
12% were as follows: 0.9–12, 0.1–3 and 5–60 mg/kg, respectively. Based on these regulations we could
conclude that none of the investigated samples exceed the recommended level of mycotoxins.

The analysis of correlation proved high significant correlations between ergosterol and mycotoxins
content in dog food samples (with the exception of ZEN) (Table 4). Similarly, high correlations were
detected in the case of ZEN/FB1 as well as DON/NIV. NIV/FB1 and DON/FB1 showed significant
and high significant correlations, respectively. In turn, in the case of cat food samples only one
significant correlation was observed, i.e. between ERG and ZEN. Concentrations of DON and ZEN
were strongly correlated.
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Figure 3. Comparison of Fusarium mycotoxins content in cat and dog food samples in relation to their
Fusarium sp. content.

Table 4. Correlation coefficient factor between ergosterol and mycotoxins. Data highlighted in blue
represent samples of cat food and in orange—dog food.

Trait ERG ZEN DON NIV FB1

ERG 1 −0.4239 * −0.1611 −0.0423 0.0056
ZEN 0.1736 1 0.5604 *** 0.3533 * 0.0148
DON 0.5451 *** 0.2197 1 0.2924 −0.26
NIV 0.6633 *** 0.1228 0.6627 *** 1 −0.197
FB1 0.5195 *** 0.4944 *** 0.2968 ** 0.2458 * 1

* p < 0.05; ** p < 0.01; *** p < 0.001.

3. Discussion

Pet food industry is a developing area of world economy. According to the data reported by
statista.com, there were about 8.5 × 104 of dogs and over 1 × 105 cats in the European Union in 2018 [4].
Different types of pet food are available on the market but dry and canned food are prevailing. In canned
food the main ingredient is meat while dry food contains mainly cereal grains. Additives of cereals
(mainly rice, wheat and maize) improve pulp consistency and facilitate formulation of croquettes.
Unfortunately, most cereals used for pet food production contain pathogens belonging to the Fusarium
genus, which are responsible for biosynthesis of strongly toxic secondary metabolites (mycotoxins).

Mycotoxins are present in pet food since these compounds have stable chemical structures and are
insensitive to most manufacturing processes like cleaning, milling, and boiling [15]. During pet food
production manufacturers apply mainly heating and extrusion processes and several studies were
conducted concerning the influence of food processing on mycotoxins’ concentrations. It has been
shown that high temperature baking as well as extrusion are the most relevant in the case of mycotoxins
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content reduction, however, the effectiveness of these processes depends on conditions used, like
temperature, duration of the process, or humidity. The decrease of mycotoxins concentrations during
different types and conditions of food processing ranged between 20–65%, 23–92%, 24–70% for FB1,
ZEN, and DON, respectively [22]. Taking into account the degradation of mycotoxins during extrusion,
it is possible that the concentrations of mycotoxins included in the investigated samples are lower
than in the grain used for pet food production. Simultaneously, it can be stated that efficiency of these
processes is not satisfactory in the light of fast progressing climate change. Forecast for Europe predicts
climate warming and rising humidity, thus, better conditions for Fusarium sp. development and,
eventually, extensive mycotoxin contamination and reduction of yield and quality are expected [22–25].

Mycotoxigenic fungal genera were identified in tested pet food samples. Both storage genera,
like Penicillium sp. (38%) and Aspergillus sp. (12%), as well as plant-derived Fusarium sp. (33%)
were identified. This result confirms the findings reported by previously published papers [26–29].
Interesting observation is the presence of Fusarium sp. responsible for biosynthesis of fumonisin
B1 (F. proliferatum, F. verticillioides) only, while zearalenone and trichothecenes produced mainly by
F. graminearum and F. culmorum were also detected. Possible explanation of this phenomenon is the
fact that F. graminearum and F. culmorum spores and hyphae are more sensitive to high temperatures
and were inactivated during the manufacturing process. It is worth emphasizing that Aspergillus sp.
was identified in collected material. This might result in the presence of aflatoxins, so the analysis of
these highly harmful mycotoxins would bring the broader context into mycotoxicological research of
pet food.

Most studies on pet food contamination with mycotoxins were focused on single group or a narrow
range of mycotoxins [11,30–35], but currently the studies are focused on comprehensive approach,
as demonstrated by Bohm et al. [11] and Gazzotti et al. [33], who analyzed Fusarium mycotoxins:
Fumonisin B1, deoxynivalenol, and zearalenone [34,35]. In our research FB1, DON, and NIV, as well
as ZEN, were quantified in both dogs’ and cats’ food. The presence of mycotoxins of interest in feed
material was expected and the most frequent compounds were DON and ZEN. The surprising result
is the higher concentrations of FB1 observed in both cat and dog food containing maize and wheat
than in those with maize only, which is regarded a main vector for this mycotoxin. In general, wheat
is considered free of fumonisins because it is not a host-plant for fumonisins-producing Fusarium
species (e.g., F. proliferatum, F. verticillioides), but some recent reports revealed this mycotoxin in wheat
and wheat by-products [36,37]. According to a study conducted by Chehri et al. [38] F. verticillioides
was not only detected in wheat grain samples but it was also the second most frequent species after
F. graminearum. Nevertheless, concentration values of investigated mycotoxins in pet food were below
the acceptable levels recommended by the EU regulations. Our results were in accordance with
the data obtained during a long-term international research on mycotoxins in feed [25]. According
to these authors up to 88% of samples were contaminated by at least one of the mycotoxins but in
Europe feed contamination did not exceed the permitted level. The same study indicates the Fusarium
mycotoxins—DON and ZEN—as one of the most significant feed contaminants.

Tegzes et al. tested 60 samples of grain and grain-free dog food for aflatoxins, ochratoxin A as well
as Fusarium mycotoxins contamination [34]. On the contrary to the previous studies, aflatoxins and
ochratoxin A were not detected, which has been explained by the effectiveness of quality management
regulations. Furthermore, it might be concluded that cereal additives are the main source of mycotoxins
contamination because grain-free samples were not contaminated by these compounds. Our study
reveals that dog and cat foods without cereals are generally free of mycotoxins; however, very low
levels of DON (21.0–42.2 ng/g) were detected.

Recent studies increasingly indicated that high resolution mass spectrometry is a powerful tool
in a large scale of mycotoxins screening as well as food and feed comprehensive analyses [35,39].
Castaldo et al. examined 89 pet food samples, which then were subjected to a targeted analysis of
28 most common mycotoxins, i.e., Fusarium mycotoxins, aflatoxins and ochratoxin A [35]. Then,
a retrospective analysis was performed resulting in the detection of 245 different toxic bacterial and
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fungal metabolites, among which still Fusarium mycotoxins were the most common. Another problem
which has been highlighted by this paper, is the presence of about 16 toxins per sample and their
possible implication on animal health [25]. The interactions between mycotoxins can be synergistic,
additive, less than additive and antagonistic. The possible implications of mycotoxins’ synergism were
summarized in extensive review article by Greiner and Oswald [40]. Results of a large-scale research
by Gruber-Dorninger et al. proved that the presence of few different mycotoxins is a general rule so
the risk of affection of human and animals’ health’s through synergistic action of different mycotoxins
seems to be high [25]. Our studies revealed the co-occurrence of Fusarium mycotoxins as well, and it
seems to be natural because of the ability of species to produce more than one mycotoxin (for example
F. proliferatum is able to produce fumonisins, moniliformin, and beauvericin) [41]. Moreover, food and
its by-product might be contaminated by different fungi during product lifetime (on the field, during
storage) and fungal secondary metabolites can be accumulated in it. At this moment, a global list of
feed and food contaminants as well as cumulative effect of these toxins is unknown, hence this is the
future perspective in feed and food research. Both studies show the results similar to those obtained
in the present study, thereby confirming the hypothesis that Fusarium mycotoxins are present in pet
food and threaten pets’ health. Moreover, it has been proven that the topic of food contamination by
these mycotoxins is still alive and no crucial solution has been applied so far. Despite the fact that the
concentrations of chosen mycotoxins did not exceed the permitted levels established by EU, it does
not mean that pets’ health is not in danger. Dry food is mostly a basis of pet diet and even extremely
low doses of mycotoxins might result in chronic diseases when consumed daily. Mycotoxins could be
ingested by the animal with contaminated food and accumulate in their tissues or excrete with body
fluid, hence, meat, milk, and eggs might be also potentially an origin of mycotoxins in diet [42–45].
It might be concluded that multi-exposure to mycotoxins is an inevitable phenomenon.

Our previous study was dedicated to veterinary diets for dogs and cats. It has shown that these
products contain molds as well as Fusarium mycotoxins [46]. Detected levels of DON, ZEN, and
FBs were much below FDA recommendations but in this particular case it does not guarantee safety.
Veterinary diet is a special purpose food which is applied during the treatment of sick animal, possibly
more susceptible to harmful mycotoxins. This suggests that the issue covers also other pet food
products and, hence, research should be extended to include other types of pet food.

4. Conclusions

After years of research on Fusarium mycotoxins in food and feed—especially pet food—the
knowledge is still insufficient. It is necessary to find the effective solutions on how to reduce
mycotoxins in feed product to protect human and animal lives. Limitation of grain used for pet food
production might significantly reduce Fusarium mycotoxins presence. On the other hand, introduction
of new standards in quality assurance based on high resolution mass spectrometry techniques gives a
possibility of comprehensive mycotoxin detection as well as their by-products, and effective monitoring
and management of mycotoxin contamination.

5. Materials and Methods

Studied material was collected from hermetically sealed packages of dry food for dogs and
cats of 16 producers. They were obtained from pet shops and veterinary clinics in Poland. In total,
the collected research material was represented by 38 samples including 12 foods for cats and 26 for
dogs. The weights of the samples ranged from 60 to 150 g and the moisture was from 3.8% to 7.1%.
Cereals composition was used as division criterion and the following groups were made: (i) Samples
containing only maize, (ii) wheat, (iii) maize and wheat, and (iv) none of these cereals. According to
this criterion we obtained 3 groups of cat food and 5 groups of dog food (Table 1). Samples of food
formulated in differently-sized croquettes were homogenized before the analysis using liquid nitrogen
and ceramic mortar, and then milled. Samples were stored at −20 ◦C until analysis (Figure 4).
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Figure 4. Scheme of sampling of cat and dog food and design of the experiment.

5.1. Identification of Fungal Isolates

Identification of fungi was performed using microscopic and molecular methods. Genera of fungi
were determined on morphological basis and isolates belonging to Fusarium genus were then subjected
to molecular analyses to obtain species identification.

Two microbiological media: Synthetic nutrient agar (SNA) and potato dextrose agar (PDA) were
used for microbiological analysis. First, about 1 g of milled food samples was incubated for one week at
room temperature on the PDA medium. Pure fungal isolates were obtained through multiple passaging
onto fresh PDA media and then transferred to the SNA medium. The plates were incubated at room
temperature for 4 weeks until the appearance of spores. Macrospores were viewed microscopically at
200×magnification and their morphological features were used for genus identification.

Molecular methods were applied only for Fusarium isolates. At first, the mycelia were frozen in
liquid nitrogen and homogenized using plastic mortar. Then, genomic DNA was extracted according
to the CTAB method [47].

The next step was setting up the polymerase chain reaction (PCR) which was performed using
Tef1R and Ef728M primers and Taq DNA polymerase (Thermo, Waltham, MA, USA). The quality of
PCR products was evaluated based on electrophoretic separation. Subsequently, PCR products were
purified with exonuclease I (Epicentre, Madison, WI, USA) and alkaline phosphatase SAP (Promega,
Madison, WI, USA). Fluorescent labeling was performed using Ef728M primer and BigDyeTerminator
v 3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA, USA).

Sequence reading was done by Laboratory of DNA Sequencing and Oligonucleotide Synthesis at
Institute of Biochemistry and Biophysics, Polish Academy of Sciences, Warsaw, Poland. Molecular
identification of fungal species was done by comparing the sequences to the reference sequences
deposited in the NCBI GenBank database using the BLASTn algorithm. The method was described in
detail by Witaszak et al. [46].

5.2. Standards and Chemical Reagents

Ergosterol (ERG) and mycotoxins (fumonisin B1—FB1, zearalenone—ZEN, deoxynivalenol—DON,
and nivalenol—NIV) standards were purchased with a standard grade certificate (purity above 98%)
from Sigma-Aldrich (Steinheim, Germany). Stock solutions of standards were prepared in acetonitrile
(except ERG in methanol) at 1.0 mg/mL concentrations and stored at−20 ◦C. Sodium dihydrophosphate,
potassium hydroxide, sodium hydroxide, potassium chloride, acetic acid, hydrochloric acid, and
o-phosphoric acid were purchased from POCh (Gliwice, Poland). Organic solvents (HPLC grade),
disodium tetraborate, n-pentane, 2-mercaptoethanol, sodium acetate, and all the other chemicals were
also purchased from Sigma-Aldrich (Steinheim, Germany). Water for the HPLC mobile phase was
purified using a Milli-Q system (Millipore, Bedford, MA, USA).
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5.3. Extraction and Purification Procedure

5.3.1. Ergosterol

Samples (each in triplicate) containing 100 mg of ground material were suspended in 2 mL
methanol in a culture tube and treated with 0.5 mL of 2 M aqueous sodium hydroxide. Samples were
irradiated twice in a microwave oven (370 W) for 20 s according to Waśkiewicz et al. [48]. After 15 min
contents of cultures tubes were neutralized with 1 M aqueous hydrochloric acid, then 2 mL of methanol
were added and samples were extracted with pentane (3 × 4 mL). The combined pentane extracts were
evaporated to dryness in a stream of nitrogen, before analysis dissolved in 1 mL of methanol and 10 μL
of thus prepared mixture were analyzed by HPLC.

5.3.2. Mycotoxins

Ground samples (10 g) were soaked with 30 mL of acetonitrile:water (80:20, v/v) and mycotoxins
(DON, NIV, ZEN) were extracted overnight. After filtration (Whatman No. 5 paper, Whatman
International Ltd, Maidstone, UK), 10 mL of the extract was collected and diluted with 40 mL of
water. Half of the extract was used for DON and NIV analysis, while the second part was used for
ZEN determination. In both cases, the extract was applied on top of an immunoaffinity DON-NIV
column and the Zearala Test column (IAC, Vicam, Milford, MA, USA) for DON/NIV and ZEN analysis,
respectively in accordance with the manufacturer’s procedure.

Fumonisin B1 was extracted from ground samples of veterinary diet (10 g) by homogenization
for 3 min in 30 mL of methanol-water (3:1, v/v) and filtration through Whatman no. 4 filter paper
(Whatman International Ltd, Maidstone, UK) according to Stępień et al. [49]. The filtered extract
(pH = 5.8–6.3) was applied at the top of the conditioned cartridge (a SAX cartridge, Bond Elut, Agilent
Santa Clara, CA, USA) with flow rate of 2 mL/min. Fumonisin B1 was eluted from the column with
10 mL of 1% acetic acid in methanol. The elute was evaporated to dryness at 40 ◦C under a stream of
nitrogen. Dry residue was stored at −20 ◦C until HPLC analyses.

5.4. HPLC Analysis

The chromatographic system consisted of Waters 2695 high-performance liquid chromatograph
(Waters, Milford, USA) with detectors: (i) Waters 2996 Photodiode Array Detector with Nova Pak C−18
column (150× 3.9 mm) and methanol:acetonitrile (90:10, v/v) as a mobile phase for ERG (λmax = 282 nm)
analysis and with Nova Pak C−18 column (300 × 3.9 mm) and methanol:water (25:75, v/v) as a mobile
phase for DON and NIV analysis (λmax = 224 nm); (ii) Waters 2475 Multi λ Fluorescence Detector
(λex = 274 nm, λem = 440 nm) and Waters 2996 Photodiode Array Detector with Nova Pak C−18 column
(150 × 3.9 mm) and acetonitrile:water:methanol (46:46:8, v/v/v) as a mobile phase for ZEN analysis;
(iii) Waters 2475 Multi λ Fluorescence Detector (λex = 335 nm, λem = 440 nm) with an XBridge column
(3.0 × 100 mm) and methanol:sodium dihydrogen phosphate (0.1 M in water) solution (77:23, v/v)
adjusted to pH 3.35 with o-phosphoric acid as a mobile phase for FB1 analysis after pre-column
derivatization with o-phthaldialdehyde (OPA) reagent.

The linearity of the standard curves was 0.9897, 0.9991, 0.9990, 0.9989, and 0.9982 for FB1,
ZEN, DON, NIV, and ERG, respectively. The limits of quantification (LOQ) were (in ng/g): 1.0 for
ZEN, 2.0 for FB1 and 10.0 for DON, NIV, and ERG. The recovery experiment was performed on
mycotoxin-free veterinary diet samples, spiked with three different levels of each mycotoxin separately
at a concentration of 5.0, 8.0, and 10.0 ng/g for FB1 and ZEN and 20.0, 40.0, and 80 ng/g for DON and
NIV. On the basis of these experiments, recovery rates and standard deviations (RSD) were calculated.
For the majority of the tested mycotoxins, the recovery rates ranged between 88% and 109% (depending
on the matrix), whereas the RSD values did not exceed 13%.

191



Toxins 2020, 12, 130

5.5. Statistical Analysis

Firstly, the normality of distributions for studied traits was tested using the Shapiro–Wilk
normality test [50]. One-way analysis of variance (ANOVA) was carried out to determine the effects
of cereal composition on the variability of ergosterol (ERG), and mycotoxins: zearalenone (ZEN),
deoxynivalenol (DON), nivalenol (NIV), and fumonisin B1 (FB1), independently for cat and dog
food samples. Minimal, maximal and mean values of individual traits were calculated. The Fisher’s
least significant differences (LSDs) were calculated for individual characteristics and on this basis
homogeneous groups were determined. The relationships between the ERG, FB1, ZEN, DON, and
NIV were determined using the simple correlation analysis. Relationships of five observed traits were
presented in Table 4. Data analysis was performed with the GenStat 18 package software for cat and
dog food samples independently.
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18. Milićević, D.R.; Skrinjar, M.; Baltić, T. Real and perceived risks for mycotoxin contamination in foods and
feeds: Challenges for food safety control. Toxins 2010, 2, 572–592. [CrossRef]

19. Commission Recommendation of 17 August 2006 on the Prevention and Reduction of Fusarium Toxins
in Cereals and Cereal Products (2006/583/EC). Available online: https://eur-lex.europa.eu/LexUriServ/
LexUriServ.do?uri=OJ:L:2006:234:0035:0040:EN:PDF (accessed on 20 January 2020).

20. Commission Regulation (EC) No 1126/2007 of 28 September 2007 Amending Regulation (EC) No 1881/2006
Setting Maximum Levels for Certain Contaminants in Foodstuffs as Regards Fusarium Toxins in Maize
and Maize Products. Available online: https://www.fsai.ie/uploadedFiles/Commission_Regulation_EC_No_
1126_2007.pdf (accessed on 20 January 2020).

21. Gutarowska, B.; Zakowska, Z. Estimation of fungal contamination of various plant materials with
UV-determination of fungal ergosterol. Ann. Microbiol. 2010, 60, 415–422. [CrossRef]

22. Milani, J.; Maleki, G. Effects of processing on mycotoxin stability in cereals. J. Sci. Food Agric. 2014, 94,
2372–2375. [CrossRef]

23. Moretti, A.; Pascale, M.; Logrieco, A.F. Mycotoxin risks under a climate change scenario in Europe. Trends Food
Sci. Tech. 2019, 84, 38–40. [CrossRef]

24. Vaughan, M.M.; Backhouse, D.; Del Ponte, E.M. Climate change impacts on the ecology of
Fusarium graminearum species complex and ausceptibility of wheat to Fusarium head blight: A review.
World Mycotoxin J. 2016, 9, 1–16. [CrossRef]

25. Gruber-Dorninger, C.; Jenkins, T.; Schatzmayr, G. Global Mycotoxin Occurrence in Feed: A Ten-Year Survey.
Toxins 2019, 11, 375. [CrossRef]

26. Martins, M.L.; Martins, H.M.; Bernardo, F. Fungal flora and mycotoxins detection in commercial pet food.
Rev. Port. Cienc. Vet. 2003, 98, 179–183. Available online: http://www.fmv.ulisboa.pt/spcv/PDF/pdf12_2003/
548_179_183.pdf (accessed on 20 January 2020).
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Abstract: The feed supplementation of probiotic microorganisms is a promising method for
detoxification of ochratoxin A (OTA) in poultry. The aim of the study was to investigate the
effect of newly elaborated synbiotics on the turkey performance, the intestinal microbiota and its
enzymatic activity in turkeys (0–15 weeks) fed OTA contaminated feed (198.6–462.0 μg/kg) compared
to control group (OTA-free feed). The studies determined the composition of intestinal microorganisms
by the culture method and the activity of fecal enzymes by spectrophotometry. It was found that OTA
had an adverse effect on the body weight, the intestinal microbiota and the fecal enzymes activity
in turkeys. On the other hand, synbiotics resulted in an increase in the count of beneficial bacteria
while reducing the number of potential pathogens in the digestive tract. Moreover, synbiotics caused
an increase in the activity of α-glucosidase and α-galactosidase, while decreasing the activity of
potentially harmful fecal enzymes (β-glucosidase, β-galactosidase, β-glucuronidase) in the turkey’s
excreta. Results indicate a beneficial effect of elaborated synbiotics on the health of turkeys and a
reduction of the negative impact of OTA contaminated feed. These synbiotics can be successfully
used as feed additives for turkeys.

Keywords: synbiotics; turkeys; intestinal microbiota; fecal enzymes; ochratoxin A

Key Contribution: New elaborated synbiotics have beneficial effects on turkey health and reduce
the negative impact of OTA contaminated feed. These synbiotics can be successfully used as feed
additives for turkeys.

1. Introduction

The task of rational nutrition of farm animals is not only to obtain the maximum production
result but also to care for animal welfare through a beneficial effect on the digestive tract, metabolism
and stimulation of the immune system. An important factor responsible for the deterioration of
production results, damage to the liver and other organs and the weakening of the immune system are
mycotoxins [1,2]. Over 500 mycotoxins are known, and only about 50 are relatively well characterized [3].
The best feed components are used in mixtures for poultry, rarely containing an increased number
of mycotoxins. However, the results of many studies indicate that even relatively low levels of
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mycotoxins in feed for young animals can cause a weakening of the immune system or reduce feed
intake, and an increased content of mycotoxins in feed, especially containing corn grain and wheat
bran, occurs in practice [4]. It is assumed that about 25% of the world’s harvest may be contaminated
with mycotoxins [3]. Mycotoxins are dangerous, and low doses lead to a weakening of the immune
system and a decrease in animal performance [1,5,6]. Aflatoxins (AFB1, AFM1) and ochratoxin A
(OTA) are commonly present in poultry feeds. Losses in poultry farming caused by these substances
are mainly due to a decrease in production results and slaughter efficiency. In addition, there is a
reduction in the quality of animal products and increased immunosuppression [3,7]. Penetration of
mycotoxins is possible through the respiratory and digestive system of birds, and their metabolites
accumulating in meat and eggs can negatively affect human health [2]. OTA belongs to the carcinogenic
mycotoxins and can be produced by many species of Aspergillus or Penicillium. The European
Commission Recommendation 2006/576/EC suggests that the maximum level of OTA in poultry
feeds should be set to 0.1mg OTA kg−1 [8]. One of the effects of its action on the digestive system
is damage to the intestinal mucosa. Damage to the intestinal barrier, epithelial necrosis, impaired
glucose absorption and intense diarrhea expose animals to colonization by harmful microorganisms,
e.g., Salmonella Typhimurium [9]. Adverse effects of OTA in poultry are manifested by increased
mortality, limited feed intake and nephrotoxicity [10]. The negative effects of OTA on performance
traits of poultry have been confirmed by many authors [11–14]. Symptoms of poisoning poultry due to
the presence of OTA may include weight loss, depression and muscle paralysis. In addition, there is a
decrease in mobility and energy in poultry, as well as rapid breathing; catarrhal inflammation of the
gastrointestinal mucosa; focal hyperemia and especially local ecchymoses on the surface of the liver,
kidneys and less often the heart [15].

The use of feed additives such as probiotics, prebiotics and synbiotics is beneficial for the balance
of the intestinal microbiota of poultry and may minimize the adverse effects of mycotoxins to which
the animals are exposed [16–18]. According to the definition formulated in 2002 by World Health
Organization (WHO) and Food and Agriculture Organization of the United Nations (FAO), probiotics
are “live microorganisms which, when administered in sufficient amounts, confer a health benefit on
the host” [19]. This definition was maintained in 2013 by the International Scientific Association for
Probiotics and Prebiotics (ISAPP) and is still presently used [20]. In other side, prebiotics are defined as
“a nonviable food component that confers a health benefit on the host associated with modulation of
the microbiota” [21]. Finally, synbiotics are formulas containing both synergistically acting prebiotics
and probiotics. Detoxification by probiotic microorganisms may occur through adsorption or as a
result of microbial metabolism of the mycotoxin [17,18]. Not all microorganisms have detoxifying
properties, these properties are mainly related to the strain and not the species. Microorganisms
with confirmed detoxification properties are Acinetobacter calcoaceticus, Bifidobacterium spp. and
Enterococcus faecium [22,23]. However, particular interest should be paid to Saccharomyces cerevisiae
yeast and lactic acid bacteria (LAB) strains. Scientific evidence shows that detoxification by lactic acid
bacteria and yeast is the result of adhesion to cell wall structures, confirming the fact that even dead
cells retain this activity [24].

The beneficial effect of the new elaborated synbiotic preparations on the intestinal microbiota of
poultry has so far been confirmed in studies on SPF (specific pathogen free) and broiler chickens [25,26].
In chickens, the effect of these synbiotics on dominant intestinal microorganisms was tested, and it
was found that synbiotic preparations increase the number of beneficial microorganisms such as
Bifidobacterium spp. and Lactobacillus spp., while reducing the number of potentially pathogenic bacteria
such as Clostridium spp. and Escherichia coli. In addition, promising results have been obtained in
in vitro as well as in vivo studies on OTA detoxification [16]. Due to the beneficial effect of synbiotics
on the health of chickens, we also decided to examine the effect in turkeys.

Confirmation of the effectiveness of the developed synbiotics in the feeding of turkeys is an
important area of research feed additives that can potentially replace antibiotic growth promoters.
The aim of the research was to evaluate of effects newly elaborated synbiotic preparations on the turkey
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performance, the intestinal microbiota and activity of fecal enzymes in turkeys Big-6 fed ochratoxin A
contaminated feed. The analyzes were carried out for animals fed with the administration of synbiotic
preparations (A, B or C) and commercial probiotic preparations (BioPlus 2B or Cylactin) and also
comparative control animals (no feed additives).

2. Results and Discussion

2.1. The Effect of Tested Formulas on Turkey Performance

Determining the performance of farm animals is very important in testing the effectiveness of feed
additives such as probiotics, prebiotics or synbiotics. It was found that after 6 weeks the average body
weight of turkeys was significantly higher (by approx. 8%) for turkeys consuming feed supplemented
with synbiotic A and C in comparison to OTA group and turkeys consuming the feed with probiotics
(BioPlus 2B, Cylactin) (Table 1). After 15 weeks, the highest weight of animals was found in the
control group receiving OTA-free feed and was higher by an average of 2 kg compared to animals
receiving OTA-contaminated feed without additives. FCR after 15 weeks of bird’s life was lower for
turkeys consuming feed with synbiotic A compared to other groups consuming feed supplemented
synbiotics or probiotics, but the observed differences were not statistically significant. The OTA
contamination of feed did not significantly affect the mortality rate of the turkeys. After 6 weeks,
EPEF was significantly higher in the control group (248.18) and in groups of turkeys consuming feed
supplemented with synbiotic A (189.60) and synbiotic C (182.02) in comparison to OTA group (169.66)
and animals consuming feed with probiotics (165.06 and 165.17). On the other hand, after 15 weeks,
EPEF was the highest in the control group of animals (393.65) (Table 1).

Table 1. Rearing parameters of turkeys after 6 and 15 weeks of life. One-way ANOVA with post-hoc
Tukey’s test (a,b—values in rows with different letters are significantly different for p < 0.05).

The Age of
Birds (Weeks)

Feed Additives
The Body Weight
(Mean ± SD) (kg)

Daily Cumulative
Mortality Rate (%)

FCR EPEF

6

Control 1.85 ± 0.07 0.83 1.76 b 248.18 a

OTA 1.65 ± 0.17 0.24 2.31 a 169.66 b

Synbiotic A +
OTA 1.78 ± 0.15 0.24 2.23 a 189.60 ab

Synbiotic B +
OTA 1.67 ± 0.14 0.24 2.34 a 169.52 b

Synbiotic C +
OTA 1.78 ± 0.15 0.36 2.32 a 182.02 ab

BioPlus 2B +
OTA 1.64 ± 0.19 0.24 2.36 a 165.06 b

Cylactin + OTA 1.65 ± 0.16 0.36 2.37 a 165.17 b

15

Control 9.67 ± 0.13 a 0.83 2.32 393.65 a

OTA 7.60 ± 0,40 b 0.48 2.79 257.27 b

Synbiotic A +
OTA 7.80 ± 0.47 b 0.24 2.71 273.46 b

Synbiotic B +
OTA 7.63 ± 0.48 b 0.24 2.80 258.91 b

Synbiotic C +
OTA 7.72 ± 0.67 b 0.36 2.80 261.65 b

BioPlus 2B +
OTA 7.63 ± 0.51 b 0.24 2.79 258.91 b

Cylactin + OTA 7.79 ± 0.52 b 0.36 2.80 264.97 b

The addition of probiotic, prebiotic and synbiotic preparations to poultry feed mixtures can reduce
the negative effects of mycotoxins, which has been confirmed in many studies [16,27–30]. The ability of
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probiotic microorganisms (e.g., LAB, S. cerevisiae) to detoxify OTA leads to stabilization of the intestinal
microbiota and improvement of rearing rates [17,18,23]. Santin et al. have shown that the use of
S. cerevisiae cell walls under exposure to OTA in compound feed for broiler chickens can improve
FCR [31]. The authors found no effect of the additive on other growth parameters. On the other hand,
the use of esterified glucomannan in compound feed contaminated with OTA and other mycotoxins
has increased the weight gain of broiler chickens [11]. The use of synbiotic preparations tested in this
research improved the body weight of chickens exposed to OTA [16]. However, in this study, feed
supplementation with synbiotics caused a slight increase in body weight of turkeys; however, it was
statistically significantly lower compared to the control group.

2.2. The Effects of Synbiotics on the Ochratoxin A Content in Tissues and Intestinal Contents of Turkeys

Turkeys consuming feed supplemented with probiotics and synbiotics were characterized by
lower OTA concentrations in the liver relative to birds from OTA group after 6 and 15 weeks of
life (Table 2). However, it was only after 15 weeks that the differences were statistically significant.
Synbiotic A and synbiotic B caused the greatest reduction in the OTA concentration in the liver after
15 weeks.

Table 2. The content of OTA in the liver, the kidneys, and the jejunum and the caecum content of
turkeys after 6 and 15 weeks of life. One-way ANOVA with post-hoc Tukey’s test (a,b,c,d—values in
rows with different letters are significantly different for p < 0.05).

The Age of
Birds (weeks)

Feed Additives
The Content of OTA (Mean ± SD) (μg/kg)

The Liver The Kidneys The Jejunum The Caecum

6

Control 0.00 ± 0.00 0.00 ± 0.00 d 0.00 ± 0.00 d 0.00 ± 0.00 d

OTA 4.51 ± 1.55 5.78 ± 0.61 a 151.82 ± 46.88 a 100.36 ± 4.85 a

Synbiotic A + OTA 3.40 ± 0.27 2.93 ± 0.52 c 57.04 ± 18.87 c 78.79 ± 7.49 b

Synbiotic B + OTA 2.46 ± 0.61 3.62 ± 0.56 bc 105.97 ± 18.31 b 46.87 ± 1.73 c

Synbiotic C + OTA 2.95 ± 0.36 3.66 ± 1.50 bc 106.83 ± 15.22 b 111.82 ± 11.11 a

BioPlus 2B + OTA 3.60 ± 0.96 4.46 ± 1.02 ab 102.81 ± 16.83 b 53.73 ± 1.84 c

Cylactin + OTA 3.52 ± 0.41 3.67 ± 1.11 bc 126.07 ± 29.28 ab 106.43 ± 7.65 a

15

Control 0.00 ± 0.00 c 0.00 ± 0.00 b 0.00 ± 0.00 d 0.00 ± 0.00 c

OTA 3.80 ± 0.68 a 4.54 ± 0.74 a 177.62 ± 33.04 a 73.34 ± 50.21 a

Synbiotic A + OTA 2.16 ± 0.24 b 3.17 ± 0.73 a 97.40 ± 33.36 bc 34.63 ± 7.37 bc

Synbiotic B + OTA 2.14 ± 0.28 b 3.23 ± 1.24 a 96.21 ± 43.98 c 54.93 ± 2.16 ab

Synbiotic C + OTA 2.74 ± 0.42 b 3.52 ± 0.54 a 147.26 ± 24.38 ab 45.98 ± 3.92 ab

BioPlus 2B + OTA 2.36 ± 0.57 b 3.82 ± 1.77 a 163.31 ± 19.80 a 60.16 ± 34.54 ab

Cylactin + OTA 2.83 ± 1.18 b 4.50 ± 0.59 a 116.66 ± 33.23 bc 40.26 ± 11.43 ab

After 6 weeks of experiment, the lowest OTA concentration was noted in the kidneys of turkeys
consuming feed supplemented with synbiotic A in comparison to birds from control-positive group
(Table 2). Dietary supplementation with synbiotics (A, B and C) decreased the content of OTA in
kidneys of turkeys in 15 weeks of experiment compared to control-positive group and birds consuming
feed with Cylactin and BioPlus 2B.

After 6 weeks of birds’ life, the concentration of OTA in the jejunum content of turkeys consuming
feed supplemented with synbiotic A (57.04 μg/kg) was the lowest (Table 2). Moreover, the concentration
of OTA in the jejunum content in animals fed with feed with the addition of synbiotic B and C (150.97
and 106.83 μg/kg, respectively), and also BioPlus 2B (102.81μg/kg) and Cylactin (126.07 μg/kg) was
lower compared to control-positive group. After 15 weeks of experiment, the supplementation of
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synbiotic A and B was the most effective, and the concentration of OTA was, respectively, 97.40 and
96.21 μg/kg (Table 2).

Turkeys consuming feed supplemented with synbiotics A, B and probiotic BioPlus 2B had lower
OTA concentration in the content of caecum (78.79, 46.87 and 53.73 μg/kg, respectively) in comparison to
other groups of animals after 6 weeks rearing (Table 2). After 15 weeks of experiment, the concentration
of OTA in the caecum content of birds consuming feed supplemented with synbiotics A, B and C (34.63,
54.93, 45.98 μg/kg respectively) was significantly lower in comparison to control-positive group of
turkeys (Table 2).

The main site of OTA absorption is the small intestine, especially the proximal jejunum. Absorption
occurs through both active transport and passive diffusion. After being absorbed with the blood of
the portal vein, mycotoxins enter the liver and other organs [32]. Subsequently, mycotoxins can be
partially metabolized in the body, excreted in urine, bile and feces, or accumulated in the liver, kidneys
and muscles [32].

In the study of Pozzo et al., OTA residues were detected in kidneys (3.58 ng/g) and liver (1.92 ng/g)
of broiler chickens receiving OTA contaminated mixtures in the amount of 0.1 mg/kg [33]. Similar
results were obtained in other studies [34,35]. Zaghini et al. found that esterified glucomannan and
Saccharomyces cerevisiae do not reduce the concentration of mycotoxins in kidneys of chickens fed with
OTA contaminated feed at 2 mg/kg [36]. The administration of synbiotics tested in this research caused
a decrease in concentration of OTA and the genotoxicity of fecal water in broiler chickens contaminated
OTA [16]. On the other hand, Kozaczyński found that broiler chickens fed OTA contaminated mixtures
(0.2 mg/kg) for 20 weeks did not cause OTA accumulation in the kidneys or liver [37]. Differences
in OTA concentrations between organs result from the length of exposure and the concentration of
mycotoxins in bird’s feed doses [38]. The particularly strong affinity of OTA for accumulation in
the liver and kidneys may be due to the function of these organs responsible for detoxification and
excretion of toxins [39,40]. The use of probiotics, prebiotics or synbiotics can be a solution that limits
the negative impact of OTA on monogastric animals. Preparations of this type can bind mycotoxins
in the gastrointestinal tract (GIT), thus reducing their absorption and systemic toxicity, which was
confirmed by our own research [24,41].

2.3. The Effect of Synbiotics on the Dominant Intestinal Microbiota of Turkeys

In the study, contents of the jejunum and the caecum were examined after 6 and 15 weeks, while the
excreta were examined after 3, 9 and 15 weeks of animal rearing. The number of anaerobic bacteria in
the content of the jejunum, the caecum and the excreta did not change significantly during 15 weeks of
turkeys rearing (Table S1). This is a beneficial effect, as the balance of intestinal microbiota in turkeys is
maintained. The number of anaerobic bacteria in the excreta was similar in each group after 3 weeks. In a
further period of turkeys rearing, no differences were statistically significant between groups of birds,
and after 6 weeks, the numbers of anaerobic bacteria were on average 1.95 × 108–1.37 × 109 CFU/g
(the jejunum) and 1.25–6.10 × 109 CFU/g (the caecum). After 15 weeks of rearing, it was found that
the total numbers of anaerobic bacteria were, respectively, 2.60 × 108–2.97 × 109 CFU/g (the jejunum),
1.05–5.67 × 109 CFU/g (the caecum) and 6.12 × 108–2.19 × 109 CFU/g (the excreta) (Table S1). These
results were higher on average by one order of magnitude in comparison to the results reported by
Dibaji, Seidavi, Asadpour and da Silva, who tested the effect of the Biomin IMBO synbiotic, containing
the probiotic bacteria Enterococcus faecium (5 × 1011 CFU/kg) and fructooligosaccharides (a prebiotic),
administered for 42 days, on the intestinal microbiota of chickens [42].

During the experiment, in samples of the intestinal content and the excreta, the average number of
Enterobacteriaceae family bacteria was similar in turkeys consuming fed supplemented with probiotics,
synbiotics and also control groups (positive and negative) of animals. After 15 weeks of bird’s life,
the total counts of Enterobacteriaceae family bacteria were on average 1.27–5.50× 108 CFU/g (the jejunum),
1.84–5.50 × 108 CFU/g (the caecum) and 2.07–9.25 × 108 CFU/g (the excreta) (Table S1). Our results are
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comparable to the study by Biernasiak et al., when the number of Enterobacteriaceae family bacteria in
the excreta of chickens receiving probiotics was on average 108 CFU/g [43].

The number of Bifidobacterium spp. and Lactobacillus spp. in samples of the intestinal content and
the excreta of animals fed with OTA contaminated feed without additives decreased after 15 weeks of
rearing (Table S1). The administration of feed supplemented with probiotics and synbiotics caused an
increased count of these bacteria in the content of the jejunum, the caecum and the excreta of turkeys.
In the case of new elaborated synbiotic preparations, the average numbers of Bifidobacterium spp. were
1.79–4.00 × 107 CFU/g (the jejunum), 1.11–2.40 × 107 CFU/g (the caecum) and 1.50–4.00 × 108 CFU/g
(the excreta) after 15 weeks of rearing. Furthermore, the average counts of Lactobacillus spp. in these
groups of animals were 2.03–4.90 × 106 CFU/g (the jejunum), 1.60–3.15 × 106 CFU/g (the caecum) and
1.74–2.91 × 107 CFU/g (the excreta) after 15 weeks of the experiment. It was found that the highest
growth in number of these bacteria was in turkeys consuming feed supplemented with synbiotic C.
In the content of intestines and the excreta, the numbers of Bifidobacterium spp. and Lactobacillus spp.
in turkeys fed with feed supplemented with the synbiotic C were respectively 2 and 3 orders of
magnitude higher compared to the control-positive group. Feeding turkeys with feed supplemented
with probiotics resulted in an increase in the number of Bifidobacterium spp. and Lactobacillus spp. in
the intestinal contents (1 order of magnitude) and the excreta of birds (2 and 1 order of magnitude,
respectively) compared to control-positive group (Table S1).

In the jejunum content of control-positive turkeys, the count of Clostridium spp. and Escherichia coli
increased to 1.20 × 108 CFU/g and 2.20 × 108 CFU/g, respectively, after 15 weeks of animals rearing
(Table S1). In the case of turkeys consuming fed supplemented with synbiotics, the numbers
of Clostridium spp. and Escherichia coli in the intestinal content after 6 weeks were significantly
lower in comparison to control-positive group (2 and 1 orders of magnitude). The administration
of turkeys with synbiotic supplemented feed for 15 weeks reduced the numbers of Clostridium
spp. to 4.67 × 103–1.67 × 104 CFU/g (the jejunum), 1.05–2.77 × 105 CFU/g (the caecum) and
2.25–8.85 × 104 CFU/g (the jejunum). Moreover, the synbiotic supplementation of fodder resulted
in a decrease in the numbers of Escherichia coli in the intestinal contents and the excreta of turkeys
(3 and 4 orders of magnitude, respectively) compared to control-positive group. After 15 weeks of
rearing, the numbers of Escherichia coli in these groups were 9.57 × 103–2.47 × 104 CFU/g (the jejunum),
4.00 × 104–4.25 × 105 CFU/g (the caecum) and 1.25–4.00 × 105 CFU/g (the excreta). The best of results
was found after the feed supplementation with the synbiotic C. Furthermore, probiotic preparations
(BioPlus 2B and Cylactin) caused the reduction in the number Clostridium spp. and Escherichia coli
by an average of 1–2 orders of magnitude compared to control-positive group (Table S1). Thus, all
elaborated synbiotic preparations proved to be more effective in reducing the number of potentially
pathogenic microorganisms in the intestinal content and the excreta of turkeys compared to tested
commercial probiotic preparations.
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The administration of probiotics and synbiotics to animals by 15 weeks did not have a statistically
significant effect on the number of Enterococcus spp. and Bacteroides spp. in the intestinal content and
the excreta of turkeys Big-6 (Table S1). In another study, no effect of two probiotics on the number of
Enterococcus spp. in the intestinal microbiota of chickens was observed [44]. In previous studies in
chickens regarding the developed synbiotic preparations, no change in the number of Bacteroides spp.
as a result of treatment was observed either [25,26].

During the rearing of turkeys, the numbers of yeast in the intestinal content and the excreta of
animals fed with synbiotics were significantly higher (the average of 2–3 orders the magnitude after
15 weeks) compared to birds consuming feed supplemented with probiotics or control-positive and
control-negative animals (Table S1). Yeast are not commensal microorganisms in the intestinal of
poultry. These results are very promising, because synbiotic preparations administrated to turkeys
contained Saccharomyces cerevisiae. Hence, a high total count of yeast in samples obtained from these
animals may indicate the survival of those microorganisms in the gastrointestinal tract of turkeys.

In order to better visualize the results, principal component analysis (PCA) was used. The biplot
for PC1 and PC2 showed the influence of tested synbiotic formulas and commercial preparations
on dominant microorganisms in the jejunum content (Figure 1), the caecum content (Figure 2) and
the excreta (Figure 3) in tested groups of animals. The visualization using the scatter plot showed a
distinct clustering of individuals in each group of turkeys. In addition, from agglomerative hierarchical
clustering analysis (AHC), it was determined that animals were divided into 3 clusters (Figures 1–3).
The clusters visible on presented dendrograms clearly show that the intestinal microbiota is an
individual feature.

This study confirmed the beneficial effects of synbiotics A, B and C on the intestinal microbiota of
turkeys. An important factor in these studies is the additional exposure of animals to contaminated
OTA feed. Despite contamination of the feed, the synbiotic preparations had a very beneficial effect
on the composition of the intestinal microbiota of animals and minimized the adverse effects of
OTA. In addition, the effect of synbiotic preparations was better compared to commercial probiotic
preparations BioPlus 2B and Cylactin.

2.4. The Effect of Synbiotics on the Activity of Fecal Enzymes in the Excreta of Turkeys

After 15 weeks of rearing, the lowest α-glucosidase activity was found in the excreta of turkeys
fed with no additives—control-positive group (69.46 μMh/g) (Table 3). The activity of this enzyme
was higher in the excreta of animal consuming feed with probiotics (BioPlus 2B and Cylactin) and
was 75.91 μMh/g and 78.85 μMh/g, respectively. Furthermore, the highest α-glucosidase activity was
found in groups of consuming feed supplemented with synbiotics A, B and C. Results obtained in
these groups were 13–39% higher compared to the control-positive group and were 90.32 μMh/g,
78.77 μMh/g and 86.47 μMh/g, respectively. In the control-negative group, the activity of this enzyme
after 15 weeks was 88.33 μMh/g (Table 3).

In the case of β-glucosidase, the highest activity of this enzyme was found in the excreta of
control-positive animals and was on average 11.23 μMh/g after 15 weeks of treatment (Table 3).
The administration of probiotics BioPlus 2B and Cylactin to animals reduced the activity of this enzyme
to 8.31 μMh/g and 9.41 μMh/g, respectively. Furthermore, the average β-glucosidase activity in the
excreta of animals consuming feed with the addition of synbiotics was on average 18–27% lower
compared to the control-positive group and was, respectively, 8.50 μMh/g (Synbiotic A), 8.22 μMh/g
(Synbiotic B) and 9.47 μMh/g (synbiotic C). In the control-negative group, the activity of this enzyme
after 15 weeks was 8.09 μMh/g (Table 3).
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Figure 1. PCA plot of counts of microorganisms that dominate in the jejunum of turkeys. The scatter
plot showing a clustering of individuals in groups of animals. AHC of 42 birds by the Ward’s method.
The dotted line on the dendrogram is located at the node before the largest relative increase in
dissimilarity level, (A1–A3) after 6 and (B1–B3) after 15 weeks of animals rearing.
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Figure 2. PCA plot of counts of microorganisms which dominate in the caecum of turkeys. The scatter
plot showing a clustering of individuals in groups of animals. AHC of 42 birds by the Ward’s method.
The dotted line on the dendrogram is located at the node before the largest relative increase in
dissimilarity level; (A1–A3) after 6, and (B1–B3) after 15 weeks of animals rearing.
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Figure 3. PCA plot of counts of microorganisms that dominate in the excreta of turkeys. The scatter
plot showing a clustering of individuals in groups of animals in each time point of rearing, respectively.
AHC of 42 birds by the Ward’s method. The dotted line on the dendrogram is located at the node
before the largest relative increase in dissimilarity level, (A1–A3) after 3, (B1–B3) after 9 and (C1–C3)
after 15 weeks of animals rearing.

Table 3. The activity of fecal enzymes in excreta of turkeys after 2 days and 15 weeks of rearing.
One-way ANOVA with post-hoc Tukey’s test (a,b,c,d values in rows with different letters are significantly
different for p < 0.05).

Age Feed Additives
The Activity of Enzyme (Mean ± SD) [μMh/g]

α-glucosidase β-glucosidase α-galactosidase β-galactosidase β-glucuronidase

2 days Control 86.37 ± 1.32 7.01 ± 1.51 81.55 ± 2.88 65.36 ± 2.07 39.05 ± 2.14

15 weeks

Control 88.33 ± 2.77 a 8.09 ± 1.97 b 94.00 ± 2.89 a 89.33 ± 2.38 cd 42.31 ± 2.10 c

OTA 69.46 ± 0.35 c 11.23 ± 1.14 a 81.03 ± 1.89 c 97.77 ± 1.57 a 51.92 ± 2.53 a

Synbiotic A + OTA 90.32 ± 1.66 a 8.50 ± 1.04 b 93.84 ± 0.98 a 94.11 ± 1.52 b 50.50 ± 1.69 a

Synbiotic B + OTA 78.77 ± 4.55 b 8.22 ± 1.11 b 96.85 ± 3.59 a 91.04 ± 1.04 c 47.99 ± 2.90 ab

Synbiotic C + OTA 86.47 ± 2.48 a 9.47 ± 1.14 ab 98.03 ± 3.47 a 87.08 ± 0.89 d 42.51 ± 1.00 c

BioPlus 2B + OTA 75.91 ± 2.99 bc 8.31 ± 0.67 b 87.17 ± 1.80 b 94.32 ± 0.87 b 45.00 ± 2.36 bc

Cylactin + OTA 78.85 ± 2.86 b 9.41 ± 0.67 ab 84.77 ± 1.88 a 93.59 ± 1.67 b 49.42 ± 2.17 ab

After 15 weeks bird’s life, the average α-galactosidase activity in the excreta of turkeys consuming
feed contaminated OTA was 81.03 μMh/g (Table 3). In the excreta of turkeys fed with fodder
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supplemented probiotics BioPlus 2B and Cylactin, the activity of this enzyme after 15 weeks was higher
compared to control-positive group and was 87.17 μMh/g and 84.77 μMh/g, respectively. In turkeys
fed with synbiotic supplemented feed, the highest α-galactosidase activity (9–17% higher compared to
the control-positive group) was found, which was 93.84 μMh/g (synbiotic A), 96.85 μMh/g (synbiotic B)
and 98.03 μMh/g (synbiotic C). The average α-galactosidase activity in the excreta of control turkeys
was 94.00 μMh/g after 15 weeks of rearing (Table 3).

The administration of the OTA contaminated feed without supplements for 15 weeks increased the
activity of β-galactosidase in the excreta of turkeys to an average of 97.77 μMh/g (Table 3). The addition
of probiotic preparations to the feed caused a decrease in the activity of this enzyme to an average
of 94.32 μMh/g (BioPlus 2B) and 93.59 μMh/g (Cylactin) after 15 weeks of turkeys rearing. The most
effective turned out to be synbiotics B and C, which caused a decrease in the activity of β-galactosidase
in the excreta of turkeys to 91.04 μMh/g and 87.08 μMh/g, respectively. In the control-negative group,
the activity of this enzyme after 15 weeks was 89.33 μMh/g (Table 3).

The highest β-glucuronidase activity after 15 weeks of rearing was found in control-positive
animals and averaged 51.92 μMh/g (Table 3). In the case of turkeys consuming feed with the addition
of probiotics, the activity of this enzyme was reduced to 45.00 μMh/g (BioPlus 2B) and 49.42 μMh/g
(Cylactin). Furthermore, the group of turkeys fed with synbiotic supplemented feed had the lowest
β-glucuronidase activity in the excreta and was 50.50 μMh/g (synbiotic A), 47.99 μMh/g (synbiotic B)
and 42.51 μMh/g (synbiotic C), respectively. The average β-glucuronidase activity in the excreta of
control turkeys was 42.31 μMh/g after 15 weeks of rearing (Table 3).

Some fecal enzymes (e.g., β-glucuronidase) can catalyze the release reaction of potentially harmful
compounds, which can lead to carcinogenesis. Controlling the enzymatic activity of the intestinal
microbiota by administering probiotics, prebiotics or synbiotics allows to reduce the activity of
potentially harmful enzymes [45]. In the other research, it was found that 40-day lactic acid bacteria
feed supplementation resulted in a decrease in β-glucuronidase and β-glucosidase activity in the
excreta of broiler chickens [46]. In our own studies, administration of elaborated synbiotics also
reduced the activity of these enzymes in the excreta of turkeys which additionally received the OTA
contaminated feed. Shokryazdan et al. showed that the administration of a probiotic to broiler chickens
significantly affects the activity of fecal enzymes [47]. The addition of three strains of L. salivarius to
the feed resulted in a decrease in β-glucuronidase and β-glucosidase activity compared to control
groups [47]. The activity of β-glucosidase and β-glucuronidase in 42-day-old chickens was reduced
by 35% and 37% (dose 0.5 g/kg) and by 39% and 42% (dose 1.0 g/kg). Other studies tested the
effects of Thepax® probiotic (S. cerevisiae, Lb. acidophilus) and yogurt as a probiotic (Lb. delbrueckii,
Lb. thermophilus) [48]. Broiler chickens received yogurt along with drinking water or feed with
the addition of Thepax. Both supplements have significantly reduced the number of E. coli and
Clostridium perfringens, which show high activity of potentially harmful enzymes. However, in the
other studies, the effect of fructooligosaccharides (FOS) on the turkeys’ health was studied [49].
A diet containing 0.5%, 1% and 2% FOS resulted in reduction of the activity of β-glucuronidase and
β-glucosidase. The research of Čokášová et al. studied the probiotic properties of Lb. plantarum and its
effect on rats in which carcinogenesis has been chemically initiated [50]. In the feces of animals treated
with the probiotic, an increased number of Lactobacillus spp. and a reduction in the number of coliforms
were found. In addition, there was a decrease in β-glucuronidase and β-galactosidase activity and
an increase in α-glucosidase and α-galactosidase activity. Śliżewska et al. investigated the effect of
Fusarium mycotoxins, deoxynivalenol and zearalenone on β-glucosidase and β-glucuronidase activity
in gilts [51]. After 6 weeks, a statistically significant increase in the activity of both enzymes was
observed compared to the control group fed with uncontaminated feed. The reason for the increase in
enzyme activity was the increase in the population of mesophilic microorganisms (e.g., Escherichia coli)
due to the presence of mycotoxins in feed.
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The results obtained in our study indicate a beneficial effect of the developed synbiotic preparations
in the modulation of the intestinal microbiota and the activity of fecal enzymes in the excreta of turkeys
fed with the OTA contaminated feed.

3. Conclusions

Results of this research showed that all elaborated synbiotic preparations have beneficial effect
of on the turkey performance, the balance of the intestinal microbiota and the fecal enzymes activity
in turkeys. Furthermore, the administration of synbiotics to animals fed OTA contaminated fodder
produces a significant decrease in OTA concentration in the liver, the kidneys, the jejunum and the
caecum of turkeys. All synbiotic formulas cause an increase in the count of beneficial intestinal
microorganisms (Lactobacillus spp. and Bifidobacterium spp.) while a significant reduction in potentially
pathogenic bacteria (Escherichia coli and Clostridium spp.) in the intestinal contents and the excreta
of animals. Moreover, synbiotics produce beneficial changes in the fecal enzymes activity, causing a
significant increase of α-glucosidase and α-galactosidase activity (beneficial enzymes) and a significant
decrease of β-glucosidase, β-galactosidase and β-glucuronidase activity (potentially harmful enzymes)
in comparison to the control group. Synbiotic C (the most complex preparation) proved to be the most
effective one. The use of synbiotic preparations effectively minimizes the negative impact of the OTA
contaminated feed on the turkey’s health. Hence, elaborated synbiotics can be successfully used as
feed additives for turkeys for fattening.

4. Materials and Methods

4.1. Probiotic and Synbiotic Preparations

Synbiotic preparations (A, B and C) were elaborated in the Institute of Fermentation Technology
and Microbiology of the Lodz University of Technology (Poland). The final formula of synbiotics
was developed by the Department of Biotechnology and Food Microbiology of the Poznan University
of Life Sciences. Each synbiotic preparation contained: 2.0 × 109 CFU/g of Lactobacillus spp.,
2.0 × 107 CFU/g of Saccharomyces cerevisiae yeast and 2% inulin (prebiotic). The content of each
microorganism in synbiotics A, B and C was equal. These probiotic strains were isolated from
various sources (Lb. paracasei ŁOCK 1091—caecal content of sow; Lb. pentosus ŁOCK 1094—broiler
chicken dung; Lb. plantarum ŁOCK 0860—plant silage; Lb. reuteri ŁOCK 1092—piglet caecal
content; Lb. rhamnosus ŁOCK 1087—turkey dung and S. cerevisiae ŁOCK 0119—distillers’ yeast,
grain) [26]. Commercial probiotic preparations contained 3.2 × 1010 CFU/g Bacillus spp. (BioPlus 2B;
Biochem), and 1.0 × 1010 CFU/g Enterococcus faecium (Cylactin; DSM), respectively (Table 4). Probiotic
microorganisms and prebiotic included in the synbiotic formulas have been tested for their probiotic
and prebiotic properties according to the procedures recommended by FAO/WHO and EFSA [52,53].
Furthermore, the effectiveness of the developed synbiotic preparations in the feeding of monogastric
animals has been confirmed so far in many in vitro and in vivo studies [16,25,26,54].
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Table 4. The composition of new elaborated synbiotic formulas and commercial probiotic preparations.

Type of Preparation Name of Preparation Probiotic Microorganisms Prebiotics

Synbiotics

A

Lb. plantarum ŁOCK 0860
Lb. reuteri ŁOCK 1092
Lb. pentosus ŁOCK 1094
S. cerevisiae ŁOCK 0119

inulinB

Lb. plantarum ŁOCK 0860
Lb. reuteri ŁOCK 1092
Lb. pentosus ŁOCK 1094
Lb. rhamnosus ŁOCK 1087
S. cerevisiae ŁOCK 0119

C

Lb. plantarum ŁOCK 0860
Lb. reuteri ŁOCK 1092
Lb. pentosus ŁOCK 1094
Lb. rhamnosus ŁOCK 1087
Lb. paracasei ŁOCK 1091
S. cerevisiae ŁOCK 0119

Probiotics

BioPlus 2B B. licheniformis DSM 5749
B. subtilis DSM 5750

without

Cylactin E. faecium NCIMB 10415
(SF68)

4.2. Animal Treatment

The study was conducted on 140 turkeys Big-6 (females), randomly divided into seven groups.
Turkeys were housed in standard environmental conditions in separate cages (20 animals per cage)
in one room of animal experimental laboratory. The animals were reared for 15 weeks from the
first day of their life. The feed was natural contamination by the addition of OTA-infected wheat.
The OTA concentration in feed ranged from 198.6 to 462.0 μg/kg depending on the type of feed (Table 5).
For the examination period, during 15 weeks of life, in each group, birds were administrated synbiotic
preparation (A, B or C) in a dose of 0.50 g/kg of feed or commercial probiotic preparation (BioPlus 2B
or Cylactin) in a dose of 0.4 g/kg of feed ad libitum, respectively. The positive control was the group
of birds that were administrated ad libitum the contaminated feed without additives. The negative
control was the group of birds where OTA-free feed was administrated ad libitum without additives.

For the nutrition of animals, standard mixtures (nutritional value was adapted to the requirements
of intensively growing birds) were used (Table 5). Mixtures were made in powder form. In their
composition, there were cereal components (wheat), high-protein ingredients (post-extraction soya
meal) and also soybean oil as an additional source of energy. In order to obtain the required level
of exogenous amino acids, pure amino acids such as methionine, lysine and threonine were used.
Mixtures contained mineral–vitamin premixes involving enzyme preparations (xylanase and phytase)
and coccidiostat Clinacox (Starter 1,2 and Grower 1). Detailed parameters of the applied feed are
presented in Table 5.

Birds were grown in the Department of Animal Nutrition and Fodder Knowledge, University of
Warmia and Mazury (Olsztyn, Poland). Experiments were conducted after obtaining the approval of the
Local Ethical Commission for Animal Testing in Olsztyn (Poland) according to resolution No. 14/2012
(from 29 February 2012). All studies were performed in accordance with relevant guidelines and
regulations. The scheme of the conducted experiment is presented in Figure 4.
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Table 5. The composition and nutritional value of turkey compound feeds.

The
Composition
of Feed (g/kg)

Type of Feed
Starter 1

0–3 Weeks

Starter 2
4–6 Weeks

Grower 1
7–9 Weeks

Grower 2
10–12 Weeks

Finisher
13–15 Weeks

Wheat 261.9 310.3 416.7 515.8 590.4
Corn 200.0 200.0 150.0 100.0 100.0
Soybean meal 358.2 360.9 347.4 300.0 225.1

Full-fat soybeans 100.0 50.0 - - -
Blood meal 20.0 10.0 - - -
Soybean oil 5.2 19.2 39.1 45.1 47.8
L-lysine HCl 3.1 3.6 3.7 3.2 4.0
DL-methionine 3.5 2.6 2.4 2.6 2.5
L-threonine 0.7 0.7 1.1 0.7 1.0
Limestone 18.8 14.5 13.4 11.1 9.7
Monocalcium phosphate 22.1 19.9 17.7 13.1 11.1
Sodium bicarbonate 0.1 1.3 1.2 0.7 0.7
NaCl 2.0 1.9 2.2 2.6 2.7
Feed enzymes 0.1 0.1 0.1 0.1 0.1
Premix * 5.0 5.0 5.0 5.0 5.0

The nutritional value of feed

Metabolizable energy (kcal/kg) 2800 2880 3000 3100 3200
Crude protein (g) 27.00 25.20 23.00 21.50 19.00
Lysine (%) 1.77 1.65 1.45 1.30 1.17
Methionine and Cysteine (%) 1.15 1.02 0.95 0.93 0.85
Ca (g) 1.40 1.20 1.15 1.00 0.90
Available P (g) 0.70 0.65 0.60 0.50 0.45
Na (g) 0.13 0.15 0.15 0.15 0.15

The mycotoxin content in feed

Ochratoxin A (μg/kg) ** 198.6 251.6 331.0 397.2 462.0

* The composition of the premix for: Starter—12 500 IU Vitamin A, 4 500 IU Vitamin D3, 87.5 mg Vitamin E, 3.75 mg
Vitamin K3, 3.5 mg Vitamin B1, 10 mg Vitamin B2, 75 mg Niacin, 22.5 mg Pantothenic acid, 6.0 mg Vitamin B6,
30 μg Vitamin B12, 2.5 mg Folic acid, 400 μg Biotin, 800 mg Choline Chloride, 92.5 mg Fe, 130 mg Mn, 20 mg Cu,
105 mg Zn, 2.5 mg J, 0.3 mg Se; Grower—11 500 IU Vitamin A, 4 140 IU Vitamin D3, 80.5 mg Vitamin E, 3.45 mg
Vitamin K3, 3.22 mg Vitamin B1, 9.2 mg Vitamin B2, 69 mg Niacin, 20.7 mg Pantothenic acid, 5.52 mg Vitamin B6,
37.6 μg Vitamin B12, 2.3 mg Folid Acid, 368 μg Biotin, 600 mg Choline Chloride, 85.1 mg Fe, 120 mg Mn, 18.4 mg Cu,
96.6 mg Zn, 2.3 mg J, 0.26 mg Se; Finisher—10 500 IU Vitamin A, 3 780 IU Vitamin D3, 66.5 mg Vitamin E, 2.85 mg
Vitamin K3, 2.66 mg Vitamin B1, 7.6 mg Vitamin B2, 57 mg Niacin, 17.1 mg Pantothenic acid, 4.6 mg Vitamin B6,
22.8 μg Vitamin B12, 1.9 mg Folid Acid, 304 μg Biotin, 400 mg Choline Chloride, 70.3 mg Fe, 98.8 mg Mn, 15.2 mg Cu,
79.8 mg Zn, 1.9 mg J, 0.23 mg Se. ** It does not apply to the negative control group.

 

Figure 4. The scheme of the experiment.
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4.3. Determination of the Turkey Performance

The turkeys’ rearing time was 15 weeks. Turkeys were observed daily in order to detect potential
undesirable effects or deaths of birds. The body weight of animals in individual study groups was
determined after 6 and 15 weeks of life. Final production parameters such as daily cumulative
mortality rate (%), feed conversion ratio (FCR), and European Production Efficiency Factor (EPEF)
were determined according to the formulas [16]:

daily cumulative mortality rate (%) =
the number of death turkeys (pc.)×100%
the number of turkeys in research (pc.)

FCR =
the feed consumption (kg)
the body weight gain (kg)

EPEF =
the liveability (%)×the body weight (kg)×100
the age (days)×the feed conversion ratio (kg)

4.4. Determination of the Ochratoxin A Content in Feed, Tissues and the Intestinal Content

The concentrations of OTA in diets, wheat grain, tissue and intestine content were determined by
immunoaffinity column clean-up and HPLC-fluorescence detection in accordance with Polish Standard
PN-EN 16007-2012-U [55]. Deep-frozen tissue samples and intestinal contents were lyophilized at
−70 ◦C using a lyophilizer (Alpha 1–2 LDplus, CHRIST, Germany). The extracts concentrations
were measured by high-performance liquid chromatography (HPLC) (LC–20AD, Shimadzu, Japan).
The HPLC apparatus consisted of Jupiter 5u C18 300A column chromatography (Phenomenex)
250 × 4.60 mm, column operating temperature: 24 ◦C; mobile phase—acetonitrile/methanol/aqueous
acetic acid (35; 35; 30 v/v/v); flow rate: 0.5 mL/min; dosing volume: 100 μL; fluorescence detector:
λex = 333 nm, λem = 467 nm. The qualitative interpretation of the obtained chromatograms was
carried out by comparing the retention time of the analyzed toxin in the appropriate standard solution
with the retention time of a given analyte in the actual sample. Quantitative analysis was carried out
by reading the content of mycotoxin in the sample from the standard curve and making appropriate
calculations. Each sample was analyzed in two parallel repetitions.

4.5. Determination of Intestinal Microbiota of Turkeys

The composition of dominant microorganisms in turkeys was determined after 3, 9 and 15 weeks
(the excreta), after 6 and 15 weeks (the jejunum as part of the small intestine and the caecum) of rearing
in seven randomly selected turkeys (three repetitions) in each experimental group. The count of
analyzed microorganisms was determined using the culture method in accordance with the PN-ISO
standards in triplicate, using selective microbial media [39]. The total anaerobic bacterial count (PCA,
Merck), Enterobacteriaceae family bacteria count (VRBD, Merck), Escherichia coli count (TBX, Merck)
and the count of bacteria belonging to the genes Lactobacillus (MRS, Merck), Bifidobacterium (RCA),
Clostridium (TSC with D-cycloserine, Merck), Enterococcus (BAA, Merck), Bacteroides (VL, Merck) were
determined. Considering the presence of yeast in the composition of synbiotic preparations, the yeast
count was also determined on SDA (Merck). Plates were incubated in conditions appropriate for
a given group of microorganisms: unlimited oxygen at 37 ◦C for 48 h (Lactobacillus, Enterococcus,
Enterobacteriaceae), 44 ◦C for 48 h (Escherichia coli), 30 ◦C for five days (total yeast count) and in limited
oxygen at 37 ◦C for 48 h (total anaerobic count, Bifidobacterium, Clostridium and Bacteroides) [25].

4.6. Determination of the Activity of Fecal Enzymes in the Excreta of Turkeys

The fecal enzymes activity in the excreta of turkeys was determined after 2 days and 15 weeks of
the animals rearing in seven randomly selected turkeys (three repetitions) in each experimental group.
The activity of α-glucosidase, β-glucosidase, α-galactosidase, β-galactosidase and β-glucuronidase in
the excreta of turkeys was determined using the spectrophotometric method using the multi-plate
microplate reader TriStar2 S LB 942 (Berthold Technologies, Germany). In order to prepare samples for
analysis, an ultrasonic disintegrator (Sonificator Cole-Parmer Instrument Co., USA) was used with
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appropriate parameters (amplitude 60 Hz, pulse 6 s, break 2 s, total time 5 min). The method is based
on a color reaction between the appropriate substrate and the determined enzyme. Absorbance was
measured at λ = 400 nm (α-glucosidase, α-galactosidase, β-galactosidase), λ = 450 nm (β-glucosidase)
and λ = 540 nm (β-glucuronidase). The activity of the determined enzyme [μMh/g] was expressed as
the amount of p-nitrophenol [μM] (α-glucosidase, β-glucosidase, α-galactosidase, β-galactosidase) or
phenolphthalein (β-glucuronidase) released under specific conditions within 1 h on 1 g of the excreta.

5. Statistical Analysis

The limit of quantification (the LOQ) for the OTA content in feed, tissues and the intestinal content
was 0.025–0.03 μg/kg. The normality of the distribution of variables was examined with Shapiro–Wilk’s
test, and the homogeneity of variances was tested with Bartlett’s test [16]. Following the confirmation
of normality and equal variance, results were analyzed using analysis of variance with a one-way
ANOVA test and Tukey’s post hoc test. Differences between samples with normal distribution were also
evaluated by Student’s t-test. In addition, Principal components’ analysis (PCA) and Agglomerative
hierarchical cluster analysis (AHC) of overall diversity in the intestinal microbiota was performed to
compare all groups of turkeys at the time of probiotics and synbiotics supplementation. Statistical
analysis was performed using XLSTAT Software (Addinsoft, SARL, Paris, France) at the significance
level of p < 0.05. The results were presented as mean ± standard deviation (SD).

6. Patents

The strains from the new elaborated synbiotic preparations possess full probiotic documentation
described in patent applications and the patent description [56–61].

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6651/12/9/578/s1.
Table S1: Counts of microorganisms which dominate in the content of the jejunum and the caecum and also the
excreta of turkeys. One-way ANOVA with post-hoc Tukey’s test (p < 0.05).
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56. Śliżewska, K.; Chlebicz, A. Lactic Bacterial Strain of Lactobacillus pentosus. U.S. Patent 422589,
Patent Description no. PL 233 261, 21 August 2017.
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Abstract: Ascomycete Cordyceps fungi such as C. militaris, C. cicadae, and C. guangdongensis have
been mass produced on artificial media either as food supplements or health additives while the
byproducts of culture substrates are largely used as animal feed. The safety concerns associated with
the daily consumption of Cordyceps fungi or related products are still being debated. On the one hand,
the known compounds from these fungi such as adenosine analogs cordycepin and pentostatin have
demonstrated different beneficial or pharmaceutical activities but also dose-dependent cytotoxicities,
neurological toxicities and or toxicological effects in humans and animals. On the other hand,
the possibility of mycotoxin production by Cordyceps fungi has not been completely ruled out.
In contrast to a few metabolites identified, an array of biosynthetic gene clusters (BGCs) are encoded
in each genome of these fungi with the potential to produce a plethora of as yet unknown secondary
metabolites. Conservation analysis of BGCs suggests that mycotoxin analogs of PR-toxin and
trichothecenes might be produced by Cordyceps fungi. Future elucidation of the compounds produced
by these functionally unknown BGCs, and in-depth assessments of metabolite bioactivity and chemical
safety, will not only facilitate the safe use of Cordyceps fungi as human food or alternative medicine,
but will also benefit the use of mass production byproducts as animal feed. To corroborate the long
record of use as a traditional medicine, future efforts will also benefit the exploration of Cordyceps
fungi for pharmaceutical purposes.

Keywords: Cordyceps fungi; mass production; mycotoxins; biosynthetic gene cluster; toxicity; safety

Key Contribution: A few species of Cordyceps fungi have been used as traditional medicines for
a long time. These fungi can now be mass-produced at magnitudes from dozens to thousands
of tons a year in Asian countries. Based on the known compounds and putative mycotoxins that
might be produced by these fungi; safety assessments and future efforts are still required to alleviate
concerns when consuming these fungi as food supplements or health additives and using the related
byproducts as animal feed.

1. Introduction

Filamentous fungi are rich producers of bioactive secondary metabolites, some of which either
have been developed as commercial drugs to save lives or are carcinogenic or neurotoxic mycotoxins
that threaten human health [1]. The production of these compounds has long been considered
to be dispensable for fungal biology since the disruption of the biosynthetic gene clusters (BGCs)
could barely, if at all, impair fungal growth and development under experimental conditions [2].
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However, many studies have shown that the small molecules produced by fungi play essential roles
in fungus–environment interactions [3,4]. For example, metabolites with antibiotic and antifungal
activities are used by the producing fungi to outcompete other microbes [5,6]. The phytotoxins
produced by plant pathogens are required in mediating fungus–plant interactions [7], and insecticidal
toxins biosynthesized by insect pathogens facilitate fungal infection of insect hosts [8,9]. In addition,
the mycotoxins produced by plant pathogens or endophytes can frequently result in toxic effects at
different levels in herbivorous animals [10], which has been considered as a strategy employed by
plants against grazers [11]. Thus, small molecules produced by fungi are of biological importance to
producers and beyond.

In nature, there are more than 1000 species of fungi that can infect and kill insects, most of which
are ascomycete entomopathogenic fungi [12]. In particular, three families of Hypocrealean fungi,
i.e., Cordycipitaceae, Ophiocordycipitaceae, and Clavicipitaceae, contain species that have been used
either for biocontrol of insect pests or as Traditional Chinese Medicine (TCM) in Asian countries and
beyond [13,14]. For example, the species of Ophiocordyceps sinensis, Cordyceps militaris, and C. cicadae
(syn. Isaria cicadae) have been used as TCM with recorded antibiotic, anti-inflammatory, anti-aging,
anti-cancer, anti-proliferative, anti-metastatic, anti-fatigue, and immunomodulatory activities or
effects (Table 1) for a long time in history [15,16]. On the other hand, similar to other traditional
herbs, the safety of consuming these fungi has long been a concern [16]. A plethora of bioactive
metabolites have been identified from Hypocrealean entomopathogens [14,17,18], including those
which have been developed as commercial drugs such as the immunosuppressant drug cyclosporin A,
a cyclodepsipeptide isolated from the Ophiocordycipitaceae fungus Tolypocladium inflatum [6] and the
anti-leukemia drug pentostatin, first isolated from Streptomyces, found in C. militaris [19]. Apart from
the medicinal or beneficial effects reported for the chemicals identified from Cordyceps fungi, side effects
of cytotoxicity and or neurological toxicity have also been reported for these compounds (Table 1).
Anecdotal records of nausea, diarrhea and even excessive post-extraction bleeding have been reported
after daily consumption of Cordyceps fruiting bodies or related products [20,21]. Thus, in-depth safety
evaluation is still required before consuming these fungi.

Table 1. Summary of the reported bioactivity and toxicity of the compounds identified from
Cordyceps fungi.

Compound Producing Fungus Bioactivities Toxic Effect

Cordycepin C. militaris;
C. kyusyuensis

Anticancer, anti- inflammatory,
antioxidant, inhibition of RNA

synthesis, insecticidal, antibiotic,
antifungal, antivirus

Gastrointestinal toxicity, bone
marrow toxicity, decrease in

toxicity

Pentostatin C. militaris Immunosuppressive, inhibitor of
adenosine deaminase, antineoplastic

Nausea, diarrhea, renal and
neurological toxicities,

pulmonary toxicity,
gastrointestinal toxicity

N6-(2-Hydroxy-
ethyl)-adenosine

C. militaris;
C. cicadae

Renal protection, anti-cancer,
insecticidal Induction of oxidative stress

Tenellin C. bassiana Iron chelation, inhibitor of membrane
ATPase Toxic towards erythrocytes

Militarinones C. militaris Antimicrobial Cytotoxicity

Fumosorinone C. fumosorosea
Inhibitor of tyrosine phosphatase 1B,

activation of insulin pathway,
anti-diabetic

/

Farinosones C. farinosa Neuritotrophic activity Cytotoxicity

Oosporein C. cicadae;
C. bassiana

Immunosuppressive, antimicrobial,
metal detoxification Cytotoxicity
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Table 1. Cont.

Compound Producing Fungus Bioactivities Toxic Effect

Beauveriolides C. militaris;
C. bassiana

Anti-aging, beta-amyloid lowering,
anti-atherogenic Cytotoxicity

Beauvericin C. cicadae;
C. bassiana

Insecticidal, nematicidal, induction of
cell apoptosis, ionophoric property Cytotoxicity

Cordyceamides O. sinensis / Cytotoxicity

Cordycedipeptide O. sinensis / Cytotoxicity

Cordysinins O. sinensis Anti-inflammatory /

Cordyceps fungi are being mass produced for harvesting the fruiting bodies for food and health
additives while the byproducts (largely culture substrates) of mass production are then mostly used as
animal feed [22]. To alleviate the safety concerns for both purposes, this paper reviews the production
and biological activity/toxicity of known metabolites identified from Cordyceps fungi and unknown
metabolites deduced from the conserved biosynthetic gene clusters (BGCs) by comparative analysis
with those BGCs involved in producing known mycotoxins based on the obtained genome information
of these fungi [23–25]. The content of literature reviews conducted in the paper may benefit the future
exploration and safety assessment of Cordyceps fungi and their related byproducts used for food,
traditional medicine or animal feed.

2. Mass Production of Cordyceps Fungi

Ascomycete entomopathogenic fungi are facultative with saprophytic growth abilities.
However, it is still technically challenging, often difficult, to induce fungal sexual fruiting bodies on
artificial media or on insect hosts under laboratory conditions [26]. Until recently, induction of the
fruiting-body formation of the caterpillar fungus O. sinensis (best known as C. sinensis, one of the
most expensive traditional medicines) was not successful [27,28]. After inoculation of the ghost moth
(Hepialus spp.) larvae, it is an energy-intensive process for fungal infection and development within the
insect body cavity at a relatively low temperature (less than 18 ◦C) and the formation of fruiting bodies
for a total period of more than half a year (Figure 1A). Dozens of tons of the fruiting bodies (attached
with insect cadavers) can now be produced annually in China [28]. In contrast, mass production of
C. militaris has long been successful by inoculation of fungal propagates on artificial media (e.g., rice
medium) (Figure 1B). Different from the homothallic nature of O. sinensis [26], C. militaris is sexually
heterothallic but its single mating-type can also fruit but without mating and meiosis to produce sexual
perithecia [29]. Without considering the mass production of C. militaris in Japan, South Korea and
Vietnam, the annual yield of the dried fruiting bodies reaches up to 10,000 tons per year in China [22].
The fruiting bodies of C. cicadae together with the mycosed cicada pupae have also been used as a TCM
in renal protection or for the treatment of chronic kidney disease [23]. Mass production of this fungus
has also been successful with a yield of hundreds of tons each year (Figure 1C). In contrast to C. militaris,
asexual fruiting bodies, i.e., synnema-like structures, are largely produced by C. cicadae [23]. A few
other species such as C. guangdongensis have also been mass produced at different magnitudes in Asian
countries. Without consideration of the liquid fermentations of Cordyceps fungi [22], careful evaluation
and safety assessment are still required regarding the (daily) consumption of enormous amounts of
fruiting bodies and their related products as foods or health-promoting additives, and utilization of
the leftover substrates as animal feed.
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Figure 1. Mass production of Cordyceps fungi. (A) Successful induction of the fruiting bodies (arrowed)
of O. sinensis after inoculation of the ghost moth larvae for more than 150 days (image taken from the
Sunshine Lake LLC, Yichang, China). Bar, 1 cm. (B) Mass production of C. militaris in plastic bottles
(image taken from the Honghao Biotech Company, Jiangmeng, China). Insert, the fruiting bodies
formed in a bottle 45 days post-inoculation. Bar, 1 cm. (C) Mass production of C. cicadae in plastic boxes
(image taken from the BioAisa Pharmaceuticals, Pinghu, China). Insert, the fruiting bodies formed in a
box 20 days post-inoculation. Bar, 1 cm.

3. Known Metabolites Produced by Cordyceps Fungi

Different compounds have been isolated from entomopathogenic fungi including Cordyceps
species [17]. One of the most important but arguable metabolites produced by C. militaris is
cordycepin, i.e., the adenosine analog 3’-deoxyadenosine (Figure 2). This compound is not produced
in O. sinensis and C. cicadae; elucidation of its biosynthetic mechanism showed that the responsible
BGC is only present in C. militaris and C. kyusyuensis as well as the evolutionarily distant mold
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fungus Aspergillus nidulans [19]. It was later found that the field-collected samples of O. sinensis,
i.e., the complex of fruiting body and insect cadaver, were frequently contaminated with A. nidulans
and even C. militaris that might contribute to the detection of trace amounts of cordycepin in caterpillar
fungus [30]. Cordycepin can inhibit RNA synthesis and has demonstrated immense medicinal potential
(Table 1), including anti-cancer, anti-inflammatory, antibiotic, anti-virus, and antioxidant activities [31].
However, in addition to its dosage-dependent toxicity to different cells, cordycepin has shown an
effect in stimulating testosterone production in the models of both mouse Ledydig cells and mice,
which may alter male fertility [32]. Recently, it has been shown that the anti-leukemia drug pentostatin
(Figure 2), i.e., the 2’-deoxycoformycin originally isolated from Streptomyces antibioticus being an
irreversible inhibitor of adenosine deaminase, can also be produced by C. militaris through the same
BGC for cordycepin production via a protector–protégé strategy [19]. Similar to other chemotherapeutic
drugs/agents, dosage- and schedule-dependent side effects have also been observed for pentostatin
that include nausea, diarrhea, and renal and neurological toxicities [33]. The test of cordycepin in
combination with pentostatin can trigger severe gastrointestinal toxicity and bone marrow toxicity in
dogs [34].

Figure 2. Structure of the selected metabolites identified from Cordyceps fungi.

Apart from cordycepin and pentostatin, another adenosine analog N6-(2-Hydroxyethyl)-adenosine
(HEA) has been identified in C. cicadae, C. militaris, and other species of Cordyceps with renal protection
and anti-cancer activities [35,36]. Insecticidal activity of HEA has also been demonstrated by targeting
the adenosine receptor (AdoR) of insects [37], suggesting that adenosine analogs can be recognized by
AdoR(s) [38]. A different family of AdoRs, the G-protein coupled receptors with seven transmembrane
domains, has been identified in humans as potential drug targets [39]. Since adenosine is multifunctional
in the physiology of different organisms, the functions of cordycepin and HEA are still unclear, notably
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whether they act as agonists or antagonists of AdoRs in mammals. Deletion of AdoRa1 in mice has
led to decreased fertility and an increased risk of seizures [38]. The long-term effect of Cordyceps
consumption and the effects of cordycepin and HEA administration on activation or inactivation of
AdoRs require further investigation.

Other known metabolites produced by either C. militaris or C. cicadae include 2-pyridone alkaloid
tenellin-like compounds and the bibenzoquinone oosporein (Figure 2). Different structures of
Tenellin-like pyridones have been identified in different Cordycipitaceae fungi including fumosorinone
produced by C. (Isaria) fumosorosea [40], farinosones by I. farinosus [41], and militarinones by
C. militaris [42]. These 2-pyridones (Table 1) can maintain iron hemostasis and have also shown
profound neuritogenic activity and cell cytotoxicities [42]. Oosporein, originally identified from the
insect pathogen Beauveria bassiana (Syn. Cordyceps bassiana), shows insecticidal and antibiotic activities
that promote fungal infection of insect hosts [9,43]. The conserved gene cluster and production of
oosporein has been detected in C. cicadae [23]. This compound can also cause gout in avian species
including chickens, turkeys and other birds, and can therefore threaten the safety of the poultry
industry if contaminated substrates are used as feed [44].

A few cyclodepsipeptides (Figure 2) have also been identified from Cordyceps fungi,
e.g., beauveriolide I and III from C. militaris [45] and beauvericin from C. cicadae [23,46]. Beauveriolides
have demonstrated anti-aging [47], beta-amyloid-lowering [48], and anti-atherogenic activity by
inhibition of lipid droplet accumulation in macrophages without any obvious side effects [49].
However, insecticidal and nematicidal beauvericin, first isolated from B. bassiana, can induce cytotoxicity
and cell apoptosis in a dose-dependent manner due to its ionophoric property that can increase ion
permeability in membranes [50]. Overall, along with the beneficial medicinal and or biological activities,
different negative effects are also evident with the compounds identified from Cordyceps fungi that
raise safety concerns about its consumption.

4. Unknown Mycotoxins May be Produced by Cordyceps Fungi

Apart from the metabolites described above, many more can be expected after genomic analysis
of Cordyceps fungi that identifies an array of BGCs encoded in each fungus (Figure 3A). For example,
eight non-ribosomal peptide synthetase (NRPS), seven polyketide synthase (PKS), five NRPS-PKS and
four terpene synthase (TS) BGCs are encoded in the genome of C. militaris [25,51]. Likewise, the BGCs
of eight NRPSs, eight PKSs, six NRPS-PKSs and six TSs are encoded in C. cicadae [23]. Consistently,
metabolomic analysis also suggested that diverse compounds can be produced by these fungi [23,52].
Due to the frequent occurrence of gene silence of fungal BGCs under experimental conditions [2],
many unknown metabolites remain to be determined. Genome-wide phylogenetic, gene cluster
content, and core enzyme structure analyses of NRPS, PKS, and NRPS-PKS BGCs suggest that the
Cordyceps fungi may not produce carcinogenic mycotoxins such as aflatoxins [23,25]. However, our
further analysis indicated that the putative aristolochen synthase CCM_03050 is highly similar (65%
identity at amino acid level) to PRX2, and the clustered CCM_03051 is similar to the short chain
dehydrogenase (SDR) PRX4 of Penicillium roqueforti involved in PR-toxin production (Figure 3B).
The bicyclic sesquiterpene PR-toxin can cause significant damage to liver and kidney, induce abortions
and reduce fertility in cattle. However, its derivatives such as PR-acid and PR-imine are largely
non-toxic and unstable [53]. The biosynthesis of PR-toxin requires at least four genes, i.e., Prx1-Prx4 in
P. roqueforti [54]. Considering that the tailoring enzyme genes Prx1 (for a SDR) and Prx3 (for a quinone
oxidoreductase) are missing in C. militaris whereas the clustered CCM_03049 encodes a putative
dioxygenase/oxygenase and CCM_03052 encodes a cytochrome P450 enzyme, this TS BGC may not
biosynthesize PR-toxin but its analog(s) requiring further investigation. Intriguingly, these conserved
genes are absent in the genomes of the closely-related C. cicadae and other Cordycipitaceae fungi, based
on the survey of their genome contents.
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Figure 3. Conservation analysis of the gene clusters between Cordyceps and other fungi involved
in toxin production. (A) Comparative analysis of the biosynthetic gene clusters (BGCs) encoded in
the genomes of the selected Cordycipitaceae fungi. NRPS, non-ribosomal peptide synthetase; PKS,
polyketide synthase; TS, terpene synthase. (B) Conservation between the gene clusters of C. militaris and
those of P. roqueforti involved in PR-toxin production. (C) Conservation between the gene clusters of the
Cordycipitaceae fungi C. cicadae and A. lecanii and that of F. graminearum involved in the biosynthesis of
trichothecenes. (D) Conservation between the gene clusters of C. militaris and C. cicadae and that of
U. virens involved in the production of ustilaginoidins. The genes labeled in the same color within the
panels (B–D) represent orthologous relationships. The compound(s) shown in the right of the panels
(B–D) indicates the structures of the representative metabolites produced by the known BGCs in the
related or reference fungal species.
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We also found that the Cordycipitaceae fungi C. cicadae and Akanthomyces lecanii (anamorph:
Lecanicillium lecanii) each encode a gene cluster that shows conservation with the BGC involved
in the production of trichothecene (Tri) mycotoxins in wheat head blight Fusarium graminearum
(Figure 3C). Phytotoxic trichothecenes are a class of sesquiterpenes that contain more than 150
chemically-related compounds such as type A mycotoxins T-2, HT-2, and NX-2, and type B
deoxynivalenol (DON), acetylated DON, and nivalenol toxins that can inhibit protein synthesis
and are neurotoxic, immunosuppressive, and nephrotoxic in mammals [55,56]. The biosynthesis of
trichothecenes has been clarified with the involvement of 15 Tri genes located at three different loci
including a 12-gene core cluster, a single gene Tri101 and two genes Tri1 and Tri16 loci on different
chromosomes of F. graminearum [57,58]. We found that the homologs of the core gene Tri5 for trichodiene
synthase are conservedly present in C. cicadae (CCAD_05859, 70% identity) and A. lecanii (LEL_0770,
79% identity). The homologs of the essential biosynthetic genes Tri3, Tri4, Tri11 and Tri14 are also
present in the genomes of these two fungi. In addition, interestingly, the homologs of the isolated gene
Tri101 (encoding an acetyltransferase) in F. graminearum are present in the core cluster of Cordyceps fungi,
i.e., LEL_04769 (40% identity) and CCAD_05860 (37% identity) (Figure 3C). Likewise, the homologs of
the isolated gene Tri1 are also present in the separated loci of two fungi (CCAD_02575, 42% identity;
LEL_06734, 41% identity). Taken together, it is considerably likely that C. cicadae and A. lecanii may
produce trichothecene-like mycotoxin(s) that requires clarification and toxicity tests. In support,
the trichothecene derivative 4-β-acetoxyscirpendiol (4-acetyl-12,13-epoxyl-9-trichothecene-3,15-diol)
was once isolated from the fruit-body samples of Isaria japonica (syn. Cordyceps tenuipes) and the
compound could induce apoptosis of human leukemia cells [59]. This Tri-like BGC is not present in
C. militaris but is present in the closely-related biocontrol fungus B. bassiana (TRI5 vs. BBA_08696, 69%
identity; TRI101 vs. BBA_08697, 41%) after genome survey [56]. A Tri-like BGC has also been identified
in diverse fungal species including Trichoderma spp., which is responsible for the production of the
trichothecene derivatives harzianums A and B with antimicrobial activities [60,61].

The bis-naphthopyrone-type pigments are widely produced by different fungi that can protect
filamentous fungi from fungivores [62] or abiotic stress factors like UV radiation and high
temperatures [63,64]. Genome survey indicated that both C. militaris and C. cicadae contain a conserved
PKS BGC like that of rice false smut Ustilaginoidea virens (Figure 3D), which is responsible for the
production of ustilaginoidins [65]. Different analogs of ustilaginoidins have varied level of antibacterial,
cytotoxic, and phytotoxic activities [66]. The exact compound(s) produced by this PKS gene cluster
remains to be determined in Cordyceps fungi.

In contrast to other Cordyceps fungi, the caterpillar fungus O. sinensis has a highly repetitive
genome with a limited number of genes and BGCs (Figure 3A) [24]. Besides the reported bioactive
constituents like nucleosides, sterols and polysaccharides [18,67–69], a few compounds have been
identified from this fungus with different activities such as the aurantiamides cordyceamides A and B
with unclear activity/toxicity [70], the cyclodipeptide cordycedipeptide A with cytotoxicity [71], and the
cyclodipeptide cordysinins with antioxidant activity [69,72]. Overall, the reputed health benefits of
this fungus are still unclear [73]. Despite the mass production of sexual fruiting bodies being recently
successful [74], the slow growing nature of this fungus makes it technically problematic to perform
transgenic and chemical genetic investigations [73]. With the help of heterologous expression systems,
future efforts can be taken to explore the production, if any, of mycotoxin as well as the pharmaceutical
potential of this fungus.

5. Requirement of Safety Assessments

As indicated above, toxicological concerns about consuming Cordyceps fungi as food supplements
or using their byproducts as animal feed are raised based on the evaluations of either the known
compounds they produce or those previously unreported toxins being putatively produced by the
conserved BGCs of Cordyceps fungi. Obviously, the production of the avian-gout toxin oosporein by
C. cicadae suggests that mass-production byproducts cannot be used as feed for poultry. In particular,
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except for the unknown metabolites biosynthesized by other BGCs, the potential of the production
of analogous PR-toxin in C. militaris and Tri-like toxin(s) in C. cicadae raises substantial concerns
that require further investigation and safety assessments. Traditionally, instead of using the purified
compounds, the fruiting bodies or mycelium samples of Cordyceps fungi were used for direct safety
assessments, including bacterial Ames tests, different cell- and/or animal-model tests for mutagenic,
clastogenic, genotoxic, and (sub-)accurate toxic effects, which suggested that consumption of Cordyceps
fungi might be safe [75,76]. However, considering the magnitude of the mass production of Cordyceps
fungi in China and other countries, in-depth monitoring and assessment are still required, given the
daily consumption of Cordyceps fruiting bodies or related products as tonics or food/health additives
and the use of culture substrates as feed. In particular, aside from the feature of culture stability,
high titer of cordycepin and pentostatin production is being used as the key standard for screening
of C. militaris strains for industrial mass production. Consistent with the side effects of pentostatin
and adenosine analogs [33,38], the negative effects of nausea and diarrhea have been anecdotally
reported by enthusiasts after consuming products with enriched contents of cordycepin/pentostatin [14].
Indeed, it is common and typical that mycotoxin production and accumulation are dependent on
the fungal culturing media and stage, and the side effects of daily consumptions are dose- and even
consumer-dependent [20]. For example, trichothecene production was not detected in A. lecanii and
B. bassiana after inductions in multiple artificial media used for the successful induction of toxin
formations in other fungi [56]. It is critical at least that toxin production is clarified for the Cordyceps
fungi under mass production conditions.

6. Conclusions and Prospective

Along with the increasing level of the mass production of Cordyceps fungi such as C. militaris
and C. cicadae, there is increasing consumption of the fruiting bodies or related products as food
supplements or health additives, and use of the byproducts as animal feed. To alleviate safety concerns,
full elucidation of the BGCs’ capacities in production of different compounds is critically needed.
In addition to promoting toxicological tests with the known and newly-identified compounds, in-depth
investigations may also benefit the exploration of these fungi for pharmaceutical potential.
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