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Preface

Zearalenone, deoxynivalenol, and their metabolites are among the most frequently encountered

mycotoxins in plant materials. Their presence compromises the health quality of foodstuffs and

feedstuffs, and increases the risk of ischemia and reperfusion injury, stress-related intestinal disorders,

as well as endocrine, metabolic, and immune disorders. These problems are resolved on an individual

basis by selecting the appropriate combination of measures. The symptoms and health consequences

of high mycotoxin doses are generally known. However, small doses can cause disease without

clinical symptoms or they can interact with the host body at various stages of life. Due to this

ambiguous dose–response relationship, the symptoms associated with high mycotoxin doses cannot

be easily extrapolated to low doses. The interactions between mycotoxins and between mycotoxins

and physiological processes in cells, tissues, and microorganisms are also problematic. Mycotoxins

present in feed come into direct contact with the intestinal mucosa. A healthy gastrointestinal

tract comprises active cells and tissues with high-protein metabolic turnover rates. Cells and

tissues are often targeted by mycotoxins. Some mycotoxins inhibit protein synthesis. For instance,

deoxynivalenol ingested in small doses inhibits the uptake of substrates responsible for protein

transport across intestinal walls. On the other hand, zearalenone has estrogenic properties, and

low doses of this mycotoxin stimulate proliferative processes. Mycotoxins also influence the

activity of local and general immune systems, and their adverse effects become manifested in

immunosuppressed hosts. Mycotoxins can also suppress the host’s immune system, thus increasing

the risk of disorders caused by microorganisms, intestinal enzymes, and other toxins in the digestive

tract without the clinical symptoms that are characteristic of mycotoxicoses.

Therefore, this study, presented in the Special Issue of Toxins, attempted to evaluate selected

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

mycotoxicosis. I hope that the knowledge gained will deepen our understanding of the impact of

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

The editors are grateful to all authors who contributed to the Special Issue. We would like to

thank all expert peer reviewers for rigorously evaluating the submitted manuscripts. We are also

grateful to the MDPI management team and staff for their valuable contributions, organizational

input, and editorial support.

Maciej Gajęcki and Magdalena Gajęcka

Editors
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Editorial

The Multidirectional Influence of Feed-Borne Deoxynivalenol
and Zearalenone on Animal Health
Maciej T. Gajęcki and Magdalena Gajęcka *

Department of Veterinary Prevention and Feed Hygiene, Faculty of Veterinary Medicine, University of Warmia
and Mazury in Olsztyn, Oczapowskiego 13, 10-718 Olsztyn, Poland; gajecki@uwm.edu.pl
* Correspondence: mgaja@uwm.edu.pl; Tel.: +48-89-523-32-37; Fax: +48-89-523-36-18

Mycotoxins are secondary fungal metabolites which pose a significant threat for global
food and feed security [1], due to their adverse effects on human and animal health [2],
high chemical stability and ubiquitous presence [3]. The simultaneous exposure to several
mycotoxins produced by the same or different fungal species exacerbates the risk of food
and feed toxicity [4,5]. According to research, plant materials are often contaminated with
both DON and ZEN, and the health risks associated with simultaneous exposure to both
mycotoxins constitute an interesting topic of study [6,7].

Present in plant material, DON and ZEN belong to a large group of fusarium myco-
toxins [8] which are produced by various fungal species, including Fusarium, Myrothecium,
Cephalosporium, Verticimonosporium and Stachybotrys [3]. To date, the following mechanisms
of toxicity of these mycotoxins have been identified in cells or proteins: (i) DON binds
to the 60S ribosome subunit at the molecular level and induces ribotoxic stress, which
activates protein kinase and, consequently, inhibits protein synthesis, and provokes en-
doplasmic reticulum stress [9], cell signalling, cell differentiation, cell proliferation and
cell death [5,10]; (ii) ZEN [11] exerts toxic effects by binding to and activating both ERs,
disrupting the cell cycle and inducing DNA fragmentation, which leads to the production
of micronuclei and chromosomal aberrations [4,5,10].

Mycotoxicosis are ambiguous subclinical disorders that affect livestock herds [12,13].
These disorders can be caused by the chronic impairment of general bodily functions [14]
or the increased susceptibility of specific tissues [15,16]. Acute poisoning and severe myco-
toxicosis are less frequently reported. Complex toxicological interactions (additive effects,
synergism, potentiation, and antagonism between mycotoxins) and the dose absorbed [17]
undoubtedly affect health and reproductive processes [18]. Depending on the absorbed
dose, the interactions between co-occurring mycotoxins or between mycotoxins and specific
tissues in mammals [19–21] may require further investigation and risk assessments [22]
based on an analysis of the biological activity of individual mycotoxins [12,16,17].

Low-dose exposure usually leads to subclinical states characterized by specific effects
which are manifested by (i) the modulation of feminization processes in sexually immature
gilts (which inhibits the somatic development of reproductive system tissues); (ii) disrup-
tions in the neuroendocrine coordination of reproductive competence [14–16,19,23]; (iii) the
balance between intestinal cells and the expression of selected genes encoding enzymes
that participate in biotransformation processes in the large intestine [24]; and (iv) flexi-
ble, adaptive responses to low mycotoxin doses. Zearalenone (ZEN) and deoxynivalenol
(DON) also induce non-specific effects that do not always decrease the feed conversion
efficiency [20,21] and do not lead to a deterioration in the animals’ overall health [25].
In addition, some mycotoxins, including DON, inhibit the activity of biologically active
substances [18]. Therefore, their effects are determined by the dose and the duration
of exposure.

According to the literature, systems for monitoring mycotoxins in animals should not
be based solely on the results of blood tests [12,15]. A solution that delivers reliable results
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has been proposed in in one of the published studies [12]. The cited study demonstrated
that blood samples from clinically healthy cows and/or cows with subclinical symptoms
of ZEN mycotoxicosis should be collected from the caudal vein medium (prehepatic blood
vessel) for toxicological tests. Samples collected from this site increase the probability that
subclinical ZEN mycotoxicosis will be reliably diagnosed.

The monitoring system is a highly practical tool for identifying contaminated herds in
the field and for evaluating the impact of chronic exposure on herd health and productivity.
Other matrices, such as urine, can also be effectively used for this purpose [16].

However, preventive measures involving other matrices, such as feed materials (pri-
mary and partially processed products), are always preferable [13]. This type of monitoring
relies on biosensor technologies that offer fast, highly selective, and highly sensitive de-
tection methods, require minimal sample pre-treatment, and reduce reagent consumption.
This article reviews recent advances in the development of biosensors for the quantification
of DON and ZEN in cereals and feed, which substantially contribute to feed safety.

The articles published in the Special Issue entitled “Influence of Deoxynivalenol
and Zearalenone in Feed on Animal Health” document the in vivo effects of low or very
low doses of ZEN and its metabolites on mammals. These effects can vary, and remain
insufficiently investigated. The above observations could also apply to other mycotoxins,
including DON. Sexually immature gilts respond differently to mycotoxins. The ratio of
α-ZEL (alpha-zearalenol) to β-ZEL (beta-zearalenol), where β-ZEL is the predominant
compound, could be one of the first biomarkers of mycotoxin contamination. The value of
this parameter is different in other age groups. This effect is ambiguous because β-ZEL
contributes to a minor increase in body weight, while slowing down the sexual maturation
of immature gilts. Initially, ZEN levels are very low, and metabolites are not detected
in the blood serum (especially at the MABEL dose), which confirms that gilts have a
high physiological demand for exogenous estrogen-like substances. These substances
are fully utilized by immature gilts. Exposure to higher mycotoxin doses generates “free
ZEN”, which plays different, not always positive roles. The concentrations of estradiol and
“free ZEN” increase proportionally to the ZEN dose, which decreases progesterone and
testosterone levels [26]. At the same time, the metabolic profile points to a greater loss of
energy and protein (stimulation), which suggests that feed is used more efficiently (weight
gain) and that mycotoxins are highly involved in biotransformation and detoxification
processes. Changes in the metabolic profile fluctuate over time. In the initial period
of exposure, metabolic activity is relatively high, which could also be attributed to the
compensatory effect. In successive periods, energy-intensive processes initiate adaptive
mechanisms. These mechanisms could also be triggered by the increasing involvement of
β-ZEL in the final biotransformation process.

The results of selected diagnostic tests could be used as biomarkers of prolonged
low-dose ZEN mycotoxicosis in sexually immature gilts in precision veterinary medicine.

The question that arises is whether cereal grains contaminated with such low doses of
ZEN and DON should be detoxified or eliminated from feed production. The results of the
study suggest that such low mycotoxin doses should be tolerated due to their potentially
stimulating effects on sexually immature gilts in commercial farms.

Author Contributions: Conceptualization, M.T.G.; writing—original draft preparation, M.G. All
authors have read and agreed to the published version of the manuscript.

Acknowledgments: The editors are grateful to all authors who contributed to the Special Issue. We
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Immunohistochemical Expression

(IE) of Oestrogen Receptors in the

Intestines of Prepubertal Gilts

Exposed to Zearalenone. Toxins 2023,

15, 122. https://doi.org/10.3390/

toxins15020122

Received: 21 December 2022

Revised: 29 January 2023

Accepted: 30 January 2023

Published: 2 February 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

toxins

Article

Immunohistochemical Expression (IE) of Oestrogen Receptors
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Abstract: This study was conducted to determine if a low monotonic dose of zearalenone (ZEN)
affects the immunohistochemical expression (IE) of oestrogen receptor alpha (ERα) and oestrogen
receptor beta (ERβ) in the intestines of sexually immature gilts. Group C (control group; n = 18)
gilts were given a placebo. Group E (experimental group; n = 18) gilts were dosed orally with 40 µg
ZEN /kg body weight (BW), each day before morning feeding. Samples of intestinal tissue were
collected post-mortem six times. The samples were stained to analyse the IE of ERα and Erβ in the
scanned slides. The strongest response was observed in ERα in the duodenum (90.387—average %
of cells with ERα expression) and in ERβ in the descending colon (84.329—average % of cells with
ERβ expression); the opposite response was recorded in the caecum (2.484—average % of cells with
ERα expression) and the ascending colon (2.448—average % of cells with ERα expression); on the
first two dates of exposure, the digestive tract had to adapt to ZEN in feed. The results of this study,
supported by a mechanistic interpretation of previous research findings, suggest that ZEN performs
numerous functions in the digestive tract.

Keywords: zearalenone; immunohistochemistry; oestrogen receptors; gilts before puberty

Key Contribution: Qualitative changes were manifested by a shift in oestrogen receptor expression
levels from absorption level 0 to 3; particularly in ERβ expression in the descending colon.

1. Introduction

Oestrogens and oestrogen-like substances found in the natural environment includ-
ing the mycoestrogen ZEN, affect the developing reproductive and non-reproductive
tissues [1,2]. Oestrogens are synthesised by the body, but they are also present in the
environment, in the form of xenobiotics and naturally occurring compounds (undesirable
substances) [3]. Most of these substances (not necessarily pollutants) are known as en-
docrine disruptors (EDs) [4], and they are usually found in soil, air, water, food and feed
(i.e., the environment) [5,6]. Phytoestrogens (genistein, coumestrol) and the mycoestrogen
ZEN (fungal metabolite) are naturally occurring EDs [7–9].

Zearalenone and α-zearalenol (α-ZEL) have an oestrogen-like structure. However,
they are not steroids and do not originate from sterane structures [10]. EDs such as zear-
alenone are involved in several processes [11,12] that influence the endocrine system [13]
and induce side effects [14]: (i) in prepubertal gilts, EDs compete with endogenous oestro-
gens for the binding sites of oestrogen receptors (ERs), which can alter mRNA expression
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levels and protein synthesis and reduce the efficacy of endogenous steroids [10,15–17]; (ii)
EDs can bind to the inactive receptor (i.e., blocking it), thereby preventing the binding of
natural hormones to that receptor (antagonistic effect) [11,17]; (iii) EDs reduce the levels
of circulating natural hormones because they bind to blood transporting proteins, [2];
and (iv) EDs can also affect the body’s metabolism by influencing the rates of synthesis,
decomposition, and release of natural hormones [10,18–20].

When ingested, ZEN can prevent or delay the clinical and subclinical spread of
oestrogen-dependent tumours [2,21,22]. Sex hormones and exogenous oestrogen-like chem-
icals are frequently implicated in the aetiology of tumours in various tissues [8]. Many
oestrogen-sensitive tumours are termed oestrogen receptor-positive tumours because ERs
are mediators of oestrogens or oestrogen-like substances that cause cancer [14,21]. Zear-
alenone may be a selective oestrogen receptor modulator, but its binding affinity for ERs is
10,000 times lower than that of 17-oestradiol (E2) [2]. Zearalenone has agonistic or antag-
onistic effects on target tissues, depending on the type of ER [1,2]. The chemopreventive
effect of ZEN can be attributed to its antagonistic influence on ERs [18]. There is evidence
that ZEN can inhibit circulating oestrogen precursors and slow the development and pro-
gression of oestrogen-dependent tumours by binding to ERs, and ERs can probably also
inhibit the activity of steroid hormones that convert circulating hormones to E2 [18,23].

Elements of the oestrogen response have been investigated in studies involving en-
dogenous oestrogens and oestrogen-containing drugs [12,13,18]. When endogenous oestro-
gens exert genomic effects via ERs, oestrogen response elements bind with ERs or other
response elements in the neighbouring genes that respond directly to oestrogens [3]. The
resulting bonds influence the transcription of oestrogen-responsive genes. Mycoestrogens
trigger similar responses by binding to ERs and initiating molecular cascades that alter
gene expression [8]. Zearalenone is involved in molecular mechanisms, but its oestrogenic
activity remains insufficiently investigated. Previous research has demonstrated that the
presence of ZEN in feed or food affects the mRNA expression of ERs [8,24] and the activity
of other genes encoding metabolic processes in enterocytes [25,26]. Subclinical symptoms
of ZEN mycotoxicosis can cause changes in hormonal signalling when enterocytes in dif-
ferent intestinal segments are exposed to this mycotoxin [19]. The role of zearalenone
in the digestive system should be evaluated to determine possible risks for gilts before
puberty [2,27–30]. Therefore, this experiment aimed to find out whether a low monotonic
dose of ZEN affects the immunohistochemical expression (IE) of ERα and ERβ in the gut of
prepubertal gilts. The findings may contribute to a mechanistic understanding of changes
in ERα and ERβ expression.

2. Results
2.1. Clinical Observations

Clinical manifestations of ZEN mycotoxicosis were not noted during the experiment.
However, histopathological analyses, ultrastructural analyses, and analyses of the metabolic
profile of samples taken from same gilts frequently revealed changes in certain tissues or
cells. These findings have been posted in various articles [2,19,20,31–35].

2.2. Optical Density

The brown background staining of the slides (Figures 1 and 2) was not specific to
all intestinal segments, and it may have occurred in staining assays examining the ERα
and ERβ expression in DAB-stained gastrointestinal tissues (most samples exhibited light-
brown, non-specific staining).

The effect of six-week exposure to ZEN on the expression levels of the selected ERs
was determined in selected segments of the gastrointestinal tract (GI) of gilts in the control
and experimental groups using a four point scale (negative—0; weak and homogeneous—1;
mild or moderate and homogeneous—2; intense or strong and homogeneous—3)
(Figures 3 and 4). Expression levels were compared between the dates of sample collection
in specific sections of the intestines. Meaningful differences in the IE of ERα were not
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observed in the descending colon in the control group and in the ascending colon and
descending colon in the experimental group. Meaningful differences in the IE of ERβ were
not noted in the caecum and ascending colon in group C, and in the duodenal cap, the
third section of the duodenum and the caecum in group E. The intestinal sections where no
significant differences were found are not presented graphically.
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(C)—++; (D)—+++) and group E ((E)—0; (F)—+; (G)—++; (H)—+++). HE.

On each date of analysis, ERα was more highly expressed in the control group than
in the experimental group, especially at absorbance level 0 (Figure 3A–D). Significant
differences in ERα expression were found in the control group at different absorption
levels, but absorption was significantly more pronounced on dates I, II, and VI. Significant
differences in ERα expression were also observed at other absorption levels, but the noted
values were much lower than at absorption level 0, and they were only found in the small
intestine (Figure 3A–D). In the control group, the average ERα expression was highest at
absorbance level 0, and it increased when the digesta entered the caudal segment of the
small intestine.
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Figure 3. IE of ERα (based on a 4-point grading scale: negative—0; weak and homogeneous—1;
mild or moderate and homogeneous—2; intense or strong and homogeneous—3) in the intestines
of sexually immature gilts from the control group: (A) in the duodenal cap on selected dates of
exposure; (B)—in the third section of the duodenum on selected dates of exposure; (C) in the jejunum
on selected dates of exposure; (D) in the caecum on selected dates of exposure. In the intestines of
sexually immature gilts from the experimental group: (a) in the duodenal cap on selected dates of
exposure; (b) in the third section of the duodenum on selected dates of exposure; (c) in the jejunum
on selected dates of exposure only in the weak(1) and mild (2) grades; (d) in the caecum on selected
dates of exposure only in the weak grade (1). Expression was presented as ± (confidence interval)
and SE (standard error) for some samples. * p ≤ 0.05 and ** p ≤ 0.01 compared with the residual
groups.
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Figure 4. IE of ERβ (based on a 4-point grading scale: negative—0; weak and homogeneous—1;
mild or moderate and homogeneous—2; intense or strong and homogeneous—3) in the intestines
of sexually immature gilts from the control group: (A) in the duodenal cap on selected dates of
exposure; (B) in the third section of the duodenum on selected dates of exposure; (C) in the jejunum
on selected dates of exposure only in the negative (0) and intense (3) grades; (D) in the descending
colon on selected dates of exposure only in the negative (0) and intense (3) grades; in the intestines of
sexually immature gilts from the experimental group: (a) in the jejunum on selected dates of exposure
only in the negative grade (0); (b) in the ascending colon on selected dates of exposure; (c) in the
descending colon on selected dates of exposure only in the mild (2) and intense (3) grades. Expression
was presented as ± (confidence interval) and SE (standard error) for some samples. * p ≤ 0.05 and
** p ≤ 0.01 compared with the residual groups.
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An analysis of the IE of ERα revealed that it was suppressed in most intestinal seg-
ments on all dates in group E (0 points on a 4-point scale), but significant differences were
detected only on dates I, II, and VI (Figure 3a). ERα was more highly expressed in the
ascending and descending colon at absorption level 3 in the experimental group than in
the control group. However, in group E, ERα expression was suppressed at all absorption
levels (Figure 3a–d). Differences in the ERα expression were noted in the control group, but
only in selected segments of the small intestine, particularly in both parts of the duodenum
examined in the study (Figure 3a,b). Similarly to group C, ERα expression was induced in
the experimental group at absorbance level 0, whereas at absorbance level 3, the levels of
ERα expression in the analysed intestinal segments were higher in the experimental group
than in the control group.

In group C, the IE of ERβ was suppressed in both segments of the duodenum, jejunum,
and descending colon (Figure 4A–D). The average values of ERß expression in the control
group and in the experimental group followed a certain trend. In group E, ERß expression
was observed at absorbance level 3, and ERβ was more strongly expressed in all analysed
tissues, but its expression was more suppressed at absorbance level 0. However, these
differences were not significant. An immunohistochemical analysis of ERß expression in
the examined intestinal segments, compared with ERα expression, revealed completely
different results. In group E, ERβ was more strongly expressed, especially at absorption
level 3 and, interestingly, in the jejunum and colon (Figure 4a–c). However, significant
differences between the groups were found only on dates I, II, and III, especially in the ex-
amined segments of the duodenum, which can be explained by the fact that ERβ saturation
was lower in the duodenum than in the other intestinal segments.

2.3. The Prognostic Value of the ERs Expression Profile

A total of 432 samples were analysed to determine the ER expression indicator (P-ERs).
In many of the analysed samples, there were no significant differences in ER expression.
The mean values of P-ERs were 42 ± 27 for ERα and 38 ± 26 for ERβ. P-ERs values were
not normally distributed (Table 1).

Table 1. ERα and ERß expression at various absorption levels in the analysed sections of the GI tract
in pre-pubertal gilts.

Group Absorption Duodenal Cap Third Part of
Duodenum Jejunum Caecum Ascending

Colon
Descending

Colon

ERα

Group C 0 C C C C C D
1 A A A A A A
2 B B B B B A
3 B B A A A A

Group E 0 C C C C C D
1 A A A A A A
2 B B B B B B
3 B B B B B B

ERβ

Group C 0 C B B B B B
1 A A A A A A
2 B B B B B B
3 C C D C C C
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Table 1. Cont.

Group Absorption Duodenal Cap Third Part of
Duodenum Jejunum Caecum Ascending

Colon
Descending

Colon

ERα

Group E 0 B B B B B B
1 A A A A A A
2 B B B A A B
3 C C D D D C

Abbreviation: In group E, the value of P-ERα was 35, reaching 8 in the lower quartile and 62 in the upper quartile.
The analysed expression values were divided into four subgroups based on the values of the median, and the
upper and lower quartiles: A—very low P-ERα (P-Erα ≤ 8), B—low P-ERα (8 ≤ P-Erα < 35), C—high P-ERα
(35 ≤ P-Erα < 62), and D—very high P-ERα (P-Erα ≥ 62) (Table 1). In group E, very low (A), low (B), high (C),
and very high (D) values of P-ERα were noted in six (25%), 12 (50%), five (21%), and one (4%) cases, accordingly.
The statistical analysis was carried out for different mean, median, upper and lower quartile cut-off points, but no
meaningful differences were noted.

2.3.1. P-ER Values for ERα

In group C, the P-ERα value was 42, reaching 15 in the lower quartile and 69 in the
upper quartile. An analysis of the median and the upper and lower quartiles revealed
that the expression values could be divided into four subgroups: A—very low P-ERα
(P-ERα <15), B—low P-ERα (15 ≤ P -ERα < 42), C—high P-ERα (42 ≤ P-ERα < 69) and
D—very high P-ERα (P-Erα ≥69) (Table 1). In group C, very low (A), low (B), high (C), and
very high (D) P-ERα values were found in 11 (46%), seven (29%), five (21%), and one (4%)
cases, respectively. The statistical analysis was conducted for different means, medians,
upper and lower quartiles of the separation points, but no meaningful differences were
observed.

The results of the analyses involving the uptake of only Erα or ERβ are difficult to
interpret. The values of P-ERs (Table 1) provide new information on the presence of a
low ZEN dose in the diet. These were very similar in both groups, but at absorption level
3, an increase in P-ERs was observed in group E, resulting in a shift from quartile A to
quartile B from the jejunum directly to the descending colon. The results described above
and previous research findings suggest that ZEN may compensate for E2 deficiency by
triggering ERα [27].

2.3.2. P-ER Values for ERβ

In group C, the P-ERβ worth was 35, reaching 9 in the lower quartile and 61 in the
upper quartile. Based on the average value of the median, and the upper and lower
quartiles, expression values were divided into four subgroups: A—very low P-ERβ (P—
ERβ≤ 9), B—low P-ERβ (9 ≤ P-ERβ < 35), C—high P-ERβ (35 ≤ P-ERβ < 61), and D—very
high P-ERβ (P-Erβ ≥ 61) (Table 1). In group C, very low (A), low (B), high (C), and very
high (D) levels of P-ERβ were found in six (25%), 11 (46%), 6 (25%), and one (4%) cases,
respectively. The statistical analysis was carried out for different means, medians, upper
and lower quartiles, but no meaningful differences were found.

In group E, the P-ERβ value was 38, reaching 12 in the lower quartile and 64 in the
upper quartile. Based on the values of the median, the upper and lower quartiles and
expression values were divided into four subgroups: A—very low P-ERβ (P-Rβ < 12),
B—low P-ERβ (12 ≤ P-ERβ < 38), C—high P-ERβ (38 ≤ P-ERβ < 64) and D—very high
P-ERβ (P-Erβ ≥ 64) (Table 1). In the experimental group, very low (A), low (B), high (C),
and very high (D) P-ERβ values were known in eight (33%), 10 (42%), three (12%), and
three (12%) cases, respectively. The statistical analysis was carried out for different means,
medians, upper and lower quartiles, but no meaningful differences were found.

The values of P-ERβ (Table 1) shifted to the right from quartile C to quartile D at
absorption level 3 in the caecum and the ascending colon. An analysis of the expression
of both receptors demonstrated that the P-ERα levels shifted significantly to the lower
quartiles (to the left) in animals exposed to low ZEN doses.
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3. Discussion

This study confirmed our recent observations that low ZEN doses improve somatic [36]
and reproductive health (our previous mechanistic studies) [2,19,37]. On the first day of
exposure, ZEN exerted a stimulatory effect on the body, with the exception of the re-
productive system [18,38]. This effect was minimised after the second or third day of
exposure, probably due to: (i) the negative effects of extragonadal compensation for oestro-
gen synthesis [39,40] by androgen conversion or the acquisition of exogenous oestrogens
or oestrogen-like substances [2,9,41]; (ii) adaptive mechanisms [37]; (iii) higher energy
and protein utilisation, indicating more efficient feed conversion (productivity in group
E) [41–43]; or (iv) detoxification processes (biotransformation) [3]. The last argument is
difficult to confirm since an analysis of the carry-over factor in the GI tract of the same
animals did not reveal the inherence of α- ZEL or β- ZEL (ZEN metabolites) in the intestinal
walls or that the registered levels were below the detection limit [20,25]. According to
López-Calderero et al. [44], a higher ERα/ERβ ratio indicates that proliferative processes
are stimulated or silenced, and it is unrelated to apoptosis [38]. Similar observations were
made by Cleveland et al. [45] and Williams et al. [46]. These results suggest that low levels
of ZEN in the diet stimulate proliferative processes in the gastrointestinal tract of prepu-
bertal gilts, especially in the colon. In sexually mature animals, this is a good predictor
of weight gain or the time needed to reach slaughter weight [41], and it suggests that the
gastrointestinal tract regulates somatic health [9,38]. Thus, the digestive system acts as a
“second brain” [47] as it performs numerous functions including a modulatory role between
the intestinal contents and tissues vis. the central nervous system [48]. These findings
also suggest that ZEN and endogenous oestrogens control growth, differentiation and
other important functions in tissues including in the gastrointestinal tract [2] of prepubertal
gilts with supraphysiological oestrogen levels [18]. The above also suggests that oestrogen
signalling (e.g., ZEN and its metabolites), regardless of its origin, is the major regulator
of genomic mechanisms. Oestrogen receptors play a special role: (i) they are activated by
ligand-dependent and ligand-independent pathways; (ii) they act as transcription factors
that activate and trigger the expression of all sensitive genes; and (iii) the feedback loop
regulated by oestrogens contributes to the maintenance or modification of all genomic
processes.

3.1. Oestrogen Receptors

The biological effects of oestrogens are determined by the type of ERs including the
classical nuclear ERα and ERβ as well as the G-protein-coupled ERs (GPER; its expression
has not been analysed). Therefore, the levels of different ERs determine the effects of
endogenous and exogenous oestrogens on cells (tissues).

3.1.1. Oestrogen Receptor Alpha

The expression of ERα in the control group could be attributed to the physiological
deficiency of E2 in the gilts before puberty [4,24,49], which could point to supraphysio-
logical hormone levels rather than hypoestrogenism [18,50]. Zearalenone mycotoxicosis
contributes to an increase in steroid levels (endogenous steroids such as E2, progesterone,
and testosterone as well as exogenous steroids such as ZEN), which may restore or enhance
ER signalling in cells [18,51], but only in relation to hormone-dependent ERs [27]. As a
result, ERα expression is not stimulated but deregulated [51]. Most importantly, circulat-
ing steroid hormones are bioavailable (not bound to carrier proteins) and their cellular
effects are observed at very low concentrations of approximately 0.1–9 pg/mL E2 [49].
The concentrations of active hormones are determined by the age and health status of
animals [2,8,18,24,52].

Various conclusions can be drawn from the observations of the role of ERα in mammals
and the results of the experimentally induced ZEN mycotoxicosis. According to Suba [38],
both high and low levels of E2 stimulate the expression and transcriptional activity of ERs
to restore or enhance ER signalling in cells, which was not observed in the current study.
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However, the IE of ERα was suppressed to a greater extent. Low ZEN doses in the diet
decrease the IE of ERα, which directly affects the somatic (higher weight gain) [41] and
reproductive health (delayed sexual maturity [53]) of animals. It should also be noted
that low serum E2 levels may induce compensatory effects to increase the expression and
transcriptional activity of ERs, while increased synthesis of endogenous E2 may compensate
for low ER signalling [54]. However, it remains uncertain as to whether low ZEN doses
are sufficient to meet the requirements of sexually immature gilts. The present findings
suggest that this may be the case, with positive implications for pig farmers.

3.1.2. Oestrogen Receptor Beta

According to the literature, intense ERβ expression or a high level of absorption (3
points on a 4-point grading scale) contributes significantly to gut health, especially colon
health, and intensifies metabolic processes [55,56]. In turn, ERβ silencing increases the risk
of duodenal inflammation and enhances oncogenesis not only in the gastrointestinal tract,
but also in the reproductive system [22,40,45,46,57]. Deletion processes suggest that ERβ
has anti-inflammatory and anti-carcinogenic properties, and exerts chemopreventive effects
in the colon [58], which was confirmed in a study of low-dose ZEN mycotoxicosis [59].

Apart from the previously published research on the effects of E2 deficiency in pre-
pubertal animals, another issue should be addressed. Williams et al. [46] and Gajęcka
et al. [59] reported that selected phytoestrogens (silymarin and silibinin) and mycoestro-
gens (ZEN) have a selective affinity for ERβ [60,61]. This is the result of the increased
expression of the ERβ gene, suggesting that natural exogenous dietary oestrogens may
have anti-inflammatory properties [35]. These oestrogens also exert chemopreventive
effects [22], and they can reverse minor carcinogenic changes in the colon [62]. Calabrese
et al. [63] found that a mixture of phytoestrogens and lignans reduced the size and number
of duodenal polyps and exerted therapeutic effects in this segment of the gastrointestinal
tract [64].

As stated in the research objective, this study was conducted to determine if low ZEN
doses naturally occurring in feeds could produce similar effects, and the present results
suggest that it is possible. This conclusion is also consistent with the results of previous
studies conducted as part of the same research project [2,19,29,31–36,52].

3.1.3. ER Expression Indicator

In animals exposed to ZEN, the P-ER levels differed between quartiles. In group E,
the P-ERα values shifted from quartile A to quartile B, while the P-ERβ values shifted from
quartiles B and C to quartiles A and D. The expression levels of ERα confirm that low ZEN
doses can exert oestrogenic effects on the studied ERs.

The endogenous ligand that triggers ERβ [27] and the cells that are activated by
specific receptors could not be identified based on the existing knowledge. For this reason,
the influence of ZEN on ERβ is difficult to interpret. It seems that E2 does not bind to
ERα and ERβ with equal affinity, but it binds to oestrogen response elements. However,
ERβ is a much weaker transcriptional activator than ERα. In turn, the oestrogen response
element activator protein-1 is responsible for the proliferation processes induced by E2.
Nevertheless, E2 has no effect on ERβ, which may indicate that ERβ can modulate ERα
activity in cells where both receptors are co-expressed. However, in many cells, ERβ is
expressed in the absence of ERα, and in these cells, ERβ remains active independently of
ERα [56]. This is the case in epithelial cells of the colon [65], where ERβ-driven enhanced
metabolic processes occur [55].

Preclinical models have shown that ERα activity can be modulated by ERβ, which
inhibits oestrogen-dependent proliferation and promotes apoptosis [66]. There is evidence
that uncontrolled proliferation, progression, and/or failure to respond to treatment may
disrupt oestrogen signalling. ERα may be associated with proliferative disorders, and it
can be used to determine the efficacy of hormone therapy. In contrast, ERβ is present in
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healthy colonic mucosa and its expression is significantly delayed in colonic proliferative
disorders [44,56].

3.1.4. Summary

The observed silencing of ERs indicates that: (i) low monotonic doses of ZEN elicited
the strongest responses on analytical dates III, IV, and VI, whereas on the last date, the
prepubertal gilts developed tolerance to the analysed undesirable substance; (ii) ERα
expression was increased in the duodenum and ERβ expression was increased in the
descending colon; (iii) the opposite was observed in the caecum and the ascending colon;
and (iv) the gastrointestinal tract of sexually immature gilts was adapted to the presence of
ZEN in the feed after the first two exposure dates. Due to the very low concentrations of
E2, ZEN was bound to ERs and triggered qualitative changes in ERs during the successive
weeks of the experiment (activation?). Qualitative changes were manifested by a shift in
the ER expression levels from absorption level 0 to 3, especially ERβ expression in the
descending colon. The observed shift in ERβ expression suggests that zearalenone and its
metabolites are involved in the control of proliferation and apoptosis in enterocytes.

4. Materials and Methods
4.1. Experimental Animals

The experiment was carried out at the Department of Veterinary Prevention and Feed
Hygiene of the Faculty of Veterinary Medicine of the University of Warmia and Mazury in
Olsztyn, Poland, on 36 clinically healthy gilts with an initial body weight (BW) of 25 ± 2 kg.
Pre-puberty gilts were kept in groups and had ad lib access to water.

4.2. Experimental Feed

The feed administered to animals (Table 2) was analysed for the presence of ZEN
and DON. Mycotoxin content was determined by standard separation techniques using
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) (Hewlett Packard, type 1050 and
1100) [67] with fluorescence and/or ultraviolet detection techniques. The detection limit
was 3.0 ng/g for ZEN [19] and 1.0 ng/g for DON [36].

Table 2. Mixture of diets for pre-pubertal gilts (first stage of rearing).

Percentage Content of Feed Ingredients Nutritional Value of Diets

Barley (Hordeum L.) 27.65 Metabolizable energy MJ/kg 12.575
Wheat (Triticum monococcum L.) 17.5 Total protein (%) 16.8

Triticale (Triticosecale Wittm. ex A.Camus) 15.0 Digestible protein (%) 13.95
Maize (Zea mays L.) 17.5 Lysine (g/kg) 9.975
Soybean meal, 46% 16.0 Methionine + Cysteine (g/kg) 6.25

Rapeseed meal 3.5 Calcium (g/kg) 8.05
Limestone 0.35 Total phosphorus (g/kg) 5.75
Premix 1 2.5 Available phosphorus (g/kg) 3.1

Sodium (g/kg) 1.5

Abbreviation: 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; niacin—1200 mg; 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; magnesium—5 g.

4.3. Experimental Design

The animals were allocated to an experimental group (E = ZEN; n = 18) and a control
group (C, n = 18) [68,69]. The animals in group E were orally administered ZEN at a dose
of 40 µg/kg BW (Table 3). The pigs in group C were given a placebo. At the time when this

15



Toxins 2023, 15, 122

test was designed, the above value complied with the recommendations of the European
Food Safety Authority (CR 2006/576/EC—2006 [70]) and No-Observed-Adverse-Effect
Level (NOAEL) dose. The mycotoxin was administered every morning before feeding, in
gel capsules that dissolved in the stomach. In group C, pigs received identical gel capsules,
but without the mycotoxin.

Table 3. Diurnal feed intake in a restricted feeding regime (kg/day) and the average zearalenone
concentration per kg feed (µg ZEN/kg feed).

Week of Exposure Feed Intake Total ZEN Dose

kg/Day µg ZEN/kg BW µg ZEN/kg Feed
I 1.1 280 1014
II 1.0 560 972
III 1.3 840 1014
IV 1.6 1120 987
V 1.9 1400 995
VI 1.7 1680 957

Zearalenone was biosynthesised at the Faculty of Chemistry at the University of Life
Sciences in Poznań. The trial lasted 42 days. Zearalenone doses were adapted to the BW
of gilts. Zearalenone was served in capsules to avoid potential problems resulting from
unequal feed intake. Zearalenone samples were dissolved in 500 µL 96% C2H5OH (96%
ethyl SWW 2442-90, Polskie Odczynniki Chemiczne SA, Poland) to obtain the required
dose (converted to BW). The solutions were kept at 20 ◦C for twelve hours. The gilts
were weighed at weekly intervals to adjust the ZEN dose of each animal. Three gilts from
each group (six animals in total) were euthanised on days 7 (date I), 14 (date II), 21 (date
III), 28 (date IV), 35 (date V), and 42 (date VI) by intravenous administration of sodium
pentobarbital (Fatro, Ozzano Emilia BO, Italy). Directly after cardiac arrest, part of the
intestinal tissue were taken and prepared for analysis.

4.4. Reagents

ZEN was obtained from the Faculty of Chemistry, University of Life Sciences in Poznań
based on an earlier developed methodology [71,72] presented in other studies [73].

4.5. Chemicals and Equipment

The chromatographic analysis of ZEN was conducted at the Faculty of Chemistry,
University of Biosciences in Poznań based on an earlier developed methodology [73].

4.6. Tissue Samples

On each experimental day, intestinal tissue samples (approx. 1 × 1.5 cm) were collected
from the succeeding segments of the GI tract of gilts: the duodenum—the first part and the
third section; the jejunum and ileum—the middle part; the large intestine—the middle parts
of the ascending colon, transverse colon and descending colon; and the caecum—1 cm
from the ileocecal valve. The samples were rinsed with phosphate buffer.

4.7. Immunohistochemistry
4.7.1. Localisation of ERα and ERβ

Tissue samples were fixed in four percent paraformaldehyde and embedded in paraffin.
Two samples from each test section were stained to determine the ERα and ERβ expression.
In the negative control, the primary antibody was omitted. To unmask the antigens, the
sections were placed in citrate buffer (Sigma-Aldrich, Saint Louis, MO, USA) and cooked for
20 min in a microwave oven at 800 W. The sections were coated with ready-to-use DAKO
REALTM Peroxidase Blocking Solution (DAKO, Glostrup, Denmark) and reacted for 15 min.
Non-specific antigen binding areas were blocked with 2.5% normal goat serum solution.
The sections were reacted overnight at a temperature of 6 ◦C with the following primary
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antibodies: Mouse Anti-Human Oestrogen Receptor α (Clone: 1D5, DAKO Santa Clara,
CA, USA) and Mouse Anti-Oestrogen Receptor β (Clone: 14C8, Abcam, Cambridge, UK),
diluted to 1:60 and 1:20, respectively. After the reaction, the specimens were rinsed three
times with PBS (Sigma-Aldrich, Saint Louis, MO, USA) at five-minute intervals. Secondary
antibodies conjugated with horseradish peroxidase-labelled micropolymer (ImmPRESS™
HRP Universal Antibody, Vector Laboratories, Burlingame, CA, USA) were applied to
the specimens. The sections were coloured by incubation with DAB (DAKO, Glostrup,
Denmark) for 3 min, and H2O2 was added to visualise the activity of the bound enzyme
(brown colour). The sections were washed with water and contrast stained with Mayer’s
haematoxylin solution (Sigma-Aldrich, Saint Louis, MO, USA). The primary antibody was
ignored in the negative control. Negative controls (solvent-coated slides only, no primary
antibody) and positive controls were converted together with the slides [74]. The pig’s
ovary was used as a positive control for ERβ [75].

4.7.2. Scanning of the Coloured Slides

The expressions of ERα and ERβ were analysed on the scanned slides (Pannoramic
MIDI scanner, 3DHISTECH, Budapest, H) using the NuclearQuant programme (3DHIS-
TECH, H). The slides were converted into digital images (Figures 1 and 2). The profile of
nuclear detection and staining intensity were as previously described [59].

4.8. Statistical Analysis

The activity of ERα and ERβ in the GI tract of pigs was presented on the basis of
± and SD for each sample. The results were compiled using the Statistica programme
(StatSoft Inc., USA). Based on the applied ZEN dose and the duration of its application,
the arithmetic means for systems with repeatable measurements were compared using
one-way analysis of variance. The homogeneity of variance in the compared groups was
checked with the Brown–Forsythe test. Differences between groups were analysed using
Tukey’s honestly significant difference test (p < 0.05 or p < 0.01).
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72. Kostecki, M.; Goliński, P.; Chełkowski, J. Biosynthesis, isolation, separation and purification of nivalenol, fusarenone-X and
zearalenone. Mycotoxin Res. 1991, 7, 160–164. [CrossRef] [PubMed]
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Abstract: This study was undertaken to analyze whether prolonged exposure to low-dose zearalenone
(ZEN) mycotoxicosis affects the concentrations of ZEN, α-zearalenol (α-ZEL), and β-zearalenol (β-
ZEL) in selected reproductive system tissues (ovaries, uterine horn—ovarian and uterine sections, and
the middle part of the cervix), the hypothalamus, and pituitary gland, or the concentrations of selected
steroid hormones in pre-pubertal gilts. For 42 days, gilts were administered per os different ZEN
doses (MABEL dose [5 µg/kg BW], the highest NOAEL dose [10 µg/kg BW], and the lowest LOAEL
dose [15 µg/kg BW]). Tissue samples were collected on days seven, twenty-one, and forty-two of
exposure to ZEN (exposure days D1, D2, and D3, respectively). Blood for the analyses of estradiol and
progesterone concentrations was collected in vivo on six dates at seven-day intervals (on analytical
dates D1–D6). The analyses revealed that both ZEN and its metabolites were accumulated in the
examined tissues. On successive analytical dates, the rate of mycotoxin accumulation in the studied
tissues decreased gradually by 50% and proportionally to the administered ZEN dose. A hierarchical
visualization revealed that values of the carry-over factor (CF) were highest on exposure day D2. In
most groups and on most exposure days, the highest CF values were found in the middle part of
the cervix, followed by the ovaries, both sections of the uterine horn, and the hypothalamus. These
results suggest that ZEN, α-ZEL, and β-ZEL were deposited in all analyzed tissues despite exposure
to very low ZEN doses. The presence of these undesirable compounds in the examined tissues
can inhibit the somatic development of the reproductive system and compromise neuroendocrine
coordination of reproductive competence in pre-pubertal gilts.

Keywords: zearalenone; low doses; gonads; hypothalamus; pituitary gland; steroid hormones;
pre-pubertal gilts

Key Contribution: Even the MABEL dose of ZEN can cross the blood-brain barrier. Low-dose ZEN
mycotoxicosis accelerates somatic development and delays sexual maturation in gilts.

1. Introduction

Raw materials and feed components of plant origin are often contaminated with
undesirable substances such as mycotoxins [1], which pose a health risk to humans [2] and
various livestock species, pigs in particular [3]. The symptoms and health (toxicological)
risks associated with exposure to high doses of these compounds have been investigated
with regard to a limited number of mycotoxins, including ZEN and its metabolites: α-
ZEL and β-ZEL [4–7]. In light of the hormesis paradigm, which posits that low doses
of undesirable substances exert beneficial effects on the body [8,9], the consequences of
prolonged exposure to low concentrations of mycotoxins (which are frequently found
in animal feed) should be studied. Numerous studies involving mammals have been
undertaken to identify potential physiological dysfunctions resulting from exposure to
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the pure parent compound [10–15] without metabolites, or to modified mycotoxins [9],
particularly in the reproductive [16] and hormonal systems [10].

The existing research indicates that exposure to low ZEN concentration may cause
side effects that are hard to predict [17]. The observed changes are influenced by the
administered dose and duration of exposure [18]. Low mycotoxin doses can elicit sur-
prising effects: for example, the body’s failure to detect undesirable substances such as
mycotoxins [19]. Long-term exposure to orally administered ZEN leads to increased my-
cotoxin accumulation in target cells [13,14] and induces the compensatory effect [20] by
altering the analyzed indicators, for example, in the reproductive system [21], changing
the activity of the hypothalamic-pituitary-gonadal (HPG) axis [22,23] and disrupting hor-
monal homeostasis in pre-pubertal animals. Homeostasis is restored [24] in subsequent
stages of exposure [10]. These factors, as well as the promiscuity [25] of ZEN and its
known metabolites [17], and the type and intensity of physiological reaction in gilts ex-
posed to this mycotoxin, point to the need for further study into the effects of low dietary
zearalenone doses.

Based on the results of our prior studies [10,14,15], a low ZEN dose was defined by
examining whether clinical symptoms of ongoing mycotoxicosis were present. Three ZEN
doses were proposed based on our previous work and a review of the literature: (i) the
lowest dose which elicits clinical symptoms [3] (>10 µg ZEN/kg of body weight, BW),
defined as the lowest observed adverse effect level (LOAEL) [19]; (ii) the highest dose which
does not elicit clinical symptoms (subclinical states) (= 10 µg ZEN/kg BW), defined as the
no observed adverse effect level (NOAEL) [26]; and (iii) the lowest measurable dose which
enters into positive interactions with the host organism in different stages of life (<10 µg
ZEN/kg BW), defined as the minimal anticipated biological effect level (MABEL) [6,27,28].

Since zearalenone is a mycoestrogen, the dose-reaction paradigm has been subverted
and replaced with the low dose hypothesis [17]. This applies, in particular, to hormonally
active chemical compounds [29]. The ambiguous dose-response relationship prevents a
direct, monotonic extrapolation or meta-analysis of the risks (including clinical symptoms
and the results of laboratory analyses) associated with the transition from a high to a low
dose [3,24]. On the other hand, ZEN’s toxicity can be attributed to its chemical structure and
ability to interact with steroid hormone receptors in many internal organs [30]. Zearalenone
can also cross the barrier between the cerebral capillary blood and the interstitial fluid of
the brain and affects neurons in the central nervous system [31,32]. Recent research has
shown that exposure to ZEN disturbs the synthesis of neuronal factors and enzymes in
brain neurons. In pigs (including pre-pubertal gilts), reproductive functions are controlled
by complex regulatory networks which integrate peripheral and internal signals, thus
affecting brain regions that control, e.g., the HPG axis [33]. By binding to specific receptors
on gonadotropic cells in the pituitary gland, ZEN and/or its metabolites block these signals,
which inhibits the biosynthesis and release of two gonadotropins—the luteinizing hormone
(LH) and the follicle-stimulating hormone (FSH) [23]—and decreases the amplitude of LH
pulsation [34]. LH and FSH are essential for gonadal development and fertility, and they
bind to gonadal receptors to regulate gametogenesis and steroidogenesis [35,36].

Based on the above observations and a review of the literature, we hypothesized that
ZEN present in feed materials at very low concentrations is accumulated in the reproductive
systems, hypothalamus, and pituitary glands of pre-pubertal gilts. Thus, the aim of this
study was to determine whether exposure to low doses of zearalenone (MABEL dose
[5 µg/kg BW], the highest NOAEL dose [10 µg/kg BW], and the lowest LOAEL dose
[15 µg/kg BW]) administered per os to sexually immature gilts over a period of 42 days
affects the levels of zearalenone, alfa-ZEL, and beta-ZEL in selected reproductive system
tissues (ovaries, uterine horn—ovarian and uterine sections, and the middle part of the
cervix), the hypothalamus and pituitary gland, along with whether it affects the peripheral
blood levels of two steroid hormones: estradiol and progesterone.
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2. Results

The presented results were obtained as part of a large-scale experiment which did
not reveal clinical signs of ZEN mycotoxicosis. However, differences were frequently
observed in the values of the carry-over factor (CF) of zearalenone and its metabolites
in intestinal tissues, in CYP1A1 and GSTπ1 expression in the large intestine, in selected
serum biochemical profiles, in the myocardium and the coronary artery, in cecal water
genotoxicity, in selected steroid concentrations, in intestinal microbiota parameters, and
in the weight gain of animals. Samples gathered from the same animals were analyzed.
Previous findings were published in several publications [10–15,17,37].

2.1. Experimental Feed

Experimental diets did not contain any mycotoxins, or their amounts were below the
limit of detection (LOD). The concentrations of masked and/or modified mycotoxins were
not determined.

2.2. Results of Laboratory Analyses
2.2.1. Concentrations of ZEN and Its Metabolites in Selected Tissues

The CF values of ZEN and its metabolites differed considerably (see Tables 1–3,
Figures 1–3, Figures S1–S3) not only on different exposure dates, but also between groups
and the analyzed tissues. These differences are evident in the resulting tree maps, where
hierarchical data are presented by a series of nested rectangles (see Figures S1–S3).

In all groups, mean ZEN concentrations decreased in all analyzed tissues on successive
exposure dates (see Table 1). In group ZEN5 (MABEL dose), significant differences were
found in the uterine horn (ovarian and uterine sections) and the middle part of the cervix
on D2 and D3 relative to D1. In group ZEN10 (NOAEL dose), significant differences were
observed in the uterine section of the uterine horn on D2 and D3, and in the ovarian section
of the uterine horn only on D2, in comparison to D1. In group ZEN15 (LOAEL dose),
significant differences were noted in the ovarian section of the uterine horn on D2 and D3
vs. D1, and in the middle part of the cervix on D3 vs. D1.

The statistical analysis of ZEN concentrations (see Table 1) in the analyzed tissues,
on different exposure dates and in different groups, revealed that ZEN levels increased
with a rise in the administered ZEN dose. On D1, significant differences in the ovarian
and uterine sections of the uterine horn, in the middle part of the cervix, and in the
hypothalamus were observed in group ZEN15 vs. groups ZEN5 and ZEN10. Groups
ZEN5 and ZEN10 also differed in ZEN concentrations in the middle part of the cervix. On
D2, significant differences were also found between group ZEN15 and groups ZEN5 and
ZEN10, excluding both sections of the uterine horn in group ZEN5. On D3, significant
differences were observed only in the ovaries, the ovarian section of the uterine horn, and
the middle part of the cervix.

The hierarchical analysis revealed that ZEN levels were highest on exposure date
D1 in all analyzed tissues and in all groups. In all groups and on all exposure dates, the
evaluated parameter was highest (see Figures S1–S3) in the ovaries (proportional to the
administered dose; Figure 1), followed by the middle part of the cervix, and, interestingly,
the pituitary gland.

Insignificant differences were noted between groups on D1, and between exposure
dates in group ZEN5 (MABEL dose) (see Table 2). A comparison of α-ZEL levels in
groups and on different exposure dates indicates that mean α-ZEL concentrations increased
in proportion to the ZEN doses administered in groups, and to exposure dates, which
probably could be attributed to the biotransformation of ZEN. The concentrations of the
parent compound (see Table 1) in groups and on different exposure dates followed the
opposite trend.
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Table 1. The CF and the mean (±) concentrations of ZEN (ng/g) in the reproductive system tissues,
hypothalamus and pituitary glands of sexually immature gilts.

Exposure
Dates

Feed Intake
[kg/day]

Total ZEN
Doses in Groups

[µg/kg BW]
Tissue Group ZEN5

[ng/g]
Group ZEN10

[ng/g]
Group ZEN15

[ng/g]

D1 0.8 80.5/161.9/242.7

Ovaries 83.15 ± 99.60 54.29 ± 51.37 451.67 ± 433.14

Uterine horn,
ovarian section 10.71 ± 5.13 xx 7.46 ± 3.24 xx 55.00 ± 17.00

Uterine horn,
uterine section 7.47 ± 1.52 x 11.44 ± 5.24 62.08 ± 51.33

Middle part of
the cervix 18.06 ± 5.07 xx 3.93 ± 0.93 xx yy 75.19 ± 5.77

Hypothalamus 4.88 ± 2.13 x 4.43 ± 2.54 x 16.76 ± 9.44

Pituitary gland 13.77 12.66 14.26

D2 1.1 101.01/196.9/298.2

Ovary 33.40 ± 26.09 79.67 ± 19.94 194.56 ± 138.81

Uterine horn,
ovarian section 3.20 ± 3.32 a 2.03 ± 0.88 a x 13.40 ± 10.66 aa

Uterine horn,
uterine section 3.67 ± 1.95 a 2.20 ± 0.53 aa, x 7.41 ± 4.60

Middle part of
the cervix 4.17 ± 3.11 aa xx 4.46 ± 2.35 b 45.35 ± 26.09

Hypothalamus 4.39 ± 2.81 x 2.38 ± 0.81 x 17.07 ± 11.52

Pituitary gland 6.81 8.63 9.02

D3 1.6 128.3/481.4/716.7

Ovary 16.80 ± 15.69 xx 29.06 ± 17.79 xx 110.38 ± 26.91

Uterine horn,
ovarian section 2.80 ± 1.71 a xx 3.60 ± 1.84 x 10.17 ± 2.37 aa

Uterine horn,
uterine section 3.17 ± 1.80 aa 2.73 ± 1.19 a 2.47 ± 1.51

Middle part of
the cervix 1.51 ± 0.67 aa xx 4.86 ± 2.89 xx 23.17 ± 5.91 a

Hypothalamus 3.45 ± 1.20 6.93 ± 5.65 10.02 ± 2.72

Pituitary gland 7.28 6.10 9.25

Abbreviations: D1—exposure day 7; D2—exposure day 21; D3—exposure day 42. Experimental groups: Group
ZEN5—5 µg ZEN/kg BW; Group ZEN10—10 µg ZEN/kg BW; Group ZEN15—15 µg ZEN/kg BW. In the pituitary
gland, ZEN concentrations were assayed in aggregate samples. The differences were regarded as statistically
significant at a, b, x p ≤ 0.05 and aa, xx, yy p ≤ 0.01; a, aa significant difference between exposure date D1 and
exposure dates D2 and D3; x, xx significant difference between group ZEN15and groups ZEN5 and ZEN10;
yy significant difference between group ZEN5 and group ZEN10.

In group ZEN10 (NOAEL dose) (see Table 2), significant differences in α-ZEL
concentrations were observed in the ovaries and the uterine section of the uterine horn
on D2 and D3, and in the middle part of the cervix on D3 relative to D1. Significant
differences in the examined parameters were also noted in the uterine section of the
uterine horn and in the middle part of the cervix between D2 and D3. In group ZEN15
(LOAEL dose) (see Table 2), α-ZEL levels in the ovaries and the hypothalamus differed
significantly between D1 and D2. Significant differences in this parameter were found
in the ovaries and in the ovarian section of the uterine horn between D1 and D3. In the
ovarian section of the uterine horn, significant differences in α-ZEL concentrations were
determined between D2 and D3.
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Table 2. The CF and the mean (±) concentrations of α-ZEL (ng/g) in the reproductive system tissues,
hypothalamus, and pituitary glands of sexually immature gilts.

Exposure
Dates

Feed Intake
[kg/day]

Total ZEN
Doses in Groups

[µg/kg BW]
Tissue Group ZEN5

[ng/g]
Group ZEN10

[ng/g]
Group ZEN15

[ng/g]

D1 0.8 80.5/161.9/242.7

Ovary 0 0.51 ± 0.34 1.73 ± 0.45

Uterine horn,
ovarian section 0 1.48 ± 0.98 0.94 ± 0.25

Uterine horn,
uterine section 0 0.50 ± 0.28 1.65 ± 0.18

Middle part of
the cervix 0 4.03 ± 0.16 1.77 ± 1.46

Hypothalamus 0 0.30 ± 0.20 0.94 ± 0.04

Pituitary gland 0 0 0

D2 1.1 101.01/196.9/298.2

Ovary 1.04 ± 0.10 xx yy 2.65 ± 0.55 aa 3.00 ± 0.04 a

Uterine horn,
ovarian section 1.04 ± 0.42 yy 3.02 ± 0.19 1.90 ± 0.87

Uterine horn,
uterine section 0.51 ± 0.22 xx yy 2.67 ± 0.42 aa 1.95 ± 0.48

Middle part of
the cervix 4.89 ± 0.60 x 3.91 ± 0.08 3.48 ± 0.48

Hypothalamus 0.29 ± 0.20 x 0.50 ± 0.03 0.65 ± 0.08 a

Pituitary gland 0 0 0.246

D3 1.6 128.3/481.4/716.7

Ovary 3.16 ± 0.73 3.23 ± 0.38 aa 3.38 ± 0.54 aa

Uterine horn,
ovarian section 3.61 ± 0.16 3.91 ± 1.66 4.00 ± 0.32 aa, bb

Uterine horn,
uterine section 3.83 ± 0.17 4.24 ± 0.47 aa bb 3.02 ± 1.80

Middle part of
the cervix 3.13 ± 0.19 xx yy 1.83 ± 0.17 aa bb 2.81 ± 0.27

Hypothalamus 0.43 ± 0.29 x 0.65 ± 0.08 0.79 ± 0.15

Pituitary gland 0 0.195 0.245

Abbreviations: D1—exposure day 7; D2—exposure day 21; D3—exposure day 42. Experimental groups: Group
ZEN5—5 µg ZEN/kg BW; Group ZEN10—10 µg ZEN/kg BW; Group ZEN15—15 µg ZEN/kg BW. LOD > values
below the limit of detection were expressed as 0. In the pituitary gland, α-ZEL concentrations were assayed
in aggregate samples. The differences were regarded as statistically significant at a, x p ≤ 0.05 and aa, bb, xx,
yy p ≤ 0.01; a, aa significant difference between exposure date D1 and exposure dates D2 and D3; b, bb significant
difference between exposure date D2 and exposure date D3; x, xx significant difference between group ZEN15 and
groups ZEN5 and ZEN10; yy significant difference between group ZEN5 and group ZEN10.

On D2 (see Table 2), significant differences in α-ZEL levels in the ovaries and the
ovarian section of the uterine horn were observed between group ZEN5 and group ZEN15,
and in the ovaries and the ovarian and uterine sections of the uterine horn between group
ZEN5 and group ZEN10. On D3, significant differences in α-ZEL levels were noted only in
the middle part of the cervix between group ZEN5 and groups ZEN10 and ZEN15.

A graphic presentation of the CF values of α-ZEL (see Figure 2) revealed a certain
trend: all CF values were inversely proportional to the results presented in Figure 1. The
CF values of α-ZEL in the ovaries of group ZEN5 gilts on D1 were the only exception (the
results were below the sensitivity of the method, and these CF values were expressed as
0). An analysis of ZEN and α-ZEL concentrations (see Tables 1 and 2, respectively) on the
remaining exposure dates in all groups revealed that α-ZEL levels were much lower than
ZEN concentrations, and that the highest α-ZEL concentrations were noted in group ZEN5
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on the last two exposure dates. The examined ZEN metabolite was present in nearly all
hypothalamus samples. In the pituitary gland, the CF values of α-ZEL were very low in
group ZEN15 on D2, and in groups ZEN10 and ZEN15 on D3 (see Figure 2), which indicates
that α-ZEL was accumulated gradually in the pituitary gland and that its accumulation
was inversely proportional to both the dose and exposure date.

Table 3. The CF and the mean (±) concentrations of β-ZEL (ng/g) in the reproductive system tissues,
hypothalamus, and pituitary glands of sexually immature gilts.

Exposure
Date

Feed Intake
[kg/day]

Total ZEN
Doses in Groups

[µg/kg BW]
Tissue Group ZEN5

[ng/g]
Group ZEN10

[ng/g]
Group ZEN15

[ng/g]

D1 0.8 80.5/161.9/242.7

Ovary 0 1.07 ± 0.29 0.98 ± 0.12

Uterine horn,
ovarian section 0 0.36 ± 0.07 0.87 ± 0.14

Uterine horn,
uterine section 0 0.41 ± 0.08 0.93 ± 0.03

Middle part of
the cervix 0 0.42 ± 0.04 1.22 ± 0.02

Hypothalamus 0 0 0

Pituitary gland 0 0 0

D2 1.1 101.01/196.9/298.2

Ovary 0.92 ± 0.10 1.05 ± 0.53 0.87 ± 0.06 xx

Uterine horn,
ovarian section 0.02 ± 0.02 0.12 ± 0.08 aa 0.09 ± 0.01 aa

Uterine horn,
uterine section 0.01 ± 0.01 0.29 ± 0.57 0.02 ± 0.02 aa

Middle part of
the cervix 0.05 ± 0.01 0.04 ± 0.01 aa 0.06 ± 0.02 aa

Hypothalamus 0.09 ± 0.13 0.04 ± 0.009 0.006 ± 0.01

Pituitary gland 0 0.372 0.462

D3 1.6 128.3/481.4/716.7

Ovary 0.11 ± 0.12 xx yy 1.48 ± 0.25 1.49 ± 0.27 a

Uterine horn,
ovarian section 0.01 ± 0.005 xx yy 0.01 ± 0.002 aa 0.14 ± 0.02 aa

Uterine horn,
uterine section 0.03 ± 0.01 0.14 ± 0.18 0.05 ± 0.03 aa

Middle part of
the cervix 0.02 ± 0.01 x yy 0.07 ± 0.02 aa z 0.12 ± 0.02 aa

Hypothalamus 0.04 ± 0.03 yy 0.04 ± 0.01 zz 0.21 ± 0.03

Pituitary gland 0.253 0.362 0.536

Abbreviations: D1—exposure day 7; D2—exposure day 21; D3—exposure day 42. Experimental groups: Group
ZEN5—5 µg ZEN/kg BW; Group ZEN10—10 µg ZEN/kg BW; Group ZEN15—15 µg ZEN/kg BW. LOD > values
below the limit of detection were expressed as 0. In the pituitary gland, β-ZEL concentrations were assayed in
aggregate samples. The differences were regarded as statistically significant at a, x, z p ≤ 0.05 and at aa, xx,yy, zz

p ≤ 0.01; a, aa significant difference between exposure date D1 and exposure dates D2 and D3; x, xx significant
difference between group ZEN5 and group ZEN10; yy significant difference between group ZEN5 and group
ZEN15; z, zz significant difference between group ZEN10 and group ZEN15.

A hierarchical visualization of the CF values of α-ZEL in the examined tissues (see
Figure S1) revealed several interesting findings. Firstly, α-ZEL was not detected in group
ZEN5 on D1 (its levels were below the sensitivity threshold, see Table 2), and its concen-
trations peaked on D3. Secondly, α-ZEL concentrations in groups ZEN10 and ZEN15
were higher on D2 than on D1 and D3. Thirdly, the highest α-ZEL levels were noted in
the middle part of the cervix, the ovaries, and both sections of the uterine horn, and its
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accumulation was highest (mathematically and hierarchically) in group ZEN5 on D2 and
D3 (see Figure 2).
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Figure 1. The CF of ZEN in the reproductive system tissues, hypothalamus, and pituitary glands of
sexually immature gilts exposed to various ZEN doses. Key: D1—exposure day 7; D2—exposure
day 21; D3—exposure day 42. Experimental groups: Group ZEN5—5 µg ZEN/kg BW; Group
ZEN10—10 µg ZEN/kg BW; Group ZEN15—15 µg ZEN/kg BW.
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In group ZEN5, an absence of significant differences in β-ZEL concentrations was 
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Figure 2. The CF of α-ZEL in the reproductive system tissues, hypothalamus, and pituitary glands of
sexually immature gilts exposed to various ZEN doses. Key: D1—exposure day 7; D2—exposure
day 21; D3—exposure day 42. Experimental groups: Group ZEN5—5 µg ZEN/kg BW; Group
ZEN10—10 µg ZEN/kg BW; Group ZEN15—15 µg ZEN/kg BW.
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Figure 3. The CF of β-ZEL in the reproductive system tissues, hypothalamus, and pituitary glands of
sexually immature gilts exposed to various ZEN doses. Key: D1—exposure day 7; D2—exposure
day 21; D3—exposure day 42. Experimental groups: Group ZEN5—5 µg ZEN/kg BW; Group
ZEN10—10 µg ZEN/kg BW; Group ZEN15—15 µg ZEN/kg BW.

In group ZEN5, an absence of significant differences in β-ZEL concentrations was
noted between tissues on different exposure days (see Table 3). In group ZEN10, clear
differences in the studied parameter were found in the ovarian section of the uterine horn
and in the middle part of the cervix between samples taken D1 and those taken on D2 and
D3. In group ZEN15, differences in β-ZEL levels were noted between the ovaries and the
uterine section of the uterine horn, but only on D3.

No significant differences in β-ZEL concentrations were observed between groups
on D1 and D2 (see Table 3). On D3, the CF (see Figure 3) values of β-ZEL in the ovaries,
the ovarian section of the uterine horn, and the middle part of the cervix were lower in
group ZEN5 than in groups ZEN10 and ZEN15. On D3, considerable differences in β-ZEL
levels in the hypothalamus were also found between group ZEN5 and group ZEN15. The
concentrations of β-ZEL in the middle part of the cervix and the hypothalamus differed
significantly between group ZEN10 and group ZEN15.

The graphic presentation of the CF values of β-ZEL (see Figure 3) clearly indicates
that the concentrations of this metabolite in the examined tissues were very low. Higher CF
values that were proportional to the administered dose were noted only on D1 in groups
ZEN10 and ZEN15. The ovaries were the only exception, where saturation with β-ZEL
was higher than in the remaining tissues and not always proportional to the administered
dose. In the pituitary gland, the CF values of β-ZEL were also higher than in the remaining
tissues (excluding on D1), with the exception of the ovaries.

In group ZEN5, β-ZEL was not detected on D1 (see Figure S3) because the values
determined in all tissues as below the sensitivity of the method (see Table 3 and Figure 3).
In all groups, β-ZEL was not identified in the hypothalamus or pituitary gland on D1. On
D2 and D3, the mathematical (see Table 3 and Figure 3) and hierarchical (see Figures S1–S3)
values of β-ZEL were generally low and similar. The CF values of β-ZEL were much
higher only in the ovaries and the pituitary gland. The hierarchical order of data was
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not maintained between group ZEN10 and group ZEN15, but it was maintained between
exposure dates (D1, D2, and D3).

The parent compound (ZEN) and its two metabolites (α-ZEL and β-ZEL) were de-
posited in reproductive system tissues, the hypothalamus, and the pituitary gland, even in
gilts exposed to very low doses of ZEN (MABEL, NOAEL, and LOAEL). In the analyzed
tissues, ZEN accumulation decreased proportionally on successive dates of exposure, and
it decreased by ± 50% between D1 and D2, and between D2 and D3.

2.2.2. Blood Concentrations of estradiol and progesterone

Estradiol (E2) levels were higher in all experimental groups than in group C on all
analytical dates (see Figure 4). However, significant differences were noted only on D3
and on successive exposure dates. On these dates, E2 concentrations were highest in group
ZEN5 and lowest in group C (the differences were determined at 6.29 pg/mL on D3, 7.52
pg/mL on D4, 4.53 pg/mL on D5, and 4.96 pg/mL on D6). Estradiol levels were also
higher in groups ZEN10 and ZEN15 than in group C on all exposure days, but the observed
differences were not significant.
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Figure 4. The effect of ZEN on blood E2 concentrations in pre-pubertal gilts: arithmetic means (x) of
five samples collected on each analytical date (D1–D6) in every group (control [C], ZEN5, ZEN10 and
ZEN15). Statistics significant differences were determined at * p ≤ 0.05 and ** p ≤ 0.01.

The distribution of P4 (progesterone) concentrations (see Figure 5) differed throughout
the entire experiment. On the first four exposure dates, P4 levels were highest in group C.
On D5 and D6, the analyzed parameter peaked in group ZEN10. Significant differences
were observed between group ZEN10 and groups ZEN5 and C (on D5 0.21 ng/mL and D6
0.12 ng/mL).

29



Toxins 2022, 14, 790Toxins 2022, 14, 790 11 of 19 
 

 

 

Figure 5. The effect of ZEN on blood P4 concentrations in pre-pubertal gilts: arithmetic means ( x
) of five samples collected on each analytical date (D1–D6) in every group (control [C], ZEN5, ZEN10 
and ZEN15). Statistics significant differences were determined at *p ≤ 0.05 and **p ≤ 0.01. 

3. Discussion 
The results of this quantitative analysis of ZEN, α-ZEL, and β-ZEL levels in selected 

tissues of the reproductive tract and the HPG axis, and of E2 and P4 concentrations in the 
blood of pre-pubertal gilts may be difficult to interpret because very few studies have 
addressed this issue.  

On exposure date D1, the levels of ZEN and its two metabolites (see Table 1) in the 
examined tissues can be attributed to ongoing transformation processes in maturing gilts, 
which do not lead to hyperestrogenism, but merely cater to the physiological demand for 
endogenous steroids (see Figures 4 and 5) in these animals [37,38]. This observation is 
problematic because physiologically maturing gilts (during puberty) are naturally defi-
cient in endogenous steroids, and exposure to feed-borne ZEN leads to an increase in ster-
oid levels. The question that arises is: how does this happen? One of the possible explana-
tions is that pre-pubertal gilts adapt to frequent or prolonged exposure to low doses of 
exogenous steroid-like substances. The results noted for group ZEN5 (MABEL dose) on 
D1 seem to validate this hypothesis.  

We found a lack of both ZEN metabolites in the ZEN5 group at the D1 date (see 
Tables 2 and 3), probably due to the low supply of endogenous steroid hormones and very 
low concentrations of exogenous (“free”) ZEN [37]. Exogenous ZEN was accumulated in 
large quantities in the studied tissues, including in the hypothalamus and pituitary gland 
(see Figure 1). The above could suggest that ZEN biotransformation in the intestines and 
blood vessels proceeded at a “slower” rate than ZEN binding to steroid hormone recep-
tors, possibly to cater to a very high demand for steroids. This observation is supported 
by the CF values (see Figure 1) and the hierarchical order of data in the tree maps (see 
Figure S1), which suggest that ZEN was accumulated mostly in the ovaries and the cervix, 
followed by the pituitary gland, on D1 in group ZEN5 (MABEL dose) (see Figure S1). This 
process was accompanied by a marked increase in E2 concentrations (see Figure 4) in all 
experimental groups relative to the control group. On D3, E2 levels differed significantly 
between the experimental groups and the control group. At the same time, P4 

Figure 5. The effect of ZEN on blood P4 concentrations in pre-pubertal gilts: arithmetic means (x) of
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3. Discussion

The results of this quantitative analysis of ZEN, α-ZEL, and β-ZEL levels in selected
tissues of the reproductive tract and the HPG axis, and of E2 and P4 concentrations in
the blood of pre-pubertal gilts may be difficult to interpret because very few studies have
addressed this issue.

On exposure date D1, the levels of ZEN and its two metabolites (see Table 1) in the
examined tissues can be attributed to ongoing transformation processes in maturing gilts,
which do not lead to hyperestrogenism, but merely cater to the physiological demand for
endogenous steroids (see Figures 4 and 5) in these animals [37,38]. This observation is
problematic because physiologically maturing gilts (during puberty) are naturally deficient
in endogenous steroids, and exposure to feed-borne ZEN leads to an increase in steroid
levels. The question that arises is: how does this happen? One of the possible explanations
is that pre-pubertal gilts adapt to frequent or prolonged exposure to low doses of exogenous
steroid-like substances. The results noted for group ZEN5 (MABEL dose) on D1 seem to
validate this hypothesis.

We found a lack of both ZEN metabolites in the ZEN5 group at the D1 date (see
Tables 2 and 3), probably due to the low supply of endogenous steroid hormones and very
low concentrations of exogenous (“free”) ZEN [37]. Exogenous ZEN was accumulated in
large quantities in the studied tissues, including in the hypothalamus and pituitary gland
(see Figure 1). The above could suggest that ZEN biotransformation in the intestines and
blood vessels proceeded at a “slower” rate than ZEN binding to steroid hormone receptors,
possibly to cater to a very high demand for steroids. This observation is supported by the
CF values (see Figure 1) and the hierarchical order of data in the tree maps (see Figure S1),
which suggest that ZEN was accumulated mostly in the ovaries and the cervix, followed by
the pituitary gland, on D1 in group ZEN5 (MABEL dose) (see Figure S1). This process was
accompanied by a marked increase in E2 concentrations (see Figure 4) in all experimental
groups relative to the control group. On D3, E2 levels differed significantly between
the experimental groups and the control group. At the same time, P4 concentrations
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(see Figure 5) were much lower in the experimental groups than in group C on all exposure
days and remained at a similar level throughout the experiment.

In groups ZEN10 and ZEN15 (NOAEL and LOAEL doses, respectively), ZEN con-
centrations in the hypothalamus and pituitary gland were inversely proportional to the
administered doses, and a shift to other levels in the hierarchy was observed (see Figures
S2 and S3, respectively). On D2 (see Figure S2), nervous system tissues ranked second in
the data hierarchy. On D3 (see Figure S3), nervous system tissues ranked third in the data
hierarchy only in group ZEN5 (MABEL dose). These results could point to the interdepen-
dence between the HPG axis and the ovaries, which is very important because ZEN exerts a
direct negative effect on the neuroendocrine coordination of reproductive competence [39].
Similar observations were made by Rykaczewska et al. [10,37].

According to other researchers, α-ZEL is the dominant ZEN metabolite in the periph-
eral blood of pigs [17,40], and the results noted for group ZEN5 (MABEL dose) corroborate
this observation. β-ZEL was the dominant ZEN metabolite in only one study [37]. The
above could be explained by the host organism’s increased demand for compounds charac-
terized by steroid (not only estrogenic) activity, such as α-ZEL and ZEN, but not β-ZEL [41].
These compounds are a source of endogenous steroid hormones which are essential for
healthy functioning [42]. It should also be noted that ZEN and α-ZEL form highly sta-
ble complexes with albumins that prolong their half-life [7], which is a very important
consideration in the interplay of steroid hormones. During exposure to ZEN, adaptive
processes, in particular adaptive immunity, end on exposure date D1 [43]. Zearalenone is
an endocrine-disrupting chemical (EDC) [44] and a substrate that regulates (inversely) the
expression levels of genes encoding hydroxysteroid dehydrogenases (epigenetically [45]),
which act as molecular switches and modulate steroid hormone pre-receptors [46]. Zear-
alenone also slows down proliferative processes in granulosa cells, proportionally to the
administered dose, and provokes apoptosis in the ovaries [47]. These processes are accom-
panied by enterohepatic recirculation which slows down the elimination of mycotoxins [48].
Zearalenone was also found to affect gut microbiota [11] by increasing the log values
of specific microbial counts in the distal segment of porcine intestines in the static and
dynamic system.

Much like other EDCs [30,44], ZEN can cross the blood-brain barrier, modify hypotha-
lamic and pituitary functions, and exert a negative influence on central and peripheral
reproductive tissues. According to He et al. [49], Rykaczewska et al. [37], and Zheng
et al. [40], ZEN disrupts biological functions during the release of neurotransmitters which
control physiological homeostasis, including levels of the FSH [33]. The discussed my-
cotoxin also blocks neuroactive ligand-receptor interaction pathways [39] and calcium
signaling pathways [50–52] in the mitochondria. The resulting negative feedback initially
decreases steroid production [45] and increases steroid synthesis on final dates of exposure.
The results of this study could be also explained by the fact that ZEN blocks the activity
of the HPG axis, which increases P4 levels, enhances endometrial receptivity, and induces
specific morphometric changes in the reproductive system [37].

These observations suggest that the estrogen-sensitive tissues were saturated with
ZEN (already on D1, proportionally to the administered ZEN dose), which leads to changes
to the supraphysiological hormonal levels of pre-pubertal gilts, accompanied by an inverse
correlation between steroid concentrations [37,38]. In pre-pubertal gilts exposed to ZEN,
the strongest response was observed on D1, when hormonal receptors (not only estrogen
receptors) were saturated, and neuroactive ligand-receptor interaction pathways were
blocked. The accumulation of ZEN decreased considerably on successive dates of exposure,
probably because the administered doses were very low, and the gilts’ physiological status
perpetuated the processes that accompany ZEN mycotoxicosis. Extrapolation of the current
findings indicates that ZEN, evaluated quantitatively in the analyzed tissues, affects HPG
activity in pre-pubertal gilts in all examined doses due to its promiscuous properties [25].

Analysis of the concentrations (see Tables 1–3) and CF values (see Figures 1–3 and
Figures S1–S3) of α-ZEL and β-ZEL based on arithmetic means and hierarchal data revealed
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certain trends. The concentrations and CF values of ZEN metabolites were inversely propor-
tional to the corresponding values of the parent compound, in all tissues except the ovaries.
In the examined nervous system tissues, ZEN metabolites accumulated gradually at con-
centrations that were inversely proportional to the administered dose (experimental group)
and exposure date. This observation indirectly demonstrates that ZEN and α-ZEL (the most
prominent mycoestrogens) exerted complementary effects and blocked estrogen receptors
in the analyzed reproductive system tissues. However, ZEN probably slowed down the
synthesis and release of FSH in the porcine pituitary gland [49]. Inhibited FSH secretion
decreased the production of sex steroids, including E2, P4, and testosterone [34,37,45,53],
and probably enhanced the conversion of steroids into E2, which increased feed intake and
promoted the storage of excess energy in fat cells [10]. Therefore, inhibited pulsatile HPG
activation slowed down gonadal development, prolonged sexual maturation, and delayed
reproductive maturity.

A comparison of ZEN and α-ZEL concentrations (see Tables 1 and 2) and the CF
values of both mycotoxins, presented graphically, leads to another question: why in group
ZEN5 (MABEL dose) was ZEN the dominant mycotoxin on D1, whereas α-ZEL was the
dominant compound on D3? It could be postulated that “free ZEN” is initially used due to
supraphysiological hormonal levels in pre-pubertal gilts [37], whereas biotransformation
processes are initiated later, and excess “free” ZEN is metabolically transformed into, for
example, α-ZEL which is bound to free estrogen receptors or used to block HPG activity.
Therefore, both the parent compound and its metabolite act as epigenetic switches that
regulate sexual maturation [45]. In the first week of exposure, only ZEN acts as an epigenetic
switch, and on successive dates of exposure, both ZEN and α-ZEL play this role. The role
of β-ZEL remains unknown.

4. Summary

The presented quantitative analysis suggests that ZEN and its metabolites can be
among the factors that inhibit the somatic development of reproductive system tissues by
decreasing the activity of the HPG axis in pre-pubertal gilts [23,34], which exerts a direct
negative effect on the neuroendocrine coordination of reproductive competence [37,39].
However, from the breeders’ point of view, this is a positive phenomenon because low-dose
ZEN mycotoxicosis enables maturing gilts to utilize nutrients for somatic development
(most effectively in group ZEN5-MABEL dose) [10] rather than for reproductive develop-
ment and performance.

5. Materials and Methods
5.1. General Information

This article is a continuation of a previously published study protocol [54].

5.2. Experimental Feed

Analytical samples of ZEN were dissolved in 96 µl of 96% ethanol (SWW 2442-90,
Polskie Odczynniki SA, Poland). Gilts were weighed at weekly intervals, and mycotoxin
doses were calculated individually based on their BWs [6,11,12]. Gel capsules were sat-
urated with the solution, feed was placed inside the capsules, and they were stored at
room temperature to evaporate the alcohol. Throughout the trial, all gilts were given the
same feed.

The feed given to all test animals was supplied by the same manufacturer. Friable
feed was provided ad libitum twice everyday, at 8:00 a.m. and 5:00 p.m., during the
experiment. The composition of the complete diet, as declared by the producer, is presented
in Table 4 [6,11,12]. Pigs in the experimental groups received ZEN in gel capsules everyday
before morning feeding. Feed was the carrier, and group C gilts received identical gel
capsules without ZEN [10,11].
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Table 4. Declared composition of the complete diets [37].

Parameters Composition Declared by The Manufacturer (%)

Soybean meal 16
Wheat 55
Barley 22

Wheat bran 4.0
Limestone 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 and calcium—51 g.

The approximate chemical composition of the 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 reflection and transflectance analyzer
(FOSS, Hillerød, Denmark) with a scanning range of 850–2500 nm [54].

Toxicological Analysis of Feed

Feed was analyzed for the presence of mycotoxins and their metabolites: ZEN, α-ZEL,
and deoxynivalenol (DON). The level of the analyzed mycotoxins in feed samples were
determined in accordance with the study protocol described previously [54]. Chromato-
graphic methods were validated at the Department of Veterinary Prevention and Feed
Hygiene, Faculty of Veterinary Medicine, University of Warmia and Mazury in Olsztyn,
Olsztyn, Poland [55].

5.3. Experimental Animals

An in vivo experiment was performed at the Department of Veterinary Prevention
and Feed Hygiene of the Faculty of Veterinary Medicine of the University of Warmia and
Mazury in Olsztyn, Poland. The experiment involved 60 clinically healthy pre-pubertal
gilts with an initial BW of 14.5 ± 2 kg [10,54]. During the experiment, the animals were
housed in pens, fed identical diets, and had ad libitum access to water. The gilts were
randomly divided into a control group (group C; n = 15) and 3 experimental groups (ZEN5,
ZEN10, and ZEN15; n = 15 each). Groups ZEN5, ZEN10, and ZEN15 were administered
ZEN (Sigma-Aldrich Z2125-26MG, St. Louis, MO, USA) per os at 5 µg/kg BW (MABEL
dose), 10 µg/kg BW (NOAEL dose), and 15 µg/kg BW (LOAEL dose), respectively. Each
experimental group was maintained in a separate pen in the same building. Each pen
had an area of 25 m2, which complies with the applicable cross-compliance regulations
(Regulation (EU) No 1306/2013 of the European Parliament and of the Council Brussels,
Belgium of 17 December 2013).

5.4. Toxicological Studies of Reproductive, Hypothalamic, and Pituitary Gland Tissues
5.4.1. Tissue Samples

Five prepubertal gilts from every group were euthanized on analytical date 1 (D1—
exposure day 7), date 2 (D2—exposure day 21), and date 3 (D3—exposure day 42). Initially,
general sedation was performed by intravenous administration of pentobarbital sodium
(Fatro, Ozzano Emilia BO, Italy) and bleeding. Immediately after cardiac arrest, tissue
samples (approximately 1 × 1.5 cm) were collected from the following segments: entire left
ovary; left uterine horn (from the ovarian and uterine sections); middle part of the cervix;
the entire hypothalamus; and the pituitary gland. The samples were rinsed with phosphate
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buffer and prepared for analyses. The collected samples were stored at a temperature of
−20 ◦C.

5.4.2. Extraction Procedure

The presence of ZEN, α-ZEL, and β-ZEL in tissue samples was determined in accor-
dance with the with the study protocol described previously [54].

5.4.3. Chromatographic Quantification of Zearalenone and Its Metabolites

Zearalenone and its metabolites were quantified at the Institute of Dairy Industry
Innovation in Mrągowo, Poland. The biological activity of ZEN, α-ZEL, and β-ZEL in the
tissues was determined in accordance with the study protocol described previously [54].

Mycotoxin concentrations were determined with an external standard and were ex-
pressed in ng/mL. Matrix-matched calibration standards were applied in the quantification
process to eliminate matrix effects that can reduce sensitivity. Calibration standards were
dissolved in matrix samples based on the procedure that was used to prepare the remaining
samples. The material for the calibration standards was free of undesirable substances. The
limits of detection (LOD) for ZEN, α-ZEL, and β-ZEL were determined as the concentration
at which the signal-to-noise proportion decreased to 3. The concentrations of ZEN, alfa-ZEL
and beta-ZEL were determined in each group and on 3 analytical dates (see Table 1).

5.4.4. Mass Spectrometry Conditions

The electrospray ionization (ESI) mass spectrometer was operated in the negative ion
operation. MS/MS parameters were optimized for every compound. Linearity was tested
with a calibration curve including 6 levels. The optimal analytical conditions for the tested
mycotoxins are presented in Table 5.

Table 5. Optimized conditions for the tested mycotoxins [15].

Analyte Precursor Quantification Ion Confirmation Ion LOD (ng mL−1) LOQ (ng mL−1) Linearity (%R2)

ZEN 317.1 273.3 187.1 0.03 0.1 0.999

α-ZEL 319.2 275.2 160.1 0.3 0.9 0.997

β-ZEL 319.2 275.2 160.1 0.3 1 0.993

5.4.5. CF

Carry-over toxicity takes place when an organism is able to survive under exposure
to low doses of mycotoxins. Mycotoxins can exert a negative effect on tissues or organ
function [56] and modify their activity [10,37]. The carry-over was determined in the exam-
ined tissues when the daily dose of zearalenone (5, 10, or 15 µg ZEN/kg BW) administered
to each animal was equivalent to 560-32251.5 µg zearalenone/kg of the complete diet,
depending on daily feed consumption. Mycotoxin contents in tissues were expressed in
terms of the dry matter content of the samples.

The CF was calculated as follows:

CF = toxin concentration in tissue [ng/g]/toxin concentration in diet [ng/g]

5.4.6. Statistical Analysis

Data were processed statistically at the Department of Discrete Mathematics and
Theoretical Computer Science, of the Faculty of Mathematics and Computer Science of the
University of Warmia and Mazury in Olsztyn, Poland, as described previously [37].

5.5. Toxicological Studies of Blood
Blood samples collection

Blood was sampled in vivo from 5 gilts from every group on each analytical date. The
first analytical date was exposure day 7 (D1); the second analytical date was exposure
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day 14 (D2); the third analytical date was exposure day 21 (D3); the fourth analytical date
was exposure day 28 (D4); the fifth analytical date was exposure day 35 (D5), and the sixth
analytical date was exposure day 42 (D6). Blood samples of 20 mL each were collected
from all gilts (blood was sampled within 20 seconds after immobilization [57]) directly
before slaughter by jugular venipuncture with a syringe containing 0.5 mL of heparin
solution. The collected blood was centrifuged at 3000 rpm for 20 minutes at 4 ◦C. The
obtained plasma samples were stored at −18 ◦C until estradiol (E2) and progesterone (P4)
concentration analyses were performed.

5.6. Determination of Plasma Hormone Concentrations
5.6.1. Estradiol

Estradiol concentrations in the blood plasma of gilts were analyzed at the Institute
of Animal Reproduction and Food Research of the Polish Academy of Sciences in Ol-
sztyn, Poland, as described previously [37]. Plasma E2 levels were determined by the
radioimmunoassay (RIA) method with a commercial kit (ESTR-US-CT, CIS BIO ASSAYS)
as described previously [58]. Estradiol concentrations were determined in accordance with
the method described previously [37].

5.6.2. Progesterone

Progesterone was 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 Cobas c 6000 analyzers (Hitachi, Tokyo, Japan).
Progesterone concentrations were determined in accordance with the method described
previously [37].

5.6.3. Statistical Analysis

Data were processed statistically at the Department of Discrete Mathematics and
Theoretical Computer Science, of the Faculty of Mathematics and Computer Science of the
University of Warmia and Mazury in Olsztyn, Poland, as described previously [37].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/toxins14110790/s1, Figure S1. Tree map of ZEN, α-ZEL, and
β-ZEL concentrations in reproductive system, hypothalamic, and pituitary gland tissues in Group
ZEN5 gilts (5 µg ZEN/kg BW). Key: D1—exposure day 7; D2—exposure day 21; D3—exposure
day 42.; Figure S2. Tree map of ZEN, α-ZEL, and β-ZEL concentrations in reproductive system,
hypothalamic, and pituitary gland tissues in Group ZEN10 gilts (10 µg ZEN/kg BW). Key: D1—
exposure day 7; D2—exposure day 21; D3 – exposure day 42; Figure S3. Tree map of ZEN, α-ZEL, and
β-ZEL concentrations in reproductive system, hypothalamic, and pituitary gland tissues in Group
ZEN15 gilts (15 µg ZEN/kg BW). Key: D1—exposure day 7; D2—exposure day 21; D3—exposure
day 42.
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of Zearalenone (ZEN) on the Bone Marrow Microenvironment and Haematological Parameters of Blood Plasma in Pre-Pubertal
Gilts. Toxins 2022, 14, 105. [CrossRef] [PubMed]
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17. Gajęcka, M.; Zielonka, Ł.; Gajęcki, M. Activity of zearalenone in the porcine intestinal tract. Molecules 2017, 22, 18. [CrossRef]
[PubMed]

18. Celi, P.; Verlhac, V.; Pérez, C.E.; Schmeisser, J.; Kluenter, A.M. Biomarkers of gastrointestinal functionality in animal nutrition and
health. Anim. Feed Sci. Technol. 2019, 250, 9–31. [CrossRef]
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Abstract: The presence of deoxynivalenol (DON) in feed may increase intestinal barrier permeability.
Disturbance of the intestinal barrier integrity may affect the absorption of antibiotics used in animals.
Since the bioavailability of orally administered antibiotics significantly affects their efficacy and
safety, it was decided to evaluate how DON influences the absorption of the most commonly used
antibiotics in pigs, i.e., amoxicillin (AMX) and doxycycline (DOX). The studies were conducted using
jejunal explants from adult pigs. Explants were incubated in Ussing chambers, in which a buffer
containing DON (30 µg/mL), AMX (50 µg/mL), DOX (30 µg/mL), a combination of AMX + DON, or
a combination of DOX + DON was used. Changes in transepithelial electrical resistance (TEER), the
flux of transcellular and intracellular transport markers, and the flux of antibiotics across explants
were measured. DON increased the permeability of small intestine explants, expressed by a reduction
in TEER and an intensification of transcellular marker transport. DON did not affect AMX transport,
but it accelerated DOX transport by approximately five times. The results suggest that DON inhibits
the efflux transport of DOX to the intestinal lumen, and thus significantly changes its absorption from
the gastrointestinal tract.

Keywords: deoxynivalenol; amoxicillin; doxycycline; Ussing chamber; swine jejunum mucosa explants

Key Contribution: DON does not affect AMX transport but inhibits the efflux transport of DOX
to the intestinal lumen, and thus significantly changes the kinetics of DOX absorption from the
gastrointestinal tract.

1. Introduction

Foodstuffs and feed contamination, including simultaneous contamination of agri-
cultural products with numerous mycotoxins and modified mycotoxins, is a frequent and
widely recognised worldwide problem [1–4]. These unavoidable toxins are secondary
metabolites produced by different genera of filamentous fungi. They occur on dietary sta-
ple foods and fodder, especially cereals, along the whole production chain, including under
pre- and post-harvest conditions. In Europe, the most frequently reported mycotoxins and
secondary metabolites in feed include deoxynivalenol (DON), zearalenone, ochratoxin A,
fumonisin B1, fumonisin B2, and T2/HT2 toxin [3]. Considering pigs’ diet, cereals, includ-
ing maize and cereal-based products, are probably the most commonly used constituents
in feed, supplying most of the animal’s nutrients. Nevertheless, there are mycotoxins in
maize called trichothecenes, most importantly zearalenone and DON [2,3,5,6].

Deoxynivalenol is a type B trichothecene produced by Fusarium species. It is believed
to be one of the least acutely toxic trichothecenes, but it is highly incident and relevant in
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animal husbandry [4]. Chronic exposure to low doses of this mycotoxin heavily suppresses
the immune response and intestinal functions, induces anorexia, reduces weight gain,
and causes neuroendocrine changes [7–10]. There is sufficient evidence revealing the
impairing effect of DON on gut barrier permeability and integrity. The mycotoxin induces
the activity of mitogen-activated protein kinases (MAPKs) and decreases the expression of
tight junction proteins [11].

Consequently, bacteria and antigens translocation from the lumen of the gut might be
intensified [11,12]. Despite the knowledge of DON’s potency to change intestine permeabil-
ity, little interest has been paid so far to its possible effects on the absorption rate of other
xenobiotics at the time of combined exposure [13–16]. In addition to nutrients, the spectrum
of chemicals which might be found in the lumen of the gut due to conscious administration
of feed and environmental contaminations include veterinary medicinal products (VMPs),
feed additives, fertilisers, plant protection products, air pollutants, and others.

In the case of VMPs, a group of special considerations are antimicrobials. Their use
in modern pig production remains one of the elements in maintaining animal health.
However, under some conditions, the hazards related to their use could negate their
benefits due to the potential risks, including exposure to antimicrobial residues in food or
the environment [17,18]. Using antimicrobials might provoke antimicrobial resistance in
animal- and human-related bacteria, and thus, compromise animal and human health [19].

Amoxycillin (AMX) and doxycycline (DOX) represent two commonly used antimi-
crobials for oral application in pigs. Their recommended doses guarantee effectiveness
against pathogens and safety of use. Dosing antibiotics (as with all drugs) is based on
pharmacokinetic parameters, of which oral bioavailability is one of the key parameters.
In the case of orally administered antibiotics in food-producing animals, the level of ab-
sorption of the medicine from the gastrointestinal tract affects not only its antibacterial
efficacy but also is essential for the safety of food consumers and the environment. In the
event of a disturbance in the functioning of the intestinal barrier, the bioavailability of
an orally administered antibiotic may change, which in turn may affect the effectiveness
and safety of its action. To the best of our knowledge, there is hardly any evidence of the
interaction of mycotoxins with antimicrobials within the gastrointestinal tract. An in-depth
literature search revealed only one study by Goossens et al. [13] on DON–DOX interaction
at the stage of absorption in pigs. Therefore, this study aimed to verify the impact of DON
on two antibiotics’ (AMX and DOX) absorption in the intestine isolated from clinically
healthy pigs.

2. Results
2.1. The Effect of Deoxynivalenol on the Viability, Integrity, and Permeability of Jejunum
Mucosa Explants

The application of DON at the concentration of 30 µg/mL to the luminal compartment
of the Ussing chamber, and incubation of mucosa explants in its presence for 90 min
resulted in a significant drop of the transepithelial electrical resistance (TEER) value. It
reached only 52.4 ± 0.7 Ohm·cm2 at the end of exposure, whereas the control incubation
with no mycotoxin resulted in a TEER measurement of 77.1 ± 1.2 Ohm·cm2 (Figure 1).

DON caused a remarkable increase in paracellular permeability measured indirectly
by the penetration rate of paracellular transport markers. Both Lucifer Yellow (LY) and
mannitol (MAN), administered at concentrations of 100 µg/mL, underwent more intense
transportation across mucosa explants in intestine specimens treated with DON than in the
control chambers (Figures 2 and 3).
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the mean of the 6 replicates ± SEM (standard errors of the mean). Different letters above the bars
indicate a statistically significant difference at p-value < 0.05.
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The flux of LY and MAN amounted to 89.5 ± 3.2 and 306.0 ± 8.6 ng/min/cm2,
respectively, in the presence of DON, and to 38.3 ± 1.7 and 217.3 ± 6.5 ng/min/cm2,
respectively, in the absence of the mycotoxin. The flux of the transcellular transport
marker (caffeine—CAF) did not change when mucosa explants were incubated in a DON-
containing buffer. The addition of mycotoxin caused CAF penetration through intestine
explants at the level of 2.9 ± 0.2 µg/min/cm2, whereas in the control trial, the flux came to
2.6 ± 0.1 µg/min/cm2 (Figure 4).
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Moreover, the use of DON did not provoke any cytotoxicity measured by LDH leakage.
The activity of LDH detected in the buffer amounted to 4.9 ± 0.2% and 4.7 ± 0.2% of total
LDH activity in the presence and absence of the mycotoxin, respectively (Figure 5).
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Figure 5. Relative LDH activity in the luminal compartment of intestine explants at 90 min of
incubation in buffer supplemented with: amoxicillin—AMX, doxycycline—DOX, deoxynivalenol—
DON, combination AMX + DON or DOX + DON, or CTRL—control condition without antibiotics
and DON. The LDH activity measured after explant homogenisation was taken to be 100%. Bars
show the mean of the 6 replicates ± SEM (standard errors of the mean).

2.2. The Effect of Amoxicillin and Doxycycline on the Viability, Integrity, and Permeability of
Jejunum Mucosa Explants

The single exposure of mucosa explants to either AMX (50 µg/mL) or DOX (30 µg/mL)
did not provoke a significant change in TEER values during 90 min of incubation. The
final measurement of TEER indicated 76.8 ± 3.1 and 70.1 ± 2.2 Ohm·cm2 for AMX- and
DOX-treated jejunum tissues, respectively. In contrast, no addition of antibiotics caused
a TEER reading of 77.1 ± 1.2 Ohm·cm2 (Figure 1). The use of AMX did not provoke
any significant change in the penetration of paracellular transport markers because the
flux of LY and MAN amounted to 41.8 ± 5.3 and 230.6 ± 5.0 ng/min/cm2, respectively
(Figures 2 and 3). Similarly, AMX did not affect the penetration rate of the transcellular
transport marker. The flux of CAF was measured as 2.4 ± 0.1 µg/min/cm2 in the presence
of this antibiotic and 2.6 ± 0.1 µg/min/cm2 when the explants were incubated in AMX-
free medium (Figure 4). Likewise, the addition of DOX did not modify the intensity
of CAF penetration across mucosa explants. DOX revealed the tendency to increase
the intensity of transportation of paracellular transport markers. The flux of LY and
MAN reached 58.7 ± 5.15 and 247.8 ± 18.9 ng/min/cm2, respectively (Figures 2 and 3).
Additionally, none of the tested antibiotics increased the release of LDH compared to the
control conditions. The enzyme activity in the KRB amounted to 5.2 ± 0.2 and 5.4 ± 0.2%
of total LDH activity for AMX and DOX, respectively (Figure 5).

2.3. The Effect of Combined Exposure to Deoxynivalenol and Amoxicillin or Doxycycline on the
Viability, Integrity, and Permeability of Jejunum Mucosa Explants

The combined exposure of mucosa explants to DON and one of the antibiotics did
not provoke a more profound alteration in intestine integrity and permeability than the
mycotoxin used solely. Simultaneous exposure to AMX + DON or DOX + DON did not
alter the magnitude of the TEER drop compared to the effect of DON alone. TEER readings
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were at the same level and amounted to 54.2 ± 2.9, 54.9 ± 1.5, and 52.4 ± 0.7 Ohm·cm2 for
AMX + DON, DOX + DON, and DON, respectively (Figure 1). In the case of the penetra-
tion of paracellular and transcellular transport markers through mucosa explants, there
were no remarkable differences between tissue samples incubated only in the presence
of DON and those incubated in a cocktail of DON and one of the antibiotics. The flux
of LY came to 87.7 ± 10.6, 101.9 ± 7.8, and 89.5 ± 13.2 ng/min/cm2 for AMX + DON,
DOX + DON, and DON, respectively (Figure 2). The penetration of MAN ranked at
317.3 ± 15.7, 318.4 ± 12.6, and 306.0 ± 8.6 ng/min/cm2, respectively, for AMX + DON,
DOX + DON, and DON-containing KRB, respectively (Figure 3). Similarly, the extra ad-
dition of AMX or DOX did not cause any significant change in CAF penetration across
jejunum mucosa in comparison to the effect of DON (Figure 4). However, the rate of CAF
penetration was significantly higher in the presence of DOX + DON when compared to the
control trial. The cytotoxicity measured in the LDH leakage test was at the same level for
explants incubated in DON-containing incubation medium with and without antibiotics
(Figure 5).

2.4. The Effect of Deoxynivalenol on Amoxicillin and Doxycycline Penetration across Swine
Jejunum Explants

The penetration rate of AMX across jejunum mucosa explants amounted to
18.8 ± 2.5 ng/min/cm2. The intensity of AMX transportation did not change in the pres-
ence of DON because antibiotic flux remained very similar, i.e., at the level of
16.6 ± 1.2 ng/min/cm2 (Figure 6A). In the case of DOX, the basic penetration rate (in
the absence of the toxin) was 0.7 ± 0.1 ng/min/cm2. The combined exposure to DOX
and DON caused a 5-fold increase in the antibiotic penetration rate, which finally came to
3.8 ± 0.5 ng/min/cm2 (Figure 6B).
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a statistically significant difference at p-value < 0.05.

3. Discussion

Due to their ubiquitous presence, mycotoxins affect the health of humans and animals
consuming plant-based food and feeds. Financial losses caused by mycotoxins occur
because of decreased crop yields, loss of crop value, effects on domestic animal productivity,
and human health impacts. In the framework of the presented study, the toxic effect of
DON on pig jejunum was confirmed. The results obtained with the alternative model
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of jejunum mucosa explants isolated from routinely slaughtered, clinically healthy adult
pigs delivered evidence of DON potency to decrease mucosa barrier integrity and increase
its permeability. A significant drop of TEER values over the time of tissue incubation
in the presence of the mycotoxin proved progressively declining integrity of intestine
explants (Figure 1), which confirms previous observations from cell- and tissue-based
experiments [11,20,21]. Modification of TEER values indicate disturbances in epithelial
barrier function or the transcellular permeability of ions [11]. Since the rate of caffeine,
a transcellular transport marker, translocation remained unaffected in the presence of
DON (Figure 4), it is concluded that the toxin does not affect this transportation pathway.
Our finding of increased paracellular permeability measured by enhanced penetration
of LY and MAN, two markers of paracellular transport, from luminal to contraluminal
compartment (Figures 2 and 3) is in line with remarks of others [11,20,22]. A significant
difference between the results generated herein and data collected by others is the relatively
high dose of DON engaged by us. However, the differences in sample collection, especially
the use of adult pigs as explant donors, seem to justify the discrepancies, as discussed
previously [23]. Nevertheless, presented data confirm the potency of DON to increase
intestine permeability and affect the absorption rate of chemicals and other antigens present
in the lumen of the gut at the same time as the mycotoxin.

Most of the toxicological data refers to the effects of chemical contaminants when
present alone; however, animals are usually exposed to cocktails of numerous compounds,
which might impact their health [14]. In animal production, concurrent oral exposure
to mycotoxins and veterinary medicinal products cannot be ruled out. The One Health
strategy turns attention to the consequences of the combined presence of antimicrobials
and intestine-affecting mycotoxins, in particular DON. To understand the interactions
between DON and antimicrobials, we have selected two popular antibiotics used to control
infectious diseases in pigs, i.e., amoxicillin and doxycycline. First-line antibiotics are among
the most commonly used antibiotics in food-producing animals, including pigs.

Moreover, these antibiotics are often used orally after mixing with feed or dissolved in
drinking water. According to the new AMEG categorisation, both amoxicillin and doxycy-
cline belong to Category D “Prudence”, meaning the risk to public health associated with
the use in veterinary medicine of substances included in this category is considered low [24].
To maintain the usefulness of AMX and DOX, it is crucial to keep their dosing adequate for
effectiveness and, simultaneously, to cause no risk of remaining residues in animal-origin
products. For both studies, antibiotics have a potency of augmented absorption under
favourable conditions like those induced by gut barrier permeability enhancers, including
DON. Enhanced absorption of antibiotics from the gastrointestinal tract might influence
their pharmacokinetic parameters. Consequently, their pharmacodynamic activity might
pose the risk of prolonged presence of antibiotics in animal bodies, contributing to the
development of bacterial resistance, environmental persistence, and ecotoxicity.

According to the results presented herein, none of the tested antibiotics possesses the
ability to influence intestine integrity and permeability, and they also do not contract the
disturbances induced by DON (Figures 1–5). Intestine disturbances provoked by DON
did not affect the intensity of AMX penetration across mucosa explants under proposed
experimental conditions (Figure 6A), but increased DOX transport by about five times
(Figure 6B).

To the best of our knowledge, there is no other trial analysing AMX or other aminopeni-
cillins’ representative absorption intensity in the presence of mycotoxins in pigs. Regarding
DOX, Goossens et al. [13] observed that the plasma concentration of DOX was remarkably
higher in the pigs that received DON-contaminated feed supplemented with the mycotoxin
binder. In pigs exposed solely to DON, there was only a small, statistically insignificant,
increase of mean plasma DOX concentration compared to control animals [13]. The possible
explanation for the discrepancies between quoted data and our results is using different
experimental conditions and doses of the mycotoxin in both studies. In our study, we
observe a clear effect of DON on the transport of DOX under conditions controlled for the
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presence of all substances that may affect the absorption process. Goossens points out in his
research, that feed ingredients other than DON can influence the absorption of DOX [13].

Based on the obtained results, it is impossible to define the mechanism of the observed
interactions between DON and DOX. The analysis of markers flux in the presence of both
DON and DOX, indicating that the intensification of paracellular transport is more probable
than the enhancement of transcellular absorption. However, it is possible to hypothesise
that DOX and DON compete against access to glycoprotein P (GPP).

Studies in the field of pharmacokinetics indicate that DOX, applied in therapeutic
doses, absorbs from swine gut according to the first-order kinetics [25–28]. This means
that the intensity of DOX absorption depends only on the concentration of the antibiotic,
and there is no need to consider other mechanisms involved in the transportation process.
Even if an additional transport mechanism for DOX is recognised (efflux involving GPP)
and happens in pigs during the absorption phase in the gut, its impact on total DOX
transportation is not limited by the accessibility of transport mechanism (the presence of
such mechanism does not need to be included in the kinetic equation for DOX absorption).

The observations and conclusions from pharmacokinetic studies align with our experi-
ment’s conditions because the concentrations of DOX and AMX in the mucosal chamber
are similar to those measured in vivo in the intestine. The concentrations of the antibiotics
applied in the study presented herein, i.e., AMX = 50 µg/mL, DOX = 30 µg/mL, represent
the preliminary concentrations of those drugs in the gut lumen when administered orally
with drinking water in pigs. The recommended dose of AMX in pigs is 10–20 mg/kg b.w.
every 12 h [29]. Moreover, the recommended dose of DOX amounts to 10 mg/kg b.w.
every 12 h [30]. Assuming treated pigs’ average daily water intake comes to 0.1 L/kg b.w.,
AMX and DOX should be applied at the concentration of 150 µg and 100 µL per 1 mL of
drinking water, respectively. When an antibiotic is drunk once by a pig, it gets diluted
2–4 fold by the content of the stomach and intestine before it gets absorbed. Hence, the
expected concentration of selected antibiotics at the beginning of the jejunum absorption
phase amounts to 50 and 30 µg/mL for AMX and DOX, respectively.

Our observation of increased intensity of DOX transportation across mucosa explant
in the presence of DON suggests the involvement of a mechanism which amplifies the
penetration of DOX from mucosal to serosal chamber. These findings cannot be explained
only as a consequence of increased mucosa barrier permeability (induced by DON) and
subsequent enhancement of the paracellular transport of DOX because the first-order
absorption kinetic of DOX (observed in pharmacokinetic studies) means that only the
concentration of DOX determines absorption. In other words, the assumptions of first-
order kinetics result in unlimited DOX penetration by paracellular transport, which already
occurs under control conditions (DON-free medium). Another possibility includes the
switching out of a transport mechanism, which is in opposition to the absorption of DOX
and which, in the presence of DON, occurs as an important component determining the
penetration of DOX across the mucosa barrier. Therefore, it is speculated that in the
presence of DON, the mechanism of efflux transport of DOX is revealed as a significant
factor influencing the intensity of DOX absorption from the gut. The increase of DOX
transportation in the presence of DON possibly depends on transport by GPP. There is
evidence that GPP transports DON, and acting on GPP may affect the transport of other
drugs [31–33]. Martinez et al. (2013) observed that concurrent exposure of IPEC-J2 cells to
fosfomycin (580 µg/mL) and DON (1 µg/mL) resulted in a remarkably higher intracellular
concentration of the antibiotic in the enterocytes, confirming the potency of DON to
enhance drug penetration from the lumen of the gut [16]. DOX is also transported via
GPP [34,35]. GPP is responsible for the transport of DOX from the enterocytes’ cytoplasm
to the gastrointestinal tract’s lumen (efflux transport).

The results presented herein demonstrate that there is a possible competition between
DON and DOX against GPP. The mycotoxin, as a compound of higher affinity to GPP, might
block the efflux of DOX if the efflux mechanism of DOX is switched out. The transportation
of the antibiotic increases what is indicated by the enhanced flux of DOX across the intestine.
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Regardless of the mechanism of DON’s impact on DOX absorption, and bearing in mind
the assumptions of pharmacokinetic model describing DOX absorption from the gut, the
first-order kinetic must be ruled out at the co-occurrence of DOX and DON.

4. Conclusions

In summary, DON intensifies the transportation of DOX across the porcine gut wall
but displays no impact on AMX absorption. The increase of DOX penetration might result
from reduced availability of the GGP efflux transport system for the antibiotic. Such an
effect of DON can cause remarkable changes in DOX pharmacokinetics and affect the
pharmacodynamic properties and safety of DOX in pigs.

The results presented herein justify further in vivo research on DON’s impact on DOX
absorption, bioavailability, and excretion to realise consumer exposure, environmental
persistence, and ecotoxicity.

Bearing in mind that climate change globally, the fungal population and mycotoxin
patterns in different regions and crops are changing [36]. Their impact on animal health
and the potency of inducing interaction with other xenobiotics, including antimicrobials,
should not be underestimated and requires more in-depth investigation.

5. Materials and Methods
5.1. Chemicals

Caffeine (CAF), Cytotoxicity Detection Kit (LDH) Roche, D-mannitol (MAN), D-
Mannitol Colorimetric Assay Kit, disodium fumarate, deoxynivalenol (DON), L-glutamate,
lucifer yellow (LY), and sodium pyruvate were obtained from Sigma Aldrich (St. Louis, MO,
USA). All inorganic salts required for preparing Krebs Bicarbonate Buffer (KRB), ethanol,
and glucose were purchased from Avantor (Gliwice, Poland). Amoxicillin trihydrate (AMX)
and doxycycline hyclate (DOX) were generously donated by the pharmaceutical company
Biofaktor Sp. z o.o. (Skierniewice, Poland) The quality of antibiotics was consistent with
the monographs of the European Pharmacopoeia and corresponded to the quality of active
substances used in the production of veterinary drugs.

Tissue transportation, preparation, and incubation were performed in Krebs Bicar-
bonate Buffer (KRB) containing 108 mM NaCl, 4.7 mM KCl, 1.8 mM Na2HPO4, 0.4 mM
KH2PO4, 15 mM NaHCO3, 1.2 mM MgSO4, 1.25 mM CaCl2, 11.5 mM glucose, 4.9 mM
L-glutamate, 5.4 mM disodium furmate, and 4.9 mM sodium pyruvate at pH 7.4, and
saturated with oxygen using a 95%/5% O2/CO2 mixture by gassing for 60 min [37].

For HPLC and LC-MS/MS analysis, acetonitrile, methanol, and formic acid (HPLC
grade) were obtained from Avantor Chemicals (Radnor, PA, USA), trichloracetic acid and
heptafluorobutyric acid were obtained from Sigma Aldrich (St. Louis, MO, USA).

5.2. Tissue Preparation

Healthy female and male (60%:40%) adult landrace and large white pigs of approx.
100 kg body weight subjected to routine slaughtering were used for the collection of
intestinal tissue. In total 18 animals were used as tissue donors. Segments of the jejunum
(approx. 150 cm aboral to pylorus) were obtained and handled as described in other
research [21–23,38–40],. Briefly, jejunum pieces of approx. 50 cm in length were gently
incised immediately after stunning and flushed to remove intestine content. Next, the
samples were immersed in ice-cold KRB and brought to the laboratory where they were
subjected to the preparation. Firstly, they were cut into pieces of 10–20 cm and opened
longitudinally. Secondly, the serosa and muscular layers were carefully stripped from the
mucosa using forceps. Eventually, four mucosa explants were gained from each animal.
Each resulting sheet of mucosa with attached submucosa was mounted separately between
two Ussing-type half chambers (1.54 cm2 tissue exposure area). Jejunum sheets were bathed
on luminal (mucosal) and contraluminal (serosal) surfaces in 10 mL of KRB, maintained
at pH 7.4 and 37 ◦C. Mucosa explants were continuously oxygenated on luminal and
contraluminal surfaces with a 95%/5% O2/CO2 mixture delivered by gas lift. The complete
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system was firstly preincubated for 10 min for the equilibration of the tissue. Afterwards,
the incubation medium was replaced by fresh KRB in the serosal chamber, and KRB
supplemented with LY in concentration 100 µg/mL, mannitol 100 µg/mL, and caffeine
100 µg/mL (KRB + LY + MAN + CAF) in the mucosal chamber.

5.3. Measurement of the Viability, Integrity, and Permeability of Mucosa Explants

The viability of the swine jejunal mucosa sheet was analysed by measuring several
markers directly after preincubation (time 0), and 30, 60 and 90 min afterward. The integrity
of mucosa explants was controlled by measuring transepithelial electrical resistance (TEER)
using a Millicell ERS-2 Epithelial Volt-Ohm Meter (Merck GA, Darmstadt, Germany). The
prerequisite of TEER readings greater than 70 Ω·cm2 at time 0 was settled to verify jejunum
preparations’ usefulness for other parts of the experiment. Additionally, the integrity and
viability of the explants were verified by measuring the flux of LY, MAN, and CAF over
time from the luminal to the contraluminal compartment. To assess the possible tissue
damage caused by the presence of active proteases or experiment duration, the leakage of
lactate dehydrogenase (LDH) to both the mucosal and serosal compartments was recorded.

5.4. Ex Vivo Exposure of Swine Jejunum to Deoxynivalenol and Antibiotics

Four explants of jejunum mucosa were prepared from each pig and fixed separately in
Ussing-type chambers. All explants underwent 10-min preincubation followed by 90-min
incubation in KRB (serosal chamber). In the mucosal chamber, pure KRB was replaced by:
(i) KRB + LY + MAN + CAF with neither addition of DON nor AMX nor DOX (control
condition), (ii) KRB + LY + MAN + CAF supplemented with DON (30 µg/mL), (iii) KRB +
LY + MAN + CAF containing DON (30 µg/mL) and AMX (50 µg/mL) or DOX (30 µg/mL),
(iv) KRB + LY + MAN + CAF containing AMX or DOX (50 and 30 µg/mL, respectively).
After the KRB exchange in the luminal compartment, the incubation was continued for
another 90 min. TEER measurement and sample collection (800 µL) for later LY, MAN,
CAF, LDH, DON, and AMX or DOX assays were carried out at times 0, 30, 60 and 90 min
after the onset of incubation.

5.5. Analyses

LY was analysed directly in samples using an FLx800 Microplate fluorescence reader
(BioTek Instruments, Inc., Winooski, VT, USA) at excitation wavelength 485 nm and emis-
sion wavelength 530 nm. According to the manufacturer’s instructions, MAN concentration
and LDH activity were determined using a D-Mannitol Colorimetric Assay Kit and Cyto-
toxicity Detection Kit (LDH) Roche.

CAF concentration was analysed by the HPLC-UV method as follows. The sample
was centrifuged, and the supernatant was filtered through a 0.22 µm filter. Next, 20 µL of
filtered samples were injected into the HP 1100 HPLC system consisting of a quaternary
pump, thermostatic autosampler, sample thermostat, column thermostat, and diode array
detector. The system was fitted with a Nucleosil® 120-5C18 HPLC (250 mm × 4.6 mm,
5 µm) column (Supelco, Bellefonte, PA, USA). The mobile phase was methanol. The flow
rate was 1 mL/min. Detection was performed at a wavelength of 254 nm (ref. 360 nm). The
analytes were identified with retention times of pure reference standards. The reference
standards were also used to prepare a standard solution to establish calibration curves.
Chromatographic peak areas of the analytes were measured using the integrator software
for the HPLC system (Agilent ChemStation Rev. A.06.01 [403] Hewlett Packard Company,
Palo Alto, CA, USA).

For the extraction of DOX and AMX, 100 µL of cell fluid collected from the serosal
chamber was placed into a 1.5 mL microcentrifuge tube, then 20 µL of IS and 100 µL of
5% trichloracetic acid (DOX)/0.1% formic acid (AMX) were added, mixed, diluted, and
centrifuged at 14,500× g for 5 min. The supernatant was filtered through a 0.22 µm PVDF
syringe filter into an LC vial for UHPLC-MS/MS analysis.
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The analysis of antibiotics was performed using ultra-high-performance liquid chro-
matography with detection by triple quadrupole mass spectrometry (UHPLC-MS/MS:
Shimadzu Nexera X2, Kyoto, Japan coupled with QTRAP 4500, AB Sciex, Framingham,
MA, USA.). The following parameters were used: temperature—450 ◦C; curtain gas
(N2)—20; nebuliser gas (N2)—60; collision gas (N2)—medium; auxiliary gas—65; ion spray
voltage—4500 V (Table 1).

Table 1. Detailed MS/MS conditions of doxycycline and amoxicillin analysis.

Analyte Parent Ion M + H+ [m/z] Daughter Ions [m/z] DP [V] CE [eV] Dwell Time [ms]

Doxycycline
(444.4 g/mol) 445.4 428.0; 154.0 60 24; 41 250

Amoxicillin
(365.4 g/mol) 366.1 349.0; 208.0 45 12; 18 250

The chromatographic separation assay was performed using an Agilent InfinityLab
Poroshell 120 EC-C18 (150 mm × 2.1 mm, 2.7 µm) column (Agilent, St. Clara, CA, USA) with
an octadecyl guard column (2 × 4 mm) maintained at 35 ◦C. The mobile phase consisted of
0.025% heptafluorobutyric acid (A) and acetonitrile (B) at a flow rate of 0.3 mL/min, with
an injection volume of 5 µL. Gradient elution for AMX was conducted as follows: 0–1 min
95% A, 5–8 min 20% A, 8–8.01 min 50% A, and finally from 8.01 to 10 min back to 95% A;
for DOX 0–5 min 50% A, 5–6 min 10% A, 6–8 min 10% A, and finally from 8.01 to 10 min
back to 95% A The total run time in both cases was 10 min.

The method has been validated. LOQ values (DOX 0.01 ng/L, AMX 0.02 ng/L), lin-
earity, reproducibility (CV: DOX 5.6–8.7%, AMX 7.7–10.0%), and recovery (DOX 85–105%,
AMX 90–97%) were determined.

The results of LY, MAN, CAF, AMX, and DOX penetration across intestine mucosa
explants are expressed as mass flux. The amount of LDH leakage into the incubation media
is expressed as a percentage of total LDH, which was analysed after explants homogenisa-
tion in ice-cold KRB with a Potter S Homogenizer (B. Braun Biotech International, Berlin,
Germany) for 2 min at 1000 rpm.

5.6. Statistical Analysis

The experimental result is expressed as means ± SEM. Differences between groups
were statistically determined using one-way ANOVA followed by Tukey’s multiple compar-
isons test or t-test if only two groups were compared. Results were considered statistically
significant when p < 0.05.

Analyses were performed using GraphPad Prism version 8.0.0 for Windows, Graph-
Pad Software, San Diego, CA, USA, www.graphpad.com.
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Carry-Over of Zearalenone and Its Metabolites to Intestinal
Tissues and the Expression of CYP1A1 and GSTπ1 in the Colon
of Gilts before Puberty
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Abstract: The objective of this study was to evaluate whether low doses of zearalenone (ZEN) affect
the carry-over of ZEN and its metabolites to intestinal tissues and the expression of CYP1A1 and
GSTπ1 in the large intestine. Prepubertal gilts (with a BW of up to 14.5 kg) were exposed in group
ZEN to daily ZEN5 doses of 5 µg/kg BW (n = 15); in group ZEN10, 10 µg/kg BW (n = 15); in
group ZEN15, 15 µg/kg BW (n = 15); or were administered a placebo (group C, n = 15) throughout
the experiment. After euthanasia, tissues were sampled on exposure days 7, 21, and 42 (D1, D2,
and D3, respectively). The results confirmed that the administered ZEN doses (LOAEL, NOAEL,
and MABEL) were appropriate to reliably assess the carry-over of ZEN. Based on the observations
made during 42 days of exposure to pure ZEN, it can be hypothesized that all mycotoxins (ZEN,
α-zearalenol, and β-zearalenol) contribute to a balance between intestinal cells and the expression of
selected genes encoding enzymes that participate in biotransformation processes in the large intestine;
modulate feminization processes in prepubertal gilts; and elicit flexible, adaptive responses of the
macroorganism to mycotoxin exposure at the analyzed doses.

Keywords: zearalenone; low dose; intestines; carry-over; CYP1A1 and GSTπ1; prepubertal gilts

Key Contribution: Zearalenone mycotoxicosis in a dose of MABEL plays a beneficial role in the
processes of somatic development of prepubertal gilts, which is important for breeders. The question
arises—should one perform ZEN detoxification in doses of MABEL in feed materials or animal feed?

1. Introduction

Zearalenone is an undesirable substance that is widely encountered in cereal kernels
and cereal products [1]. It is produced mainly by Fusarium graminearum as a metabolite
with estrogenic properties. Pure ZEN is a white crystalline compound with the chemical
formula C18H22O5, a molecular mass of 318.36 g/mol, and a melting temperature range
of 161–163 ◦C. Zearalenone is not soluble in water, but it dissolves easily in alkaline so-
lutions, ether, benzene, methanol, and ethanol. This mycotoxin can be metabolized by
various organisms during phase I and II biotransformation processes [2]. Feeds contain
modified forms of ZEN (ZELs), including phase I biotransformation products such as
α-zearalenol, β-zearalenol, α-zearalanol, β-zearalanol, and zearalanon, as well as phase
II biotransformation products conjugated with glucose, sulfate, and glucuronic acid. The
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presence of ZEN in the food chain can pose a health threat to humans and livestock [3]. This
promiscuous compound induces the expression of estrogen receptors [4], contributes to
reproductive disorders, and can even lead to changes in reproductive organs. Zearalenone
also disrupts the hormonal balance [2,5,6], metabolic profile [7], and gut microbiota [8]. It
exerts hepatotoxic [9,10], immunotoxic [11], hematotoxic [12], and genotoxic effects [13].

In humans and animals, ingested ZEN initially interacts with the gastrointestinal sys-
tem [14]. Two research problems can be formulated in this stage. Firstly, ZEN’s influence on
intestinal health [15,16] and its carry-over from the intestinal digesta to intestinal tissues [16]
has attracted considerable research interest in recent years. Secondly, in line with the horme-
sis paradigm [17], efforts are being made to evaluate the macroorganism’s response to low
mycotoxin doses that are frequently encountered in feed materials. Researchers have also
attempted to determine tissue and cell dysfunctions in mammals exposed to the pure parent
compound without metabolites or modified mycotoxins [4,18]. In view of our previous
findings [5,7,8,13], potential clinical symptoms of ZEN mycotoxicosis of varying severity
were taken into account. Therefore, three ZEN doses were considered in the interpretation
of our previous results and the findings of other authors: the lowest adverse effect observed
level (LOAEL, >10 µg ZEN/kg BW) [19–21] that causes clinical symptoms [22]; (ii) the
no adverse effect observed level (NOAEL, 10 µg ZEN/kg BW) as the highest dose that
does not cause clinical symptoms (sub-clinical states) [23]; and (iii) the minimal anticipated
biological effect level (MABEL, <10 ZEN/kg BW) as the lowest dose that can be measured
in tissues, entering into positive interactions with the host at various stages in life [24,25].

The observation that mycotoxins modulate the expression of enzymes that participate
in phase I and II biotransformation processes [26] was taken into consideration in the cur-
rent experiment. The biotransformation of undesirable substances, including ZEN and its
metabolites, is affected by two types of enzymes in cells. During phase I biotransformation,
enzymes such as CYP P450 trigger chemical reactions (hydroxylation) to remove undesir-
able substances that can act as enzyme substrates [27]. These enzymes exhibit maximum
activity in the liver and the small intestine, which are responsible for detoxication. They
are also involved in the biosynthesis of steroid hormones [28] and fatty acid metabolism,
as well as the activation/inactivation of drugs and other exogenous compounds in the
body [29,30]. During phase II biotransformation, metabolic rates can be measured based
on the activity of glutathione S-transferase (GST). The rate of biotransformation and the
rate at which undesirable feed-borne substances are excreted from the body affect the
response of the intestinal mucosal immune system to toxins. The π isoform of glutathione
transferase (GSTπ1) codes for various proteins involved in these processes. Glutathione
S-transferase reduces the biological activity of various (not only exogenous) substances
by creating conjugates of glutathione with electrophilic drugs and other exogenous toxins.
These conjugates protect the body against the adverse effects of oxidative stress and prevent
damage to lipids and nucleic acids. It is worth noting that conjugates can break down again
in the lumen of the gut, thus increasing the concentration of mycotoxins and theoretically
increasing the activity of enzymes such as CYP1A1 and GSTπ1 [26,30].

The objective of this study was to determine how in vivo or low doses of ZEN (MABEL
(5 µg/kg BW), the greatest values of NOAEL (10 µg/kg BW), and LOAEL (15 µg/kg BW))
administered orally for 42 days influence the level of ZEN and selected ZELs in intestinal
wall tissues on different dates of exposure and contribute to the expression of genes
encoding selected enzymes (CYP1A1 and GSTπ1) in the colon in prepubertal gilts.

2. Results

The present results confirmed that ZEN is biotransformed in the initial stage of the
carry-over process when this mycotoxin and its metabolites are transported from the lumen
of the gut to the intestinal wall. Parent mycotoxin and its two most widely investigated
metabolites (α-ZEL and β-ZEL) are accumulated in this stage.

The above observation was confirmed by the mean concentrations of ZEN and its
metabolites in the intestinal wall on different exposure days (see Figure 1). The percentage
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share of each substance in the total pool was consistent with the anticipated values for
pigs, but the carry-over factor (CF) was much lower, which cannot be attributed solely to
low-dose ZEN mycotoxicosis.
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Figure 1. Mean values of ZEN and its metabolites (ng/g) in the intestinal wall in all experimental
groups and on each exposure date. Key: D1—exposure day 7; D2—exposure day 21; D3—exposure
day 42. Experimental groups: group ZEN5—5 µg ZEN/kg BW; group ZEN10—10 µg ZEN/kg BW;
group ZEN15—15 µg ZEN/kg BW.

2.1. Experimental Feed

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

2.2. Clinical Observations

The results presented in this paper were acquired during a large-scale experiment
where clinical signs of ZEN mycotoxicosis were not observed. However, changes in specific
tissues or cells were frequently noted in analyses of selected serum biochemical parameters,
hematological parameters, the heart muscle, the bone marrow microenvironment, coronary
artery, the genotoxicity of cecal water, selected steroid concentrations, gut microbiota
parameters, and weight gains. Samples for laboratory analyses were collected from the
same prepubertal gilts. The results of these analyses were presented in our previous
studies [5,7,8,12,13,31,32].

2.3. Concentrations of Zearalenone and Its Metabolites in the Intestinal Tract of Prepubertal Gilts

Significant differences in ZEN levels between exposure date D1 and exposure dates
D2 and D3 (see Table 1) were observed in the ascending colon centrifugal gyrus and the
ascending colon centripetal gyrus in group ZEN5. In group ZEN10, significant differences
were found in the transverse colon between D3 vs. D1 and D2. In group ZEN15, no
significant differences were noted between exposure dates.

A comparison of ZEN concentrations in the examined segments of the intestinal tract
(see Table 1) on the analyzed exposure dates in group ZEN5 revealed that: (i) in nearly all
intestinal segments (excluding the ileum), ZEN concentrations were highest on D1; (ii) ZEN
concentrations were highest in both gyri of the ascending colon, the jejunum, and cecum;
(iii) ZEN concentrations were low and similar on all exposure dates only in the ileum
(3.13, 3.26, and 4.10 ng/g, respectively); (iv) interestingly, ZEN concentrations tended to
decrease over time in all intestinal segments.
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The concentrations of ZEN differed in the ZEN10 group (see Table 1). In the duo-
denum, ZEN concentrations were very high and similar on all exposure dates (D1–D3)
(64.36, 46.41, and 39.84 ng/g, respectively). In the remaining intestinal segments, ZEN
concentrations were very low (3–20 ng/g) on D2 and D3, with a rising trend on successive
dates of exposure.

In group ZEN15, ZEN concentrations were relatively high on D1 compared with the
remaining dates of exposure (see Table 1). On D2, ZEN concentrations decreased in almost
all sections of the intestine (excluding the ascending colon centrifugal gyrus—35.15 ng/g).
On the last exposure date, ZEN concentrations increased in nearly all intestinal segments
(excluding the centripetal gyri of the ascending colon—8.17 ng/g). The observed changes
in ZEN values were relatively low in all intestinal segments, excluding the duodenum and
the transverse colon.

In group ZEN5, significant differences in αZEL concentrations (see Table 2) were
observed between D3 and D2 and between D2 and D1. In both cases, these differences
were noted in the cecum and the centrifugal gyri of the ascending colon. In group ZEN10,
significant differences were found in the cecum between D3 and D1, between D3 and D2,
and in the centripetal gyri of the ascending colon between D3 and D1. In group ZEN 15,
significant differences were noted in the duodenum, jejunum, cecum, and the centrifugal
gyri of the ascending colon between D3 vs. D2 and D1 and between D2 and D1.

On D1 (see Table 2), significant differences in αZEL concentrations between groups
ZEN10 and ZEN15 vs. group ZEN5 were found only in the cecum. On D2, the ana-
lyzed parameter differed significantly between group ZEN5 and group ZEN15 only in
the centripetal gyri of the ascending colon and the transverse colon. On D3, significant
differences between group ZEN5 and group ZEN15 were noted in the jejunum, cecum, and
the centrifugal gyri of the ascending colon.

An analysis of αZEL concentrations (see Table 2) in different intestinal segments
revealed that in group ZEN5, they were very low and similar (0.78 to 3.98 ng/g) on D1 and
D3, whereas a wider range of values (1.07 ng/g on D1 to 6.69 ng/g on D3) was observed
only in the ileum. On D2, αZEL levels were two or even three times higher than on D1 and
D3, ranging from 7.00 ng/g in the descending colon to 49.47 ng/g in the cecum.

In group ZEN10, αZEL concentrations (see Table 2) were proportional to the time of
exposure. However, on D2, αZEL concentrations in the ileum were below the values noted
on D1 (difference of 2.00 ng/g) and D3 (difference of 4.03 ng/g).

In group ZEN15, αZEL concentrations were proportional in each intestinal segment.
However, the analyzed parameter decreased in some segments (ileum) and increased
rapidly in other parts of the intestinal tract (cecum). Alpha-ZEL levels were very low on
exposure day 42, e.g., in the descending colon.

It should be noted that significant differences in β-ZEL concentrations were very rarely
observed on exposure dates D1 and D2, and the highest number of significant differences
was noted on D3 (see Table 3), in particular in group ZEN15. In group ZEN5, highly
significant differences in β-ZEL concentrations were found only between D3 and D1 in the
duodenum, jejunum, and cecum, and between D3 and D2 in the duodenum and jejunum.
In group ZEN10, significant differences in the analyzed parameter were observed between
D3 vs. D1 and D2 in the centrifugal gyri of the ascending colon. In group ZEN15, significant
differences were noted between D3 and D1 in nearly all intestinal segments, excluding
the ileum and the centripetal gyri of the ascending colon; significant differences were also
noted between D3 and D2 in the jejunum, centripetal gyri of the ascending colon, transverse
colon, and descending colon. Additionally, significant differences in β-ZEL levels were
noted between D2 and D1 in the duodenum, jejunum, and cecum.

An analysis of β-ZEL concentrations (see Table 3) on different exposure dates revealed
significant differences on D1 between group ZEN5 vs. groups ZEN10 and ZEN15 in the
cecum and between group ZEN10 and group ZEN15 in the cecum. On D2, significant
differences in β-ZEL concentrations were observed between group ZEN5 vs. groups ZEN10
and ZEN15 in the jejunum and cross member and between group ZEN10 and group ZEN15
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in the jejunum. On D3, differences in the studied parameter were noted between group
ZEN5 vs. groups ZEN10 and ZEN15 in the centrifugal gyri of the ascending colon and
between group ZEN5 and group ZEN15 in the duodenum and descending colon.

Table 2. The transfer coefficient and mean (±) concentration of αZEL (ng/g) in the intestines of gilts
before puberty.

Exposure
Date Tissues Group ZEN5

(ng/g)
Carry-Over

Factor
Group ZEN10

(ng/g)
Carry-Over

Factor
Group ZEN15

(ng/g)
Carry-Over

Factor

D1 Duodenum 3.72 ± 1.68 4 × 10−5 6.25 ± 2.57 3 × 10−5 6.66 ± 6.32 2 × 10−5

Jejunum 2.85 ± 2.78 3 × 10−5 5.24 ± 3.95 3 × 10−5 9.62 ± 1.66 3 × 10−5

Ileum 1.07 ± 0.21 1 × 10−5 6.46 ± 7.25 3 × 10−5 2.88 ± 3.21 1 × 10−5

Cecum 3.45 ± 1.05 4 × 10−5 12.01 ± 4.36 cc 7 × 10−5 11.85 ± 2.04 cc 4 × 10−5

CFG 3.15 ± 0.49 3 × 10−5 5.58 ± 1.83 3 × 10−5 4.59 ± 2.78 1 × 10−5

CPG 3.98 ± 2.43 4 × 10−5 6.88 ± 2.65 4 × 10−5 6.41 ± 4.58 2 × 10−5

Transverse colon 1.07 ± 0.95 1 × 10−5 2.26 ± 1.74 1 × 10−5 2.05 ± 0.99 8 × 10−6

Descending colon 1.48 ± 0.60 1 × 10−5 1.47 ± 0.80 9 × 10−6 2.68 ± 3.04 1 × 10−5

D2 Duodenum 6.43 ± 2.36 6 × 10−5 9.12 ± 8.11 4 × 10−5 6.97 ± 0.31 2 × 10−5

Jejunum 5.36 ± 3.87 5 × 10−5 22.37 ± 20.81 1 × 10−4 14.28 ± 1.92 a 4 × 10−5

Ileum 6.58 ± 7.01 6 × 10−5 4.46 ± 2.99 2 × 10−5 8.49 ± 2.52 2 × 10−5

Cecum 11.23 ± 4.47 aa 1 × 10−4 22.74 ± 17.44 1 × 10−4 35.59 ± 14.60 a 1 × 10−4

CFG 6.01 ± 2.01 a 5 × 10−5 10.80 ± 10.41 5 × 10−5 10.88 ± 1.74 aa 3 × 10−5

CPG 7.01 ± 2.76 6 × 10−5 11.86 ± 4.88 6 × 10−5 27.08 ± 15.25 c 9 × 10−5

Transverse colon 2.42 ± 1.59 2 × 10−5 5.86 ± 2.61 2 × 10−5 6.65 ± 1.55 c 2 × 10−5

Descending colon 1.51 ± 0.88 1 × 10−5 2.75 ± 1.74 1 × 10−5 1.07 ± 0.40 3 × 10−6

D3 Duodenum 3.72 ± 1.68 2 × 10−5 30.00 ± 22.55 c 6 × 10−5 20.12 ± 4.65 aa,bb 2 × 10−5

Jejunum 2.85 ± 2.78 2 × 10−5 16.42 ± 5.54 cc 3 × 10−5 19.64 ± 1.82 aa,b,cc 2 × 10−5

Ileum 6.69 ± 1.68 5 × 10−5 4.60 ± 4.00 9 × 10−6 7.32 ± 4.10 1 × 10−5

Cecum 3.45 ± 1.05 bb 2 × 10−5 49.47 ± 9.75 aa,bb,cc 1 × 10−4 37.04 ± 5.08 a,cc 5 × 10−5

CFG 3.15 ± 0.49 b 2 × 10−5 12.67 ± 8.59 c 2 × 10−5 15.56 ± 1.34 aa,b,c 2 × 10−5

CPG 3.98 ± 2.43 3 × 10−5 25.84 ± 10.70 a,c 5 × 10−5 16.13 ± 11.21 2 × 10−5

Transverse colon 0.80 ± 0.94 6 × 10−6 8.08 ± 7.40 1 × 10−5 5.91 ± 6.88 8 × 10−6

Descending colon 0.78 ± 0.74 6 × 10−6 7.00 ± 5.59 1 × 10−5 5.53 ± 3.86 4 × 10−6

Key: CFG—Ascending colon Centrifugal gyrus; CPG—Ascending colon Centripetal gyrus; Exposure dates:
D1—exposure day 7; D2—exposure day 21; D3—exposure day 42. Experimental groups: group ZEN5—5 µg
ZEN/kg BW; group ZEN10—10 µg ZEN/kg BW; group ZEN15—15 µg ZEN/kg BW. LOD > values below the
limit of detection were expressed as 0. The statistically notable differences were determined at a, b, c p ≤ 0.05 and
aa, bb, cc p ≤ 0.01; a, aa notable difference between exposure date D1 and exposure date D2 and D3; b,bb notable
difference between exposure date D2 and exposure date D3; c, cc notable difference between group ZEN5 and
groups ZEN10 and ZEN15.

2.4. Carry-Over Factor (CF)

Natural contamination of cereals and feeds with mycotoxins is frequently reported.
Mycotoxins ingested by livestock with feed are carried over to food products of animal
origin [16]. Undesirable substances are transferred from contaminated feed to animal
tissues. The CF and the resulting health risks remain insufficiently investigated in vivo, in
particular during low-dose mycotoxicosis, which is why they were analyzed in this study.

The carry-over rate of ZEN from the intestinal lumen to the intestinal wall was affected
by the dose and time of exposure in each group (see Table 1). The highest CF values
were noted on D1 in groups ZEN5 (centrifugal gyri of the ascending colon) and ZEN10
(duodenum). In group ZEN15, the highest CF values were observed in six of the eight
investigated intestinal segments (excluding the jejunum and ileum). In turn, the lowest CF
values were noted on D3 in all groups: in the transverse colon in group ZEN5 (8 × 10−6),
in the jejunum in group ZEN10 (6 × 10−6), and in the jejunum in group ZEN15 (3 × 10−6).

The CF of αZEL in the intestinal tract ranged from 10−4 to 10−6 (see Table 2). The
lowest values of this parameter (10−6) were noted in group ZEN5 on D3 in the transverse
colon and the descending colon; in group ZEN10 on D1 in the descending colon and on
D3 in the transverse colon and the descending colon; in group ZEN15 on D1 in the ileum,
centripetal gyri of the ascending colon, transverse colon, and descending colon; on D2 in
all intestinal segments, excluding the cecum; and on D3 in the ileum, transverse colon, and
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descending colon. Interestingly, CF values were lowest in the descending colon on all days
of exposure. In turn, the highest values of CF (10−4) were found in group ZEN5 on D2 in
the cecum; in group ZEN10 on D2 and D3 in the jejunum and cecum; and in group ZEN15
on D2 in the cecum. In 80% of the cases, the highest CF values were noted in the cecum.

Table 3. The transfer coefficient and mean (±) concentration of βZEL (ng/g) in the intestines of gilts
before puberty.

Exposure
Date Tissue Group ZEN5

(ng/g)
Carry-Over

Factor
Group ZEN10

(ng/g)
Carry-over

Factor
Group ZEN15

(ng/g)
Carry-Over

Factor

D1 Duodenum 0.16 ± 0.09 1 × 10−6 3.49 ± 6.14 2 × 10−5 0.29 ± 0.07 1 × 10−6

Jejunum 0.07 ± 0.08 8 × 10−7 2.17 ± 3.61 1 × 10−5 0.12 ± 0.02 4 × 10−7

Ileum 0 0 0.64 ± 0.77 3 × 10−6 0.02 ± 0.03 8 × 10−8

Cecum 0.14 ± 0.04 1 × 10−6 1.19 ± 0.20 cc 7 × 10−6 0.54 ± 0.10 cc,dd 2 × 10−6

CFG 0.13 ± 0.07 1 × 10−6 0.44 ± 0.28 2 × 10−6 0.30 ± 0.02 1 × 10−6

CPG 0.18 ± 0.10 2 × 10−6 2.37 ± 3.66 1 × 10−5 0.27 ± 0.09 1 × 10−6

Transverse colon 0.12 ± 0.18 1 × 10−6 0.77 ± 1.10 4 × 10−6 0.09 ± 0.06 3 × 10−7

Descending colon 0.02 ± 0.01 2 × 10−7 0.22 ± 0.17 1 × 10−6 0.05 ± 0.01 2 × 10−7

D2 Duodenum 0.08 ± 0.10 7 × 10−7 0.26 ± 0.17 1 × 10−6 0.08 ± 0.09 aa 2 × 10−7

Jejunum 0.07 ± 0.10 6 × 10−7 1.11 ± 0.11 cc 5 × 10−6 0.69 ± 0.11 aa,cc,dd 2 × 10−6

Ileum 0.14 ± 0.11 1 × 10−6 0.27 ± 0.18 1 × 10−6 0.05 ± 0.06 1 × 10−7

Cecum 0.30 ± 0.19 2 × 10−6 1.07 ± 1.00 5 × 10−6 1.10 ± 0.26 a 3 × 10−6

CFG 0.17 ± 0.13 7 × 10−7 0.45 ± 0.29 2 × 10−6 0.24 ± 0.16 8 × 10−7

CPG 0.13 ± 0.11 1 × 10−6 0.41 ± 0.12 2 × 10−6 0.46 ± 0.53 1 × 10−6

Transverse colon 0.03 ± 0.03 1 × 10−7 0.27 ± 0.09 cc 1 × 10−6 0.25 ± 0.05 cc 8 × 10−7

Descending colon 0.03 ± 0.02 1 × 10−7 0.23 ± 0.27 1 × 10−6 0.08 ± 0.04 2 × 10−7

D3 Duodenum 1.11 ± 0.67 aa,bb 8 × 10−6 2.21 ± 0.73 5 × 10−6 3.06 ± 0.17 aa,cc 4 × 10−6

Jejunum 0.91 ± 0.45 aa,bb 7 × 10−6 2.46 ± 1.51 5 × 10−6 3.08 ± 0.16 aa,bb 4 × 10−6

Ileum 0.21 ± 0.28 1 × 10−6 0.89 ± 1.32 1 × 10−6 0.61 ± 0.52 8 × 10−7

Cecum 0.63 ± 0.24 aa 4 × 10−6 1.18 ± 0.38 2 × 10−6 1.15 ± 0.19 a 1 × 10−6

CFG 0.48 ± 0.34 3 × 10−6 1.37 ± 0.18 a,b,cc 2 × 10−6 1.66 ± 0.21 a,b,cc 2 × 10−6

CPG 0.47 ± 0.41 3 × 10−6 0.27 ± 0.20 5 × 10−7 0.80 ± 0.13 1 × 10−6

Transverse colon 0.20 ± 0.14 1 × 10−6 0.76 ± 0.59 1 × 10−6 1.06 ± 0.20 aa,bb 1 × 10−6

Descending colon 0.16 ± 0.16 1 × 10−6 0.53 ± 0.19 1 × 10−6 0.79 ± 0.11 aa,bb,c 1 × 10−6

Key: CFG—ascending colon centrifugal gyrus; CPG—ascending colon centripetal gyrus; exposure dates:
D1—exposure day 7; D2—exposure day 21; D3—exposure day 42. Experimental groups: group ZEN5—5 µg
ZEN/kg BW; group ZEN10—10 µg ZEN/kg BW; group ZEN15—15 µg ZEN/kg BW. LOD > values below the
limit of detection were expressed as 0. The statistically notable differences were determined at a,b,c p ≤ 0.05 and
aa,bb,cc,dd p ≤ 0.01; a,aa notable difference between exposure date D1 and exposure dates D2 and D3; b,bb notable
difference between exposure date D2 and exposure date D3; c,cc notable difference between group ZEN5 and
groups ZEN10 and ZEN15; dd notable difference between group ZEN10 and group ZEN15.

The carry-over rates of β-ZEL (see Table 3) in different segments of the intestinal tract
were determined within a narrower range of values (10−5 to 10−8) than the carry-over
rates of ZEN and α-ZEL. The highest CF values were noted on D1 in group ZEN10 in the
duodenum, jejunum, and centripetal gyri of the ascending colon; on D2 in group ZEN10
in the jejunum and cecum; and on D3 in group ZEN5 in the duodenum and jejunum. In
group ZEN15, the highest CF values were observed on D3 in the ileum. The CF factor was
calculated in 72 cases, and it reached 10−8 in 1 case (ileum, group ZEN15, D1), 10−7 in
17 cases, 10−6 in 50 cases, 10−5 in 3 cases, and 0 in 1 case (ileum, group ZEN5, D1).

2.5. Expression of CYP1A1 and GSTP1 Genes

Cytochrome P450 1A1 (CYP1A1) participates in the phase I metabolism of xenobiotics
and drugs. It can exert protective effects on DNA and does not contribute to potentially
cancerogenic DNA modifications, which could be attributed to the fact that CYP1A1 is
highly active in the intestinal mucosa and prevents xenobiotics and carcinogens from
reaching the circulatory system [33]. In this experiment, the CYP1A1 mRNA gene was
generally silenced in both segments of the large intestine in all groups (see Figure 2). In
the ascending colon, on D1 and D3, CYP1A1 mRNA expression was most strongly silenced
in group C in comparison with the experimental groups. Similar results were reported by
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Sun et al. [6] in Leydig cells exposed in vitro to ZEN. In the ascending colon, on D1 and
D3, CYP1A1 mRNA expression was most strongly silenced in group C (1.226 and 0.623,
respectively). In contrast, on D2, CYP1A1 mRNA expression was more silenced in the
experimental groups (1.103, 0.983, and 0.929, respectively) than in group C (1.313). The
reverse was noted in the descending colon, where CYP1A1 mRNA expression was more
silenced in the experimental groups on D1 (0.952, 0.613, and 0.676, respectively) and D3
(0.542, 0.480, and 0.462, respectively). On D2, CYP1A1 mRNA expression was most strongly
silenced in groups C and ZEN5 (0.536 and 0.588, respectively).

Glutathione S-transferases (GSTs) are detoxification enzymes that catalyze conjugation
reactions between endogenous glutathione and electrophilic metabolites produced during
phase I biotransformation [34]. These enzymes protect cells against the harmful effects of
electrophilic chemical compounds and oxidation products. Glutathione S-transferases are a
family of dimeric enzymes responsible for the conjugation of exogenous and endogenous
compounds with glutathione. Glutathione protects DNA against damage by binding toxic
compounds in the cytoplasm and preventing them from interacting with nucleic acid [35].

In the present study, the expression of the GSTπ1 gene was silenced [34,36] as a
result of low-dose zearalenone mycotoxicosis (see Figure 3). The suppression of gene
expression was directly proportional to the zearalenone dose in the experimental groups.
The expression of GSTP1 mRNA in both intestinal segments was highest in group C on all
dates of exposure. In the ascending colon, significant differences were found between group
C vs. groups ZEN10 and ZEN15 on all exposure dates (difference of 0.187 and 0.404 on D1;
difference of 0.302 and 0.405 on D2; difference of 0.331 and 0.351 on D3, respectively). In
group ZEN5, GSTP1 mRNA expression was also more strongly silenced than in group C,
but the difference was not statistically notable. In the descending colon, notable differences
were not observed on D1 and D2, whereas on D3, a significant difference (0.303) was noted
between group C and group ZEN15.
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to the control sample at the beginning of the experiment (ER = 1.00; dashed line). Asterisks (*)
denote experimental groups (group ZEN5—5 µg ZEN/kg BW; group ZEN10—10 µg ZEN/kg BW;
group ZEN15—15 µg ZEN/kg BW), which differed significantly in mRNA levels compared to the
corresponding control (C) groups (* p ≤ 0.05, ** p ≤ 0.01).

3. Discussion

This study demonstrated that the absorption and biotransformation of ZEN and
its metabolites in prepubertal gilts were highly individualized (see Tables 1–3). A com-
parison between the current and previous studies indicates that long-term exposure to
low ZEN doses stimulates proliferation processes and migration on all dates of expo-
sure [5,7,8,12,13,20,31,37]. The question that remains to be answered is why ZEN metabo-
lites were detected in intestinal tissues if their concentrations were considerably lower in
the blood [5] and the heart muscle [31] and if they were completely absent in the bone
marrow microenvironment [12].

3.1. Zearalenone and its Metabolites
3.1.1. Zearalenone Concentrations

An analysis of ZEN concentrations in gut tissue (see Table 1) revealed the highest
values in the duodenum on exposure date D1 (ZEN levels were not always proportional to
the ingested dose) in group ZEN10. This observation can be explained by the fact that in the
initial stages of intestinal absorption, ZEN is most effectively absorbed in the duodenum,
where it is hydroxylated to α-ZEL and β-ZEL [3]. This is because the duodenum and
jejunum have firmly adherent mucus and polysaccharide layers [38], and prepubertal gilts
have high requirements for estrogen and estrogenic compounds [5] due to supraphysiolog-
ical hormonal levels [39]. In groups ZEN10 and ZEN15, higher ZEN concentrations could
also be attributed to the presence of “free ZEN”, which contributes to: (i) the inhibition
of steroidogenesis [6]; (ii) the conversion of testosterone (ZEN suppresses testosterone
levels) to estradiol (which inhibits maturation processes in prepubertal gilts, [40]); and
(iii) increased feed intake and the accumulation of energy [7], supporting homeostasis and,
at later procreation of the organism, reproduction in prepubertal gilts [41]. It should also
be noted that the period of adaptation to an ongoing mycotoxicosis ends after seven dates
of exposure (i.e., on D1) [42].

On D2 and D3, ZEN levels in intestinal tissues increased (see Figure 1) in all groups,
but values recorded in groups ZEN10 and ZEN15 (excluding the centrifugal gyri of the
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ascending colon) were proportionally lower than in group ZEN5. This is because the intesti-
nal tract constitutes the first line of defense against the harmful effects of mycotoxins [14,43].
The intestines are covered by a layer of mucus and polysaccharides that adhere loosely or
firmly to the intestinal wall [38] and determine the rate of absorption processes. Mycotoxins,
including ZEN, exert negative effects mainly during prolonged exposure to high doses [14].
Zearalenone stimulated the proliferation of colonic cells in vitro [3]. Therefore, intestinal
responses are determined mainly by the ZEN dose. Low doses promote proliferation
and migration [44], while high doses have cytotoxic effects and inhibit biotransformation
processes [3], which probably occurred in group ZEN15 in the early stages of exposure.

In view of the above, the present results suggest that the administered ZEN doses
(LOAEL, NOAEL, and MABEL) were appropriate to reliably assess the carry-over of ZEN
in the digestive tract of prepubertal gilts.

3.1.2. Concentrations of ZEN and Its Metabolites

The levels of ZEN metabolites (α-ZEL and β-ZEL; see Tables 2 and 3, Figure 1) in
intestinal tissues were proportional to the administered doses and time of exposure. The
proportions of α-ZEL and β-ZEL were similar to those noted in other studies [3], which is
natural in our opinion [5,45]. The bioavailability of ZEN metabolites in intestinal tissues
was influenced by biotransformation processes during pubescence. The distribution of
concentration values in intestinal tissues preceded the values obtained in blood [5]. Zear-
alenone metabolites were not found in the blood of ZEN5 animals on D1 due to a very
low supply of endogenous steroid hormones [5] (supraphysiological hormonal levels [39]).
Mycoestrogens supplementation [46] can modify the levels of estrogen hormones [7,37]
and the anti-Müllerian hormone [47].

The following arguments should be also considered: (i) adaptive processes end on
D1 [42]; and (ii) ZEN metabolites can be used as substrates that regulate the expres-
sion levels of genes encoding hydroxysteroid dehydrogenases [20] that act as molecular
switches and allow for the modulation of steroid hormone pre-receptors. In this study,
these processes were particularly noticeable in group ZEN5, where ZEN concentrations de-
creased and α-ZEL concentrations increased on successive dates of exposure (see Table 2).
The above indicates that in prepubertal gilts, even the smallest amounts of estrogenic
compounds are used by the body [48] to make up for the deficiency of endogenous estro-
gen [5]. In the remaining groups, metabolite levels increased proportionally to the ingested
ZEN dose.

Based on previous research findings [49,50] and extrapolation, the above observations
could be attributed to the activity of transport proteins in the intestinal wall. The activity
of the antiporter plays a very important role in the initial stage stages of mycotoxin bio-
transformation. Processes with the participation of antiport proteins are influenced by the
availability of energy compounds (which were depleted) [7], which affect active ion pumps
that transport ZEN from and to the intestinal lumen, thus stabilizing ZEN concentrations
inside cells [51]. In enterocytes, numerous detoxification enzymes are localized near the cell
wall. When mycotoxins and their metabolites do not undergo further biotransformation,
they reach the cytosol and, consequently, the circulatory system. To prevent this from
happening, active ion pumps remove mycotoxins and their metabolites from cells. These
toxins return to the intestinal lumen and are subsequently recirculated to enterocytes. The
described mechanisms restore energy reserves in cells, and mycotoxins can be metabolized
again before they reach the cytosol and cause pathological states. Antiporter activity in
the intestines is also determined by phase I enzymes, including the cytochrome P450 3A4
isoenzyme, which plays a key role in detoxification [15] and energy supply [7].

These observations could suggest that α-ZEL contributes to the modulation of life
processes by participating in feminization processes in prepubertal gilts.
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3.1.3. Carry-Over Factor

One of the main objectives of risk management in the food processing industry is to
protect public health through the effective identification and control of known threats and
selecting the most appropriate strategies for mitigating these risks. The significance of the
CF has to be understood before a given strategy is selected and implemented [1]. The CF is
the concentration ratio of the undesirable substances (mycotoxin) in contaminated digesta
to the concentrations of ZEN and its metabolites in gut tissues, which marks the beginning
of biotransformation processes. Our previous research demonstrated that even MABEL
doses can induce specific changes in homeostasis [52], metabolic processes [7], endocrine
processes [5,6], and gut microbiota [8] in prepubertal gilts.

The CF values noted in the current study suggest that the accumulation of the parent
compound in the intestinal wall was low and stable on the first two dates of exposure
(D1 and D2). A different trend was noted in group ZEN10 in the duodenum, where ZEN is
most easily and rapidly absorbed [38]. These values were sufficient to induce considerable
disruptions in metabolic processes [18] and, most importantly, steroidogenesis [6,20,53,54]
via estrogen receptors [4,52]. These findings confirm that the effects exerted by mycotoxins
applied at low doses have not been fully elucidated in prepubertal females. However, on
D3, the CF values were higher in the ZEN15 group than in the other groups, which may
suggest the rate of biotransformation processes decreases over time. These observations
are difficult to interpret because little is known about the rate and course of biological
processes in sexually immature pigs. It can only be speculated that estrogen supply and
estrogen demand reach equilibrium and that the steroid hormone profile is modified when
testosterone is converted to estradiol [5,42] or when detoxification processes begin to
dominate [55].

The CF values of both ZEN metabolites were characterized by different trends
(Tables 2 and 3). In general, this parameter was highest in group ZEN10 on all exposure
dates, with a decreasing trend in the colon. On D3, the CF of α-ZEL in the ZEN10 group
increased in all sections of the small intestine. The CF of β-ZEL was highest in group
ZEN5 and also in the small intestine. Interestingly, a comparison of the CF values of both
ZEN metabolites on all exposure dates revealed average values on D3. These observa-
tions suggest that after 21 days of exposure to the pure parent compound, life processes
in prepubertal gilts are stabilized, and biotransformation processes are shifted towards
detoxification [55,56]. This indicates that the macroorganism has developed tolerance
to low ZEN doses due to the availability of “free ZEN” [20], its suppressive effects on
testosterone and progesterone levels [6], and the negative feedback effect on FSH synthesis
and secretion [5,57]. These effects could be ascribed to the fact that prepubertal gilts were
fed a balanced diet [7,58], and the amount of gut microbiota was higher in the distal part of
the intestinal tract [8], where mycotoxin concentrations were lower.

Contrary to the observations made in vitro by Alvarez-Ortega et al. [59], the present
study did not provide any evidence to prove that exposure to low doses of ZEN, the deter-
mined concentrations of ZEN and its metabolites, and CF values enhanced proliferation
processes in the analyzed tissues. It can be concluded that the noted CF values indicate that
the tested ZEN doses did not exert harmful effects and that the macroorganism relatively
easily adapted to these doses.

3.2. Expression of CYP1A1 and GSTπ1 Genes

The biotransformation of xenobiotics, including ZEN, often alters the biological activity
and chemical properties of these compounds. Phase I metabolic processes usually enhance
the functionality of their molecules, while phase II is often considered the detoxification
stage. However, the nature and extent of these processes are highly compound-specific
and can vary between individuals [2]. During the biotransformation process, ZEN is not
only eliminated from the body, but the parent compound is inactivated, and the products
of phase I biotransformation are activated. Various types of enzymes participate in these
processes, including cytochrome P450 isoenzymes and CYP1A family enzymes in phase
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I, in particular in intestinal tissues. Microsomal GST enzymes are involved in successive
phases of biotransformation [3].

The cytochrome P450 1A1 enzyme adds hydroxyl groups in the phase I metabolism of
xenobiotics. Hydroxyl groups increase the polarity of xenobiotics, thus facilitating their
excretion via urine, and they also act as sites for further modification in phase II biotrans-
formation processes. As a result of enzymatic modifications, ZEN is partly transformed
to more active forms (such as α-ZEL; it should be noted that pure ZEN was administered
per os in this study) [2] that more easily interact with the molecular targets in cells (such
as estrogen receptors) [60] and effectively participate in phase II biotransformation. These
processes occur in two mutually opposing directions.

Analysis of the expression of the CYP1A1 gene in the ascending and descending colon
(Figure 2) on dates D1 and D2 showed that the absorption and accumulation of ZEN and
its metabolites in the gut tissues of prepubertal gilts (Figure 1) corresponded to the CF
values in the analyzed intestinal segments (see Table 1). The above could be attributed to
physiological estrogen deficiency [6,39] as well as the fact that the parent compound (ZEN)
absorbed in intestinal tissues was biotransformed to a more active form (α-ZEL). These
processes promote effective modulation of molecular targets in cells, facilitate steroidogen-
esis [5], and induce cross-talk between the receptors activated by undesirable substances
(the estrogen receptor and the aryl hydrocarbon receptor). The interactions between these
receptors increase the expression of the respective target genes [60].

It should also be noted that various substrates can stimulate or inhibit the activity of
proteins, which significantly influences the biotransformation of ZEN catalyzed by these
enzymes. In addition to protein polymorphism, the induction of biotransforming enzymes
is also responsible for differences in the susceptibility to ZEN and the mycotoxin’s impact
on gilts before puberty. Mean concentrations of ZEN and its metabolites in the intestinal
wall (Figure 1) were inversely related to the expression of the CYP1A1 gene in two sections
of the colon (see Figure 2), and these differences were more pronounced on successive dates
of exposure [6]. The above can be attributed to the increasing accumulation of mycotoxins
in the intestinal wall on day 42 of exposure (D3). In an in silico study, all mycotoxins (ZEN,
α-ZEL, and β-ZEL) acted as substrates, inducers, and inhibitors ranging from 60% to 90%,
21% to 38%, and 23% to 32%, respectively, for the CYP1A1 isoform [15], which was not
confirmed in vivo in this study. These observations could suggest that these mycotoxins
suppress the expression of the CYP1A1 gene.

Glutathione S-transferases (GSTs) are a family of dimeric enzymes that conjugate
exogenous and endogenous substances with glutathione. Glutathione prevents DNA
damage by binding toxic compounds in the cytoplasm and preventing their interactions
with nucleic acid. It should be noted that GSTs are a part of the unified cellular defense
system [61]. In the GST family, the GSTπ1 subclass predominates in the colon [62]. The
substrates for GSTs, in particular for the GSTπ1 subclass, include active metabolites of
cyclophosphamide, platinum derivatives, and xenobiotics. GSTπ1 plays a special role in
the conjugation of reactive cyclophosphamide metabolites with glutathione [63]. In the
present study, a minor increase (non-significant) in GSTπ1 expression in the descending
colon was noted only on D2 in groups ZEN10 and ZEN15 (Figure 3), which suggests
that proliferation processes are somewhat dominant in enterocytes [64,65]. These results
are difficult to interpret due to the scarcity of published data for comparisons. In most
experimental weeks, GSTπ1 expression tended to be higher in the ascending colon and
lower in the descending colon. Increased GSTπ1 expression in the ascending colon is
attributable to hyperestrogenism in prepubertal gilts. Lower levels of GSTπ1 expression
in the descending colon were also reported by Hokaiwado et al. [66], who concluded
that GSTπ1 silencing decreases cell proliferation, promotes apoptosis, and contributes to
controlled proliferation. According to other authors, GSTπ1 can be silenced in response to
chemical stress [28,34], including exposure to ZEN. However, there are no published data
that can be directly compared with our findings. Our previous studies revealed that both
ZEN and deoxynivalenol (DON) could silence GSTπ1 expression [4,36].
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As a result, long-term exposure to ZEN applied at low doses induced functional
changes in the distal gastrointestinal tract in gilts before puberty. However, GSTπ1 ex-
pression in the descending colon was higher in group C on D2. This observation could
be attributed to: (i) the balanced supply and demand (homeostasis) of GSTπ1 for the
maintenance of cytoprotective and detoxification functions in phase II biotransformation
processes; (ii) excess intracellular levels of GSTπ1 in the ascending and descending colon in
response to high GSTπ1 expression [63]; or (iii) intensified apoptosis [66].

Exposure to low mycotoxin doses led to controlled silencing of GSTπ1 expression, thus
promoting a balance between intestinal cells, the degree of exposure to toxic compounds,
and the detoxifying effect.

4. Summary and Conclusions

The gut tissues are the first line of defense against any substances that enter the
body. A healthy intestinal barrier guarantees homeostasis in the body. On the basis of
the presented research, it could be hypothesized that the obtained results confirm the
correctness of the adopted nomenclature of doses (LOAEL, NOAEL, and MABEL) used
in the experience. Based on the observations made during 42 days of exposure to pure
ZEN, it can be hypothesized that all mycotoxins (ZEN, α-ZEL, and β-ZEL) contribute to a
balance between gut cells and the expression of genes that encode enzymes that participate
in biotransformation processes in the large intestine, modulate feminization processes in
prepubertal gilts, and elicit flexible, adaptive responses of the macroorganism to mycotoxin
exposure at the analyzed doses.

5. Materials and Methods
5.1. General Information

All experimental procedures on animals were carried out in accordance with the Polish
regulations specifying the conditions for conducting experiments on animals (Opinions No.
12/2016 and 45/2016/DLZ issued by the Local Ethics Committee for Animal Experimenta-
tion of the University of Warmia and Mazury in Olsztyn, Poland, on 30 November 2016).
This article is a continuation of the previously published study protocol [32].

5.2. Experimental Feed

ZEN analytical samples were dissolved in 96 µL of 96% ethanol (SWW 2442-90, Polskie
Odczynniki SA, Poland) in doses appropriate for various body weights (BWs). The food
was placed in gel capsules saturated with the solution and kept at room temperature until
the alcohol was evaporated. All groups of gilts received the same feed throughout the trial.
The animals were weighed at weekly intervals, and the results were used to adjust the
individual mycotoxin doses [8,13,67].

The feed given to all test animals was supplied by the same producer. The brittle
feed was administered ad libitum twice a day at 8:00 a.m. and 5:00 p.m. throughout the
experiment. The composition of the complete diet declared by the producer is presented in
Table 4 [8,13,67]. Zearalenone analytical samples were dissolved in 96 µL of 96% ethanol
(SWW 2442-90, Polskie Odczynniki SA, Poland) in appropriate weight doses. The feeds
containing various amounts of ZEN in the alcoholic solution were placed in gel capsules.
Prior to administration, the capsules were stored at room temperature until the alcohol
evaporated. Pigs in the experimental groups received ZEN in gel capsules daily before
morning feeding. The animals were weighed at weekly intervals to adjust the individual
mycotoxin doses. The carrier was feed, and the gilts from group C received identical gel
capsules without ZEN [7,8]. The feeds were supplied by the same manufacturer. During
the experiment, the gilts were fed brittle fodder ad libitum twice a day (at 8:00 a.m. and
5:00 p.m.). The composition of the complete diets was specified by the producer, and it is
presented in Table 4.
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Table 4. Declared composition of the complete diet [12].

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 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; antiox-
idant + mineral phosphorus and released phosphorus—60 g; magnesium—5 g; sodium and calcium—51 g.

The proximate chemical composition of the 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 [32].

Toxicological Analysis of Feed

Feed was analyzed for the presence of mycotoxins and their metabolites: ZEN, α-
ZEL, and deoxynivalenol (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). Feed samples were ground in a laboratory mill. Ground samples of 25 g each
were eluted with 150 mL of acetonitrile (90%) to extract the mycotoxins. A total of 10 mL
of the resulting solution was withdrawn and diluted with 40 mL of water. The obtained
solution (10 mL) was collected and passed through the immunoaffinity column (VICAM).
The immunoaffinity bed in the column was subsequently washed with demineralized
water (Millipore Water Purification System, Millipore S.A., Molsheim, France). The column
was eluted with 99.8% methanol (LIChrosolvTM, No. 1.06 007, Merck-Hitachi, Germany) to
remove the bound mycotoxin. The obtained solutions were analyzed by high-performance
liquid chromatography (HPLC system, Hewlett Packard type 1050 and 1100), coupled with
a diode array detector (DAD), a fluorescence detector (FLD), and chromatography columns
(Atlantis T3 3 µm 3.0 150 mm Column No. 186003723, Waters, AN Etten-Leur, Ireland).
Mycotoxins were separated in a mobile phase of acetonitrile:water:methanol (46:46:8,
v/v/v). The flow rate was 0.4 mL/min. The limit of detection was set at 5 µg/kg of feed for
DON and 2 µg/kg of feed for ZEN, based on validation of chromatographic methods for
the determination of ZEN and DON levels in feed materials and feeds. Chromatographic
methods were validated at the Department of Veterinary Prevention and Feed Hygiene [68];
see File S1 in Supplementary Materials.

5.3. Experimental Animals

An in vivo experiment involving 60 clinically healthy prepubertal gilts with initial BW
of 14.5± 2 kg 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,
Poland [7,32]. During the experiment, the animals were housed in pens, fed identical
diets, and provided with ad libitum access to water. The gilts were randomly divided
into a control group (group C; n = 15) and three experimental groups (ZEN5, ZEN10, and
ZEN15; n = 15 each) [69,70]. Groups ZEN5, ZEN10, and ZEN15 were administered ZEN
(Sigma-Aldrich Z2125-26MG, St. Louis, MO, USA) per os at 5 µg/kg BW, 10 µg/kg BW,
and 15 µg/kg BW, respectively. Each experimental group was kept in a separate pen in the
same building. Pens had an area of 25 m2 each, which is consistent with the applicable
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cross-compliance regulations (Regulation (EU) No 1306/2013 of the European Parliament
and of the Council of 17 December 2013).

5.3.1. Toxicological Analysis of Intestinal Tissues
Tissues Samples

Five prepubertal gilts from every group were euthanized on analytical date 1
(D1—exposure day 7), date 2 (D2—exposure day 21), and date 3 (D3—exposure day 42) by
intravenous administration of pentobarbital sodium (Fatro, Ozzano Emilia BO, Italy) and
bleeding. Immediately after cardiac arrest, tissue samples (approximately 1 × 1.5 cm) were
collected from entire intestinal cross-sections, from the following segments of the gastroin-
testinal tract: duodenum—third part; jejunum and ileum—middle part; cecum—1 cm from
the ileocecal valve; colon—middle part of the centrifugal gyri of the ascending colon and
centripetal gyri of the ascending colon (ascending colon), transverse colon, and descending
colon. The samples were rinsed with phosphate buffer and prepared for analyses. The
collected samples were stored at a temperature of −20 ◦C.

Extraction Procedure

The presence of ZEN, α-ZEL, and β-ZEL in tissue samples was determined with the
use of immunoaffinity columns. Tissue samples were transferred to centrifuge tubes and
homogenized with 7 mL of methanol (99.8%) for 4 min. The tubes were vortexed 4 times at
5 min intervals, after which they were centrifuged at 5000 rpm for 15 min. Samples of 5 mL
were collected from the suspension and combined with 20 mL of deionized water, and
12.5 mL of the resulting solution was used to extract ZEN. The supernatant was carefully
collected and passed through immunoaffinity columns (Zearala-TestTM Zearalenone Test-
ing System, G1012, VICAM, Watertown, MA, USA) at a rate of 1–2 drops per second. The
immunoaffinity bed in the column was subsequently washed with demineralized water
(Millipore Water Purification System, Millipore S.A., Molsheim, France). Isocratic elution
was performed with 99.8% methanol (LIChrosolvTM, No. 1.06 007, Merck-Hitachi, Ger-
many) to remove the bound mycotoxin. After extraction, the eluents were placed in a water
bath at a temperature of 50 ◦C and were evaporated in a stream of nitrogen. Dry residues
were stored at −20 ◦C until chromatographic analysis. Next, 0.5 mL of 99.8% acetonitrile
(ACN) was added to dry residues to dissolve the mycotoxin. The process was monitored
with the use of internal standards (Cayman Chemical 1180 East Ellsworth Road Ann Ar-
bor, Michigan 48108 USA, ZEN-catalog number 11353; Batch 0593470-1; a-ZEN-catalog
number 16549; Batch 0585633-2; β-ZEN-catalog number 19460; Batch 0604066-7).

Chromatographic Quantification of ZEN and Its Metabolites

Zearalenone and its metabolites were quantified at the Institute of Dairy Industry
Innovation in Mrągowo, Poland. The biological activity of ZEN, α-ZEL, and β-ZEL in
the bone marrow microenvironment was determined by combined separation methods
involving immunoaffinity columns (Zearala-TestTM Zearalenone Testing System, G1012,
VICAM, Watertown, MA, USA), Agilent 1260 liquid chromatography (LC) system, and
a mass spectrometry system (MS, Agilent 6470). Samples were analyzed on a chromato-
graphic column (Atlantis T3, 3 µm 3.0 × 150 mm, column No. 186003723, Waters, AN
Etten-Leur, Ireland). The mobile phase was composed of 70% acetonitrile (LiChrosolvTM,
No. 984730109, 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 the addition of 2 mL of
acetic acid per 1 L of the mixture. 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 flushed with 99.8% methanol (LIChrosolvTM, No. 1.06 007, Merck-Hitachi,
Mannheim, Germany) to remove the bound mycotoxin. 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.
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Mycotoxin concentrations were determined with an external standard and expressed
in ppb (ng/mL). Matrix-matched calibration standards were applied in the quantification
process to eliminate matrix effects that can decrease sensitivity. Calibration standards
were dissolved in matrix samples based on the procedure that was used to prepare the
remaining samples. The material for calibration standards was free of mycotoxins. The
limits of detection (LOD) for ZEN, α-ZEL, and β-ZEL were determined as the concentration
at which the signal-to-noise ratio decreased to 3. The concentrations of ZEN, α-ZEL, and
β-ZEL were determined in each group and on three analytical dates (see Table 1).

Mass Spectrometric Conditions

The mass spectrometer was operated with ESI in the negative ion mode. The MS/MS
parameters were optimized for each compound. The linearity was tested by a calibra-
tion curve including six levels. Table 5 shows the optimized analysis conditions for the
mycotoxins tested.

Table 5. Optimized conditions for mycotoxins tested [71].

Analyte Precursor Quantification Ion Confirmation Ion LOD
(ng mL−1)

LOQ
(ng mL−1) Linearity (%R2)

ZEN 317.1 273.3 187.1 0.03 0.1 0.999

α-ZEL 319.2 275.2 160.1 0.3 0.9 0.997

β-ZEL 319.2 275.2 160.1 0.3 1 0.993

Carry-Over Factor

Carry-over toxicity occurs when the body is able to survive under the influence of
low doses of mycotoxins. Mycotoxins may impair the functions of tissues or organs [72]
and modify their biological activity [5,7]. CF was determined in the intestinal tissues
when the daily dose of ZEN (5 µg ZEN/kg BW, 10 µg ZEN/kg BW or 15 µg ZEN/kg BW)
administered to each animal was equivalent to 560–32251.5 µg ZEN/kg complete diet,
depending on the daily feed intake. The concentrations of mycotoxins in the tissues were
expressed as the dry matter content of the samples.

The CF was calculated as follows:

CF = toxin concentration in tissue [ng/g]/toxin concentration in diet [ng/g]

Statistical Analysis

The data were statistically processed at the Department of Discrete Mathematics and
Theoretical Computer Science, Faculty of Mathematics and Computer Science, University
of Warmia and Mazury in Olsztyn. The bioavailability of ZEN and its metabolites in
gut tissues was analyzed in group C and three experimental groups on three analytical
dates. Results are expressed as means (±) with standard deviation (SD). The following
parameters were analyzed: (i) the differences in the mean values for the various doses of
ZEN (experimental groups) and the control group on the three analytical dates, and (ii) the
differences in the mean values for the individual doses (groups) of ZEN at the three dates.
Differences between mean values were determined using one-way ANOVA. If there were
significant differences between groups, the differences between the pairs of means were
determined using Tukey’s multiple comparison test. If all values were below the LOD
(mean and variance equal to zero) in either group, values in the remaining groups were
analyzed by one-way ANOVA (if the number of remaining groups was greater than two),
and the means of these groups were compared with zero on Student’s t-test. The differences
between the groups were determined by Student’s t-test. The results were considered to
be highly significant at p <0.01 (**) and significant at 0.01 < p <0.05 (*). The data were
statistically processed using Statistica v.13 software (TIBCO Software Inc., Silicon Valley,
CA, USA, 2017). Dose–response relationships were established using Pearson’s correlation
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analysis. Differences were considered significant at p ≤ 0.05. Results are presented as the
means ± standard error of the mean (SEM).

5.4. Expression of CYP1A1 and GSTπ1
5.4.1. Sampling and Storage for RNA Extraction

Immediately after cardiac arrest, tissue samples were collected from the mid-ascending
and descending colon. The samples were stored in RNAlater (Sigma-Aldrich; Taufkirchen,
Germany) according to the manufacturer’s instructions. Tissue samples were collected at
the same time.

5.4.2. Complete RNA Extraction and cDNA Synthesis

Total RNA was extracted from RNAlater-preserved tissues (approx. 20 mg per sample;
n = 5 in each treatment group) using the Total RNA Mini isolation kit (A&A Biotech-
nology; Gdansk, Poland) according to the manufacturer’s protocol. RNA samples were
incubated with RNase-free DNase I (Roche Diagnostics; Mannheim, Germany) to prevent
contamination of genomic DNA. The overall RNA quality and purity of all samples were
assessed with a BioPhotometer (Eppendorf; Hamburg, Germany), and the results were used
for cDNA synthesis with the RevertAid™ First Strand cDNA Synthesis Kit (Fermentas;
Burlington, Canada). The cDNA synthesis reaction mixture for each sample contained 1 µg
of total RNA and 0.5 µg of oligo (dT) primer, and the reaction was performed according to
the manufacturer’s protocol. The first synthesized cDNA strand was stored at −20 ◦C until
further analysis.

5.4.3. qPCR

Real-time PCR primers for the CYP1A1 and GSTπ1 mRNAs were designed using
the Primer-BLAST tool based on the reference species (Table 6). The real-time PCR test
was performed on an ABI 7500 Real-time PCR system thermalcycler (Applied Biosystems;
USA) in singleplex mode. Subsequent treatments were applied in accordance with the
producents’ recommendations.

Table 6. Real-time PCR primers for the proposed study.

Primer Sequence (5′→3′) Amplicon
Length (bp) References

CYP1A1
Forward cagagccgcagcagccaccttg

226 [68]Reverse ggctcttgcccaaggtcagcac

GSTP1
Forward acctgcttcggattcaccag

178 [68]Reverse ctccagccacaaagccctta

β-Actin Forward catcaccatcggcaaaga
237 [73]Reverse gcgtagaggtccttcctgatgt

The quantitative cycle (Cq) values of qPCR were converted to copy number using a
standard curve plot (Cq vs. log copy number) according to the methodology developed
by [74] and described by Spachmo and Arukwe [75].

The rationale for the use of the standard curve is based on the assumption that the
unknown samples have an equal amplification efficiency (usually above 90%), which
is checked before extrapolating the unknown standards to the standard curve [75]. To
generate standard curves, the purified PCR products of each mRNA were used to prepare a
series of 6 10-fold dilutions with known copy number amounts that were used as templates
in real-time PCR. The Cq values obtained for each dilution series were plotted against
the log copy number and used to extrapolate the unknown samples to the copy number.
The mRNA copy numbers of the samples collected from all experimental groups in each
exposure date were divided by the averaged numbers from the C group, determined at the
beginning of the experiment (control 0d), to obtain relative expression values, which were
presented as the expression ratio (R).
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5.4.4. Statistical Analysis

The expression of the CYP1A1 and GSTP1 genes in the ascending and descending
colon was presented as mean (±) SD values for each sample. The results were analyzed
with Statistica software (StatSoft Inc., Tulsa, OK, USA). Mean values in the control and
experimental groups were compared by a one-way ANOVA with repeated measures based
on the dose of ZEN administered to the gilts before puberty. If differences between the
groups were found, a post hoc Tukey test was performed to determine which pairs of mean
groups were significantly different. In ANOVA, group samples were taken from normally
distributed populations with the same variance. If the above assumptions were not met in
all cases, the equality of the mean groups was tested using the Kruskal–Wallis rank test
and the multiple-comparisons test in ANOVA. Different pairs of groups were identified by
multiple post hoc comparisons of the rank means for all groups.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/toxins14050354/s1. File S1: “Task 4. Validation of chromatographic
determination methods for zearalenone, α-zearalenol, and DON in pig feed”.
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10. Skiepko, N.; Przybylska-Gornowicz, B.; Gajęcka, M.; Gajęcki, M.; Lewczuk, B. Effects of Deoxynivalenol and Zearalenone on the
Histology and Ultrastructure of Pig Liver. Toxins 2020, 12, 463. [CrossRef]

11. Dąbrowski, M.; Obremski, K.; Gajęcka, M.; Gajęcki, M.T.; Zielonka, Ł. Changes in the Subpopulations of Porcine Peripheral Blood
Lymphocytes Induced by Exposure to Low Doses of Zearalenone (ZEN) and Deoxynivalenol (DON). Molecules 2016, 21, 557.
[CrossRef] [PubMed]
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19. Gajęcka, M.; Zielonka, Ł.; Gajęcki, M. The effect of low monotonic doses of zearalenone on selected reproductive tissues in

pre-pubertal female dogs—A review. Molecules 2015, 20, 20669–20687. [CrossRef]
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Abstract: This study addresses an advantageous application of a urinary zearalenone (ZEN) monitor-
ing system not only for surveillance of ZEN exposure at the production site of breeding cows but also
for follow-up monitoring after improvement of feeds provided to the herd. As biomarkers of effect,
serum levels of the anti-Müllerian hormone (AMH) and serum amyloid A (SAA) concentrations were
used. Based on the results of urinary ZEN measurement, two cows from one herd had urinary ZEN
concentrations which were two orders of magnitude higher (ZEN: 1.34 mg/kg, sterigmatocystin
(STC): 0.08 mg/kg in roughages) than the levels of all cows from three other herds (ZEN: not detected,
STC: not detected in roughages). For the follow-up monitoring of the herd with positive ZEN and
STC exposure, urine, blood, and roughage samples were collected from five cows monthly for one
year. A monitoring series in the breeding cattle herd indicated that feed concentrations were not
necessarily reflected in urinary concentrations; urinary monitoring assay by ELISA may be a simple
and accurate method that reflects the exposure/absorption of ZEN. Additionally, although the ZEN
exposure level appeared not to be critical compared with the Japanese ZEN limitation in dietary feeds,
a negative regression trend between the ZEN and AMH concentrations was observed, indicating that
only at extremely universal mycotoxin exposure levels, ZEN exposure may affect the number of antral
follicles in cattle. A negative regression trend between the ZEN and SAA concentrations could also be
demonstrated, possibly indicating the innate immune suppression caused by low-level chronic ZEN
exposure. Finally, significant differences (p = 0.0487) in calving intervals between pre-ZEN monitoring
(mean ± SEM: 439.0 ± 41.2) and post-ZEN monitoring (349.9 ± 6.9) periods were observed in the
monitored five cows. These preliminary results indicate that the urinary ZEN monitoring system may
be a useful practical tool not only for detecting contaminated herds under field conditions but also
provides an initial look at the effects of long-term chronic ZEN/STC (or other co-existing mycotoxins)
exposure on herd productivity and fertility.

Keywords: AMH; cattle; long-term monitoring; sub-clinical contamination; SAA; urine; zearalenone
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Key Contribution: The urinary ZEN monitoring system is an important practical tool for revealing
the effects of long-term chronic ZEN/STC (or other co-existing mycotoxins) exposure on cows pro-
ductivity and fertility. The long-term use of the ZEN-contaminated feed affected the calving interval.

1. Introduction

Recently, increasing attention has been paid to the impact of Fusarium-derived myco-
toxins, as their prevalence seems to increase worldwide, despite efforts to minimize their
concentration in animal feeds. Global warming and/or climate change are discussed as
possible causes for higher exposure rates which may enhance the risk of harmful effects
on both human and animal health [1–4]. Indeed, a large-scale global survey of mycotoxin
contamination in more than 70,000 sample feeds collected from more than one hundred
countries suggested that mycotoxins are almost ubiquitously detected contaminants [5].
The authors concluded that co-occurrence of Fusarium-derived mycotoxins (such as zear-
alenone (ZEN) and deoxynivalenol (DON) as the most important combinations) should be
monitored more closely [5]. Based on a recent review, ZEN, one of the Fusarium-derived
estrogenic-mycotoxins, is mainly formed at the pre-harvest stage, although continued
fungal growth and ZEN synthesis may continue during poor storage conditions [6]. As
controlling animals’ exposure to mycotoxins is often difficult under farm conditions, where
feed supplies may change rapidly, monitoring of urinary concentration of ZEN of farm
animals such as cattle is presumed to be a suitable biomarker for ZEN exposure [7–9].
Previously, we have established a urinary ZEN-monitoring system with ELISA for initial
screening purposes, followed by LC-MS/MS validation to detect ZEN and its related
metabolites; α-zearalenol (α-ZEL) and β-zearalenol (β-ZEL) as well as sterigmatocystin
(STC), as both toxins might occur together in diets for Japanese cattle [10–12]. Additionally,
we have reported that monitoring ZEN or STC levels in urine is not only a practical and
useful way of evaluating and detecting the naturally contamination status of cattle herds,
but also assessing the efficiency of mycotoxin adsorbents (MAs) supplemented in dietary
feed to reduce intestinal absorption of mycotoxins [10,11,13,14].

Multiple factors influence fungal growth and mycotoxin formation, including season,
geographical location, drought, harvest time, processing, storage, and distribution, etc., [6],
thus, the important first step in combating mycotoxins, especially in herds fed home-
grown forage begins with measuring the level/status of mycotoxins contamination in
the feed of individual herds during the stage of sub-clinical health condition. We have
continued to monitor cattle herds in the field to detect subclinical ZEN-contaminated herds
by using urinary ZEN monitoring. During this monitoring, we identified one herd which
was speculated to have been fed rather high ZEN-contaminated roughage exceeding the
standard value in Japan (>1 mg/kg) with urine samples by ELISA, following validated
by LC-MS/MS assay of the dietary roughage. Given ethical and animal welfare concerns,
and the high costs involved, it is hardly possible to conduct feeding trials with cattle
exposed to ZEN contaminated feed to investigate the effects of chronic low levels of ZEN
contamination. Therefore, we evaluated whether the identified cattle herd may serve as a
useful tool for observing the effect of long-term exposure on urinary excretion of toxins as
well as an indicator of the reproductive performance of female cattle.

The objectives of this field study were to (1) re-evaluate the urinary ZEN monitoring
system for its practical usefulness in cattle farm conditions and (2) evaluate the follow-up
monitoring results for 1 year, concomitant with the relationship between changes in both
naturally occurring urinary ZEN and serum anti-Müllerian hormone (AMH) concentration,
and STC concentrations. AMH is secreted by ovarian granulosa cells primarily from pre-
antral and early antral follicles of females and is an endocrine marker closely associated
with both gonadotrophin-responsive ovarian reserves and with the size of the pool of
growing preantral and small antral follicles [15,16]. Additionally, serum amyloid A (SAA),
which is one of the most reliable acute phase proteins (APPs) primarily produced by the
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liver induced by the inflammatory cytokines, such as interleukin (IL)-1, IL-6, and tumor
necrosis factor (TNF)-α [17,18], was measured to monitor inflammation in each cow at
the monthly sampling time, given our previous report that not only calving itself but also
severe inflammation during the postpartum period indicated by high SAA concentration
can affect the AMH concentration in cows [19].

2. Results
2.1. First Urinary ZEN Screening on Four JB Breeding Cattle Herds in the Neighborhood

Table 1 shows a summary of all results of the first screening of the four herds. The
urinary ZEN concentrations of two samples from Herd C measured by ELISA exceeded the
upper limit value that guarantees quantification within the range of the calibration curve
used in the ELISA measurement (4050 ppt = 4050 pg/mL); thus, they were assumed to be
>20,250 pg/mL without repeating ELISA measurements by using more diluted samples,
whose concentration levels differed by two orders of magnitude compared to cows from
the other three herds. Therefore, based on the results of the first urinary ZEN screening,
it was assumed that the ZEN concentration in the roughage fed to herd C was much
higher than that in the other herds. Thus, as the next step in our screening, both ZEN
and STC concentrations in the dietary roughage from all herds were measured. The ZEN
concentration of the roughage sample from Herd C was 1.34 mg/kg, which was higher
than the Japanese national limit of ZEN, concomitant with STC exposure (0.08 mg/kg)
(Table 1). Additionally, the results of LC/MS measurements performed later, i.e., the
simultaneous detection of ZEN, its metabolites, and STC in the urine sample only from
Herd C, clarified the ELISA results of urine samples and LC-MS/MS results of both ZEN
and STC in roughage.

Table 1. Urinary ZEN concentrations at the first screening on four JB breeding cattle herds.

ELISA LC-MS/MS LC-MS/MS

Cow
Urinary ZEN

Concentrations
(pg/mL)

ZEN/Cre ZEN/Cre α-ZEL/Cre β-ZEL/Cre ΣZEN/Cre STC/Cre
ZEN in

Roughage
(mg/kg)

STC in
Roughage

(mg/kg)

A1 2132.6 3280.9 ND ND ND ND ND ND NDA2 1637.6 930.5 ND ND ND ND ND

B1 1937.9 983.7 ND ND ND ND ND ND <0.04 **B2 1528.5 979.8 ND ND ND ND ND

C1 >20,250 >23,011.4 * 14,363.6 10,772.7 16,454.5 41,590.9 659.1 1.34 0.08C2 >20,250 >21,315.8 * 11,915.8 8526.3 4736.8 25,178.9 442.1

D1 1931.2 3862.4 ND ND ND ND ND ND NDD2 985.2 1669.8 ND ND ND ND ND

* The urinary ZEN concentrations of the two samples from Herd C ranged over the maximal standard concentration
of the ELISA kit. Thus, ZEN/Cre were expressed based on the maximal standard concentrations. Cre: Creatinine.
** Sterigmatocystin was detected below the lower limit, but it was not reached the quantitative value. ND:
Not detected.

2.2. Follow-up Monthly Monitoring in ZEN Detected JB Breeding Cattle Herd

Sampling could not be performed for Cow 4 in August 2020 because she was about to
calve at the time of sampling. The monthly changes in both urinary ZEN concentrations
measured by ELISA and serum AMH concentration are shown in Figure 1. During the
1-year follow-up period, two peaks of urinary ZEN concentrations were observed in August
2020 and between April and May 2021 with different concentrations in each cow, which
were later confirmed by urinary ZEN and metabolite detection by LC-MS/MS measurement
(Figure 1g). Additionally, STC was also detected in urine samples from four cows in July
2020 (Cow 1: 184.8), February (Cow 4: 508.5), March (Cow 1: 429.4, and Cow 2: 495.7), and
one in June 2021 (Cow 1: 342.5) (Figure 1g). Alternatively, ZEN was only detected in May
2021 (0.03 mg/kg), and STC was detected in July 2020 (0.01 mg/kg), February (0.02 mg/kg),
April (0.03 mg/kg), and May 2021 (0.05 mg/kg), suggesting that feed ZEN exposure does
not correspond with urinary ZEN concentrations, and feed STC exposure does not seem
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to correspond with urinary STC concentrations (Figure 1h), which must be due to largely
reflected by the influence of the sampling parts collected as roughage samples.
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Figure 1. Monthly changes of both urinary ZEN concentration measured by ELISA and serum AMH

concentration of each cow; (a) Cow 1, (b) Cow 2, (c) Cow 3, (d) Cow 4, and (e) Cow 5,
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: calving,
(f) total; mean urinary ZEN concentration and AMH from five cows, (g) monthly changes of urinary
ZEN, its metabolites, and STC concentrations measured by LC-MS/MS, (h) monthly changes of ZEN
and STC concentrations in the dietary roughage measured by LC-MS/MS.

The estimated values of ZEN, AMH, and SAA for each month estimated by linear
mixed model analysis are shown in Table 2 and Figure 1f. The ZEN value peaked in August,
then decreased from September to March, and trended upward from April. Conversely,
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the AMH value dropped once in September, trended upward in March, then trended
downward again in April. The SAA also showed a trend of increasing until March of the
following year, although there have been increases and decreases since August.

Table 2. Estimated means and confidence intervals of ZEN, AMH, and SAA at each time point by
mixture model.

ZEN AMH SAA

Date Geometric
Mean 95% CI Arithmetic

Mean 95% CI Geometric
Mean 95% CI

2020/7 2142.2 1373.8–3340.4 1521.6 1165.7–1877.5 2.8 1.5–4.9
2020/8 8056.5 4853.3–13373.8 1594.5 1135.0–2053.9 2.5 1.2–5.2
2020/9 521.1 334.2–812.6 1358.0 1002.1–1713.9 2.9 1.6–5.1
2020/10 1065.7 683.4–1661.7 1356.6 1000.7–1712.5 4.0 2.2–7.1
2020/11 627.1 392.9–1000.9 1532.9 1134.9–1930.8 3.4 1.8–6.4
2020/12 720.8 462.2–1123.9 1665.8 1309.9–2021.7 3.1 1.7–5.4
2021/1 676.9 434.1–1055.4 1820.8 1464.9–2176.7 4.9 2.8–8.7
2021/2 995.8 623.9–1589.5 1860.0 1462.1–2257.9 3.1 1.6–5.8
2021/3 669.9 419.7–1069.2 1828.1 1430.1–2226.0 5.2 2.8–9.8
2021/4 3194.8 2048.8–4981.8 1553.8 1197.9–1909.7 3.3 1.9–5.9
2021/5 1763.7 1131.0–2750.2 1704.4 1348.5–2060.3 3.0 1.7–5.3
2021/6 1414.2 885.9–2257.7 1554.7 1156.8–1952.6 2.2 1.2–4.2

95% CI: 95% confidence interval.

The results of the time-series regression between the ZEN and AMH values are shown
in Table 3. Although neither correlation was significant, the effect of the ZEN value one
month earlier on AMH displayed a negative regression trend (β = −0.449 [−1.112, 0.214],
p = 0.160 in lag 1 month model). In other words, a low ZEN value one month prior tended
to result in a high AMH value in the current month. The results of the examination of the
time-series regression between the ZEN and AMH change values are shown in Table 4.
Although no correlations were significant, a negative correlation trend was observed for
the effect of the ZEN value from one month before AMH change (β = −0.377, lag 1 month).
In other words, a low ZEN value in the current month suggested a tendency for AMH
values to be higher in the next month.

Table 3. Regression between ZEN and AMH values.

AMH

β 95% CI p-Value

Simple correlation
ZEN −0.085 −0.787 – 0.617 0.793

Time-lagged correlation
ZEN (lag 1 month) −0.449 −1.112 – 0.214 0.160

The effects of ZEN on AMH values were evaluated by calculating the simple regression of ZEN values to AMH
and the time-lagged regression, which examines the effect of ZEN values, one month earlier (lag 1 month), using
a linear mixed model. β: Standardized regression coefficient. 95% CI: 95% confidence interval.

Table 4. Regression between ZEN and AMH changes.

AMH Change over one Month

β 95% CI p-Value

Time-lagged correlation
ZEN (lag 0) −0.024 −0.744 – 0.695 0.941

ZEN (lag 1 month) −0.377 −1.039 – 0.285 0.230
The analysis was similarly for Table 3 evaluated by calculating the simple regression of ZEN value to AMH change
over one month (lag 0 model) and time-lag regression to examine the effect of ZEN value one month earlier using
a linear mixed model.
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The results of the time series regression between SAA and ZEN values are shown in
Table 5. Although both regressions were non-significant, the effect of the current month’s
ZEN value on SAA showed a negative regression trend (β = −0.400 [−1.046, 0.246], p = 0.198
in lag 0 model). In other words, a high ZEN value may tend to result in a low SAA value in
the current month. The results of the examination of the time series regression between
SAA change and ZEN value are shown in Table 6. All regressions were non-significant,
and the regression coefficients were small.

Table 5. Regression between ZEN and SAA values.

SAA

β 95% CI p-Value

Simple regression
ZEN −0.400 −1.046 – 0.246 0.198

Time-lagged regression
ZEN (lag 1 month) −0.333 −1.029 – 0.364 0.308

The effects of ZEN on SAA values were evaluated by calculating the simple regression of ZEN values to SAA and
the time-lagged regression, which examines the effect of ZEN values one month earlier (lag 1 month), using a
linear mixed model. β: standardized regression coefficient. 95%CI: 95% confidence interval.

Table 6. Regression between ZEN and SAA changes.

SAA Change over one Month

β 95% CI p-Value

Time-lagged regress
ZEN (lag 0) −0.245 −0.941 – 0.450 0.446

ZEN (lag 1 month) 0.065 −0.654 – 0.784 0.843
The analysis was similar for Table 5 evaluated by calculating the simple regression of ZEN value to SAA change
over one month (lag 0 model) and the time-lag regression to examine the effect of ZEN value one month earlier
using a linear mixed model.

The calving interval of the herd were 389.8 ± 35.3 (n = 10) in 2018, 471.7 ± 33.1 (n = 18)
in 2019, 387.8 ± 15.0 (n = 19) in 2020, and 408.5 ± 24.6 (n = 20) in 2021, and tendency toward
decreased calving intervals (p = 0.099) was observed between 2019 (pre-ZEN monitoring
period) and 2020 (post-ZEN monitoring period). Table 7 shows the results of the calving
intervals of the five cows examined during the pre- and post-ZEN monitoring periods.
The number of calving intervals during the post-ZEN monitoring period (349.9 ± 6.9) was
significantly lower (p = 0.0487) than the pre-ZEN monitoring period (439.0 ± 41.2).

Table 7. Mean calving intervals of the examined 5 cows during pre- and post-ZEN monitoring periods.

Birthday 2017 (Pre) 2018 (Pre) 2019 (Pre) * 2020 (Post) ** 2021 (Post)

Cow 1 9 January 2016 - 351 335 349 333

Cow 2 8 November
2014 690 - 380 321 349

Cow 3 7 April
2014 346 392 437 334 346

Cow 4 15 July
2015 - 600 - 377 355

Cow 5 27 December
2016 - - 420 - 385

Mean of 5 cows 518.0 ± 172.0 447.7 ± 77.1 393.0 ± 22.7 345.3 ± 12.0 353.6 ± 8.6
Mean of the pre-

and post-
monitorin

439.0 ± 41.2 a

(n = 9)
349.9 ± 6.9 b

(n = 9)

* Pre: Pre-ZEN monitoring period, ** Post: Post-ZEN monitoring period. a,b: p < 0.05.
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3. Discussion

Currently, many reports have aimed to clarify and prevent the harmful effects of
mycotoxins at each stage focused on three major factors. First, the characters, toxicity, and
metabolites against the organs and/or systemic function of each mycotoxin (including
emerging mycotoxins such as enniatin, beauvericine, and emodin) with both in vitro and
in vivo approaches [20,21]. Second, the detection methods for these mycotoxins (including
the case of multiple mycotoxins coexistence with different spp. of fungi) within dietary
feeds and biological fluids, such as serum, urine, and milk, from animals [2,22–24]. Third,
not only feed management and control strategies for fungal infection but also the degrada-
tion approaches by physical, chemical enzymatic, and biological methods to prevent the
harmful effects of mycotoxins for the animals [1,3]. In cattle practice, acute exposure to
high doses of mycotoxins is usually responsible for well-characterized clinical symptoms,
such as reduced feed intake or diarrhea. Sub-chronic and chronic exposure to low doses
has been less well characterized but is considered to be responsible for reduced perfor-
mance, for reduced pathogen resistance, and more generally, for many of the causes of
damaged health, and potentially the reproductive efficacy, of the herd [25]. Therefore, it is
essential to first monitor the contamination status of mycotoxins in dietary feeds at each
farm level to limit the exposure risks of mycotoxins. As previously suggested, one practical
approach is to evaluate the feed contamination on each farm with an ELISA test kit for
mycotoxin screening, followed by further validation of the suspected feed samples with
LC-MS/MS [6]. Following these approaches, one objective of the present field trial/test
was to 1) evaluate and apply the urinary ZEN monitoring system for its practical usefulness
in cattle farm conditions. As expected, the results of our first screening indicated that
(1) urinary ZEN measurements may be useful for monitoring or evaluating the level of
intestinal absorption of ZEN from dietary feeds with follow-up by even small urinary sam-
ples (0.5 mL) from the same herd, (2) it was possible to detect ZEN naturally contaminated
cattle herds by relatively high ZEN levels in feeds by ELISA as a rather simple method
within the laboratory, concomitant with the coexistence of STC contamination of the dietary
rice straw or WCS by following LC-MS/MS measurement, and (3) in a cattle herd (C)
with confirmed ZEN exposure, monthly monitoring in the following year made it possible
to monitor and control the exposure levels of dietary roughages derived from rice straw
from within the same paddy field. To the best of our knowledge, this is the first practical
verification test conducted in some cattle in which data are available encompassing the
period from detection to follow-up using the urinary ZEN monitoring system.

The greatest advantage of using the urinary ZEN concentration monitoring system
is that the ZEN concentration that is actually ingested and absorbed from the intestinal
tract can be monitored and compared with other herds. As previously reported [12,26], the
problem is that the concentration of mycotoxins produced in dietary feeds may vary greatly
depending on the collection site of the feed sample to be collected. Indeed, in the present
study, different results between the urinary ZEN concentration and the ZEN concentration
in the roughages in August 2019 seem to clearly show this problem. Using the urinary ZEN
monitoring system, it is possible to monitor the concentration of mycotoxins absorbed from
the intestinal tract, and the absorbed concentration of mycotoxins may reflect the degree of
contamination of the mycotoxins in the feed for each herd and its feed intake by animals.
Since urinary ZEN concentration may be affected by the intake volumes of contaminated
feeds, it seems to be a suitable method for monitoring and comparing mycotoxin exposure
in cattle whose daily feed amount is fixed between each herd. In fact, in this study, although
the urinary ZEN concentrations of the two heifers in Herd D (3862.4 and 1669.8) were
like those of Herd A (3280.9 and 930.5), the urinary concentration was approximately 2
to 4 times higher than that of Herd B (983.7 and 979.8). Presumably, when comparing the
daily feed volume, especially roughage, amounts for cows in Herd D were approximately
half that of cows in Herd B. Naturally, the ZEN contamination level was lower than that
of cows in Herd C, in which ZEN exposure was detected that time. However, in terms
of the level of natural contamination of ZEN in roughage, that for cows in Herd D was
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higher than for cows in Herds A and B because the daily roughage feed for herd D was half
that of Herds A and B. This demonstrates again that it can be inferred by performing ZEN
monitoring to compare contamination levels within the rice straw in the present study. To
investigate the effects of chronic mycotoxin exposure on the health status and productivity
of livestock herds, a urinary mycotoxin monitoring system for monitoring mycotoxin
intake from dietary feeds is indispensable. As we have demonstrated in this study, the
simultaneous screening of cattle herds in the same area with similar breeding environments
will be an important future strategy to understand the status of mycotoxin contamination
of cattle herds. Additionally, the measurement results of ELISA and LC-MS/MS, the two
measurement methods used for ZEN concentration measurement in this study, indicate
that the urinary ZEN measurement using the ELISA method is an accurate, simple, and
useful measurement method for evaluating the dynamics of mycotoxin infiltration at rather
low concentrations and long-term chronic exposure.

The second purpose of the present study was to evaluate both ZEN (Fusarium myco-
toxin called pre-harvest mycotoxin) and STC (Aspergillus mycotoxin called post-harvest
mycotoxin) dynamics in the dietary roughage (rice straw and WCS) using the naturally
ZEN (also STC)- contaminated herd (Herd C) detected in August 2019 as a model/examined
herd, mainly by urinary ZEN monitoring during the year from July 2020 to June 2021. In
addition, ZEN and its metabolites have been suggested to cause apoptosis of granulosa
cell/atresia of follicles in several animals [27–30], the relationship between urinary ZEN
and AMH concentration during the monitoring period was studied to clarify the effects of
ZEN exposure on AMH secretion from antral follicles. In this regard, similar to our recently
reported decrease in AMH concentration during the peripartum period [19], all five exam-
ined JB cows displayed a clear decline in AMH concentrations in the month of their calving
with a large range of SAA concentrations (Cow 1: 3.1 mg/L, Cow 2: 23.4 mg/L, Cow 3:
4.9 mg/L, and Cow 5: 2.9 mg/L; data not shown). Thus, we deleted all AMH and SAA
concentration data for the calving month of each cow from our data set in the present study.
As a result, although it became clear that there was a large variation in AMH concentration
in each month among each individual cow during 1 year period in the blood samplings
(Figure 1a–e), our results regarding the relationship between ZEN and AMH suggest that
natural exposure level of ZEN may affect AMH concentrations, and thus, the AFC in cattle
ovaries (Figure 1f, Tables 3 and 4). Our results indicated that a low ZEN value one month
prior may tend to result in a high AMH value in the current month, and a low ZEN value
in the current month suggested a tendency for higher AMH values in the next month.
Therefore, it was suggested that when AMH rises, it may be affected by the ZEN value of
the previous month, and when AMH decreases, it may be affected by the ZEN value of the
current month. Thus, the effects of ZEN on AMH secretion appeared early but recovery of
AMH secretion after ZEN exposure may take some time. As an interesting result obtained
from the present study, a negative regression trend between the concentrations of ZEN and
SAA; a high ZEN value may tend to result in a low SAA value in the sampling month, were
observed (Tables 6 and 7). ZEN has been reported to have immunotoxicity in addition to its
endocrine disrupting effects [31,32]. Previous reports indicated that ZEN exposure altered
the hepatic cellular immune response, and suppressed the secretion of proinflammatory
cytokines, such as IL-1, IL-6, and TNF-α [31–33]. Therefore, the negative regression trend
between urinary ZEN and SAA concentrations obtained in the present study is possibly
due to innate immune suppression of cows by low-level chronic ZEN exposure. In the
future, it will be necessary to increase the number of cow herds monitored, expand the
scope of monitoring, and clarify that improving the feed while detecting the naturally
exposed herd will lead to an improvement in productivity. At the same time, field tests
in the process of improving the mycotoxins level in naturally contaminated feed will be
important indicators of animal health risks.

Several incidences of STC contamination in food and feed (e.g., grains, grain-based
products, maize, and rice) have also been reported in Japan [34–37]. Rice straw is considered
one of the most important roughages used in the production of beef cattle in Japan, and
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STC is a major mycotoxin produced in rice. However, the harmful or chronic effects of
STC on cattle are not well understood, and there are no regulations or control measures
for this toxin in Japan. Previous measures of large-scale in-feed mycotoxins confirm a
large difference in the types of mycotoxins when multiple mycotoxins were detected in
feed coexist in each country and region of the country [5]. In the present study, ZEN and
STC co-exposure in rice straw (WCS) was also confirmed in the area screened, another
prefecture in the Kyushu area where we previously detected co-exposure to ZEN and
STC. Our results elucidate the characteristics of mycotoxin co-contamination of rice straw
produced in Japan and future research should further expand the scope of the survey to
understand the characteristics and relationships between the two mycotoxins.

ZEN and its metabolites exhibit distinct estrogenic properties that affect the reproduc-
tive system of several animal species, especially pigs [9,38,39]. In contrast, clinical signs of
hyperestrogenism are not frequently observed in ruminating cows, and then only following
the ingestion of highly contaminated silage or long-term exposure to contaminated feed
materials [40–42]. In the present study, we simply compared the calving intervals of the
monitored herd before and after introducing the urinary ZEN monitoring system and
observed significantly reduced calving intervals of the herd. We previously reported the
in vitro effects of acute ZEN exposure on bovine oocytes by using in vitro maturation,
in vitro fertilization (IVF), and in vitro culture systems in cattle, and found that a high ZEN
concentration (>1 mg/kg in the culture medium) might have a detrimental effect on the
meiotic competence of bovine oocytes but does not affect fertilization and development
after IVF [43]. Additionally, we reported that natural-feed ZEN contamination levels below
the threshold value (i.e., below the maximum permissible ZEN concentration in Japan) did
not affect embryo production in Japanese Black and Holstein cows undergoing superovula-
tion [44]. Therefore, it was suggested that ZEN-contaminated feed affects the fertility of
cattle by influencing the development of embryos in the uterus after implantation. In this
study, the roughages harvested in 2019, which were fed prior to our first ZEN screening,
were ZEN-contaminated, and the long-term use of the contaminated feed affected the
calving interval. It is speculated that the introduction of the urinary ZEN monitoring
system controlled ZEN contamination in the feeds, which shortened the calving interval of
the herd. Obviously, further studies with an increased number of monitor herds in the field
are needed.

In conclusion, our results demonstrate that the urinary ZEN monitoring system is an
important practical tool, not only for detecting contaminated herds under field conditions
but also for revealing the effects of long-term chronic ZEN/STC (or other co-existing
mycotoxins) exposure on herd productivity and fertility. To date, several approaches have
been developed to reduce mycotoxin contamination and exposure, including strategies
involving agronomy, plant breeding and transgenics, biotechnology, toxin binding, and
deactivating feed additives, and feed supplier/animal producer education [26]. As shown
in the present field trial, herd management with a urinary ZEN monitoring system may be
a possible novel concept for creating awareness among herd managers thereby preventing
mycotoxin exposure in cattle herds.

4. Materials and Methods

All experiments were conducted according to the guidelines and regulations for the
protection of experimental animals and guidelines stipulated by Yamaguchi University,
Japan (no. 40, 1995; approved on 27 March 2017) and informed consent was obtained from
the farmers.

4.1. Chemicals and Solvents

ZEN was purchased from MP Biomedicals (Heidelberg, Germany). The metabolites
α-ZEL and β-ZEL were purchased from Sigma (St. Louis, MO, USA). Stock solutions of
ZEN, α-ZEL, and β-ZEL, each at a concentration of 1 µg/mL in methanol, were stored
under light protection at 4 ◦C. STC was purchased from MP Biomedicals (Heidelberg,
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Germany). Stock solutions of 1 µg/mL STC in acetonitrile were stored in the dark at 4 ◦C,
and high-performance liquid chromatography (HPLC)-grade methanol was purchased
from FUJIFILM Wako Pure Chemical Co. (Osaka, Japan). β-Glucuronidase/arylsulfatase
solution was purchased from Merck (Darmstadt, Germany). Sodium acetate was purchased
from Kanto Chemical Co., Ltd. (Tokyo, Japan), and Tris was purchased from Nacalai Tesque
Inc. (Kyoto, Japan).

4.2. Screening by Urinary ZEN Monitoring to Detect Cattle Herds Fed with Dietary Roughage
with Elevated ZEN Contamination

Before the rice harvest period in September 2019, this screening was conducted at
the Japanese Black (JB) breeding cattle production site to monitor the extent of ZEN
contamination of rice straw and/or whole crop silage (WCS) stored by cattle farmers
in the summer season when the mean temperature of daytime is higher than 30 ◦C. At
the request of the managing veterinarian, urinary ZEN monitoring was performed in four
herds (A, B, C, and D) of JB cows kept for breeding in the neighborhood in the Kyushu area,
Japan, for which the veterinarian routinely provides veterinary treatments and consults
with four farmers. All animals were housed indoors, and roughage and concentrates
were fed separately. Feeding and management systems were similar in each herd and the
dates of sampling and contents of the feeds in each herd are detailed in Table 8. As feed
intake may reflect the ZEN exposure, urine samples were collected from two cows with
similar body weight within each herd during natural urination after softly massaging the
perineum. Regarding the number of cows to be sampled for urine in each herd, referring to
our previous report [10], we considered samples from two cows to be sufficient to evaluate
and estimate the contamination status of feed fed the same amount and same lot of feed.
In addition, samples of all roughages, such as rice straw and WCS, were obtained from
each herd to measure both ZEN and STC concentrations in the roughage. All concentrates
fed to cattle in each herd were purchased from feed companies and are generally tested
for mycotoxin contamination during the manufacturing stage. The urine and roughage
samples were immediately placed into a cooler, protected from light, transported to the
clinic office, and frozen. The frozen samples were sent to our laboratory and stored at
−30 ◦C until our analysis of ZEN and creatinine (Crea) concentrations in the urine, and
ZEN and STC concentrations in the roughage.

Table 8. Composition of feeds provided to the monitored herds kept for breeding purposes.

Herd Date of Sample
Collection Forage Feeds/Day Formula Feeds/Day

A (n = 2)
(Both 12 y) * 10 July 2019

Home-grown rice straw 2 kg,
Home-grown WCS (rice) 6 kg,

Home-grown Italian ryegrass 4 kg
Total: 12 kg

Commercially available
concentrates 4 kg

B (n = 2)
(3 y and 5 y) 24 June 2019

Home-grown rice straw 10 kg,
Mixed of Italian ryegrass
and Orchard grass 10 kg

Total: 20 kg

Commercially available
concentrates 1 kg,

Wheat bran 1 kg, Maize 1 kg

C (n = 2)
(8 y and 10 y) 19 August 2019

Home-grown rice straw 12~14 kg,
Orchard grass 10 kg (once a week)

Total: 12~14 kg

Commercially available
concentrates 3 kg
Wheat 0.5–1 kg

D (n = 2)
(9 m and 10 m) 11 July 2019

Imported Oats-hey 2.25 kg,
Bermuda-grass 2.25 kg

Total: 4.5 kg

Commercially available
concentrates 4.5 kg

* Age of the breeding cattle at sampling, y; years old, m; month old. WCS: whole crop silage.

4.3. Follow-up Monthly Monitoring on the Breeding Cattle Herd with Known Feed Contamination

Since contamination of rice straw/WCS from herd C collected in August 2019 exceeded
the standard value of ZEN ≥ 1 mg/kg concomitant with STC was detected, this herd was
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selected for further monitoring. Therefore, monthly regular urinary ZEN monitoring of
herd C was performed from July 2020 to help determine whether similar ZEN and STC
exposure from the rice straw/WCS occurred year to year. For monitoring, five cows (Cows
1 to 5: mean 5.0 y: 3.6–6.3 y) in Herd C with similar body weight (approximately 500 kg)
fed with the same roughage and concentrated feed were selected and monthly urine, blood,
and roughage were sampled. We collected both urine and blood samples from the five
cows at the beginning of each month, approximately 2 h after the morning feed, as per
our previous methodology [10], and we also collected roughage samples fed to these cows.
Both urine and blood samples were immediately stored on ice, protected from light, and
transported to the laboratory, and were stored at –30 ◦C after centrifugation as dispensed
urine and serum in microtubes until analysis. The collected roughages were also stored at
–30 ◦C until measurement of both ZEN and STC concentrations.

Zearalenone concentrations in the collected urine samples were measured by ELISA
every two months, as described below, and urine samples were measured monthly when
deemed necessary by the herd manager monitoring the condition of the roughage being
fed or by contamination status of the roughage by fungi at the monthly sampling. During
the follow-up period, daily feeding was performed while sharing the urinary ZEN con-
centration measurement results with the herd manager and the managing veterinarian.
When a high urinary ZEN concentration was confirmed, the roughage lot fed at the time
of sampling was changed, and the urinary ZEN concentration was measured again in the
following month for follow-up purposes, concomitant with measurement of both ZEN
and STC concentrations of roughage samples by LC-MS/MS as mentioned below. Con-
centrations of urinary ZEN, its metabolites, α-ZEL, β-ZEL, and STC of all collected urine
samples during the follow-up period were measured by LC-MS/MS within one assay for
reconfirmation of results by the ELISA assay and urinary STC measurement. A schematic
representation of the experimental design is shown in Figure 2.
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4.4. Reproductive Records

As a reproductive record, the calving intervals of the herd were compared for each
year from 2017 to 2021. Additionally, the reproductive records from the five cows examined
between pre-ZEN monitoring (2017 to 2019) and post-ZEN monitoring periods (2020 and
2021) were evaluated to confirm the impact of introducing the ZEN monitoring system on
herd fertility.

4.5. Analytical Methods of ZEN in Urine and Feed Samples

Zearalenone concentration in urine was determined using a commercially available
kit (RIDASCREEN Zearalenon; R-Biopharm AG, Garmstadt, Germany) according to the
manufacturer’s instructions, with minor modifications. Briefly, a urine sample (0.1 mL:
5-fold dilution of the kit) was added into 3 mL of 50 mM sodium acetate buffer (pH
4.8) and the solution was incubated for 15 h at 37 ◦C in the presence of 10 µL of β-
glucuronidase/arylsulfatase solution. Thereafter, the samples were loaded onto a C18
solid-phase extraction (SPE) column (Strata; Phenomenex, Torrance, CA, USA), which had
been preconditioned with 3 mL of methanol, followed by 2 mL of 20 mM Tris buffer (pH
8.5)/methanol (80:20). After washing the SPE column with 2 mL of 20 mM Tris buffer
(pH 8.5)/methanol (80:20) and 3 mL of methanol (40%), the column was centrifuged for
10 min at 500× g to dry the column. The analytes were then eluted slowly (flow rate: 15
drops/min) with 1 mL of methanol (80%). The eluate was evaporated to dryness at 60 ◦C
using a centrifugation evaporator. The dried residue was redissolved in 50 µL of methanol,
450 µL of sample dilution buffer was added, the solution was mixed thoroughly, and an
aliquot of 50 µL was used for the ELISA assay. To determine the ZEN concentration in the
urine sample, RIDA SOFT Win (R-Biopharm) was used to calculate the absorbance at 450
nm using a microplate spectrophotometer. The cross-reactivity rates using this particular
ELISA kit for α-ZEL, β-ZEL, and Zeranol were 41.6, 13.8%, and 27.7%, respectively, based
on the manufacturer’s instruction, and the mean recovery rate of the ELISA assay based on
the three trials was 84% ± 14%.

Urine creatinine concentrations were determined using a commercial kit (Sikarikit-S
CRE, Kanto Chemical, Tokyo, Japan), according to the manufacturer’s instructions, and
were measured using a 7700 Clinical Analyzer (Hitachi High-Tech, Tokyo, Japan). All urine
concentrations were expressed as a ratio of creatinine (pg/mg creatinine), as described
previously [10].

Based on the results of the first screening and measurement of urinary ZEN con-
centrations by ELISA, both the urine and roughage samples in herds expected to have
high ZEN infiltration in the feed were retested using a liquid chromatography-tandem
mass spectrometry (LC-MS/MS) measurement system not only for the confirmation of the
ELISA results but also for measuring the ZEN metabolites, α-ZEL and β-ZEL. Additionally,
as per our previous reports, urinary STC levels were concomitantly higher in cattle fed
ZEN-contaminated rice straw in Japan; thus, it was speculated that co-contamination of
both ZEN and STC was observed. Therefore, in the retest, the STC concentration in urine
and roughage was also measured according to our previous reports [10,12].

The LC-MS/MS method and validation have been described in our previous re-
port [10]. Briefly, each urine sample (0.5 mL) was mixed with 3.0 mL of 50 mM ammonium
acetate buffer (pH 4.8) and 8 µL of glucuronidase/arylsulfatase solution and incubated for
12 h at 37 ◦C. The solution was loaded onto a C18 SPE column, which was preconditioned
with 3 mL 100% methanol and 2 mL Tris buffer, followed by the addition of 2 mL Tris
buffer and 3 mL of 40% methanol. After washing the SPE column with approximately 1 mL
of 80% methanol, the volume of the eluted solution was adjusted to 1 mL. Then, 20 µL
of the reconstituted solution was injected into the LC-MS/MS system. The LC-MS/MS
analyses were performed on an API 2000 MS/MS system (Applied Biosystems, Foster
City, CA, USA) equipped with an electrospray ionization (ESI) interface and a 1200 Infinity
Series HPLC system (Agilent Technologies, Santa Clara, CA, USA). The detection limits
for ZEN, α-ZEL, and β-ZEL were 0.04 ng/mL, 0.05 ng/mL, and 0.05 ng/mL, respectively,
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while the mean recovery rates for ZEN, α-ZEL, and β-ZEL were 90%, 109%, and 90%,
respectively. STC concentrations of the same eluted solution described above were also
determined by LC-MS/MS using an API 2000 system equipped with an ESI as previously
described [12]. Briefly, after elution with approximately 1 mL of 80% methanol, the volume
was adjusted to exactly 1 mL, and 20 µL of the solution was injected into the LC-MS/MS
system. Chromatographic separation was performed on an Inertsil ODS-3 column (4.6
i.d. × 100 mm, 5 µm; GL Sciences, Tokyo, Japan) at 40 ◦C. A mobile phase consisting
of methanol/water/acetic acid (97:3:0.01, v:v:v) was used (200 µL/min) to separate the
analyte in isocratic mode. Measurements were performed for 15 min. The limit of detec-
tion (LoD) was 0.2 ng/mL. ZEN, α-ZEL, β-ZEL, and STC concentrations in the urine are
expressed as a ratio to creatinine (pg/mg creatinine).

Both STC and ZEN concentrations in the roughage samples were measured using
an API 3200 LC-MS/MS system (AB Sciex, Tokyo, Japan) equipped with an electrospray
ionization (ESI) interface and a Prominence HPLC system (Shimadzu Corp., Kyoto, Japan),
according to the Food and Agricultural Materials Inspection Center [45] at Shokukanken
Inc., Gunma, Japan. In brief, representative samples of stored straw (2 g) and concentrate
(10 g) were homogenized and chopped into small pieces. Each sample was placed in a
sample tube, to which 20 mL of 84% acetonitrile was added. The tubes were shaken for
1 h and centrifuged for 10 min at 500× g at room temperature. The supernatant (10 mL)
was loaded onto a MultiSep 226 Aflazon + multifunctional column (Romer Labs, Union,
MO, USA). Subsequently, 1 mL of the eluent was mixed with 1 mL acetic acid (1 + 100)
and centrifuged for 5 min at 500× g. Next, 10 µL of supernatant was injected into the
LC-MS/MS system under the following conditions: column, Synergi 4 µm Polar-RP 80 A
(2 mm × 150 mm, 4 µm); oven temperature, 40 ◦C; eluent flow, 200 µL/min; and solvent,
methanol (A) + 1 mM Ammonium acetate in 0.1% aqueous acetic acid (B). An ESI probe
was used in the positive mode for the STC analysis and the negative mode for the ZEN
analysis. The detection limit for each analyte was 0.01 mg/kg. The mean STC and ZEN
recovery rates were 90.5%–93.5% and 95.3%–98.5%.

4.6. Analytical Methods of AMH and SAA in Serum Samples

Serum AMH concentration was measured using a bovine AMH ELISA kit (AnshLabs,
Webster, TX, USA), according to a previous report [46] to monitor the ovarian AFC of the
examined cows during the follow-up period. Briefly, undiluted plasma (50 µL) was used
for the assay, which had a limited detection of 11 pg/mL and a coefficient of variation of
2.9%, according to the manufacturer’s instructions. Based on our previous studies [19], it is
clear that the blood AMH concentration in cattle is lower than usual during the peripartum
period; thus, in this study, the AMH concentration in each cow’s calving month during the
monitoring period was evaluated with particular care. Additionally, SAA concentrations
were measured using an automated biochemical analyzer (Pentra C200; HORIBA ABX SAS,
Montpellier, France) with a special SAA reagent for animal serum or plasma (VET-SAA
‘Eiken’ reagent; Eiken Chemical Co. Ltd., Tokyo, Japan) to monitor the inflammation status
of each cow during sampling. The SAA concentration was calculated using a standard
curve generated using a calibrator (VET-SAA calibrator set; Eiken Chemical Co. Ltd.,
Tokyo, Japan).

4.7. Data Management and Statistical Analysis

Monthly estimates for ZEN, AMH, and SAA were calculated using mixed model
analysis with subject as a variable factor, because they contain missing data due to calving
of the examined cows. Because the ZEN and SAA values approximate a lognormal dis-
tribution, the geometric mean estimate was calculated. The AMH value approximates a
normal distribution; therefore, the arithmetic mean estimate was calculated. The effects
of ZEN and AMH values were evaluated by calculating the simple regression of ZEN
values with AMH and the time-lagged regression, which examines the effect of ZEN values
one month earlier (lag 1 month), using a linear mixed model. Furthermore, the effects
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of ZEN on AMH change were evaluated by defining the change in AMH value over one
month as the change from the previous month. The analysis was similarly evaluated by
calculating the simple regression of ZEN value to AMH change (lag 0 model) and the
time-lag regression to examine the effect of ZEN value one month earlier using a linear
mixed model. In other words, the lag 1-month model evaluates the effect of the ZEN value
of the current month on the AMH change until the next month. In addition, the effect of
ZEN on SAA was also evaluated using the same linear mixed model as described above.
A two-sided p-value ≤ 0.05 was considered statistically significant. All statistical analyses
were performed using SPSS for Windows (version 24.0; IBM Japan, Tokyo, Japan).

All results of the reproductive records of the herds obtained are expressed as the
mean ± SEM. Statistical analyses were performed using BellCurve for Excel software
(Social Survey Research Information Co., Ltd., Tokyo, Japan). Calving intervals of the herd
from 2017 to 2021 were compared using a one-way analysis of variance, followed by a
post-hoc test (Tukey-Kramer). Additionally, calving intervals during the pre- (2017 and
2019) and post-ZEN monitoring (2020 and 2021) periods of the examined five cows were
compared between the groups using Student’s t-test to determine the effects of introducing
the monthly urinary ZEN monitoring system on the reproductive efficacies of the breeding
herd. Statistical significance was set at p ≤ 0.05, whereas p-values ranging between 0.05
and 0.1 were considered to indicate a trend toward significance.
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Abstract: The aim of this study was to determine whether low doses of zearalenone (ZEN) influence
the carry-over of ZEN and its metabolites to the bone marrow microenvironment and, consequently,
haematological parameters. Pre-pubertal gilts (with a body weight of up to 14.5 kg) were exposed
to daily ZEN doses of 5 µg/kg BW (group ZEN5, n = 15), 10 µg/kg BW (group ZEN10, n = 15),
15 µg/kg BW (group ZEN15, n = 15), or were administered a placebo (group C, n = 15) through-
out the entire experiment. Bone marrow was sampled on three dates (exposure dates 7, 21, and
42—after slaughter) and blood for haematological analyses was sampled on 10 dates. Significant
differences in the analysed haematological parameters (WBC White Blood Cells, MONO—Monocytes,
NEUT—Neutrophils, LYMPH—Lymphocytes, LUC—Large Unstained Cells, RBC—Red Blood Cells,
HGB—Haemoglobin, HCT—Haematocrit, MCH—Mean Corpuscular Volume, MCHC—Mean Cor-
puscular Haemoglobin Concentrations, PLT—Platelet Count and MPV—Mean Platelet Volume) were
observed between groups. The results of the experiment suggest that exposure to low ZEN doses
triggered compensatory and adaptive mechanisms, stimulated the local immune system, promoted
eryptosis, intensified mycotoxin biotransformation processes in the liver, and produced negative
correlations between mycotoxin concentrations and selected haematological parameters.

Keywords: zearalenone; low dose; bone marrow microenvironment; haematology; pre-pubertal gilts

Key Contribution: The administered ZEN doses and the duration of ZEN exposure were negatively
correlated with three haematological parameters in pre-pubertal gilts.

1. Introduction

Zearalenone (ZEN) and its metabolites (ZELs), α-zearalenol (α-ZEL) and β-zearalenol
(β-ZEL), are the most ubiquitous mycotoxins in plant materials. They are frequently
referred to as xenobiotics. These mycotoxins disrupt reproductive functions because they
are structurally similar to oestradiol [1,2]. Alpha-ZEL is the main ZEN metabolite that
affects pigs. Other animal species, including broilers, cows, and sheep, are more susceptible
to β-ZEL, which is characterized by lower levels of metabolic activity [3]. Zearalenone’s
activity is determined by biotransformation processes in plants and animals as well as the
immune status of the reproductive system (due to variations in steroid hormone levels
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during maturation, reproduction, and pregnancy) and the gastrointestinal system of the
exposed individuals [4–7].

Different doses of mycotoxins induce various effects [7]. The symptoms and toxic
effects of high mycotoxin doses have been extensively researched [8]. Low monotonic
doses of mycotoxins are well tolerated by animals during prolonged exposure, and these
compounds can meet the animals’ life needs or exert therapeutic effects [9–11]. The adverse
effects of low mycotoxin doses have also been well documented [12]. These effects can
be attributed to hormesis, namely exposure to the highest doses below the No Observed
Adverse Effect Level (NOAEL) that induce subclinical (asymptomatic) states or interact
positively with the host organism in various stages of life [13–16]. In turn, doses corre-
sponding to the Lowest Observed Adverse Effect Level (LOAEL) induce clear clinical
symptoms of mycotoxicosis. The lowest measurable dose that interacts positively with the
host body in different stages of life is known as the Minimal Anticipated Biological Effect
Level (MABEL) [16].

The dose-response relationship has been also undermined by the low dose hypothe-
sis. The above applies particularly to hormonally active chemical compounds, including
mycoestrogens such as ZEN and ZELs, which disrupt the functioning of the endocrine
system (ED), even when ingested in small quantities [5,17]. This ambiguous dose-response
relationship does not justify direct analyses or meta-analyses of the risk (clinical symp-
toms or the results of laboratory analyses) associated with the transition from high to low
doses [18]. The concept of the lowest identifiable dose that produces counter-intuitive
effects is becoming increasingly popular in biomedical sciences. For this reason, the relevant
mechanisms should be investigated to support rational decision-making in selected pro-
cesses [7,19]. Substances that both disrupt and contribute to homeostasis have undermined
the traditional concepts in toxicology, in particular “the dose makes the poison” adage.
Zearalenone and ZELs induce different responses in mammals when administered in low
doses [13]. Similar observations have been made by Knutsen et al. [12]. According to the
Scientific Panel on Contaminants in the Food Chain (CONTAM), the influence of ZEN
on animal health should be re-evaluated based on the animals’ responses to the lowest
detectable doses of ZEN (MABEL; the highest values of NOAEL and LOAEL), including
the parent compound and its metabolites, in feed [7,12,20,21].

Hematopoietic stem cells (controlled primarily by the local bone marrow microenvi-
ronment as well as by long-range signals from, for example, the endocrine system [22],
such as oestrogens or xenobiotics) cannot cross the bone marrow microenvironment barrier.
Only mature blood cells containing specific membrane proteins are able to bind to the vas-
cular endothelium and reach peripheral blood. Blood vessels act as a barrier that prevents
immature blood cells from leaving the bone marrow microenvironment. Different types
of haematopoietic cells have specific roles: red blood cells (RBC) contain haemoglobin,
a specific protein that transports oxygen within the body [23], white blood cells (WBC)
participate in immune functions and help fight infections, and platelets (PLT) participate in
blood clotting at the sites of vascular injury [24].

The bone marrow microenvironment is an interesting object of scientific inquiry [25].
Red marrow is highly vascular, soft, gelatinous-spongy tissue, which fills the cavities of
long bones and the spaces between trabeculae in cancellous bones, such as the wing of ilium.
Red marrow is the primary producer of blood cells in the body, and it actively participates
in haematopoiesis. Each day, red marrow produces 200 billion new morphotic elements
in the blood. It is composed of delicate, highly vascular, fibrous tissue, and it contains
hematopoietic stem cells, which give rise to various types of blood cells that are transported
to the bloodstream upon maturation [26]. Yu and Scadden [27] described bone marrow as a
carrier with sub-compartments that support different haematopoietic activities.

The aim of the present study was to determine whether exposure to low ZEN doses
(MABEL [5 µg/kg body weight—BW], the highest values of NOAEL [10 µg/kg BW], and
LOAEL [15 µg/kg BW]) administered per os to pre-pubertal gilts over a period of 6 weeks
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influences the concentrations of ZEN and ZELs in the bone marrow microenvironment and
induces changes in selected haematological parameters.

2. Results

The presented results provide the basis for continuing research on the assessment of
the impact of very low doses of ZEN on the macroorganism. There is a specific interaction
between the mycotoxin level in the bone marrow microenvironment and the hematological
values of the test animals. Preliminary data analysis documents that it is a set of highly
individualized results for the parent substance and the absence of essential ZEN metabolites.
The presented experimental design confirmed the correctness of the use of the method
(chromatography), classified as precision medicine: medicine that allows the assessment of
a single organism as well as the entire population. The existing values of the concentration
of the undesirable substance in the bone marrow microenvironment contributed to the
negative values of the Pearson’s r coefficient for white and red blood cells and platelets.

2.1. Experimental Feed

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

2.2. Clinical Observations

The results presented in this paper were acquired during a large-scale experiment
where clinical signs of ZEN mycotoxicosis were not observed. However, changes in specific
tissues or cells were frequently noted in analyses of selected serum biochemical parameters,
heart muscle, coronary artery, genotoxicity of caecal water, selected steroid concentrations,
gut microbiota parameters, and the animals’ body weight gains. Samples for laboratory
analyses were collected from the same pre-pubertal gilts. The results of these analyses were
presented in our previous studies [7,16,28,29].

2.3. Concentrations of Zearalenone and Its Metabolites in the Bone Marrow Microenvironment

Zearalenone concentrations in the bone marrow microenvironment did not differ
significantly between the experimental groups, but the lowest values were noted on the first
two exposure dates (5.64 ng/g on D1; 4.69 ng/g on D2) in group ZEN5 (5 µg ZEN/kg BW)
(see Table 1). In turn, significant differences at p ≤ 0.05 were observed between group ZEN5
and group ZEN10 (7.74 ng/g and 7.35 ng/g, respectively) on D3. Significant differences
at p ≤ 0.01 were noted between group ZEN5 and group ZEN15 (7.74 ng/g and 7.03 ng/g,
respectively) on D3, and in group ZEN15 between D2 and D3 vs. D1 (6.84 ng/g and
7.03 ng/g vs. 8.17 ng/g, respectively). Similar values had been reported in other tissues,
such as the heart muscle [19]. Zearalenone metabolites, α -ZEL and β-ZEL, were not
detected (values below the sensitivity of the method).

2.4. Carry-OVER Factor (CF)

The carry-over of ZEN from the intestinal lumen to the bone marrow microenviron-
ment collected from the wing of ilium (posterior superior iliac spine), was influenced by
the administered dose and time of exposure in each group (see Table 1). The lowest values
of the CF were noted in group ZEN5 (in particular on D1 and D3 at 7 × 10−5 and 6 × 10−5,
respectively), and the highest CF values were observed in group ZEN15 (in particular
on D3 at 98 × 10−7). The values of the CF determined in this study were proportionally
higher relative to the values noted in the blood serum [28] and the heart muscle [19] of the
same animals.
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Table 1. The carry-over factor (CF) and mean (x) concentrations of ZEN and ZELs (ng/g) in the bone
marrow microenvironment of pre-pubertal gilts.

Exposure
Date

Feed
Intake

[kg/Day]

Total ZEN
Doses in Groups

Respectively
[µg/kg BW]

Group
ZEN5
[ng/g]

C
F

G
ro

up
Z

EN
5 Group

ZEN10
[ng/g]

C
F

G
ro

up
Z

EN
10 Group

ZEN15
[ng/g]

C
F

G
ro

up
Z

EN
15

Zearalenone
D1 0.8 80.5/161.9/242.7 5.64 ± 3.24 7 × 10−5 6.35 ± 3.56 39 × 10−6 8.17 ± 0.45 33 × 10−6

D2 1.1 101.01/196.9/298.2 4.69 ± 4.28 46 × 10−6 7.08 ± 0.10 35 × 10−6 6.84 ± 0.18 •• 22 × 10−6

D3 1.6 128.3/481.4/716.7 7.74 ± 0.26 6 × 10−5 7.35 ± 0.25 * 15 × 10−6 7.03 ± 0.14 **,•• 98 × 10−7

α-ZEL and β-ZEL

D1–D3 not applicable 0

Abbreviation: D1, exposure day 7; D2, exposure day 21; D3, exposure day 42. Experimental groups: Group ZEN5,
5 µg ZEN/kg BW; Group ZEN10, 10 µg ZEN/kg BW; Group ZEN15, 15 µg ZEN/kg BW. LOD > values below
the limit of detection were expressed as 0. Statistically significant differences were determined at * p ≤ 0.05 and
**,•• p ≤ 0.01; *, ** statistical difference between group ZEN5 vs. group ZEN10 and group ZEN15 on exposure
date D3; •• statistical difference in group 3 between exposure date D1 and exposure dates D2 and D3.

2.5. Results of Haematological Analyses

Only statistically significant differences in all animal groups are presented in the figure
drawings. The results of this study and the findings of other authors indicate that even very
low concentrations of mycotoxins in feed materials can lead to changes in blood homeostasis
in pre-pubertal gilts [10,30–32]. The significant differences in the haematological parameters
of pre-pubertal gilts exposed to various doses of ZEN (MABEL, highest NOAEL values,
and LOAEL) for 6 weeks did not exceed the reference range [32,33]. In view of the above,
the results noted in group C were unambiguous (see Supplementary Materials—Table S1),
and they could be used as a reference in a risk assessment analysis, where each result
is considered within a range of positive control (increase) or negative control (decrease)
values during subchronic exposure to the mycotoxin.

2.6. Haematological Analyses
2.6.1. General Analysis

Significant differences were rarely noted, mostly in erythrocyte parameters in the
middle (see Figure 1) and at the end of the experiment (see Figure 2), and in the percentages
of white blood cells on the first and last date of exposure (see Figure 2). At the beginning
of the experiment, the analysed parameters were generally lower in group C, whereas the
reverse was noted towards the end of the study. Significant differences were not observed
on date 9.

2.6.2. Accompanying Factors

The results of this study could have been influenced by several accompanying factors,
including (i) the manner of ZEN transmission to the body, (ii) ZEN dose, (iii) and/or the
kinetic effects of mycotoxin bioassimilation [13]. The latter can be subdivided into several
sub-processes, beginning from mycotoxin extraction from the feed matrix to its absorption,
distribution, and deposition in tissues, and mycotoxin modification [15]. This is a very
important consideration, but it was not studied in the described experiment.

The above can have two effects: (i) higher demand for energy needed for biotransfor-
mation and constitutive growth of pre-pubertal gilts [7,34], and (ii) a milder response to the
applied mycotoxin doses in the peripheral vascular system (vena cava cranialis) from which
samples for metabolic analyses were collected. As a result, the exposure to low doses of
ZEN with low values of the CF to intestinal tissues (towards the end of the experiment)
and the liver probably induced minor but significant changes in the values of selected
haematological parameters. Changes in WBC (White Blood Cells), EOS (Eosinophils),
BASO (Basophils), MONO (Monocytes), RBC—Red Blood Cells; HGB—Haemoglobin, and
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HCT—Haematocrit, values were observed mainly in the first three weeks of exposure
(between sampling dates 1 and 6; see Tables 2–4).
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Table 2. Selected haematological parameters in group ZEN5 on different analytical dates (x, SD).

Blood Collection Dates WBC 109/L MONO % LUC % MPV fl

1 15.52 ± 7.58 5.32 ± 1.06 0.88 ± 0.63 bb 7.36 ± 1.61 cc,ff

2 18.8 ± 4.84 4.94 ± 1.07 1.72 ± 0.99 8.94 ± 0.99 a

3 18.8 ± 2.71 6.04 ± 3.69 1.42 ± 0.94 7.68 ± 0.55 c,f

4 12.39 ± 2.1 ee 4.3 ± 1.02 2.62 ± 0.31 7.48 ± 0.54 c,ff

5 17.23 ± 0.57 3.56 ± 0.55 1.26 ± 0.38 9.44 ± 1.44
6 15.45 ± 1.41 6.78 ± 0.91 0.84 ± 0.76 bb 8.14 ± 0.59
7 12.46 ± 1.37 ee 3.84 ± 0.89 1.44 ± 0.73 8.44 ± 0.87
8 15.04 ± 10.37 6.4 ± 2.59 0.8 ± 0.53 b 8.82 ± 1.42
9 24.55 ± 5.39 5.78 ± 1.18 0.6 ± 0.35 bb 8.82 ± 1.35

10 10.44 ± 3 ee 2.82 ± 0.84 d 0.72 ± 0.37 bb 9.66 ± 1.88
Key: Group ZEN5, 5 µg ZEN/kg BW; WBC, White Blood Cells; MONO, Monocytes; LUC, Large Unstained Cells;
MPV, Mean Platelet Volume. Statistical symbols: a, relative to date 1; b, relative to date 4; c, relative to date 5;
d, relative to date 6; e, relative to date 9; f, relative to date 10. Statistically significant differences: a,b,c,d and f at
p ≤ 0.05; bb,cc,ee and ff at p ≤ 0.01.

Significant differences in PLT (Platelet Count) and PLT clump values were also noted
on the same dates (see Table 5). These changes were probably induced by compensatory
mechanisms [35].

2.7. Correlation Coefficients

Linear correlation coefficients (Pearson’s r) were calculated to assess the relationships
between ZEN concentrations in the bone marrow microenvironment and the values of
blood morphotic components (RBC, WBC, and PLT) on different exposure dates and in
different experimental groups (see Table 6). These blood components were selected because
erythropoiesis, leukopoiesis, and thrombopoiesis take place during the last processes of
hemopoiesis in the bone marrow environment. The strength of the examined correlations
can be evaluated based on the values presented in Table 6 [36]. A correlation is negative
when r < 0. The strength of correlations is evaluated on the following scale: r < 0 to −0.2, no
negative linear correlation; r = −0.21 to −0.39, weak negative correlation; r = −0.4 to −0.69,
moderate negative correlation; r = −0.7 to −0.9, relatively strong negative correlation;
r > −0.9, very strong negative correlation. The correlation coefficient denotes a statistical
relationship, and it does not imply a cause-effect relationship.

In a negative correlation, an increase in the value of one variable is accompanied by a
decrease in the value of another variable, which was observed in this study. A negative
correlation coefficient must be lower than −0.710 (relatively strong negative correlation)
to explain more than 50% of the variance in the examined values. A relatively strong
negative correlation was noted in PLT values on D1 in group ZEN5 and on D3 in groups
ZEN5 and ZEN10 (see Table 6), in WBC values on D2 in groups ZEN5 and ZEN15, and in
RBC values on D1 in group ZEN15, on D2 in group ZEN10, and on D3 in groups ZEN5
and ZEN15. A moderate positive correlation was observed in PLT values on D1 in group
ZEN10, which could be attributed to the lowest ZEN concentration at a relatively low value
of CF. These findings indicate that ZEN dose and time of exposure exert a negative effect
on the haematopoietic activity of the evaluated blood morphotic components in the bone
marrow microenvironment.
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Table 4. Selected haematological parameters in group ZEN15 on different analytical dates (x, SD).

Blood Collection
Dates WBC 109/L NEUT % LYMPH % EOS % MPV fl

1 22.01 ± 3.85 ee,ff 52.92 ± 7.91 39.96 ± 8.22 e 2.4 ± 1.47 8.22 ± 1.65
2 19.83 ± 1.35 e,f 43.7 ± 6.64 48.62 ± 5.62 1.32 ± 0.52 7.68 ± 1.55 a

3 20.73 ± 2.21 e,f 44.92 ± 7.66 46.42 ± 6.85 1.96 ± 0.65 7.50 ± 0.45
4 15.09 ± 14.43 38.54 ± 7.92 55.38 ± 7.23 0.64 ± 0.27 a 8.51 ± 1.12
5 22.33 ± 5.96 ee,ff 48.16 ± 12.12 45.62 ± 10.12 1.22 ± 0.43 7.58 ± 1.05 aa,b,c

6 16.66 ± 3.96 37 ± 5.58 54.14 ± 5.95 1.6 ± 0.41 7.84 ± 1.09
7 10.79 ± 2.53 26.44 ± 6.28 a,d 66.12 ± 4.45 0.74 ± 0.23 a 7.44 ± 1.32
8 19.04 ± 2.47 41.32 ± 11.48 49.64 ± 11.23 1.9 ± 0.76 8.38 ± 2.72
9 14.8 ± 10.25 29.02 ± 20.07 a 40.37 ± 27.41 e 1.15 ± 0.82 8.85 ± 2.46

10 10.73 ± 1.78 39.68 ± 6.79 53.94 ± 7.3 1.44 ± 1.05 8.28 ± 1.05 aa,b,cc

Key: Group ZEN15, 15 µg ZEN/kg BW; WBC, White Blood Cells; NEUT, Neutrophils; LYMPH, Lymphocytes;
EOS, Eosinophils; MPV, Mean Platelet Volume. Statistical symbols: a, relative to date 1; b, relative to date 3;
c, relative to date 4; d, relative to date 5; e, relative to date 7; f, relative to date 10. Statistically significant differences:
a,b,c,d,e and f at p ≤ 0.05; aa,cc,ee and ff at p ≤ 0.01.

Table 5. Platelet count in the experimental groups on different analytical dates (x, SD).

Blood Collection
Dates

PLT 109/L Group
ZEN5

PLT 109/L Group
ZEN10

PLT Clumps %
Group ZEN10

PLT 109/L Group
ZEN15

PLT Clumps %
Group ZEN15

1 405.4 ± 295.39 690.2 ± 121.87 e 26.4 ± 14.75 479.8 ± 214.68 19.8 ± 18.07
2 522.6 ± 112.81 763 ± 107.01 d,ee 19.8 ± 18.07 668 ± 144.82 d,e 19.8 ± 18.07
3 745 ± 54.41 e 813.2 ± 149.05 c,dd,ee 0 ± 0 753.8 ± 167.69 a,dd,ee 0 ± 0
4 741.4 ± 89.6 e 734.6 ± 131.75 d,e 26.4 ± 14.75 501.6 ± 62.13 b 33 ± 0 b

5 517.2 ± 162.41 800.2 ± 212.97 c,dd,ee 33 ± 0 bb 718.2 ± 129.56 a,d,ee 26.4 ± 14.75
6 645.2 ± 140.47 650.6 ± 238.35 19.8 ± 18.07 635.4 ± 38.01 e 19.8 ± 18.07
7 463.6 ± 83.09 569.4 ± 132.14 26.4 ± 14.75 607.8 ± 203.15 13.2 ± 18.07
8 454 ± 317.27 617.2 ± 180.88 13.2 ± 18.07 626.6 ± 263.92 e 19.8 ± 18.07
9 595.6 ± 172.33 497.2 ± 101.9 33 ± 0 bb 394 ± 294.02 24.75 ± 16.5

10 369.4 ± 118.85 478.2 ± 151.9 33 ± 0 bb 386.6 ± 158.7 33 ± 0 b

Key: PLT count in groups 1, 2, and 3; PLT clumps in groups 2 and 3. Statistical symbols: a, relative to date 1;
b, relative to date 3; c, relative to date 7; d, relative to date 9; e, relative to date 10. Statistically significant differences:
a,b,c,d and e at p ≤ 0.05; bb,dd and ee at p ≤ 0.01.

Table 6. Correlation coefficients (Pearson’s r).

Exposure Date Experimental Groups PLT WBC RBC

D1
Group ZEN5 −0.739 −0.362 −0.456

Group ZEN10 0.685 −0.502 −0.189
Group ZEN15 −0.590 −0.336 −0.869

D2
Group ZEN5 −0.251 −0.851 −0.424

Group ZEN10 −0.559 −0.325 −0.832
Group ZEN15 −0.682 −0.797 −0.565

D3
Group ZEN5 −0.772 −0.230 −0.752

Group ZEN10 −0.731 −0.451 −0.300
Group ZEN15 −0.436 −0.128 −0.738

Key: Ratio of ZEN concentrations in the bone marrow microenvironment and blood morphotic components
(RBC, WBC, and PLT) on different exposure dates (D1, D2, and D3: exposure days 7, 21, and 42, respectively).
The mycotoxin was administered once daily before morning feeding (group ZEN5, 5 µg ZEN/kg BW; group
ZEN10, 10 µg ZEN/kg BW; group ZEN15, 15 µg ZEN/kg BW). Samples were collected from pre-pubertal gilts
immediately before slaughter.

3. Discussion

In this study and in our previous research, attempts were made to fill the gap in
knowledge about the in vivo effects of low and very low doses of ZEN and its metabolites
on mammals [7,16,28,29]. The present study was undertaken to address the general scarcity
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of published data on the influence of feed contamination with ZEN and its metabolites on
haematopoietic activity and the bone marrow microenvironment in pre-pubertal gilts. In
this study, selective ZEN doses, in each range of their values, influenced ZEN concentrations
in the bone marrow microenvironment on different dates of exposure.

3.1. Zearalenone and Its Metabolites in the Bone Marrow Microenvironment

The first exposure date (D1) marks the end of stimulatory processes after seven
days of exposure to an undesirable substance, such as ZEN. The final effects of adaptive
processes [37], accompanied by decreased haematopoiesis in the bone marrow microen-
vironment, are manifested on D2 [28]. These processes can be accompanied by increased
Ca2+ levels, in particular in the mitochondria [38], and changes in the activity of selected
enzymes, such as hydroxysteroid dehydrogenases [39], thus disrupting steroidogenesis [13].
Excess ZEN (which was not biotransformed or was recovered after enterohepatic recir-
culation) probably led to hyperestrogenism on D3. The resulting “free ZEN” can affect
steroidogenesis [28].

The present findings demonstrate that the process of ZEN absorption in the bone
marrow microenvironment was highly individualised, due to considerable differences
in standard deviation values and specifically due to the absence of ZEN metabolites in
the analysed tissue in pre-pubertal gilts. Low ZEN concentrations and the absence of
ZEN metabolites in the bone marrow microenvironment on all exposure dates confirm
the previous suggestion that the physiological demand for exogenous oestrogen-like com-
pounds [28] in pre-pubertal gilts is high due to supraphysiological hormone levels [40].
However, the values noted in this study were higher than those reported in the blood
serum [28] or the heart muscle [19] of the same pre-pubertal gilts. This observation could
be attributed to a much higher number of oestrogen receptors in the bone marrow microen-
vironment than in other tissues or organs [41,42]. In menopausal females, the reproductive
system, followed by the bone marrow microenvironment, are most sensitive to the presence
of gonadal hormones (long-range signals) [43]. This order is reversed in maturing females
(the signals are initiated by oestradiol–oestrogen receptors [44]), which could explain higher
ZEN concentrations in the bone marrow environment of pre-pubertal gilts. Exposure to
higher ZEN doses leads to the production of “free ZEN”, which plays different and not
always positive roles. Oestradiol and “free ZEN” levels increase proportionally to the ZEN
dose. These compounds decrease the concentrations of progesterone and testosterone [28],
but they also play important protective roles in skeletal homeostasis [42], which is an
important consideration in pre-pubertal gilts.

The above observations are confirmed by ZEN concentrations on D1 in all experimental
groups. According to most researchers, metabolites are produced during the biotransfor-
mation of ZEN in pigs [45]. Therefore, the absence of metabolites in the bone marrow
microenvironment could be regarded as a consequence of biotransformation processes in
pre-pubertal gilts, where ZEN does not induce hyperestrogenism, but compensates for
the physiological deficiency of endogenous oestrogens [40]. The above situation could
result from a higher demand of the host organism for compounds with high estrogenic
activity, such as ZEN and its metabolites (whose concentrations were below the sensitivity
of the method) [46], or perhaps these were the physiological values that are required for
the body to function [5]. This implies that it was a satisfactory effect of exposure to very
low doses of ZEN during the ongoing detoxification processes. Other explanations are also
possible: (i) the seventh day of exposure to an undesirable substance such as ZEN marks
the end of adaptive processes [37], or (ii) ZEN is utilized as a substrate that regulates the
expression of genes encoding HSDs, which act as molecular switches for the modulation of
steroid hormone pre-receptors [28], or (iii) undesirable substances undergo enterohepatic
circulation before they are completely eliminated from the body [47], and/or (iv) the gut
microbiome exhibits specific behaviour during exposure to ZEN [29]. The above factors,
alone or in combination, could affect the concentrations of ZEN in the bone marrow mi-
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croenvironment, because ZEN is a promiscuous compound that can decrease the values of
hematopoietic parameters [48].

On the other two exposure dates, similar correlations were noted in the average
concentrations of ZEN in the bone marrow microenvironment. On these dates, ZEN
concentrations were higher, but still low or very low, and ZEN metabolites were not
detected. These observations could be attributed to the accumulation of ZEN (due to
the saturation of active oestrogen receptors [48] and other factors that determine the
concentrations of steroid hormones [45]) during prolonged exposure. However, due to the
general scarcity of studies investigating the influence of low ZEN doses on the bone marrow
environment and haematopoiesis, our results cannot be compared with the findings of
other authors. According to the hormesis principle, exposure to very low ZEN doses affects
the synthesis and secretion of sex steroid hormones. Therefore, very low ZEN doses were
biotransformed in an identical manner, but the parent compound (ZEN) and, possibly, its
metabolites were utilized more efficiently or completely by the macroorganism and, in
particular, the bone marrow microenvironment. The interactions between endogenous
and environmental (exogenous) steroids could also be influenced by other endogenous
factors [49].

3.2. White Blood Cells

Haematological parameters somewhat exceeded the upper reference limit, in particular
the percentage of lymphocytes, which increased in groups ZEN5 and ZEN10 on D1-relative
lymphocytosis [50]. The increase in the percentage of lymphocytes was accompanied by a
decrease in the percentage of neutrocytes. Contrary results were reported by [51], where
very high ZEN concentrations exerted apoptotic effects on lymphocytes in vitro. In the
present study, apoptotic effects were observed only on blood sampling date 10.

Based on the observations made by Etim et al. [52], the fact that haematological pa-
rameters were within the reference ranges indicates that feed composition had no negative
effect on their values throughout the experiment. However, in view of the results of another
study by Etim et al. [31], the fact that the values of WBC, NEUT, and LYMPH were within
the reference ranges, but were lower than in group C, suggests that feed components did
not stimulate the immune system. The neutrophil-to-lymphocyte ratio must be analysed
(see Figure 3) to validate the hypothesis that the immune system was more stimulated by
nutritional factors (including ZEN) and dietary stress than by functional stress [32,53]. The
sizeable increase in the percentage of EOS in total WBC counts in group ZEN5, relative
to group C during the entire experiment, should also be considered. In the remaining
experimental groups, the percentage of EOS was lower than in group C. This observation
suggests that ZEN can exert allergizing effects, which was confirmed in our previous
study [54].

The observed decrease in WBC counts in all groups during the experiment points
to probable immune suppression (as a consequence of gilt maturation), but this trend
was least pronounced in group ZEN5. It should also be noted that during ZEN exposure,
lymphocytes migrate to tissues with a physiologically higher number of oestrogen recep-
tors, which intensifies proliferation processes and stimulates vascular filling [55]. Similar
observations were made by Przybylska-Gornowicz et al. [56].

The decrease in WBC counts in the experimental groups suggests that ZEN affects
adaptive processes by inducing reversible changes in the morphological and functional
organization of the local immune system [50,55].

3.3. Red Blood Cells

Red blood cell counts remained stable throughout the experiment. Considerable differ-
ences were noted on blood sampling dates 4 and 10, with a rising trend in group C. In the
experimental groups, a decrease in Fe levels [7] had no effect on RBC counts. Haemoglobin
distribution width values were stable, but very low, and they were accompanied by a drop
in glucose levels [7]. The above values are characteristic of pre-pubertal animals [57].
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Figure 3. Selected haematological parameters in groups (x). Key: C, control group; Group ZEN5,
5 µg ZEN/kg BW; Group ZEN10, 10 µg ZEN/kg BW; Group ZEN15, 15 µg ZEN/kg BW.

Erythrocytes, the main morphotic components of the blood, are highly sensitive to en-
dogenous factors such as oxidation. Red blood cells have effective antioxidant mechanisms
that remove reactive oxygen species that are produced outside or inside erythrocytes [58].
According to Tatay et al. [59], ZEN is a powerful antioxidant, and one of the side effects
of ZEN exposure is a decrease in RBC counts, which could be attributed to “antioxidant
competition”. Similar suggestions were made by other authors who reported that ZEN
induced eryptosis in mature human erythrocytes [60]. According to the cited authors,
eryptosis can take place even at low concentrations of ZEN.

Eryptosis can also be induced by a mechanistic increase in intracellular Ca2+ lev-
els [61,62], oxidative stress, energy depletion [63], and exposure to undesirable substances
such as ZEN [56]. However, the loss of extracellular Ca2+ can also inhibit the eryptotic
effect [64] due to anaemia and microcirculatory disorders. Microcirculatory disorders are
observed in various tissues during exposure to ZEN, and they lead to numerous extravasa-
tions and vasodilation [65,66] in pre-pubertal female mammals, due to the relaxation of
smooth muscle cells in vessel walls, in particular in large veins, large arteries, and smaller
arterioles. An analysis of RBC values clearly indicates that all of the tested ZEN doses
decreased erythrocyte counts and induced eryptosis [41].

3.4. Platelets

Platelet counts were above the norm in all groups, which is indicative of thrombocy-
tosis [67]. The percentage of PLT Clumps was also elevated (pseudothrombocytopenia).
These results could be explained by inadequate analytical standards or blood artefacts [68].
It should also be noted that platelets participate in the early stages of liver regeneration, but
the underlying mechanisms of action have not yet been fully elucidated [69]. The liver is the
main organ responsible for the biotransformation (detoxification) of undesirable substances
such as ZEN [13]. The observed differences in values can be attributed to: (i) intensified
proliferation in group ZEN5, and (ii) the influence of substances that stimulate proliferation
in maturing animals [7,67,70].

In an analysis of PLT values, a positive correlation coefficient was noted only once. On
the remaining exposure dates, the correlation coefficient assumed negative values, and it
revealed the presence of a relatively strong negative correlation on three occasions. The

101



Toxins 2022, 14, 105

strongest negative correlations were noted on D1 (during the highest exposure to ZEN)
and D3 (during prolonged hyperestrogenism resulting from the accumulation of ZEN).

3.5. Summary and Conclusions

The exposure to very low doses of ZEN, administered per os to pre-pubertal gilts over
a period of 42 days, induced a specific response in the bone marrow microenvironment.
Zearalenone metabolites were not detected, and the concentration of the parent compound
was higher in the bone marrow microenvironment than in other tissues. Low doses
of ZEN affected haematopoiesis and induced completely different responses in selected
haematological parameters than high doses (LOAEL). Zearalenone’s multidirectional effects
on blood morphotic components at the beginning and end of the experiment were probably
modified by compensatory and adaptive mechanisms. Zearalenone also induced reversible
changes in the morphological and functional organization of the local immune system. The
values of the analysed haematological parameters pointed to eryptosis and the stimulation
of detoxifying organs such as the liver, where the intensity of biotransformation processes
decreases under exposure to low doses of the studied mycotoxin. Further research is needed
to elucidate the mechanisms responsible for changes in the haematological parameters of
pre-pubertal gilts exposed to low doses of ZEN.

The results of these observations should play an important role in clinical veterinary
practice, where ZEN could become a biomarker of the subclinical state of pre-pubertal gilts.

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 (Opin-
ions No. 12/2016 and 45/2016/DLZ of the Local Ethics Committee for Animal Experimen-
tation of 27 April 2016 and 30 November 2016).

4.2. Experimental Feed

Analytical samples of ZEN were dissolved in 96 µL of 96% ethanol (SWW 2442-90,
Polskie Odczynniki SA, Katowice, Poland) in doses appropriate for different BW. Feed was
placed in gel capsules saturated with the solution and kept at room temperature to evapo-
rate the alcohol. All groups of gilts received the same feed throughout the experiment. The
animals were weighed at weekly intervals, and the results were used to adjust individual
mycotoxin doses [12,16,29].

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 7 [12,16,29].

Table 7. 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 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 and calcium, 51 g.
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The proximate chemical composition of the diets fed to pigs in groups C, ZEN5, ZEN10,
and ZEN15 was determined using the NIRS™ DS2500 F feed analyser (FOSS, Hillerød,
Denmark), a monochromator-based NIR reflectance and transflectance analyser with a
scanning range of 850–2500 nm [12,16,29].

Toxicological Analysis in Feed

Feed was analysed for the presence of mycotoxins and their metabolites: ZEN, α-ZEL,
and deoxynivalenol (DON). Mycotoxin concentrations in feed were determined by sep-
aration in immunoaffinity columns (Zearala-TestTM Zearalenone Testing System, G1012,
VICAM, Watertown, MA, USA; DON-TestTM DON Testing System, VICAM, Watertown,
MA, USA). The feed samples were ground in a laboratory mill. 25 g of the ground sample
was taken up in 150 mL of acetonitrile (90%) to extract the mycotoxins. 10 mL of the
resulting solution was withdrawn and diluted with 40 mL of water. Again, 10 mL of
the next solution was taken and passed through the immunoaffinity column (VICAM).
The immunoaffinity bed in the column was subsequently washed with demineralized
water (Millipore Water Purification System, Millipore S.A., Molsheim, France). The column
was eluted with 99.8% methanol (LIChrosolvTM, No. 1.06 007, Merck-Hitachi, München,
Germany) to wash away the bound mycotoxin. The obtained solutions were analyzed by
high-performance liquid chromatography (HPLC system, Hewlett Packard type 1050 and
1100, Beeston Court, United Kingdom) coupled with a diode array detector (DAD) and a
fluorescence detector (FLD) and chromatography columns (Atlantis T3, 3 µm 3.0 150 mm
Column No. 186003723, Waters, AN Etten-Leur, Ireland). Mycotoxins were separated
using a mobile phase of acetonitrile:water:methanol (46:46:8, v/v/v). The flow rate was
0.4 mL/min. The limit of detection was set at 5 µg/kg of feed for DON and 2 µg/kg of feed
for ZEN, based on validation of chromatographic methods for the determination of ZEN
and DON levels in feed materials and feeds. Chromatographic methods were validated at
the Department of Veterinary Prevention and Feed Hygiene, Faculty of Veterinary Medicine,
University of Warmia and Mazury in Olsztyn, Poland [11].

4.3. Experimental Animals

The 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 Poland on 60 clinically healthy pre-pubertal gilts with initial BW of 14.5 ± 2 kg.
The animals were housed in the same building, in adjoining pens with latticework walls,
and had free access to water. 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) [71,72]. Group ZEN5 gilts were orally administered ZEN at 5 µg/kg BW, Group
ZEN10, 10 µg/kg BW, and Group ZEN15, 15 µg/kg BW. Group C animals were orally
administered a placebo. Zearalenone was administered daily in gel capsules before morning
feeding. Feed was the carrier, and group C pigs were administered the same gel capsules,
but without mycotoxins [12,16,29].

4.3.1. Toxicological Analysis of Bone Marrow Microenvironment
Tissues Samples

Five prepubertal gilts from every group were euthanized on analytical date 1 (D1,
exposure day 7), date 2 (D2, exposure day 21), and date 3 (D3, exposure day 42) by
intravenous administration of pentobarbital sodium (Fatro, Ozzano Emilia, Bologna, Italy)
and bleeding. Samples were taken from the iliac wing (posterior superior iliac spine)
immediately after cardiac arrest and were rinsed with phosphate buffer. The collected
samples were stored at a temperature of −20 ◦C.

Extraction Procedure

The presence of ZEN, α-ZEL, and β-ZEL in the bone marrow microenvironment
was determined with the use of immunoaffinity columns. The samples of bone marrow
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environment (3 mL) were transferred to centrifuge tubes homogenized with 7 mL of
methanol (99.8%) for 4 min. The tubes were vortexed 4 times at 5 min intervals, after which
they were centrifugated at 5000 rpm for 15 min. 5 mL was taken from the suspension
obtained and taken up in 20 mL of deionized water, and only from this solution, 12.5 mL
was taken for zearalenone extraction. The supernatant was carefully collected and passed
through immunoaffinity columns (Zearala-TestTM Zearalenone Testing System, G1012,
VICAM, Watertown, MA, USA) at the rate of 1–2 drops per second. The immunoaffinity
bed in the column was subsequently washed with demineralized water (Millipore Water
Purification System, Millipore S.A., Molsheim, France). The column was eluted isocratic
with 99.8% methanol (LIChrosolvTM, No. 1.06 007, Merck-Hitachi, Germany) to wash
away the bound mycotoxin. After extraction, the eluents were placed in a water bath at
a temperature of 50 ◦C and were evaporated in a stream of nitrogen. Dry residues were
stored at −20 ◦C until chromatographic analysis. Next, 0.5 mL of 99.8% acetonitrile (ACN)
was added to dry residues to dissolve the mycotoxin. The process was monitored with
the use of internal standards (Cayman Chemical 1180 East Ellsworth Road Ann Arbor, MI
48108, USA, ZEN-catalog number 11353; Batch 0593470-1; a-ZEN-catalog number 16549;
Batch 0585633-2; β-ZEN-catalog number 19460; Batch 0604066-7), and the results were
validated by mass spectrometry.

Chromatographic Quantification of ZEN and Its Metabolites

Zearalenone and its metabolites were quantified at the Institute of Dairy Industry
Innovation in Mrągowo, Poland. The biological activity of ZEN, α-ZEL, and β-ZEL in the
bone marrow microenvironment was determined by combined separation methods, involv-
ing immunoaffinity columns (Zearala-TestTM Zearalenone Testing System, G1012, VICAM,
Watertown, MA, USA), Agilent 1260 liquid chromatography (LC) system, and a mass spec-
trometry (MS, Agilent 6470, Santa Clara, United States) system. Samples were analyzed
on a chromatographic column (Atlantis T3, 3 µm 3.0 × 150 mm, column No. 186003723,
Waters, AN Etten-Leur, Ireland). The mobile phase was composed 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 (MiliporeWater Purification System, Millipore S.A. Molsheim, France) with the addi-
tion of 2 mL of acetic acid per 1 L of the mixture. 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 flushed with 99.8% methanol (LIChrosolvTM, No. 1.06 007,
Merck-Hitachi, Mannheim, Germany) to remove the bound mycotoxin. 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 with an external standard and were ex-
pressed in ppb (ng/mL). Matrix-matched calibration standards were applied in the quantifi-
cation process to eliminate matrix effects that can decrease sensitivity. Calibration standards
were dissolved in matrix samples based on the procedure that was used to prepare the
remaining samples. The material for calibration standards was free of mycotoxins. The
limits of detection (LOD) for ZEN, α-ZEL, and β-ZEL were determined as the concentration
at which the signal-to-noise ratio decreased to 3. The concentrations of ZEN, α-ZEL, and
β-ZEL were determined in each group and on three analytical dates (see Table 1).

Carryover Factor

Carryover toxicity takes place when an organism is able to survive under exposure
to low doses of mycotoxins. Mycotoxins can compromise tissue or organ functions [73]
and modify their biological activity [7,28]. The CF was determined in the bone marrow
microenvironment when the daily dose of ZEN (5 µg ZEN/kg BW, 10 µg ZEN/kg BW, or
15 µg ZEN/kg BW) administered to each animal was equivalent to 560–32251.5 µg ZEN/kg
of the complete diet, depending on daily feed intake. Mycotoxin concentrations in tissues
were expressed in terms of the dry matter content of the samples.
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The CF was calculated as follows:

CF = toxin concentration in tissue [ng/g]/toxin concentration in diet [ng/g].

Statistical Analysis

Data were processed statistically at the Department of Discrete Mathematics and The-
oretical Computer Science, Faculty of Mathematics and Computer Science of the University
of Warmia and Mazury in Olsztyn, Poland. The bioavailability of ZEN and its metabolites
in the bone marrow microenvironment was analysed in group C and three experimental
groups on three analytical dates. The results were expressed as means (±) with standard
deviation (SD). The following parameters were analysed: (i) differences in the mean values
for three ZEN doses (experimental groups) and the control group on both analytical dates,
and (ii) differences in the mean values for specific ZEN doses (groups) on both analytical
dates. In both cases, the differences between mean values were determined by one-way
ANOVA. If significant differences were noted between groups, the differences between
paired means were determined by Tukey’s multiple comparison test. If all values were
below LOD (mean and variance equal zero) in any group, the values in the remaining
groups were analysed by one-way ANOVA (if the number of the remaining groups was
higher than two), and the means in these groups were compared against zero by Student’s
t-test. Differences between groups were determined by Student’s t-test. The results were re-
garded as highly significant at p < 0.01 (**) and as significant at 0.01 < p< 0.05 (*). Data were
processed statistically using Statistica v.13 software (TIBCO Software Inc., Silicon Valley,
CA, USA, 2017). Dose–response relationships were determined by Pearson’s correlation
analysis. Differences were regarded as significant at p ≤ 0.05. The results were presented
as means ± standard error of the mean (S.E.M.).

4.4. Blood Sampling for Metabolic Profile Analysis

Blood for haematology tests was sampled from the vena cava cranialis ten times: on the
first day (first date) of the experiment and on nine successive dates. Blood was sampled
within 20 s after the immobilization of pre-pubertal gilts [74]. Blood was sampled from
5 gilts from every group on each sampling date.

4.5. Haematology Tests

Blood samples of 2 mL were collected from pre-pubertal gilts into test tubes containing
EDTAK2 (Ethylenediaminetetraacetic acid dipotassium salt dihydrate) (Sigma Aldrich,
Darmstadt, Germany) as anticoagulant. The samples were thoroughly mixed and analysed
to determine: Red Blood Cell (RBC) counts, Mean Corpuscular Volume (MCV), Mean
Corpuscular Haemoglobin Concentrations (MCHC), Mean Corpuscular Haemoglobin
(MCH), Haematocrit (HCT), and White Blood Cell (WBC) counts in a Medonic (Siemens,
Plantation, FL, USA) haematology analyser according to the procedure recommended
by the manufacturer. Measurements were performed in K2-EDTA whole blood by laser
flow cytometry in the Siemens Advia 2120I (Erlangen, Germany) haematology analyser
equipped with: (i) optical peroxide biosensor which measures dispersed light and light
absorbed by individual cells by hydrodynamic focusing on a cell stream in a flow-through
cuvette, (ii) laser optics for measuring high-angular and low-angular light dispersion
and absorption by individual cells, where the laser diode was the source of light; the
measurement was performed to evaluate red blood cells, platelets, and lobulation of nuclei
in white blood cells, (iii) HGB (Haemoglobin) colorimeter, for measuring lamp voltage
corresponding to the amount of transmitted light, and (iv) PEROX and BASO leukocytes
cytograms (ADVIA 2120i -Siemens Healthcare®, Bayer, Germany) reagents, for generating
differential cytograms.

Randomly selected samples were analysed in two replications. Repeatable results
were obtained.
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4.6. Statistical Analysis

The results were grouped based on: (i) duration of the experiment in group C and the
experimental groups on a given sampling date, and (ii) sampling dates for a given parame-
ter. The results were processed in the Statistica application (Statistica 9.0, StatSoft Kraków,
Poland). Differences between groups (parameter or sampling date) were determined by
ANOVA. The use of ANOVA was justified by the Brown-Forsythe test for the equality of
group variances. When differences between groups were statistically significant (p < 0.01,
highly significant differences; 0.01 < p < 0.05, significant differences; p > 0.05, no differences),
Tukey’s HSD test was used to identify the groups that were significantly different. Linear
correlations between the concentrations of ZEN in bone marrow environment in fixed
groups were determined based on the values of the Pearson’s correlation coefficient [75].
Data were processed in Statistica v. 13 (TIBCO Software Inc., Silicon Valley, CA, USA, 2017).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/toxins14020105/s1, Table S1: Selected haematological parameters
in group C on different analytical dates (x, SD).
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Abstract: Mycotoxin contamination of cereals used for feed can cause intoxication, especially in
farm animals; therefore, efficient analytical tools for the qualitative and quantitative analysis of toxic
fungal metabolites in feed are required. Current trends in food/feed analysis are focusing on the
application of biosensor technologies that offer fast and highly selective and sensitive detection with
minimal sample treatment and reagents required. The article presents an overview of the recent
progress of the development of biosensors for deoxynivalenol and zearalenone determination in
cereals and feed. Novel biosensitive materials and highly sensitive detection methods applied for
the sensors and the application of these sensors to food/feed products, the limit, and the time of
detection are discussed.

Keywords: biosensors; zearalenone; deoxynivalenol; immunosensors; feed; antibody; aptamer;
molecularly imprinted polymer

Key Contribution: This paper exhaustively reviews the recent trends in biosensing of two Fusarium
mycotoxins of prime toxicological importance, deoxynivalenol and zearalenone, in the last decade
(2011–2021). Techniques are classified according to the biological recognition element (antibodies,
aptamers, and molecularly imprinted polymers) and according to the detection method (optical and
electrochemical biosensors) used in them. Analytical performance parameters are comparatively
discussed, highlighting the great practical utility of biosensing these mycotoxins.

1. Introduction

Mycotoxin contamination is one of the most important problems in food and feed
safety. According to previous studies, 25–50% of crops harvested worldwide are contami-
nated with different types of mycotoxins [1]. Fusarium species are the most widespread
pathogens in cereals, and Fusarium toxins are the most reported mycotoxins in raw agricul-
tural commodities [2]. Therefore, mycotoxins produced by Fusarium moulds significantly
affect feed quality and safety and also represent a prominent issue in feed quality control
after the most hazardous contaminants aflatoxins of Aspergillus origin. Accordingly, as most
alerts in official food and feed monitoring mostly refer to aflatoxin contamination [3], most
monitoring activities and analytical method development efforts are geared towards afla-
toxins. Nonetheless, growing attention is paid to Fusarium mycotoxins as well, partly due
to their spread caused by climate change and partly due to their well-known toxicological
significance. Among Fusarium mycotoxins, deoxynivalenol (DON) and zearalenone (ZON),
as well as their metabolites 3- and 15-acetyl-DON, α-, and β-zearalenol, are of special
importance as they are formed under field conditions prior to harvest, being highly stable
during storage and difficult to degrade by thermal processing [4–6]. Especially wheat,
barley, oats, rye, corn, and triticale are vulnerable to Fusarium infection, and compared
to other cereals, they are also frequently contaminated mostly with DON and ZON [7].
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Low-level contamination of Fusarium toxins is very frequent. DON and ZON are typically
found in more than 50% and about 80%, respectively, of food samples tested in studies con-
ducted between 2010 and 2015 in the EU [8]. DON, also known as vomitoxin, is of primary
concern due to its genotoxicity, but it can also cause slow growth, lowered milk production
in cattle, feed refusal, reduced egg production in laying hens, intestinal haemorrhage, and
suppression of immune responses. ZON is problematic due to its hormonal effects causing
changes in the reproductive system and reduced fertility. The use of toxin-contaminated
feeds in livestock farming can cause a variety of adverse health effects in farm animals and
a corresponding high degree of economic loss. Furthermore, contaminated feed can pose a
health risk to humans indirectly, while mycotoxin carry-over is possible to milk, meat, and
eggs; therefore, systematic control of mycotoxin content in feeds is of great importance. Al-
though ZON, DON, and their metabolites are not of major concern due to their occurrence
in milk, their presence has been reported in several studies. In an Italian study, 185 cow’s
milk-based infant formula products were investigated for ZON and its metabolites. ZON,
α-, and β-zearalenol were detected in 9%, 26%, and 28.6% of the samples, respectively,
with a maximum level of the latter metabolite of 73.2 ng/mL [9]. A technical survey
from New Zealand reported that 0.06–0.08% of ZON residues mainly in form of α- and
β-zearalenol can be secreted into milk, while DON residues occur in milk mainly in form
of its diepoxy derivative exerting lower toxicity than the parent mycotoxin [10]. The EU
has established maximum permitted levels and guidance levels of certain mycotoxins in
feed, which should be routinely monitored. The guidance levels for ZON is 100–500 µg/kg
in complementary and complete feeding-stuffs and 2–3 mg/kg for feed material, and
for DON, it is 900 µg/kg in complementary and complete feeding-stuffs, 8 mg/kg in
cereals and cereal products, and 12 mg/kg in maize by-products [11]. Commonly used
techniques, such as high-performance liquid chromatography (HPLC) hyphenated with
different detectors [12–14], liquid chromatography coupled with mass spectrometry (LC-
MS) [15], liquid chromatography-tandem mass spectrometry (LC-MS/MS) [16–18], and
gas chromatography-tandem mass spectrometry (GC-MS/MS) [19,20], for mycotoxin deter-
mination in food and feed have been powerful tools, as they provide proper sensitivity and
accuracy in quantitative determination, but they are time-consuming, laborious, expensive,
and require advanced instrumentation and trained staff [21]. In contrast, technically simple
thin-layer chromatography (TLC) is also an excellent tool for rapid routine testing [22,23];
however, its sensitivity is unsatisfactory because of the even stricter EU limits. It is therefore
essential to develop analytical methods that can detect the target analytes with sufficient
sensitivity and accuracy and at the same time are inexpensive, fast, rely on simple measure-
ment techniques, and allow on-site applications. The development and use of biosensors in
food and feed analysis may efficiently address this challenge. This paper aims to provide
an overview of recent advances and current trends in biosensor development for ZON and
DON determination.

2. The Use of Sensorics for Determination of DON and ZON

Biosensors can be defined as a device incorporating an active biological sensing
element (an enzyme, a tissue, living cells, antibodies, molecularly imprinted polymers
(MIP), aptamers, DNA/RNA) connected to a transducer that converts the observed physical
or chemical changes into a measurable signal. Biosensors can be classified according to
the applied recognition elements (enzyme sensors, immunosensors, aptasensors, etc.) and
also according to the signal transduction method: optical, electrochemical, piezoelectric,
and thermometric; however, the latter application is not common in food and feed analysis.
For mycotoxin determination, immunosensors are the most commonly applied analytical
tools among biosensors, but beside that, MIP-based sensors and aptasensors (as artificial
recognition element-based sensors) are also emerging techniques. Immunosensors employ
antibodies, antibody fragments, antigens, or antigen conjugates as biomolecular recognition
elements, and the specific antigen-antibody binding event is detected and converted to a
measurable signal by the transducer. The basic working principle of the immunosensor set-
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up is that the specific binding of the antibody or antigen immobilised on the transducer to
the antigen or antibody in the sample produces an analytical signal that varies dynamically
with the concentration of the analyte of interest. The formation of the immunocomplex can
be determined either by label-free methods by directly measuring the physical changes
induced by the binding event or by label-based modes using detection specific labels. For
mycotoxin determination, both labelled and label-free immunosensors incorporated with
various types of transducers are extensively researched and developed.

2.1. Optical Immunosensors

Nowadays, beside electrochemical immunosensors, the use of optical transducers
has taken the lead in immunosensor development for mycotoxin determination because
optical detection allows the construction of sensitive, simple, inexpensive, and portable
analytical devices for on-site monitoring and also enables direct, real-time detection of
various analytes. Optical biosensing can be divided into two general modes: label-free and
label-based mode. Label-free biosensors do not require the use of any label to monitor the
biorecognition event, while label-based protocols use specific labels like fluorescent dyes,
enzymes, or nanoparticles, and the optical signal is generated by colorimetric, fluorescent,
or luminescent methods [24,25]. Although these label-based methods are very sensitive
and widely used, the performance of the sensor depends on the efficiency of the labelling
step. Thus, the use of label-free biosensors may be preferable to the use of label-based
ones, as they offer simple, rapid measuring procedures and enable real-time monitoring
of the binding reaction. Of course, label-free optical biosensors also have disadvantages,
especially in the determination of small molecules such as mycotoxins, as the sensor
response often depends on the size of the analyte, and these analytes are mostly not
chromogenic or fluorescent [26].

2.1.1. Label-Free Optical Immunosensors

Surface plasmon resonance (SPR) technique has gained great attention in biosensor
development lately. The technique was introduced in the early 1990s and since then become
a powerful analytical tool in the risk assessment of contaminants in food and feed [27]. The
SPR phenomenon occurs at the gold surface of the sensor chip when an incident polarised
laser light beam strikes the surface at a particular angle through a prism (Figure 1A). It
generates electron charge density waves called plasmons, which cause intensity reduction
of the reflected light at this angle [28]. In the SPR immunosensor, immunogens (antibody
or antigen) are immobilised on the gold layer of the chip mounted on a glass support.
The binding of the analyte to the sensor surface causes a local change in refractive index,
and corresponding shifts of the coupling angle are monitored in real time. SPR-based
biosensors have received considerable attention in the past decades as they allow fast,
reliable, and label-free detection of analytes [29]. In addition, they are suitable for real-
time monitoring of the interaction kinetics; moreover, the biosensor chips are reusable.
Another advantage of the SPR technique is that several measurements can be performed
in parallel on a single sensor using multi-channel measurement. As several mycotoxins
may be present simultaneously in feed or food samples, multiplex analysis is particularly
relevant. Despite the fact that the SPR technique in biosensor research is being studied
very extensively [30–33], only a few sensor development efforts suitable for ZON or DON
determination have been investigated in recent years.
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Figure 1. Operating principles of label-free optical immunosensors. (A) Surface plasmon resonance 
(SPR); (B) optical waveguide lightmode spectroscopy (OWLS); (C) planar waveguide; (D) white 
light reflectance spectroscopy. 
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sors for the detection of mycotoxins in barley. First, a double 3-plex assay was developed 
for the detection of DON, ZON, and T-2 toxin on the first chip and for OTA, fumonisin B1 
(FB1), and AFB1 on the second chip using SPR. After determining the optimal conditions, 
the assay was transferred to a 6-plex format (six different mycotoxins determined on a 
single chip) in a portable nanostructured imaging surface plasmon resonance (iSPR) in-
strument, and the two assays were compared. The advances of iSPR technique over con-
ventional SPR are the visualisation of the entire sensor surface in real time to monitor 
hundreds of molecular interactions simultaneously, and also multiplex detection is avail-
able. Results showed that DON, T-2, ZON, and FB1 could be detected at sufficient levels 
in barley samples according to the EC guidelines, but for OTA and AFB1, sensitivities 
should be improved when SPR was used for determination. The portable 6-plex iSPR was 
less sensitive but still allowed detection of DON, T-2, ZON, and FB1 at relevant levels. 
The sensitivities (IC50 values) obtained by iSPR biosensor in an assay buffer for T-2, FB1, 
and ZON were 10 ng/mL, 8 ng/mL, and 25 ng/mL, respectively. 

A rapid and sensitive iSPR assay was developed for Fusarium toxins by Hossain and 
Maragos [36] using secondary antibody with gold nanoparticles (AuNPs) as an amplifi-
cation tag to determine DON, ZON, and T-2 toxin in wheat. LODs were 15 µg/kg for DON, 
24 µg/kg for ZON, and 12 µg/kg for T-2 toxin. Sensor chips could be reused for over 46 
cycles without significant signal loss, and it took 17.5 min to measure a sample, including 
the regeneration steps. The same research group developed an iSPR-based immunosensor 
for T-2 and T-2 toxin 3-glucoside (T2-G), so-called “masked” mycotoxin, determination in 
wheat, which is a niche in the field of research [37]. In their experiment on a carboxyl 
functionalised sensor surface, T-2-protein conjugate was immobilised using 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide with N-hydroxysuccinimide (EDC-NHS) method. A 

Figure 1. Operating principles of label-free optical immunosensors. (A) Surface plasmon resonance
(SPR); (B) optical waveguide lightmode spectroscopy (OWLS); (C) planar waveguide; (D) white light
reflectance spectroscopy.

Recently, Wei et al. [34] reported an SPR-based biosensor for the simultaneous determi-
nation of aflatoxin B1 (AFB1), ochratoxin A (OTA), ZON, and DON in corn and wheat. The
limit of detection (LOD) for AFB1, OTA, ZON, and DON were identified as 0.59 ng/mL,
1.27 ng/mL, 7.07 ng/mL, and 3.26 ng/mL, respectively. Average recoveries were between
85% and 115%. Joshi et al. [35] developed two types of SPR-based biosensors for the detec-
tion of mycotoxins in barley. First, a double 3-plex assay was developed for the detection
of DON, ZON, and T-2 toxin on the first chip and for OTA, fumonisin B1 (FB1), and AFB1
on the second chip using SPR. After determining the optimal conditions, the assay was
transferred to a 6-plex format (six different mycotoxins determined on a single chip) in a
portable nanostructured imaging surface plasmon resonance (iSPR) instrument, and the
two assays were compared. The advances of iSPR technique over conventional SPR are
the visualisation of the entire sensor surface in real time to monitor hundreds of molecular
interactions simultaneously, and also multiplex detection is available. Results showed that
DON, T-2, ZON, and FB1 could be detected at sufficient levels in barley samples according
to the EC guidelines, but for OTA and AFB1, sensitivities should be improved when SPR
was used for determination. The portable 6-plex iSPR was less sensitive but still allowed
detection of DON, T-2, ZON, and FB1 at relevant levels. The sensitivities (IC50 values)
obtained by iSPR biosensor in an assay buffer for T-2, FB1, and ZON were 10 ng/mL,
8 ng/mL, and 25 ng/mL, respectively.

A rapid and sensitive iSPR assay was developed for Fusarium toxins by Hossain and
Maragos [36] using secondary antibody with gold nanoparticles (AuNPs) as an amplifica-
tion tag to determine DON, ZON, and T-2 toxin in wheat. LODs were 15 µg/kg for DON,
24 µg/kg for ZON, and 12 µg/kg for T-2 toxin. Sensor chips could be reused for over
46 cycles without significant signal loss, and it took 17.5 min to measure a sample, including
the regeneration steps. The same research group developed an iSPR-based immunosensor
for T-2 and T-2 toxin 3-glucoside (T2-G), so-called “masked” mycotoxin, determination
in wheat, which is a niche in the field of research [37]. In their experiment on a carboxyl
functionalised sensor surface, T-2-protein conjugate was immobilised using 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide with N-hydroxysuccinimide (EDC-NHS) method. A
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competitive immunoassay format was applied to detect the mycotoxins, and a secondary
antibody labelled with AuNPs was used for signal amplification. The LOD was 48 µg/kg
of T-2 and 36 µg/kg of T-2-G; the recoveries ranged between 86–90%. Hu et al. [38] could
achieve LODs for AFB1, OTA, and ZON as low as 8, 30, and 15 pg/mL, respectively, with
their iSPR immunosensor using AuNPs for signal amplification.

Another emerging technique in the field of optical immunosensor development is
the optical waveguide lightmode spectroscopy (OWLS) technique that enables monitoring
molecular interactions on the sensor surface in a label-free manner in real-time (Figure 1B).
The basic principle of the OWLS method is that linearly polarised He-Ne laser light is
coupled by a diffraction grating into the waveguide layer. The incoupling is a resonance
phenomenon that occurs at a defined angle of incidence that depends on the refractive
index of the medium covering the surface of the waveguide. In the waveguide layer, light
is guided by total internal reflection to the edges, where it is detected by photodiodes. By
varying the angle of incidence of the light, the mode spectrum can be obtained from which
effective refractive indices are calculated for both the electric and magnetic modes. The
sensor consists of a glass substrate with a lower refractive index and a thin (160–220 nm)
waveguide layer with a higher refractive index mounted on the top in which a fine optical
grating (2400–3600 line/mm) is formed for in- or outcoupling of the light [39].

For DON measurement, Majer-Baranyi et al. [40] presented a label-free OWLS-based
immunosensor. In their research, the sensor was modified by 3-aminopropyltriethoxysilane
(APTS), and a DON-ovalbumin conjugate was immobilised via glutaraldehyde (GA).
With the optimised sensor, DON content of spiked wheat flour samples was investi-
gated using a competitive assay method where DON was quantitatively detectable in
the 0.005–50 mg/kg concentration range, and it took 10 min to measure a sample, offer-
ing fast and sensitive determination of DON. Székács et al. [41] developed a competitive
OWLS-based immunosensor for ZON determination in maize samples. In the competitive
assay method, a ZON-bovine serum albumin (BSA) conjugate was immobilised on the
sensor surface using three different surface modification methods. According to their
results, the epoxy-modified sensors provided lower binding efficacy and reproducibility;
when using amino-silanised sensor chips for immobilisation either by GA (APTS/GA)
or succinic anhydride (SA) and EDC-NHS (APTS/SA/EDC-NHS) the detection range of
ZON were the same in both cases, but for further application, the APTS/SA/EDC-NHS
sensor was chosen due to the better reproducibility and longer shelf-life. The LOD of ZON
was 0.002 pg/mL, and the dynamic measuring range was between 0.01 and 1 pg/mL.

Recently, another waveguide-based immunosensor for ZON detection was published
also using a planar waveguide (PW) for the sensor set-up [42] (Figure 1C). The working
principle of the sensor is as follows: circularly polarised laser light is incoupled into
the planar waveguide, which propagates through by multiple internal reflections, and
the outcoming light is collected by a charge-coupled device (CCD) array photodetector.
The sensing principle is based on the different behaviour of the s- and p-components of
polarised light. Changes in the refractive index of the covering media cause phase shifts
between p- and s-polarisations of light, which are converted to a multiperiodic signal by
a polariser and detected by a CCD photodetector. For ZON determination, polyclonal
ZON-specific antibodies were immobilised on the functionalised surface, and the binding
of ZON was detected in a direct manner. The LOD of the method was 0.01 ng/mL, and the
dynamic working range was between 0.01–1000 ng/mL.

Another emerging label-free optical sensor technique is white light reflectance spec-
troscopy (WLRS), where a broadband light from a light source is emitted and guided
vertically to the surface by a reflection probe consisting of six fibres distributed on the
periphery of the circle-shaped probe, while the reflected light from the sample is collected
by the optical fibre positioned in the centre of the probe and directed to the spectrometer
(Figure 1D). The sensor consists of two layers: a Si substrate and, on top of this, a thicker
silicon dioxide layer where the biomolecules can be immobilised. The emitted white light
is reflected from the sensor consisting of layers with different refractive indexes, resulting
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in an interference spectrum that is recorded by the spectrometer. Due to biomolecular
interactions on the surface, the spectra shift to higher wavelengths [43]. A fast WLRS-based
immunosensor for DON determination in wheat and maize samples was reported by
Anastasiadis et al. [44], where DON-ovalbumin conjugate was immobilised on the aminosi-
lanised sensor surface. A competitive immunoassay was performed where DON presented
in the sample and DON immobilised on the sensor surface were competed for the anti-
DON monoclonal antibody binding sites. The primary immunoreaction was followed by a
signal enhancement step using an anti-mouse IgG secondary antibody. With the optimised
sensor, wheat and maize samples were investigated. In the spiked grain samples, the LOD
of DON was 62.5 µg/kg in both cases, while the linear response range was broadened up
to 12.5 mg/kg. The measurement was completed within 17 min, including regeneration
step, and a single chip could be reused 20 times.

The statistical parameters of the measurements, the cross reactivity, and the matrix
analysed of optical immunosensors for DON and ZON detection are summarized in
Table 1.

Table 1. Statistics of measuring parameters, cross reactivity, and the matrix analysed of optical immunosensors for DON
and ZON detection.

Mycotoxin Method Detection Range LOD Matrix Selectivity/cross
Reactivity Reference

AFB1
OTA
ZON
DON

SPR

0.99–21.92 ng/mL
1.98–28.22 ng/mL

10.37–103.31 ng/mL
5.31–99.37 ng/mL

0.59 ng/mL,
1.27 ng/mL,
7.07 ng/mL
3.26 ng/mL

Spiked corn and
wheat

AFB2 19.1%
OTB 6.2%

α-ZEL 15,3%
15-AcDON 16.2%

[34]

DON
ZON
T-2

iSPR
48–2827 µg/kg
54–790 µg/kg
42–1836 µg/kg

15 µg/kg
24 µg/kg
12 µg/kg

wheat
15-AcDON 150%

α-ZEL 104%
HT-2 n.s.

[36]

T-2
T2-G iSPR 1.2 ng/mL

0.9 ng/mL spiked wheat
15-AcDON < 1%

HT-2Glc < 1%
HT-2 < 1%

[37]

AFB1
OTA
ZON

iSPR
8 pg/mL
30 pg/mL
15 pg/mL

spiked peanut n.d. [38]

DON OWLS 0.01–100 ng/mL 0.005 ng/mL spiked wheat
flour n.d. [40]

ZON OWLS 0.01–1 pg/mL 0.002 pg/mL spiked maize α -ZEL 25.2%
Zeranol 12.8% [41]

ZON PW 0.01–1000 ng/mL 0.01 ng/mL ZON standard AFB1 n.s.
OTA n.s. [42]

DON WLRS 62.5 µg/kg–12.5
mg/kg 62.5 µg/kg spiked maize

wheat
3-AcDON 929%
3DON-Glc 23% [44]

DON DON-Chip 0.01–20 µg/g 4.7 ng/g food, feed n.d. [45]

ZON
DON

NIR-based
LFIA

0.012–0.33 ng/mL
0.082–6.7 ng/mL 0.55 µg/kg 3.8 µg/kg maize

AFB1 <1%
FB1 <1%
OTA <1%
T-2 <1%

[46]

DON
OTA
AFB1

Microfluidic
immunoassay

10 ng/mL
40 ng/mL
0.1 ng/mL

spiked corn feed
OTA, AFB1 n.s.
DON, AFB1 n.s.
OTA, DON n.s.

[47]
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Table 1. Cont.

Mycotoxin Method Detection Range LOD Matrix Selectivity/cross
Reactivity Reference

FB1
ZEN
T-2

DON
AFB1

LFIA

0.5–10 µg/kg
0.25–5 µg/kg
0.3–1 µg/kg
1–20 µg/kg

0.25–0.5 µg/kg

10 µg/kg
2.5 µg/kg
1.0 µg/kg
10 µg/kg
0.5 µg/kg

maize

α-ZEL 70.6%
Zeranol 32%

HT-2 37%
3-AcDON 347%
15-AcDON 34%

AFM1 45%

[48]

Deoxynivalenol (DON), 15-acetyl-deoxynivalenol (15-AcDON), 3-acetyl-deoxynivalenol (3-AcDON), Deoxynivalenol 3-glucoside (3DON-
Glc), Zearalenone (ZON), α-zearalenol (α-ZEL), β-zearalenol (β-ZEL) α-zearalanol (Zeranol), Ochratoxin A (OTA), Ochratoxin B (OTB),
Aflatoxin B1 (AFB1), Aflatoxin B2 (AFB2), Aflatoxin M1 (AFM1), HT-2-glucoside (HT-2Glc), Fumonisin B1 (FB1), Fumonisin B2 (FB2), T-2
glucoside (T2-G), signal is not significant (n.s.), no data (n.d.), surface plasmon resonance (SPR), Imaging surface plasmon resonance (iSPR),
optical waveguide lightmode spectroscopy (OWLS), planar waveguide (PW), white light reflectance spectroscopy (WLRS), near-infrared
fluorescence-based lateral flow immunosensor (NIR-based LFIA).

2.1.2. Label-Based Optical Immunosensors

Jiang et al. [45] presented a paper-based microfluidic device (DON-Chip) for DON
determination. In the competitive immunoassay, AuNPs were used for labelling. For signal
reading, a low-powered digital microscope connecting to a computer’s USB port was used
for image acquisition and signal analysis to enable on-site determination. Detection of DON
in aqueous extracts of food and feed was carried out by DON-chip, and the results were
compared by those obtained by commercial DON ELISA, which showed linear correlation.
The LOD of DON was 4.7 ng/g, and the linear working range was between 0.01–20 µg/g.
For simultaneous determination of ZON and DON, Jin et al. [46] developed a novel dual
near-infrared fluorescence-based lateral flow immunosensor (NIR-based LFIA). On the
nitrocellulose membrane, DON and ZON conjugated to BSA were immobilised in the same
test line. The anti-ZON and anti-DON antibodies were labelled by near-infrared dyes with
distinct fluorescence characteristics as detection reagents. With the optimised sensor, the
ZON and DON content of maize samples were determined with a LOD of 0.55 µg/kg and
3.8 µg/kg, respectively. The assay took 20 min to perform, providing a fast and sensitive
tool for simultaneous determination of two mycotoxins (Figure 2).
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A multiplexed microfluidic capillary chip with smartphone detection for DON, OTA,
and AFB1 determination was demonstrated [47]. A competitive immunoassay format
was used to detect mycotoxins simultaneously, where mycotoxin-BSA conjugates were
immobilised on a polydimethylsiloxane (PDMS) surface. Toxins present in the sample
compete with the toxins immobilised on the surface for the binding site of the polyclonal
antibodies conjugated with horseradish peroxidase. After that, hydrogen peroxide as
a substrate and tetramethylbenzidine (TMB) as a chromophore were added, and the
colorimetric signal was detected by a smartphone and analysed in ImageJ software. The
assay could be performed in less than 10 min with a LOD of 10 ng/mL for DON, making the
assay capable of fast, on-site analysis. Another smartphone-based sensor was developed
by Liu et al. [48] using a dual fluorescence or colour detection mode device integrated with
two lateral flow immunoassays for multiplex mycotoxin (DON, ZON) determination in
cereals. When fluorescence detection was applied, the assays were more sensitive, but
recoveries from maize for both formats were the same.

2.2. Electrochemical Immunosensors

In the electrochemical biosensors, the reaction between the target molecule and
the recognition element by using electrochemical dyes or enzymatic reactions generates
changes in the signal for conductance or impedance, measurable current, or change ac-
cumulation, which can be quantified by voltammetric, potentiometric, amperometric, or
conductometric techniques [49] (Figure 3). The use of electrochemical biosensors is very
common due to their high sensitivity, selectivity, low cost, simplicity, and in some cases
their miniaturisation, portability, and integration into automated devices [50–52]. In the
last decade, the use of screen-printed electrodes (SPE) in electrochemical biosensor de-
velopment has received great attention because they can be made of different materials
and shapes and can be modified with a wide variety of nanomaterials, such as carbon
nanotubes, graphene, and metallic nanoparticles as gold, silver, and magnetic nanoparticles
coupled with different biological recognition elements (DNA, RNA, aptamers, enzymes,
antibodies) [53–59] (Figure 3A,B).
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An electrochemical immunosensor to determine ZON in maize using modified screen-
printed carbon electrodes (SPCE) was developed by Riberi et al. [60]. On the surface of
the SPCE modified with multi-walled carbon nanotubes/polyethyleneimine dispersions
and AuNPs, ZON polyclonal antibodies were immobilised. A competitive immunoassay
was used for ZON determination where ZON presented in the sample, and a horseradish
peroxidase (HRP)-labelled ZON conjugate competed for the limited amount of polyclonal
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antibodies immobilised on the surface. After that, hydrogen peroxide was added, and
a steady-state current was obtained, which was proportional to the amount of ZON in
the samples and was detected at a potential of −0.3V by amperometry. The biosensors
showed good stability during at least four days. The calibration curve was linear in the
ZON concentration range from 0.1 to 100 pg/mL.

A differential pulse voltammetry (DPV) detection-based immunosensor using dispos-
able SPE was prepared for ZON determination by Goud et al. [61]. On the activated sensor
surface, a ZON-BSA conjugate was immobilised by the EDC/NHS method. A competitive
assay format was used for ZON determination, and alkaline phosphatase-labelled antibody
and 1-naphthyl phosphate (1-NP) as a substrate was used to detect primary antibody
binding to the surface. The produced 1-naphthol was detected via DPV, which allowed the
determination of the ZON concentration of the sample. The LOD was 0.25 ng/mL, and the
dynamic measuring range of ZON was 0.25–256 ng/mL.

A mesoporous silica-modified SPCE-based immunosensor was presented by
Regiart et al. [62]. For the immunosensor anti-ZON antibodies were immobilised by GA
on the surface of the modified electrode. During measurement, ZON presented in the
sample was recognised and bound to the immobilised antibodies on the surface of the
electrode. Then, to detect immunocomplex formation, HRP-conjugated anti-ZON antibod-
ies were added, and hydrogen peroxide with 4-tert-butylcatechol (4-TBC) were used in a
substrate and chromophore solution. The HRP enzyme catalyzes the oxidation of 4-TBC
to 4-tert-butylbenzoquinone. The enzymatic product was detected by amperometry at
−100 mV. The measured current was proportional to the concentration of ZON present in
the sample. The linear measuring range of ZON detection was 1.88–45 ng/mL, and the
LOD was 0.57 ng/mL in Amaranthus cruentus seeds.

An electrochemical immunosensor fabricated on indium tin oxide (ITO)-coated glass
was introduced by Lu et al. [63] for multiple mycotoxin determination. A dual-channel
three-electrode sensor consisted of two working electrodes that were modified with
AuNPs and functionalised with anti-FB1 and anti-DON antibodies and a Ag/AgCl pseudo-
reference electrode etched on the ITO-coated glass and was integrated with a microfluidic
channel. The binding of the toxin present in the sample to the antibody immobilized on
the working electrode produced an electrochemical signal, which was detected by DPV.
With this immunosensor set-up, a LOD of 97 pg/mL and 35 pg/mL could be achieved,
and linear ranges of detection were 0.3–140 ng/mL and 0.2–60 ng/mL for FB1 and DON,
respectively.

The statistical parameters of the measurements, the cross reactivity, and the matrix
analysed of electrochemical immunosensors for DON and ZON detection are summarized
in Table 2.

Table 2. Statistics of measuring parameters, cross reactivity, and the matrix analysed of electrochemical immunosensors for
DON and ZON detection.

Mycotoxin Method Detection Range LOD Matrix Selectivity Reference

ZON Amperometry 0.1 to 100 pg/mL 0.15 pg/mL spiked maize n.d. [60]

ZON DPV 0.25–256 ng/mL 0.25 ng/mL spiked beer,
wine

AFB1
AFM1 85–90%

OTA
OTB

[61]

ZON Amperometry 1.88–45 ng/mL 0.57 ng/mL Amaranthus
cruentus seeds n.d. [62]

FB1
DON DPV 0.3–140 ng/mL

0.2–60 ng/mL
97 pg/mL
35 pg/mL

spiked corn
sample n.d. [63]

Deoxynivalenol (DON), Zearalenone (ZON), Fumonisin B1 (FB1), Aflatoxin B1 (AFB1), Aflatoxin M1 (AFM1), Ochratoxin A (OTA),
Ochratoxin B (OTB), differential pulse voltammetry (DPV), no data (n.d.)
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2.3. Piezoelectric Immunosensors

Quartz crystal microbalance (QCM) is a piezoelectric effect-based mass measuring
system. The QCM sensor is made of a quartz crystal disk cut to a specific orientation
with respect to the crystal axes and sandwiched between two metal electrodes (usually
gold) that can be made to oscillate at a defined frequency by applying alternating voltage.
Its resonant frequency depends on the thickness of the crystal (Figure 4). The thinner
the applied crystal, the higher its resonant frequency and sensitivity. QCM monitors
the mass or thickness of the adlayers on the surface of the quartz crystal. The main
advantages of QCM are high sensitivity, high stability, fast response, and low cost. It also
provides label-free detection capabilities for biosensor applications. However, QCM faces
some disadvantages, as its performance significantly depends on the temperature and
other environmental parameters, and its sensitivity falls short of the requirements when
measuring low molecular weight substances [64]. In order to fulfill the requirements of high
sensitivity regarding mycotoxin detection (as they are low molecular weight compounds,
so they cannot generate sufficient frequency changes) piezoelectric biosensors need to
apply competitive inhibition immunoassay formats, or the signal has to be amplified by
applying secondary antibodies or nanoparticles.
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Although there are several examples of piezoelectric immunosensors for mycotoxin
determination in the recent scientific literature [1,65–69], there have been very few devel-
opments for the piezoelectric determination of ZON and DON. Very recently a portable,
label-free QCM immunosensor was introduced by Liu et al. [70] for ZON determination
in different food matrices. In the sensor, ZON-ovalbumin conjugate was immobilised
with EDC/NHS on the surface of the mercaptodecylic acid-modified chip. The frequency
response caused by the specific binding of anti-ZON antibody (100 µg/mL) on the chip
surface was detected in the presence or absence of ZON. A high sensitivity of ZON deter-
mination with a LOD as low as 0.37 ng/mL was obtained, with excellent selectivity and
stability. The effectiveness of the sensor was verified in spiked corn, wheat flour, soy sauce,
and milk samples, and satisfactory recoveries were attained. The sensor could be reused
six times without any significant attenuation of frequency of the sensor chip (below 10%)
and could be stored for fifteen days without significant signal loss. The sensor allowed
quick ZON determination since it took five minutes to measure a sample.

Nolan et al. [71] developed a mass-sensitive microarray biosensor working under the
same principle as QCM for multiplex mycotoxin determination. The sensor consisted of
4x16 mass-sensitive transducer pixels. Each pixel consisted of a zinc oxide piezoelectric
layer sandwiched between two electrodes where the top electrode was coated with silicon
dioxide with a thin gold layer on the top where mycotoxin conjugates were immobilized,
and the entire set-up was mounted on the top of an acoustic mirror. With the optimised
sensor, simultaneous determination of T2-toxin, ZON, and FB1 were examined. To assess
sensitivity, IC50 values were calculated. Sensitivity of the multiplex assay were 6.1 ng/mL,
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3.6 ng/mL, and 2.4 ng/mL, and the working range of the assay for T2, FB1, and ZON were
1.5–24.4 ng/mL, 0.9–14.3 ng/mL, and 0.6–9.6 ng/mL, respectively.

3. Sensors Based on Artificial Recognition Elements

MIPs are synthetic polymers that can be used to form an artificial receptor for the
target analyte. They are synthesised by polymerisation of a monomer with a cross-linking
agent in the presence of the target analyte. Upon cross-linking, a cavity is formed around
the template, and after its removal, a recognition site appears for the target analyte. The
formed polymer can be used as a recognition element in affinity-based sensors. MIPs
are cheaper, have higher reusability, and are more resistant to pH and to ionic strength
compared to antibodies; therefore, their use in sensor development is beneficial [72,73].
Aptamers are single-stranded nucleic acid (DNA or RNA) molecules with a high affinity
to the target molecule. They are fabricated by an in vitro selection and amplification
technology (SELEX) [74]. During several selection rounds, only those oligonucleotides are
selected and enriched from the huge oligonucleotide library, which can bind with very high
affinity to the specific molecular target. It can be stated that the affinity of aptamers can be
as good as those of antibodies and in some cases, even better. In addition to that, aptamers
are more stable and flexible and can be chemically modified, allowing their immobilisation
in sensors.

3.1. Aptasensors

The use of aptamers over antibodies has been an emerging trend in the field of biosen-
sor development in the last decades. Aptamers are synthetic, short, single-stranded nucleic
acids with a high affinity to the target molecule. Due to their small size, high affinity,
high stability, and specificity, they offer many advantages over conventional antibodies
as recognition elements. Having such high affinity, aptamer-based homogeneous and het-
erogeneous sensors have emerged as a promising tool among the biosensors (Figure 3D).
Fluorescent, colorimetric, and electrochemical detection methods are commonly used in
these sensor systems. A fluorometric aptamer-based method was developed for simulta-
neous determination of ZON and FB1 using gold nanorods (AuNRs) and upconversion
nanoparticles (UCNPs) [75]. In the sensor, UCNPs were modified with aptamers for ZON
and FB1. The functionalised UCNPs were attached with their corresponding complemen-
tary nucleic acid (cDNA) sequences. To the AuNPs, different cDNAs for ZON and FB1
were attached, and the AuNPs and the UCNPs were assembled together. In the presence of
ZON and FB1 in the sample, the biocomplex of UCNPs-AuNRs will be unstable, and the
UCNP part separates from the complex, resulting in the recovery of fluorescence signals.
Under 980-nm laser excitation, ZON was detected at 606 nm and FB1 at 753 nm. The LODs
of the assay for ZON and FB1 were 1 pg/mL and 3 fg/mL, respectively, with average
recoveries from spiked maize samples of 90 to 107%.

Similarly, a fluorescent aptasensor created through UCNPs was presented for ZON
determination in corn and beer [76]. A ZON-specific aptamer was used as a recognition
probe, while the complementary strand was adopted as a signal probe. In the sensor, ZON
aptamer was immobilised on the surface of the amino-modified magnetic nanoparticles,
while cDNA was immobilised on the surface of UCNPs and were mixed together to form
the duplex structure. When ZON is present in the sample, the ZON-aptamer dissociates
from the complex and binds to ZON; therefore, a decrease in the fluorescence intensity
occurs. For excitation, a 980 nm laser light was used, and ZON was detected at 543 nm.
In this sensing platform, a linear response of 0.05–100 ng/mL was obtained between the
fluorescence signal and ZON levels with a LOD of 0.126 µg/kg in corn and 0.007 ng/mL
for beer, demonstrating that the developed aptasensor offered a novel approach for ZON
analysis in food. Li et al. [77] presented an aptasensor for ZON determination in maize
samples that was based on fluorescence resonance energy transfer (FRET) between fluores-
cent UCNPs modified with aptamer as donors and graphene oxide modified with carboxyl
groups as acceptor. When UCNPs and functionalised graphene oxide were at a close
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distance (less than 10 nm), fluorescence quenching was noticed. As the aptamers prefer to
bind to their corresponding mycotoxins, in the presence of ZON, the formation of aptamers
change, so aptamer modified-UCNPs are far away from the surface of the functionalised
graphene oxide. The presented sensor had a wide working range (0.005–100 ng/mL), good
stability (28 days), and the results showed that the aptamer-UCNP-functionalised graphene
oxide probe provided a rapid, accurate, and simple to use system for ZON detection.

Azri et al. [78] fabricated an electrochemical label-free competitive aptasensor for ZON
determination. The sensor had a working range of 0.01 to 1000 ng/mL ZON concentration
with a LOD of 0.017 ng/mL. With the established aptasensor, ZON concentrations of
maize grain extracts were determined. For ZON determination, He et al. [79] described
a voltammetric aptasensor based on the use of porous platinum nanotubes/AuNPs and
thionine-labelled graphene oxide for signal amplification. The working range of the
aptasensor was 0.5 pg/mL to 0.5 µg/mL for ZON with a LOD of 0.17 pg/mL.

Recently, an aptasensor for ultrasensitive detection of ZON by using CoSe2 nanocrystal
/AuNRs, 3D structured DNA-PtNi@Co-metal-organic framework networks, and nicking
enzyme as signal amplification system was proposed [80]. In the sensor DPV detection
method was used for ZON determination. Comparing to other ZON methods, the ap-
tasensor possessed outstanding sensitivity (LOD = 1.37 fg/mL) and wider linear range
(10.0 fg/mL to 10.0 ng/mL). In addition, no additional substrate was needed compared
to conventional enzymatic amplification by substrate cycling. Ong et al. [81] described a
novel aptasensor for DON determination where they used iron nanoflorets graphene nickel
(INFGN) as a transducer. The INFGN enabled a feasible bio-capturing due to its large
surface area where the hydroxyl groups act as linkers. The biomolecular interaction in the
sensor results in conductivity changes determined by current-voltage measurement using a
picoammeter. The sensor showed good stability, it retained 30.65% of its activity after 48 h,
and provided highly sensitive and selective detection of DON at a LOD of 2.11 pg/mL.
Another research group used the 3D sakura-shaped copper (II) ions@L-glutamic acid
nano-metal-organic coordination polymers (MOCPs) for the first time to develop an electro-
chemical aptasensor for ultrasensitive detection of ZON. Cronoamperometry was used for
ZON determination. Under optimal conditions, dynamic range of 1 fg/mL to 100 ng/mL
ZON was obtained with a LOD of 0.45 fg/mL [82].

Han et al. [83] presented a co-reduced molybdenum disulphide and gold nanoparticles
(rMoS2-Au)-based electrochemical aptasensor for ZON and FB1 simultaneous detection.
For sensor fabrication on the surface of the reduced molybdenum disulphide and AuNPs,
coated glassy carbon electrode ZON and FB1 aptamers were conjugated. The correspond-
ing cDNA sequences and thionine and 6-(ferrocenyl)hexanethiol as probes for ZON and
FB1 detection were immobilised on AuNPs, which were bound to the aptamers through
the complementary base pairing. In the presence of ZON and FB1, the labelled corre-
sponding cDNAs are replaced by the target molecule, resulting in signals proportional to
the concentrations of the analytes. Differential pulse voltammetry was used to detect the
concentrations of the mycotoxins. The aptasensor allowed ZON and FB1 determination
in the range of 1×10−3–10 ng/mL and 1×10−3–1×102 ng/mL, respectively. The sensor
possesses the LOD of 5× 10−4 ng/mL. The performance of the aptasensor was successfully
demonstrated in real maize samples with satisfactory recoveries.

The statistical parameters of the measurements, the cross reactivity, and the matrix
analysed of aptasensors for DON and ZON detection are summarized in Table 3.
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Table 3. Statistics of measuring parameters, cross reactivity, and the matrix analysed of aptasensors for DON and ZON detection.

Mycotoxin Method Detection Range LOD Matrix Selectivity Reference

ZON
FB1

Fluorometric
method

0.05–100 µg/L
0.01–100 ng/L

0.01 µg/L
0.003 ng/L

spiked corn
sample

AFB1, OTA, PAT,
OTB n.s. [75]

ZON Upconversion
fluorescence 0.005–100 ng/mL 0.0018 ng/mL maize AFB1, AFB2, OTA,

DON, FB1 ≈Low n.d. [77]

ZON Fluorescense 0.05–100 µg/L 0.126 µg/kg spiked corn
AFB1, AFB2, OTA, FB1,

FB2, a-ZEL,
β-ZEL <13%

[76]

ZON Square wave
voltammetry 0.01–1000 ng/mL 0.017 ng/mL spiked maize

α-ZEL, β-ZEL,
ZON-14-Glc, DON, FB1

≈high n.d.
[78]

ZON Voltammetry 0.5 pg/mL–0.5 µg/mL 0.17 pg/mL spiked maize DON, AFB1, PAT
≈Low n.d. [79]

ZON DPV 10.0 fg/mL– 10.0 ng/mL 1.37 fg/mL spiked maize DON, OTA, AFB1, PAT,
FB1 n.s. [80]

DON Voltammerty 1 pg/mL–1 ng/mL 2.11 pg/mL spiked rice OTA, ZON <14% [81]

ZON Cronoamperometry 1 fg/mL to 100 ng/mL 0.45 fg/mL spiked beer T-2, OTA, FB1,
AFB1 n.d. [82]

ZON
FB1 DPV 0.001–10 ng/mL

0.001–100 ng/mL 0.0005 ng/mL maize α-ZEL, FB2, AFB1,
DON, T-2, OTA n.d. [83]

Deoxynivalenol (DON), Zearalenone (ZON), α-zearalenol (α-ZEL), β-zearalenol (β-ZEL), Zearalenone-14-Glucoside (ZON-14-Glc), Ochra-
toxin A (OTA), Ochratoxin B (OTB), Aflatoxin B1 (AFB1), Aflatoxin B2 (AFB2), Aflatoxin M1 (AFM1), Fumonisin B1 (FB1), Fumonisin B2
(FB2), Patulin (PAT), differential pulse voltammetry (DPV), signal is not significant (n.s.), no data (n.d.).

3.2. Molecularly Imprinted Polymer Sensors

In recent years, MIPs are widely used primarily in the SPR biosensor technique. Com-
paring to antibodies, MIPs are more resistant to harsh regeneration conditions and are less
likely to lose their binding capability. Although there are several methods to prepare MIPs
for sensor applications, the most common method is the in situ polymerisation directly
onto the sensor surface (Figure 3C). Choi et al. [84] developed an SPR sensor for ZON de-
termination using MIPs as recognition elements. On the gold sensor surface, a molecularly
imprinted polypyrrole film was prepared by electropolymerisation in the presence of ZON
as a template. The sensor had a linear response in the range of 0.3–3000 ng/mL for ZON,
and the LOD was 0.3 ng/g in corn samples. They also prepared a similar MIP-based SPR
sensor for the determination of DON in which the linear measuring range was between
0.1–100 ng/mL. The selectivity of the MIP layer for 3- and 15-acetyl-DON was found to be
19% and 44%, respectively [85].

Sergeyeva et al. [86] developed a novel sensor for ZON detection in cereals suitable
for field application. A ZON-selective urethane-acrylate MIP membrane was used to
form the sensor, and the natural fluorescence of ZON was analysed by a Spotxel®Reader
smartphone application. In the direct sensing mode, the LOD of ZON was 126 µg/kg, but
the competitive sensing mode allowed a sensitivity improvement to a LOD of 1.26 µg/kg.

4. Conclusions

Quick, easy to use, and sensitive determination of mycotoxins are extremely important
in the food and feed industry because the use of mycotoxin-contaminated commodities
poses health risks to the consumers and to livestock as well. The application of biosensors
could be an expedient alternative over advanced instrumental chromatographic techniques,
as they offer cost-effective, rapid, portable, on-site determination possibilities of myco-
toxins. Although developments of several immunosensors for mycotoxin determination
have been reported in the scientific literature, they are mainly focused on aflatoxin and
ochratoxin as target analytes, but much less attention has been paid to the determination
of ZON and DON, and the reports dealing with masked mycotoxins are unduly rare. For
the detection of small molecular mass analytes, substantial advances have occurred in
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the fields of electrochemical and optical immunosensing. Efforts for both types of these
sensors are aimed to improve biosensor characteristics, including sensitivity, selectivity, fast
response, and low cost; therefore, incorporation of nanomaterials (nanoparticles, nanorods,
nanotubes, nanowires) into biosensors are being widely studied. The advantages of using
nanoparticles are that they either increase the sensor surface area suitable for biomolecule
immobilisation or enhance the signal derived from the immunocomplex formation. It
has been found that nanomaterials applied in biosensors as signal amplification tags can
improve sensitivity and can reduce the LOD by several orders of magnitude. The use
of the favourable properties of nanomaterials in the determination of mycotoxins via
immunosensors is particularly important, as these analytes are low molecular weight
substances; therefore, their detection is challenging. Another emerging trend in biosensor
development is the application of aptamers and MIPs as synthetic receptors in biosen-
sor fabrication. During the past decade, the focus of the attention has turned towards
the development of aptasensors due to the stability, selectivity, and sensitivity of these
oligonucleotide-type artificial recognition elements. Despite new achievements, areas
demanding more research still exist, particularly in the fields of masked mycotoxins and
multiplex mycotoxin determination.
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Abstract: Zearalenone (ZEN) and its metabolites, alpha-zearalenol (α-ZEL) and beta-zearalenol
(β-ZEL), are ubiquitous in plant materials used as feed components in dairy cattle diets. The aim
of this study was to confirm the occurrence of ZEN and its selected metabolites in blood samples
collected from different sites in the hepatic portal system (posthepatic–external jugular vein EJV;
prehepatic–abdominal subcutaneous vein ASV and median caudal vein MCV) of dairy cows diag-
nosed with mastitis, ovarian cysts and pyometra. The presence of mycotoxins in the blood plasma
was determined with the use of combined separation methods involving immunoaffinity columns,
a liquid chromatography system and a mass spectrometry system. The parent compound was de-
tected in all samples collected from diseased cows, whereas α-ZEL and β-ZEL were not identified in
any samples, or their concentrations were below the limit of detection (LOD). Zearalenone levels
were highest in cows with pyometra, where the percentage share of average ZEN concentrations
reached 44%. Blood sampling sites were arranged in the following ascending order based on ZEN
concentrations: EJV (10.53 pg/mL, 44.07% of the samples collected from this site), ASV (14.20 pg/mL,
49.59% of the samples) and MCV (26.67 pg/mL, 67.35% of the samples). The results of the study
indicate that blood samples for toxicological analyses should be collected from the MCV (prehepatic
vessel) of clinically healthy cows and/or cows with subclinical ZEN mycotoxicosis. This sampling
site increases the probability of correct diagnosis of subclinical ZEN mycotoxicosis.

Keywords: zearalenone; mastitis; ovarian cysts; pyometra; hepatic portal system; dairy cows

Key Contribution: Zearalenone metabolites were not detected in the blood plasma of cows with
healthy ruminal microbiota. When the rumen contents containing ZEN reach the intestines, the my-
cotoxin is transported to the liver by the prehepatic circulation.

1. Introduction

Zearalenone (ZEN) is a resorcinic acid lactone produced by fungi of the genus
Fusarium, which, due to its structural similarity to 17β-estradiol and affinity to estrogen
receptors [1], is classified as mycoestrogens. In mammals, ZEN binds to estrogen receptors
that display tropism for female reproductive cells. Zearalenone poses a health risk for dairy
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cows because it is highly stable in contaminated animal feedstuffs and difficult to degrade
through heating and other physical treatments [2].

High-yielding dairy cows are highly susceptible to metabolic diseases such as milk
fever, ketosis and rumen acidosis, which are frequently accompanied by subclinical and
clinical symptoms of udder infection and decreased reproductive performance. Metabolic
disorders are most frequently observed in three critical periods [3]: (i) dry period, (ii) partu-
rition, and (iii) first 100 days of lactation. These periods are characterized by an increased
risk of udder inflammation and aseptic diffuse inflammation of the laminar corium, which
are indicative of compromised innate immunity, decreased acquired immunity to infec-
tious factors [4], and higher susceptibility to undesirable substances, including secondary
metabolites of molds such as ZEN and its metabolites.

In dairy cows, susceptibility to mycotoxins is largely determined by the degree to
which these substances are eliminated by ruminal microbiota before they are assimilated
by the body [5]. Very few mycotoxins are resistant to microbial detoxification in the ru-
men, and they cause typical symptoms of poisoning with toxic metabolites. Silage and
other stored feedstuffs can contain mycotoxins that possess antibacterial properties and
modify ruminal microbiota. These compounds can compromise the detoxification capacity
of rumen microorganisms. The rumen contents contaminated with mycotoxins may be
absorbed in the duodenum, leading to certain mycotoxin concentrations in dairy cows.
The clinical symptoms of mycotoxin poisoning are generally non-specific, and they include
metabolic and hormonal disorders accompanied by inflammatory states caused by a weak-
ened immune response [4]. During transition periods, cows are particularly susceptible
to mycotoxicosis because the presence of molds and/or mycotoxins in cattle diets further
deepens the negative energy balance [3].

In dairy cows, the risk of exposure to ZEN can be assessed directly by identifying
mycotoxins in the feed matrix [6], or indirectly by analyzing the respective biomarkers
in biological fluids and tissues. Feed matrices are widely applied to evaluate the risk [7]
resulting from e.g., the presence of ZEN and its metabolites. However, this approach has
several limitations. The feed production process and the health status of animals may
affect the bioavailability of ZEN and its metabolites in feed and, consequently, increase the
risk of exposure in dairy cows. In addition, mycotoxins are not evenly distributed in the
feed matrix, and feed intake is difficult to estimate accurately. Since ZEN is transmitted by
numerous vectors (green fodder, roughage and concentrated fodder or water), the levels
of this mycotoxin and its metabolites can be more reliably quantified in blood samples
(indirect analysis).

Our observations show that during clinical activities, field veterinarians need to be
aware of some simple information about mycotoxins: (i) mycotoxins are very often found
in small amounts in the plant material used for feed production; (ii) not every laboratory
has equipment for detecting the presence of very small amounts (these may be values
below the sensitivity of the method); (iii) mycotoxin contamination may occur during
the vegetation of feed crops, and the mycotoxins are then evenly distributed throughout
the plant material; (iv) the feed may become contaminated with mycotoxins during the
storage of the final product (concentrated feed) and then the distribution of eg ZEN may
be pinpointed in the feed; (v) the accumulation in the macro-organism of low doses of
mycotoxins (below the NOAEL value) taken in the feed takes a very long time, making it
impossible to trace the mycotoxin vector; and (iv) ZEN is mycoestrogen and its presence in
the mammalian body is immediately noted in the form of endocrine system dysfunction
and the resulting perturbations in estrogen-dependent tissues.

In cattle, mycotoxicoses are diagnosed based on the presence of clinical symptoms
of infertility or hormonal disorders during exposure to high ZEN doses. However, the in-
fluence of very low, measurable concentrations of ZEN on the health status of dairy cows
has never been investigated. Such mycotoxin concentrations are frequently encountered in
plant materials that are used in the production of feed for dairy cattle [6–8].
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Mycotoxins exert various effects on the health status of animals exposed to their
different doses [9,10]. The symptoms and health consequences (toxicological) of exposure
to high doses of most mycotoxins have been relatively well researched and described [10].
Prolonged exposure to low monotonic doses of mycotoxins is usually well tolerated by
monogastric animals [11], which suggests that these compounds can meet the animals’ life
needs, or exert protective [8,12–15] or therapeutic effects [16]. In ruminants, exposure and
digestion processes are similar to those observed in monogastric animals when the rumen
contents pass into the intestines. Therefore, the clinical presentation of ZEN mycotoxicosis
is also similar [14].

During exposure to low mycotoxin doses, the dose-response relationship has been
also undermined by the low dose hypothesis. The above applies particularly to hormonally
active chemical compounds [17], including mycoestrogens such as ZEN and its metabolites
which disrupt the functioning of the hormonal system, even when ingested in small
quantities [18]. This ambiguous dose-response relationship does not justify direct analyses
or meta-analyses of the risk (clinical symptoms or the results of laboratory analyses)
associated with low dose stimulation and high dose inhibition, which is consistent with
the hormesis paradigm [19]. The concept of the lowest identifiable dose which produces
counter-intuitive effects is becoming increasingly popular in biomedical sciences [20].
The relevant mechanisms should be investigated to support rational decision-making [8,21].
Such decisions involve the selection of blood sampling sites which are most adequate for
assessing the risk of mycotoxin exposure in dairy cows. The main routes of blood inflow
and outflow to/from the liver should be examined taking into account the availability
of blood vessels and the extent of natural (hepatic) detoxification. Topographic anatomy
of anastomoses between the portal venous system (vena portae) with the major veins [22],
including the external jugular vein (EJV, v. jugularis externa-posthepatic), the abdominal
subcutaneous vein (ASV, v. epigastrica cranialis superficialis-prehepatic) and the median
caudal vein (MCV, v. caudalis mediana-prehepatic) should be analyzed to confirm the
reliability and consistency of the results [4].

The aim of the study was to confirm the occurrence of ZEN and its selected metabolites
in the blood of high-yielding dairy cows and selected collection sites (external jugular vein,
abdominal subcutaneous vein and median caudal vein) in various disease states (Mastitis,
ovarian cysts and Pyometra), in natural conditions.

2. Results
2.1. Clinical Observations

Clinical signs of ZEN mycotoxicosis were not observed during the experiment (such
as reduced growth rate and milk yield, and causes significant economic cost to the dairy
industry). However, cows may have been exposed to natural sources of ZEN in plant
materials. Cattle diets probably contained very small amounts of the mycotoxin that
approximated the minimal anticipated biological effect level (MABEL). Zearalenone trans-
mission vector/vectors could not be identified with full certainty.

2.2. Concentrations of Zearalenone in Peripheral Blood

Alpha-ZEL and β-ZEL were not detected in blood samples, or their concentrations
were below the limit of detection (LOD).

Highly significant (p ≤ 0.01) differences in ZEN concentrations (Figure 1) were ob-
served only in blood samples collected from the MCV. These differences were noted be-
tween cows with pyometra compared to blood samples from cows with mastitis (difference
of 18.20 pg/mL), cows with ovarian cysts (difference of 21.21 pg/mL) or asymptomatic
cows (difference of 26.23 pg/mL). Regardless of the sampling site, ZEN levels were highest
in cows displaying clinical symptoms of pyometra. In cows with mastitis and pyome-
tra, ZEN concentrations were lowest in blood sampled from the EJV (5.70 pg/mL and
10.53 pg/mL, respectively) and highest in samples collected from the MCV (8.47 pg/mL
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and 26.67 pg/mL, respectively. For ovarian cysts, the trend was the opposite between
collection sites (from 7.63 pg/mL at EJV to 5.46 pg/mL at MCV).
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Figure 1. Mean values (x) and standard deviation (SD) of ZEN concentrations (pg/mL) in peripheral blood sampled
from different sites: (1) external jugular vein (EJV, v. jugularis externa-posthepatic); (2) abdominal subcutaneous vein
(ASV, v. epigastrica cranialis superficialis-prehepatic); (3) median caudal vein (MCV, v. caudalis mediana-prehepatic) of cows
diagnosed with mastitis, ovarian cysts and pyometra, and asymptomatic cows. Limit of detection (LOD) > values below the
limit of detection were regarded as equal to 0. Differences were regarded as statistically significant at ** p ≤ 0.01.

At the same time, it was found that the mean highest ZEN value (number of samples:
the sum of the ZEN concentration values in these samples) was obtained in samples taken
from median caudal vein (which accounted for 57%), compared to the other sampling sites
(Figure 2).
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Figure 2. Percentage share of the average ZEN concentrations in blood sampled from cows diagnosed
with mastitis, ovarian cysts and pyometra and from asymptomatic cows in the monitored herd.

A comparison of ZEN concentrations in samples of peripheral blood (Figure 3) col-
lected from diseased cows revealed significant differences (p ≤ 0.05) only in the blood of
cows with pyometra. The difference between the samples collected from the EJV and the
MCV was determined at 16.16 pg/mL. In cows diagnosed with mastitis and ovarian cysts,
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ZEN concentrations were highly similar (no significant differences) and very low relative
to those noted in cows with pyometra.
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Figure 3. Mean values (x) and standard deviation (SD) of ZEN concentrations (pg/mL) in peripheral blood of cows collected
in various disease states (Mastitis; Ovarian cysts; Pyometra; Asymptomatic) at different collection sites [external jugular
vein (EJV-v. jugularis externa-posthepatic); abdominal subcutaneous vein (ASV-v. epigastrica cranialis superficialis-prehepatic);
oraz median caudal vein (MCV-v. caudalis mediana-prehepatic)]. Limits of detection (LOD) > values below the limit of
detection were regarded as equal to 0. Statistically significant difference was determined at * p ≤ 0.05.

The data presented in Figure 3; Figure 4 show that the highest values of the ZEN level
were recorded in Pyometra cows, where the percentage share of the mean values of ZEN
concentrations was 44.08%.
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Figure 4. Percentage share of average ZEN concentrations in blood samples collected from different sites (external jugular
vein-EJV-posthepatic; abdominal subcutaneous vein-ASV-prehepatic; median caudal vein-MCV-prehepatic) in the monitored
herd of dairy cows.

The share of individual blood sampling sites in the values of the ZEN level indi-
cates an upward trend, starting with external jugular vein (10.53 ng/mL, which constituted
44.13% in this collection site), through the obtained values in abdominal subcutaneous vein
(14.20 ng/mL, which was 51.39% at this point of samples), and ending with the concentra-
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tion values obtained in blood samples collected in median caudal vein (26.67 ng/mL, which
constituted 65.68% at this point of collection).

3. Discussion

It is generally believed that ruminants are less susceptible to the harmful effects of
mycotoxins than monogastric animals because some mycotoxins are degraded by ruminal
microbiota [23]. Despite the above, mycotoxins can induce subclinical conditions in dairy
cows [24].

The results of the present study should be interpreted in view of the following ob-
servations: (i) the feed administered to dairy cows was probably contaminated with very
low doses of ZEN [5]; (ii) this is the first study of the type; therefore, the present findings
cannot be compared with published data and have to be interpreted by extrapolation.

According to Fushimi et al. [25], very low levels of ZEN in feed do not affect reproduc-
tive performance, but they affect anti-Müllerian hormone levels in the blood [26,27] which
play an important role in folliculogenesis and are most highly expressed in the granulosa
cells of preantral follicles, mostly in the antral stage [28,29]. These hormones inhibit follicle
stimulating hormone (FSH)-induced growth and development of the remaining primary
follicles and the selection of the dominant follicle [30–32].

In cows, β-ZEL is identified more frequently than α-ZEL in the intestinal contents
contaminated with low doses of ZEN, which implies that detoxification processes are
predominant during exposure to very low ZEN doses. It should also be noted that: (i) ZEN
could be utilized as a substrate that regulates (inversely) the expression of genes encoding
HSDs (Hydroxysteroid Dehydrogenases) which act of molecular switches for the modula-
tion of steroid hormone prereceptors [33–35]; (ii) enterohepatic recirculation occurs before
ZEN and its metabolites are biotransformed and eliminated; and (iii) in vitro studies have
demonstrated that ZEN metabolites are detected within 15 min to 1 h after ingestion, which
indicates that this mycotoxin is rapidly metabolized by ruminal microbiota [5,23]. In the
present study, the latter observation was confirmed in asymptomatic cows.

These hypotheses (alone or in combination) could explain the differences in the
concentrations of ZEN and its metabolites in the peripheral blood of dairy cows exposed
to low doses of the mycotoxin. However, these differences could be also attributed to
unknown factors that cause rumen inflammations, thus increasing the risk of absorption
of toxic compounds, such as lipopolysaccharides (major risk factors) and/or mycotoxins,
through the rumen wall [23]. According to Dänicke et al. [4,36], low ruminal pH (which
compromises the buffering capacity of the rumen, [23]) inhibits the biotransformation of
parent compounds such as ZEN and metabolite synthesis, which could explain the absence
of ZEN metabolites in the examined blood samples (Figures 1 and 2). The cited authors also
argued that in ruminants, ZEN (parent compound) can be transported to the postruminal
digestive tract at unchanged levels and cause mycotoxicosis [37] or digestive disorders
contributing to feed-borne diseases such as mastitis, ovarian cysts and pyometra [3].
The above could be explained by a higher rumen passage rate which decreases ruminal pH,
thus decreasing the proportion of Gram-positive bacteria and increasing the population of
Gram-negative bacteria. These processes occur mainly during the transition period which
is accompanied by vast changes in the metabolic processes of cows due to energy, mineral
and vitamin deficiencies.

In the present study, ZEN and its metabolites were not detected in asymptomatic cows
(Figures 1 and 3), which could be attributed to the rapid biotransformation of mycotoxins
by ruminal microbiota or very low concentrations of ZEN in unspecified feed transmission
vectors [6]. Similar results were reported in vitro by Debevere et al. [23] who observed that
the biotransformation of ZEN to α-ZEL and β-ZEL (only in the rumen) is highly limited at
normal ruminal pH.

Zearalenone metabolites were not detected in diseased cows (Figures 1 and 3). How-
ever, trace amounts of the parent compound were identified in the blood, probably because
ZEN is not completely metabolized in the rumen. This mycotoxin is transported to suc-
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cessive intestinal segments in unmodified form, and it reaches peripheral organs with the
blood and enters the prehepatic circulation that ends in the portal vein (vena portae) which
supplies blood to the liver [4,22]. The evaluated herd was probably exposed to ZEN for a
long period of time or continuously. In laboratory analyses, ZEN is very often detected in
maize silage, green fodder and hay [6,37], which indicates that this mycotoxin is present in
feed throughout the year. The present results point to dysfunctions of ruminal microbiota
or the liver, a unique immunological site that protects the body against mycotoxins. These
defense mechanisms can participate in the development of tolerance [38] or initiate a
separate immune response [4].

Subclinical disease states caused by mycotoxins should be analyzed in greater detail in
high-yielding dairy cows. Disease states can be also caused by saprophytic or conditionally
pathogenic microorganisms (bacterial lipopolysaccharides) which contribute to comorbidi-
ties, including mycotoxicosis [23]. The etiological factors of disease include an increase in
the rumen passage rate caused by increased concentrate intake or the postnatal period (as a
result of the physiological loss of the fetus), as well as metabolic disorders such as subacute
rumen acidosis resulting from changes (“shift”) in ruminal microbiota [39]. Mycotoxins are
less effectively detoxified in the rumen, and they are transported to the intestinal lumen [5].
Zearalenone reaches the intestines and unpaired organs in the abdominal cavity, and it is
carried by the prehepatic circulation to the hepatic portal vein and the liver. As a result,
substances absorbed from the digestive tract can be more accurately controlled [22].

The above observations were confirmed by ZEN levels in blood samples collected from
the MCV of cows with pyometra. These samples were characterized by the highest concen-
trations of ZEN (Figures 2–4). After ingestion, ZEN reaches the proximal and, subsequently,
distal segments of the intestines, and it is transported to the liver by prehepatic vessels
where it detoxifies from undesirable or dangerous substances as part of the functional
circulation. The described hypothesis was also validated by the percentage share of average
ZEN concentrations in blood samples collected from diseased cows. In blood sampled
from cows with pyometra, the above parameter was determined at 57% (Figure 2), whereas
in the remaining (posthepatic) sampling sites, ZEN concentrations (Figures 1 and 3) and
their percentage share (Figures 2 and 4) were much lower because the analyzed mycotoxin
had already been detoxified in the liver.

4. Materials and Methods

All experimental procedures were consistent with Polish regulations defining the
conditions and methods of animal experimentation (opinion No. 01/2010/D issued on
21 December, 2016-by the Local Ethics Committee for Animal Experimentation of the
University of Warmia and Mazury in Olsztyn, Poland).

4.1. Experimental Animals and Feed

The animals were kept in a barn with access to pasture. Blood for toxicological analyses
was sampled from cows clinically diagnosed with mastitis (9 animals), ovarian cysts (6 ani-
mals), pyometra (5 animals) and from 9 asymptomatic cows (with no clinical symptoms).

The research lasted one year, and it involved 150 dairy cows that were free of clinical
symptoms of ZEN mycotoxicosis. The milk yield (herd average) at the end of the last
farming year was 9700 L per lactation 305 days (there was an upward trend). All cows are
fed the fodder at the bunk feeding based on the average yield of the production group.

There are 3 production groups in the herd: (1)—the most efficient (approximately
the first 150 days of lactation); (2)—from day 151 to the end of lactation; (3)—dry cows.
The tested dairy cows health problems occurred only in Group 1. Groups 1 and 2 receive
an additional amount of total mixed ration (TMR) at the feeding station, depending on
their individual performance. Group 3 only receives feed at the bunk feeding. Total mixed
ration for dairy cows for all animals in the barn was supplied by the same producer. TMR
was administered twice a day, at 6:00 a.m. and 5:00 p.m., in a powdery form. The TMR
composition declared by the manufacturer is presented in Table 1.
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Table 1. Declared total mixed ration for caws.

The Feed Materials Used

Maize, rapeseed extraction meal, soybean meal, wheat bran, triticale, distillation dried cereal and
corn, dried and molasses beet pulp, sunflower meal, wheat mix, beetroot molasses, decoction of
sugar beet molasses, rumen-protected fatty acid salts of plant origin, calcium carbonate, sodium

chloride and niacin.

Ingredients Composition 1 Declared by the
Manufacturer (%)

Barley middling’s 36.5
Triticale middling’s 18.5

Cornmeal 18.0
Post-extraction rapeseed meal 7.0
Post-extraction soybean meal 9.0

Protein concentrate R-056 9.0
Vitamin-mineral supplements 1 2.0

1 Composition of the vitamin-mineral supplements per kg: vitamin A—17,500.00 IU; vitamin D3—5000.00 IU;
vitamin E (alpha-tocopherol)—100 mg; B3 (niacin)—400 mg; biotin—400.00 µg; iron (iron sulfate) —110 mg;
manganese (manganese sulfate)—125 mg; zinc (zinc sulfate)—125 mg; copper (CuSO4·5H2O)—20 mg; vitamin
iodine (potassium iodide)—1.8 mg; selenium (sodium selenate)—0.35 mg; Seldox antioxidatum (BHA-E320,
BHT-E321, Ethoxyquin E324)—0.95 mg; flavoring substances—0.5 g.

In addition to the presented TMR composition, the manufacturer also declared the
share of components in TMRs for dairy cows, as shown in Table 2.

Table 2. Declared total analytical components in total mixed ration for caws.

Components Analytical Components–Manufacturer’s Declared
Composition (%)

Crude protein 19.00
Crude fiber 6.50

Raw oils and fats 4.10
Crude ash 6.20

Sugar 7.50
Total calcium 0.80

Total phosphorus 0.60
General sodium 0.30

Total magnesium 0.30

The approximate chemical composition of the silage to dairy cows (Table 3) was
determined using the NIRS™ DS2500 F Feed Analyzer (FOSS, Hillerød, Denmark) which
is a monochromatic NIR reflectance and transflectance analyzer with scanning range of
850–2500 nm.

Table 3. The results of the silage analysis in g/kg dry metter.

Indicators Haylage Maize Silage

Dry matter 231.05 434.24
pH 6.19 4.52

Ammonia fraction 11.95 10.93
Crude protein 198.25 80.17

Crude fiber 285.09 180.49
Ash 99.12 47.20

Sugar - 11.17
Starch - 302.20
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Table 3. Cont.

Indicators Haylage Maize Silage

Neutral Detergent Fiber (NDF) 504.62 386.37
Acid Detergent Fiber (ADF) 310.75 217.58

Acid Detergent Lignine (ADL) 10.17 22.52
Crude fat 32.50 29.99

Straw.mat org VOS 682.64 688.52
Neutral Detergent Insoluble Crude Protein (NDICP) 38.19 21.92

Acid Detergent Insoluble Crude Protein (ADICP) 9.18 7.53
Lactic acid 52.91 55.63

Volatile Fatty Acids (VFA) 248.88 133.69
Acetic acid 18.30 14.76

Butyric acid 3.05 -

4.2. Blood Sampling

In each cow, blood was sampled from three sites in the hepatic portal system [22]:
(1) external jugular vein (EJV, v. jugularis externa-posthepatic); (2) abdominal subcutaneous
vein (ASV, v. epigastrica cranialis superficialis-prehepatic); (3) median caudal vein (MCV,
v. caudalis mediana-prehepatic). Blood samples of 10 mL each were collected from each site
into vials containing 0.5 mL of heparin solution. The samples were centrifuged at 3000 rpm
for 20 min at a temperature of 4 ◦C. The separated plasma was stored at −18 ◦C until sample
analysis for the presence of ZEN (according to the schedule of the monitoring program).

4.3. Extraction Recovery

The standard addition (fortification) method was used to evaluate the recovery in this
study. Non-contaminated sample matrix (blood serum) were enriched by three mycotoxins
(ZEN, α-ZEL, β-ZEL) at low (5 pg/mL) medium (10 pg/mL) and high (20 pg/mL) con-
centrations and pretreated using the methodology outlined in Section 4.4. After analysis,
the extraction recovery (ER) method was calculated as: ER = A/B × 100; where A is the
slope of the fortified sample after extraction and B is the slope of the fortified sample before
extraction. Recovery after extraction from fortified samples ranged from 90% to 102%,
suggesting that the pretreatment method met the requirement for mycotoxin determination.

4.4. Mycotoxin Extraction

Zearalenone, α-ZEL and β-ZEL were extracted from the blood plasma with the use of
immunoaffinity columns (Zearala-TestTM Zearalenone Testing System, G1012, VICAM,
Watertown, MA, USA). All extraction procedures were conducted in accordance with the
manufacturers’ instructions. The eluates were placed in a water bath with a temperature of
50 ◦C, and the solvent was evaporated in a stream of nitrogen. Dry residues were combined
with 0.5 mL of 99.8% methanol to dissolve the mycotoxins. The procedure were monitored
with the use of external standards (Cayman Chemical 1180 East Ellsworth Road Ann Arbor,
Michigan 48108 USA, ZEN-catalog number 11353; Batch 0593470-1; α-ZEN-catalog number
16549; Batch 0585633-2; β-ZEN-catalog number 19460; Batch 0604066-7), and the results
were validated by mass spectrometry.

4.5. Chromatographic Analysis of ZEN and Its Metabolites

The concentrations of ZEN and its metabolites, α-ZEL and β-ZEL, were determined
by the Institute of Dairy Industry Innovation in Mrągowo. Zearalenone and its metabo-
lites were quantified in the blood plasma with the use of combined separation methods
involving immunoaffinity columns (Zearala-TestTM Zearalenone Testing System, G1012,
VICAM, Watertown, MA, USA), Agilent 1260 liquid chromatography (LC) system, and a
mass spectrometry (MS, Agilent 6470) system. The prepared samples will be analyzed with
the use of the Zorbax rapid resolution chromatographic column (2.1 × 50 mm; 1.8 micron
Agilent Eclipse Plus C18) in gradient mode. The mobile phase will contain 0.1% (v/v)
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formic acid in water (solvent A) and 0.1% (v/v) formic acid in acetonitrile (solvent B).
Gradient conditions will be as follows: initially, 20% B that increases to 100% B in 4.0 min
and back to 20% B in 0.1 min.

Mycotoxin concentrations were determined with an external standard and were
expressed in ppt (pg/mL). Matrix-matched calibration standards were applied in the
quantification process to eliminate matrix effects that can decrease sensitivity. Calibration
standards were dissolved in matrix samples based on the procedure that was used to
prepare the remaining samples. A signal-to-noise ratio of 3:1 will be used to estimate the
limits of detection (LOD) for ZEN, α-ZEL and β-ZEL. The LOQ will be estimated as the
triple LOD value.

4.6. Mass Spectrometric Conditions

The mass spectrometer was operate with ESI in the negative ion mode. The MS/MS
parameters were opimized for each compoud. The linearity was tested by a calibration
curve including six levels. Table 4 shows the optimized analysis conditions for the myco-
toxins tested.

Table 4. Optimized conditions for mycotoxins tested.

Analyte Precursor Quantification Ion Confirmation Ion LOD
(ng mL−1)

LOQ
(ng mL−1)

Linearity
(%R2)

ZEN 317.1 273.3 187.1 0.03 0.1 0.999
α-ZEL 319.2 275.2 160.1 0.3 0.9 0.997
β-ZEL 319.2 275.2 160.1 0.3 1 0.993

4.7. Statistical Analysis

Statistical analyses were performed by the Department of Discrete Mathematics and
Theoretical Computer Science, Faculty of Mathematics and Computer Science of the Univer-
sity of Warmia and Mazury in Olsztyn. Plasma concentrations of ZEN and its metabolites
were determined in asymptomatic cows and in three groups of experimental cows: (1) with
clinically diagnosed mastitis, (2) with clinically diagnosed ovarian cysts, and (3) with
clinically diagnosed pyometra. In each cow, blood was sampled from three different
sites. The results were expressed as means (x) with standard deviation (SD). In both cases,
the differences between mean values were determined by one-way ANOVA. If significant
differences were noted between groups, the differences between paired means were de-
termined in Tukey’s multiple comparison test. If all values were below LOD (mean and
variance equal zero) in any group, the values in the remaining groups were analyzed by
one-way ANOVA (if the number of the remaining groups was higher than two), and the
means in these groups were compared against zero by Student’s t-test. Differences between
groups were determined by Student’s t-test. The results were regarded as highly significant
at p < 0.01 (**) and as significant at 0.01 < p < 0.05 (*). Data were processed statistically in
Statistica v.13 (TIBCO Software Inc., Silicon Valley, CA, USA, 2017).

5. Conclusions

The results of this study suggest that blood samples for toxicological analyses should
be collected from the MCV (prehepatic vessel) of clinically healthy cows and/or cows
displaying subclinical symptoms of disease (ZEN mycotoxicosis). Blood sampled from the
MCV improves the reliability of diagnosis of subclinical ZEN mycotoxicosis.

Author Contributions: W.B., M.G., Ł.Z. and M.T.G. designed the experiments. Data were analyzed
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Abstract: The carry-over of zearalenone (ZEN) to the myocardium and its effects on coronary vascular
reactivity in vivo have not been addressed in the literature to date. Therefore, the objective of this study
was to verify the hypothesis that low ZEN doses (MABEL, NOAEL and LOAEL) administered per os
to prepubertal gilts for 21 days affect the accumulation of ZEN, α-ZEL and β-ZEL in the myocardium
and the reactivity of the porcine coronary arteries to vasoconstrictors: acetylcholine, potassium chloride
and vasodilator sodium nitroprusside. The contractile response to acetylcholine in the presence of a
cyclooxygenase (COX) inhibitor, indomethacin and / or an endothelial nitric oxide synthase (e-NOS)
inhibitor, L-NAME was also studied. The results of this study indicate that the carry-over of ZEN and its
metabolites to the myocardium is a highly individualized process that occurs even at very low mycotoxin
concentrations. The concentrations of the accumulated ZEN metabolites are inversely proportional
to each other due to biotransformation processes. The levels of vasoconstrictors, acetylcholine and
potassium chloride, were examined in the left anterior descending branch of the porcine coronary artery
after oral administration of ZEN. The LOAEL dose clearly decreased vasoconstriction in response to both
potassium chloride and acetylcholine (P < 0.05 for all values) and increased vasodilation in the presence
of sodium nitroprusside (P = 0.021). The NOAEL dose significantly increased vasoconstriction caused
by acetylcholine (P < 0.04), whereas the MABEL dose did not cause significant changes in the vascular
response. Unlike higher doses of ZEN, 5 µg/kg had no negative influence on the vascular system.

Keywords: zearalenone; low doses; carry-over; myocardium; vascular reactivity

Key Contribution: The concentrations of ZEN and its metabolites in the myocardium decreased propor-
tionally to the applied dose; and they were comparable with the levels determined in the blood. The
ZEN dose and the time of exposure limit the increase in the concentrations of selected metabolites in the
myocardium. Zearalenone and its metabolites target the smooth muscles of porcine coronary arteries.
The analyzed mycotoxin regulates the synthesis of nitric oxide and modulates its bioavailability.
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1. Introduction

Zearalenone and its metabolites, á-zearalenol (á-ZEL) and â-zearalenol (â-ZEL), are
commonly encountered in plant materials [1]. Since their structure resembles that of
estradiol, mycotoxins contribute to reproductive disorders [2–4]. Alpha-zearalenol is the
main ZEN metabolite that affects pigs. Other animal species (such as broiler chickens, cows
and sheep) are more susceptible to β-ZEL whose metabolic activity is lower [5]. The activity
of ZEN is determined by biotransformation processes in plants [6] and animals [7], the
immune status [8–10] of the reproductive system (during puberty, reproductive cycle and
pregnancy—due to changes in steroid hormones concentrations) [11–13] and the digestive
system of animals exposed to this mycotoxin [3,4,14,15].

Different doses of mycotoxins exert various effects [4,15]. Both the symptoms and
health (toxicological) effects of high doses of most mycotoxins have been extensively
studied [16]. Animals can tolerate long-term exposure to low monotonic doses of mycotox-
ins [3,17] which actually may serve vital life needs [9,18–21] or therapeutic purposes [22].
However, low mycotoxin doses may also have a negative impact on health [23]. A low
dose [24] was defined in our previous clinical studies [15,25,26] based on the presence or
absence of clinical symptoms of ongoing ZEN mycotoxicosis (e.g., changes in estradiol,
progesterone or testosterone levels [4], changes in blood biochemical parameters and body
weight [15,17] or quantitative and qualitative changes in the intestinal microbiome [3,26]).
Three doses were identified based on the results of our previous research and other authors’
findings: the lowest observed adverse effect level (LOAEL, >10 µg ZEN/kg BW) [3,12,27]
dose which causes clinical symptoms [28]; the highest no observed adverse effect level
(NOAEL, 10 µg ZEN/kg BW) [29] dose, also referred to as the maximum safe starting
dose [24], which does not cause clinical symptoms (subclinical states); and the minimal
anticipated biological effect level (MABEL, <10 µg ZEN/kg BW) dose, namely the low-
est measurable dose [24] or the effective in vivo dose that positively interacts with the
host organism in various stages of life, and produces measurable effects without any side
effects [24].

The dose-response relationship has been undermined by the low-dose hypothesis,
especially with respect to chemical compounds exhibiting hormonal activity [30] such as
ZEN-type mycoestrogen and its metabolites, which are endocrine disruptors (EDs) even
when administered in low doses [13]. The dose-response relationship does not permit a
direct analysis / meta-analysis of the risk (clinical symptoms or the results of laboratory
tests) resulting from the transition from high to low doses [31]. The concept of the lowest
identifiable dose, namely a dose that produces an effect contrary to the expected outcome,
is gaining increasing popularity in biomedical sciences. The associated mechanisms have
to be investigated to support decision making in selected processes [15,32].

Substances that can contribute to both maintaining and disrupting homeostasis have
challenged the traditional concepts in toxicology, particularly “the dose makes the poi-
son” adage. Zearalenone and its metabolites (ZELs) have been found to evoke different
responses when administered in low doses to mammals [3], which has also been reported
by Knutsen et al. [23]. According to the Scientific Panel on Contaminants in the Food
Chain (CONTAM), the impact of ZEN on the health status of animals needs to re-evaluated,
taking into account the responses of different animal species to the lowest detectable doses
of ZEN (LOAEL, NOAEL, MABEL) [23,33,34] found in feed, including both the parent
compound and its derivatives [15].

Our previous research revealed that ZEN accelerates eryptosis, namely the apoptosis
of red blood cells. Due to its mechanism of action [15,35], ZEN increases intracellular
Ca2+ [35–37] levels, induces oxidative stress and decreases energy resources [38]. These
responses are linked with the pathogenesis of anemia and microcirculatory disorders.
Microcirculatory disorders are observed in various tissues during exposure to ZEN, as
manifested by numerous extravasations and the presence of vessels with dilated lumina
and multiple extravasations [20,39] in prepubertal female mammals. The observed changes
prompted the hypothesis that ZEN and/or its metabolites can act as vasodilators in the
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presence of vasoconstrictors [40,41]. Therefore, the objective of this study was to deter-
mine whether exposure to low doses of ZEN (MABEL, NOAEL—the highest dose and
LOAEL—one of the lowest doses) administered per os to prepubertal gilts for 21 days
reach the myocardium and induces changes in reactivity in response to vasoconstrictors
(acetylcholine and potassium chloride) and vasodilators (sodium nitroprusside) in the left
anterior descending branch of the coronary artery.

2. Results
2.1. Experimental Feed

The feed analyzed in this experiment did not contain any 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

Experimental animals did not exhibit the clinical signs of ZEN mycotoxicosis were
not observed during the experiment. However, changes in specific tissues or cells were
frequently noted in analyses of selected serum biochemical profiles, genotoxicity of cecal
water, selected steroid concentrations and intestinal microbiota parameters in samples
collected from the same animals and in analyses of the animals’ growth performance. The
results of these analyses were presented in our previous studies [3,4,15,25,26].

2.3. Concentrations of Zearalenone and Its Metabolites in the Heart Muscle

In general, the concentrations of ZEN and its metabolites in the myocardium of
prepubertal gilts did not differ significantly between analytical dates or experimental
groups (Table 1).

Table 1. The carry-over factor and the mean (x) concentrations of ZEN and its metabolites (α-ZEL and β-ZEL) (ng/g) in the
myocardium of prepubertal gilts.

Weeks of
Exposure

Feed Intake
[kg/day]

Total doses of
ZEN in Groups

Respectively
[µg/kg BW]

Group E1
[ng/g] (%)

Carry-over
Factor

Group E2
[ng/g]/(%)

Carry-over
Factor Group E3 [ng/g]/(%) Carry-over

Factor

Zearalenone
D1 0.8 80.5/161.9/242.7 0.691 ± 0.635

(100%) 8 × 10−6 2.275 ± 2.22
(86.69%) 14 × 10−6 1.387 ± 1.93(78.22%) 17 × 10−6

D2 1.1 101.01/196.9/298.2 0.977 ± 0.579
(73.62%) 9 × 10−6 2.621 ± 1.499

(91.48%) 13 × 10−6 4.89 ± 4.405(93.42%) 16 × 10−6

α-ZEL
D1 not applicable not applicable 0.0 ± 0.0 (0%) 0 0.316 ± 0.061

(12.04%) 19 × 10−7 0.353 ± 0.104(19.9%) 14 × 10−7

D2 not applicable not applicable 0.146 ± 0.143 (11%) 14 × 10−7 0.167 ± 0.146
(5.82%) 1 × 10−6 0.312 ± 0.213(5.96%) 1 × 10−6

β-ZEL
D1 not applicable not applicable 0.0 ± 0.0 (0%) 0 0.033 ± 0.029

(1.25%) 2 × 10−7 0.033 ± 0.004(1.86%) 1 × 10−7

D2 not applicable not applicable 0.204 ± 0.046
(15.37%) 2 × 10−6 0.077 ± 0.017

**(2.68%) 4 × 10−7 0.032 ± 0.004
**(0.61%) 1 × 10−7

Abbreviation: D1—exposure day 7; D2—exposure day 21. Experimental groups: Group E1—5 µg ZEN/kg BW; Group E2—10 µg ZEN/kg
BW; Group E3—15 µg ZEN/kg BW. LOD > values below the limit of detection were expressed as 0. The results were regarded as highly
significant at P < 0.01 (**).

Highly significant difference in the concentrations of β-ZEL was noted on D2 (expo-
sure day 21) between group E1 (5 µg ZEN/kg BW) (0.204 ng/g—highest value) vs. groups
E2 (10 µg ZEN/kg BW) and E3 (15 µg ZEN/kg BW) (difference of 0.127 and 0.172 ng/g,
respectively). On the remaining days of the experiment, relatively high but not statistically
significant differences were observed between mean values (x). On D1 (exposure day 7),
ZEN levels were lowest in group E1 and highest in E2, i.e., they were inversely proportional
to the administered dose. The concentrations of ZEN metabolites were proportional to
the applied dose. The proportionality of ZEN and α-ZEL concentrations relative to the
administered dose was maintained in the apex of the heart on D2. In contrast, β-ZEL
concentrations were highest in group E1, lower in group E2 and lowest in group E3.
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Carry-Over Factor

The carry-over factor (CF) was calculated to determine the release of ZEN and its
metabolites from the gastrointestinal tract and their absorption and, possibly, distribu-
tion [4] to, e.g., the myocardium of prepubertal gilts. The CF values for ZEN (Table 1) in
the myocardium were determined in the range of 8 × 10−6 in group E1 on D1 to 16 × 10−6

in group E3 on D2. The CF values for α-ZEL ranged from 0.0 in group E1 to 14 × 10−7

in group E2 on D1, and from 1 × 10−6 in groups E2 and E3 to 14 × 10−7 in group E1 on
D2 (ZEN 5). The CF for β-ZEL ranged from 0.0 in group E1 to 2 × 10−7 in group E2 on
D1, and from 1 × 10−7 in group E3 to 2 × 10−6 in group E1 on D2. These values were
proportionally lower than the values noted in other tissues (not in the heart muscle) during
exposure to higher doses of ZEN [17,21,42–44].

2.4. Vascular Reactivity Analyses

Porcine coronary arteries (PCAs) contracted in response to KCl within the con-
centration range of 2.5 to 30 mM (Figure 1A–D). The calculated D1AUC values were:

E1
control = 1.61, P < 0.05; E2

control = 1.84, P < 0.01; E3
control = 0.54, P < 0.001, meanwhile

D2AUC ratio was: E1
control = 1.38, P = 0.6, E2

control = 1.00, P = 0.9, E3
control = 0.39, P < 0.001

(Figure 1B). A significant difference in the contractile response on D2
D1 AUC was noted only

in E2 vessels (0.53-fold, P < 0.01), but not in the control (0.97-fold, P = 0.8), E1 (0.83-fold,
P = 0.6) and E3 (0.70-fold, P = 0.15).
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Figure 1. The effect of varying doses of ZEN (E1 = 5, E2 = 10, E3 = 15 µg ZEN/kg BW) on the
cumulative contraction to KCl (2.5 to 30 mM) on exposure days D1 (7th day) (A,C) and D2 (21st
day) (B,D). The results (means ± SEM) are expressed as AUC (A,B) and as a cumulative concentration-
response curve in as grams of tension of porcine coronary arteries (C,D). n = 5. * P < 0.05 vs. control,
# P < 0.05 vs. E1, $ P < 0.05 vs. E2 (two-way ANOVA, followed by Tukey’s post-hoc test). Decreased
contractile-response to KCl was observed in group E3 figure in D1 and D2 only. The effect of E1 and
E2 was temporary and was limited to a shorter exposure (D1).
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Acetylcholine concentrations of 10−7 to 10−5 M induced significant contraction of
porcine coronary arteries (Figure 2A–D and Table 2). The calculated D1AUC values were
based on the AUC (Figure 2A): E1

control = 0.57, P < 0.01; E2
control = 1.33, P < 0.05;

E3
control = 0.27, P < 0.001 and D2AUC: E1

control = 0.49, P < 0.001; E2
control = 1.15, P < 0.6;

E3
control = 0.25, P < 0.001 (Figure 2B). No significant differences in the D2

D1 AUC ratio was
observed on the control (0.98-fold), E1 (0.83-fold), E2 (0.85-fold) and E3 (0.91-fold), all
P values ≥ 0.8.
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Figure 2. The effect of varying doses of ZEN (E1 = 5, E2 = 10, E3 = 15 µg ZEN/kg BW) on the cumulative contractions to
acetylcholine on exposure day D1 (7th day) (A,C) and D2 (21st day) (B,D). The results (means ± SEM) are expressed as
AUC (A,B) and as a cumulative concentration-response curve of the percentage inhibition of the contraction induced by
30 mM KCl of porcine coronary arteries (C,D). n = 5. * P < 0.05 vs. control, # P < 0.05 vs. E1, $ P < 0.05 vs. E2 (two-way
ANOVA, followed by Tukey’s post-hoc test). Both E1 and E3 decreased the contractile-response to acetylcholine in D1 and
in D2. E2 modulated the response in D1 and this was not observed after longer exposure (in D2).
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Table 2. Changes in vasoconstriction induced by acetylcholine and changes in vasodilatation induced by sodium nitroprus-
side (%) in porcine coronary arteries (expressed by AUC, Emax and pD2 values).

Control Group E1 Group E2 Group E3

AUC Emax (%) pD2 AUC Emax (%) pD2 AUC Emax (%) pD2 AUC Emax (%) pD2

D1ACh 122.6 ±
15.01

147.8 ±
11.33

5.801 ±
0.077

69.93 ±
11.20*

82.87 ±
7.853*

5.788 ±
0.103

162.6 ±
14.58*

155.1 ±
10.69

6.087 ±
0.074

32.73 ±
6.205*

51.08 ±
13.19*

5.606 ±
0.210

D2ACh 119.8 ±
19.10

135 ±
15.39

5.859 ±
0.112

58.29 ±
13.33*

70.89 ±
10.28*

5.831 ±
0.149

137.6 ±
9.264

111.3 ±
10.30

6.263 ±
0.101*

29.81 ±
5.434*

33.13 ±
4.47*

5.876 ±
0.129

D1SNP 137.5 ±
10.36

76.9 ±
5.03

5.469 ±
0.2543

116.3 ±
21.18

67.74 ±
9.994

5.605 ±
0.433

128.6 ±
14.23

89.5 ±
5.012

5.217 ±
0.153

134.3 ±
12.20

97.78 ±
7.674

4.952 ±
0.175

D2SNP 101.6 ±
18.32

79.99 ±
6.529

5.171 ±
0.175

74.25 ±
11.65*

60.12 ±
8.205*

4.833 ±
0.273

110.5 ±
13.74

93.53 ±
5.480

4.963 ±
0.116

141.7 ±
12.62*

97.78 ±
7.674*

4.952 ±
0.175

Abbreviations: AUC, area under the dose-response curve; Emax, maximal response values; pD2, drug concentration exhibiting 50% of the
Emax expressed as the negative log molar; SNP, sodium nitroprusside. Values are expressed as mean ± S.E.M. *P < 0.05 vs. the control
group (one-way ANOVA, followed by Tukey’s post-hoc test).

Sodium nitroprusside (10−7–10−4 M) caused a concentration-dependent relaxation
of PCAs (Figure 3A,B and Table 2), with the onset at 10−7 M and maximal response
at 10−4 M (Figure 3C,D). The calculated D1AUC values were: E1

control = 0.85, P = 0.5;
E2

control = 0.94, P = 0.8; E3
control = 1.03, P = 0.9 D2AUC: E1

control = 0.73, P < 0.05;
E2

control = 1.09, P = 0.8; E3
control = 1.39, P < 0.01 (Figure 3B). A significant difference

in the D2
D1 AUC was noted in E1 (0.64-fold, P < 0.05). This was not observed for the control

(0.74-fold, P = 0.6), E2 (0.86-fold, P = 0.8) and E3 (0.948-fold, P = 0.9).
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Figure 3. The effect of different doses of ZEN (E1 = 5, E2 = 10, E3 = 15 µg ZEN/kg BW) on the
cumulative contractions to sodium nitroprusside (SNP) on exposure day D1 (7th day) (A,C) and
D2 (21st day) (B,D). The results (means ± SEM) are expressed as AUC (A,B) and as a cumulative
concentration-response curve of the percentage inhibition of the contraction induced by 30 mM KCl
of porcine coronary arteries (C,D). n = 5. * P < 0.05 vs. control, # P < 0.05 vs. E1, $ P < 0.05 vs. E2
(two-way ANOVA, followed by Tukey’s post-hoc test). An enhanced relaxant-response was observed
in the E3 group in D2 only. In the E1 group decreased response was observed in term of longer
exposure (D2).
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The calculated AUC, Emax (%) and pD2 for acetylcholine and sodium nitroprusside
are presented in Table 2.

Neither L-NAME (4.4 × 10−5 M) nor indomethacin (4.4 × 10−6 M) had a significant
effect on baseline vascular tone (data not presented). Indomethacin did not affect arterial
sensitivity to acetylcholine in control PCA (0.80, P > 0.3), but it decreased the response
in E1 (0.55, P < 0.001) and E2 (0.74, P < 0.01), and potentiated the response in E3 (2.39,
P < 0.0001; Figure 4). L-NAME increased the sensitivity of the PCA to acetylcholine in all
studied groups: control (1.36, P < 0.05), E1 (2.48, P < 0.001), E2 (1.29, P < 0.01) and E3 (3.39,
P < 0.001). Only in E3, preincubation with both indomethacin + L-NAME increased arterial
sensitivity to acetylcholine 5.11-fold (P < 0.001) vs. control conditions. The above was not
observed in the control group (1.06, P = 0.3), E1 (0.87, P = 0.8) or group E2 (1.22, P = 0.4).
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Figure 4. The effect of nitric oxide synthase inhibitor (L-NAME, 4.4 × 10−5 M), cyclooxygenase
inhibitor (indomethacin, 4.4 × 10−6 M) on acetylcholine-induced contraction of the porcine coronary
arteries. The results (means ± SEM) are expressed as percentage inhibition of the contraction induced
by 30 mM KCl. n = 5. * P < 0.05 vs. control conditions (CC), (two-way ANOVA, followed by
Tukey’s post-hoc test). Acetylcholine-induced concentration was potentiated in the presence of both
Indo+L-NAME in the E3 group, but not in the E1 group and E2 group.

3. Discussion

An analysis of the physiological condition of prepubertal gilts indicates that ZEN acts
as both an undesirable substance and an endocrine disruptor (ED) [4]. Even when ingested
at MABEL, NOAEL (highest) and LOAEL (very low) doses, ZEN significantly increases the
concentrations of selected hormones and causes hyperestrogenism, i.e., supraphysiological
hormone levels [4,15,42], in prepubertal gilts. Zearalenone is also characterized by a non-
monotonic dose-response curve (according to the principle of hormesis [43]). Therefore, the
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results of research studies investigating the effects of different ZEN doses on tissues [44,45],
cells [46] and cell organelles [47] are difficult to compare.

3.1. Zearalenone and Its Metabolites in the Heart Muscle

In the present study, the carry-over of ZEN and its metabolites in the myocardium
of prepubertal gilts was highly individualized (absence of significant differences due to
high variation in SD values) (Table 1). The presence of ZEN and a steady increase in its
concentrations, proportional to the administered dose, were noted in the myocardium of
gilts in groups E1 and E2 on D1. Zearalenone levels were much lower in group E3 on
D1, which is partially consistent with previous findings [44]. Similar conclusions were
drawn by Gajęcka et al. [17] from a study of female wild boars. The concentrations of
α-ZEL (rising trend) and β-ZEL in the myocardium were inversely proportional to each
other, which, in our opinion, is a normal response [4]. The bioavailability of ZEN and its
metabolites in the myocardium is affected by biotransformation processes in prepuber-
tal females. Interestingly, the distribution of ZEN and metabolite concentrations in the
myocardium was similar to the values reported in blood by Rykaczewska et al. [4]. In
contrast to the results reported by Yan et al. [44], ZEN metabolites were not detected on
D1 (or were below the sensitivity of the method), which could be due to the low supply of
endogenous steroid hormones. According to other studies [48,49], a deficiency of ovarian
hormones in mammals leads to pressure overload, thus compromising cardiac function.
Supplementation with 17β-estradiol [50] or mycoestrogen can reverse these effects or alter
the profile of estrogen hormones (by modulating feminization) [4,51]. It should also be
stressed that the 7th day of exposure (D1) marks the end of adaptive processes, in par-
ticular adaptive immunity [52]. These substances could also be used as substrates that
regulate the expression of genes encoding hydroxysteroid dehydrogenase [3], a molecular
switch that enables the modulation of steroid hormone prereceptors. These processes
were most visible in group E1, where only the parent mycotoxin was detected (100%). In
the remaining groups, the presence of metabolites was noted, and their concentrations
increased proportionally to the applied dose. The observations made in group E1 (MABEL
dose) indicate that prepubertal females utilize even the smallest amounts of estrogen-like
substances (what are they zearalenone and its metabolites—[44]) to compensate for en-
dogenous estrogen deficiency (inducing supraphysiological hormonal levels in prepubertal
females—[4]), which can increase cardiac automaticity [53].

On D2, ZEN concentrations increased proportionally to the administered dose and
were higher than on D1. In group E1, the proportions of both metabolites (%) were
higher than in groups E2 and E3 (group E1: ZEN—73.62%, α-ZEL—11%, β-ZEL—15.37%;
group E2: 91.48%, 5.82% and 2.68%, respectively; group E3: 93.42%, 5.96% and 0.61%,
respectively). Similar to D1, the concentrations of α-ZEL (rising trend) and β-ZEL in the
myocardium were inversely proportional to each other. The levels of α-ZEL were higher,
whereas β-ZEL levels were lower in groups E2 and E3. This could result from the saturation
of myocardial tissue with ZEN and its metabolites, e.g., active estrogen receptors [54] as
well as other factors that influence the demand for ZEN and ZEN-like mycotoxins over
time of exposure [55]. Unlike in the current experiment, Yan et al. [44] did not detect ZEN,
but identified both ZEN metabolites in samples of heart muscle tissue. However, the cited
study was conducted in vitro, and the animals’ age or sex were not specified, which makes
it impossible to directly compare the above results with our findings.

The carry-over of ZEN, an exogenous estrogen-like substance, from the porcine gas-
trointestinal tract to myocardial tissue via the blood was also analyzed by calculating the
CF. The CF values for myocardial tissue in prepubertal gilts have never been determined
in the literature, in particular during exposure to three low, monotonic doses of ZEN for 21
consecutive days. Even a cursory analysis of CF values indicates that the accumulation of
ZEN and its metabolites was much lower in the myocardium than in the blood [4]. Myco-
toxin concentrations ranged from 1 × 10−1 to 1 × 10−3 in the blood, and from 0 (only in
group E1 on D1 for both metabolites) to 1 × 10−7 (in the remaining groups on both D1 and
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D2) in the myocardium. These observations suggest that differences in carry-over decrease
the accumulation of ZEN and its metabolites in the myocardium [48]. These differences
are very difficult to explain. Based on the existing knowledge and the extrapolation of
previous results, it could be suggested that by disrupting endocrine processes, EDs exert
specific effects on cells and tissues [4,51,56] and modulate the structure and functions of
the heart muscle [48]. Most importantly, EDs can induce different responses, depending on
the dose, exposure duration and the stage of growth and development in mammals [15], in
particular females.

Therefore, it can be hypothesized that low doses of undesirable substances (including
ZEN) exert minor or much smaller effects on myocardial homeostasis, compared with
other cells and tissues in the studied animals due to much lower availability.

3.2. Isometric Tension Analyses

The vasodilatory and vasoconstrictive properties of isolated porcine coronary arteries
with an intact endothelium, which regulate vascular smooth muscle contraction, were
also analyzed in the study. The blood vessels in various organs and species may respond
differently to agonists and antagonists. Potassium chloride and acetylcholine induce
vasocontraction, whereas sodium nitroprusside induces vasodilation in porcine coronary
arteries (PCAs).

The KCl-induced contraction of the PCAs was enhanced in groups E1 and E2 on D1.
However, a decreased response was noted in group E3. On D2, KCl-induced vasoconstric-
tion did not differ in groups E1 and E2, but it decreased further in group E3. These results
indicate that the sensitivity of smooth muscles of PCAs to K+ is highly dependent on the
concentrations of ZEN in the diet and the duration of exposure to this mycotoxin.

Acetylcholine-induced contraction decreased in group E3, which is similar to the
response observed for KCl, so this effect might not be entirely dependent on the muscarinic
receptors. Surprisingly, decreased response was also observed in group E1 but not in group
E2. Acetylcholine’s effect on vascular tension is dependent on muscarinic receptors [57],
which suggests that ZEN is able to modulate the function of these receptors.

Sodium nitroprusside is a donor of exogenous nitric oxide with the endothelium-
independent effect. In this study, the sensitivity of PCAs to the nitric oxide was increased
in group E3 after prolonged exposure. Surprisingly, arterial sensitivity to nitric oxide
decreased in group E1, which suggests that the sensitivity of smooth muscles to nitric oxide
changes in response to dietary ZEN, which is endothelium-independent mechanism. These
results also indicate that smooth muscles of PCA are targeted by ZEN and its metabolites,
and that ZEN my regulate the mechanism(s) of nitric oxide synthesis, which is dose- and
time-dependent. Further investigation is needed to examine the mechanism(s) underlying
different responses to ZEN and their potential dependence on the endothelium.

The analysis of the effects of COX and e-NOS inhibitors shed a new light on the
properties of ZEN. COX inhibitors potentiated ACh-induced vasoconstriction only in
group E3. This response decreased in groups E1 and E2, whereas no significant changes
were found in the control group. These findings suggest that ACh-induced vasoconstriction
in group E3 was at least partly dependent on the net vasodilator effect of prostanoids,
whereas the decreased response in groups E1 and E2 was dependent on the vasoconstrictor
effect of prostanoids. e-NOS inhibitors increased vasoconstriction in all groups (C, E1, E2
and E3), which indicates that nitric oxide plays a key role in vascular tone regulation of
PCA. However, this effect was more pronounced in groups E3 (3.39-fold) and E1 (2.48-fold)
than in group E2 (1.29-fold) and the control (1.36-fold), which suggests that ZEN is able
to modulate the bioavailability or sensitivity of nitric oxide. When both COX and e-NOS
are blocked, mechanisms other than prostanoids and nitric oxide are engaged in vascular
tone regulation. These mechanisms are regulated by hormonal changes and, possibly, ZEN.
Acetylcholine’s effects were potentiated in the presence of COX and e-NOS inhibitors in
group E3, but not in groups E1 or E2.
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These results indicate that a different mechanism is responsible for the net vasoconstric-
tor effect which was upregulated only in group E3. The vasodilator effect of prostanoids
(PGI2) and nitric oxide was upregulated by the administered ZEN dose. The endothelium-
derived hyperpolarizing factor (EDHF) could be yet another mechanism of vascular control.
The major routes of EDHF regulation include the metabolism of arachidonic acid to epoxye-
icosatrienoic acids (EETs), potassium channels, gap junctions and hydrogen peroxide [58].
However, further research is needed to clarify the exact mechanism(s), including EDHF, by
which ZEN acts on PCA.

3.3. Conclusions

The following conclusion can be drawn from the present study: among ZEN doses
analyzed both in vivo and in vitro, the presence of ZEN and its metabolites in the my-
ocardium is found even at the MABEL dose and could be a safe dose for the myocardium
regardless of the time of exposure. Meanwhile LOAEL highly affects the functioning of the
porcine coronary arteries.

4. Materials and Methods
4.1. In Vivo Study
4.1.1. General Information

All experimental procedures involving animals were carried out in compliance with
Polish regulations setting forth the terms and conditions of animal experimentation (Opin-
ions No. 12/2016 and 45/2016/DLZ of the Local Ethics Committee for Animal Experimen-
tation of 27 April 2016 and 30 November 2016).

4.1.2. Experimental Animals and Feed

The in vivo experiment was conducted 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 40 clinically healthy prepubertal gilts with initial BW of 14.5 ± 2 kg.
The animals were housed in pens, and they had free access to water. Throughout the
experiment, gilts in all groups received the same feed. The animals were randomly divided
into three experimental groups (group E1, group E2 and group E3; n = 10) and a control
group (group C, n = 10). Group E1 gilts were orally administered ZEN (SIGMA-ALDRICH
Z2125-26MG USA) at 5 µg ZEN/kg BW, group E2 gilts received 10 µg ZEN/kg BW and
group E3 gilts—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 doses appropriate for different BW. Feed saturated with
different doses of ZEN in an alcohol solution was placed in gel capsules. Before adminis-
tration to the animals, 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 every week, and the results
were used to adjust mycotoxin doses on an individual basis. Feed was the carrier, and
control group gilts received the same gel capsules, but without mycotoxins.

The feed offered to all groups of experimental animals was supplied by the same
producer. Throughout the experiment, feed was provided ad libitum in loose form, twice
daily (at 8:00 a.m. and 5:00 p.m.). The manufacturer’s declared composition of the complete
diet is shown in Table 3.

The proximate chemical composition of the diets fed to gilts in groups C, E1, E2 and
E3 was evaluated with the use of the NIRS™ DS2500 F feed analyzer (FOSS, Hillerød,
Denmark) which is a monochromator-based NIR reflectance and transflectance analyzer
with a scanning range of 850–2500 nm.
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Table 3. Declared composition of the complete diet.

Ingredient Manufacturer’s Declared Composition (%)

Soybean meal 16
Wheat 55
Barley 22

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 B—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 and calcium—51 g.

4.1.3. Toxicological Analysis of Feed

Feed was analyzed for the presence of ZEN and DON. Mycotoxin content was de-
termined by extraction on immunoaffinity columns (Zearala-TestTM Zearalenone Testing
System, G1012, VICAM, Watertown, MA, USA; DON-TestTM DON Testing System, VI-
CAM, Watertown, MA, USA) and in a high-performance liquid chromatography (HPLC)
system (Hewlett Packard type 1100 and 1260) with a mass spectrometer (MS) and a chro-
matography column (Atlantis T3 3 µm 3.0 × 150 mm Column No. 186003723, Waters, AN
Etten-Leur, Ireland). The mobile phase was an 80:10 mixture of water and acetonitrile with
the addition of 2 mL of acetic acid per 1 L of the mix. The flow rate was 0.4 mL/min. The
obtained values did not exceed the limit of quantification (LoQ) set at 2 ng/g for ZEN
and 5 ng/g for DON. The analyzed compounds were quantified at the Department of
Veterinary Prevention and Feed Hygiene, Faculty of Veterinary Medicine, University of
Warmia and Mazury in Olsztyn [14].

4.1.4. Toxicological Analysis of the Apex of the Heart
Tissues Samples

Five prepubertal gilts from every group were euthanized on analytical dates 1 (D1-
exposure day 7) and 2 (D2—exposure day 21) by intravenous administration of pentobarbi-
tal sodium (Fatro, Ozzano Emilia BO, Italy) and bleeding. Samples were collected from the
myocardium (the apex of the heart) immediately after cardiac arrest and were rinsed with
phosphate buffer. The collected samples were stored at a temperature of −20 ◦C.

Extraction Procedure

The presence of ZEN, α-ZEL and β-ZEL in the apex of the heart was determined with
the use of immunoaffinity columns (Zearala-TestTM Zearalenone Testing System, G1012,
VICAM, Watertown, MA, USA). All extraction procedures were carried out in accordance
with the recommendations of column manufacturers. After extraction, the eluents were
placed in a water bath at a temperature of 50 ◦C and were evaporated in a stream of
nitrogen. Dry residues were stored at −20 ◦C until chromatographic analysis. Next, 0.5 mL
of 99% acetonitrile (ACN) was added to dry residues to dissolve the mycotoxin. The
process was monitored with the use of internal standards, and the results were validated
by mass spectrometry.

Chromatographic Quantification of ZEN and Its Metabolites

Zearalenone and its metabolites were quantified at the Institute of Dairy Industry
Innovation in Mrągowo. The biological activity of ZEN, α-ZEL and β-ZEL in the my-
ocardium was determined by combined separation methods, immunoaffinity chromatog-
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raphy (Zearala-TestTM Zearalenone Testing System, G1012, VICAM, Watertown, MA,
USA), liquid chromatography (LC) (Agilent 1260 LC system) and mass spectrometry (MS).
Samples were analyzed on a chromatographic column (Atlantis T3, 3 µm 3.0 × 150 mm,
column No. 186003723, Waters, AN Etten-Leur, Ireland). The mobile phase was composed
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 (MiliporeWater Purification System, Millipore S.A. Molsheim-France)
with the addition of 2 mL of acetic acid per 1 L of the mixture. The column was flushed with
99.8% methanol (LIChrosolvTM, No. 1.06 007, Merck-Hitachi, Mannheim, Germany) to
remove the bound mycotoxin. The eluents were placed in a water bath with a temperature
of 50 ◦C, and the solvent was evaporated in a stream of nitrogen. Mycotoxin concentrations
were determined with an external standard and were expressed in ppb (ng/mL). Matrix-
matched calibration standards were applied in the quantification process to eliminate
matrix effects that can decrease sensitivity. Calibration standards were dissolved in matrix
samples based on the procedure that was used to prepare the remaining samples. The
material for calibration standards was free of mycotoxins. The limits of detection (LOD) for
ZEN, α-ZEL and β-ZEL were determined as the concentration at which the signal-to-noise
ratio decreased to 3. The concentrations and percentage content of ZEN, α-ZEL and β-ZEL
were determined in each group and on both analytical dates (Table 1).

Carry-Over Factor

Carry-over toxicity takes place when organisms exposed to low doses of mycotoxins
survive. Mycotoxins can compromise tissue or organ functions [59] and modify their
biological activity [4,15]. The carry-over factor (CF) was determined in the myocardium
when the daily dose of ZEN (5 µg ZEN/kg BW, 10 µg ZEN/kg BW or 15 µg ZEN/kg BW)
administered to each animal was equivalent to 560–6255 µg ZEN/kg of the complete diet,
depending on daily feed intake. Mycotoxin concentrations in tissues were expressed in
terms of the dry matter content of the samples.

The CF was calculated as follows:

carry − over f actor =
toxin concentration in tissue [ng/g]
toxin concentration in diet [ng/g]

(1)

Statistical Analysis

Data were processed statistically at the Department of Discrete Mathematics and The-
oretical Computer Science, Faculty of Mathematics and Computer Science of the University
of Warmia and Mazury in Olsztyn. The bioavailability of ZEN and its metabolites in the
apex of heart was analyzed in group C and three experimental groups on two analytical
dates. The results were expressed as means (x) with standard deviation (SD). The follow-
ing parameters were analyzed: (i) differences in the mean values for three ZEN doses
(experimental groups) and the control group on both analytical dates, and (ii) differences
in the mean values for specific ZEN doses (groups) on both analytical dates. In both cases,
the differences between mean values were determined by one-way ANOVA. If significant
differences were noted between groups, the differences between paired means were de-
termined by Tukey’s multiple comparison test. If all values were below LOD (mean and
variance equal zero) in any group, the values in the remaining groups were analyzed by
one-way ANOVA (if the number of the remaining groups was higher than two), and the
means in these groups were compared against zero by Student’s t-test. Differences between
groups were determined by Student’s t-test. The results were regarded as highly significant
at P < 0.01 (**) and as significant at 0.01 < P < 0.05 (*). Data were processed statistically
using Statistica v.13 software (TIBCO Software Inc., Silicon Valley, CA, USA, 2017).
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4.2. Laboratory Analyses
4.2.1. Sampling for In Vitro Analyses

Tissue samples for in vitro analyses were collected from the same animals as the tissues
for the toxicological analysis. The animals were euthanized by intravenous administration
of pentobarbital sodium (Fatro, Ozzano Emilia BO, Italy) and exsanguinated.

4.2.2. In Vitro Analysis

In vitro analyses were performed at the Department of Pharmacology and Toxicology
of the Faculty of Medicine at the University of Warmia and Mazury in Olsztyn, Poland.

4.2.3. Drugs

Acetylcholine (ACh) chloride, sodium nitroprusside (SNP), bradykinin acetate salt,
indomethacin, NG-nitro-L-arginine methyl ester (L-NAME) and potassium chloride (KCl)
(Chempur, Poland) were obtained from Sigma-Aldrich unless stated otherwise. Stock
solutions (10 mM) of indomethacin and L-NAME were prepared in DMSO. These solu-
tions were stored at −20 ◦C, and appropriate dilutions were made in Krebs-Henseleit
solution (KHS in mM: NaCl 120, KCl 4.76, NaHCO3 25, NaH2PO4·H2O 1.18, CaCl2 1.25,
MgSO4·7H2O 1.18, glucose 5.5) on the day of the experiment. At these concentrations,
DMSO did not alter the reactivity of coronary arteries.

4.2.4. Vascular Reactivity Analyses

Porcine hearts were transported on ice and rinsed with cold aerated KHS. The left
anterior descending branches of the coronary artery (MID LAD, D1-D2 sections) were
excised at room temperature (n = 5). The surrounding connective tissues were removed,
the arteries were cut into 4 mm rings and suspended between two stainless-steel rods
positioned in 5 mL tissue baths (Graz Tissue Bath System, Harvard Apparatus) filled
with aerated (95% O2 + 5% CO2) KHS at 37 ◦C (pH 7.4). The resting tension of 1.5 g was
applied and further readjusted every 15 min during a 60 min equilibration period before
further analysis.

The viability of each porcine coronary artery was determined by contraction with
30 mM KCl before relaxation with 1 mM bradykinin. Rings that failed to produce an
average contraction greater than or equal to 4.0 g when challenged with KCl and relaxation
greater than or equal to 40% when treated with bradykinin were excluded from the study
(approx. 10–20% of prepared rings). The rings were washed three times with fresh KHS,
and baseline tension was readjusted before the examination.

After an initial equilibration period of 60 min, contractile responses elicited by ei-
ther a cumulative concentration of KCl (2.5–30 mM) or a single maximum depolarizing
concentration of KCl (30 mM) were assessed. The rings were also assessed for contractile
responses generated by a cumulative concentration of acetylcholine (ACh: 0.1–10 µM). The
cumulative concentrations of sodium nitroprusside (SNP: 0.1–100 µM) were assessed to
determine the possible contribution of exogenous nitric oxide (NO) to relaxation responses
on endothelium-intact rings that had been precontracted with submaximal concentrations
of KCl (30 mM).

In experiments evaluating the influence of COX and e-NOS-inhibitors on contractile
responses, indomethacin (4.4 × 10−6 M) and L-NAME (4.4 × 10−5 M) were added to the
chambers 30 min before the arteries were constricted with acetylcholine. Each tissue was
exposed to the contracting agent only once.

4.2.5. Statistical Analysis

Data were expressed as means ± SD (Standard Deviation), where n denoted the num-
ber of porcine hearts from which arterial rings were obtained. The contraction elicited by
KCl was expressed in g of tension. ACh-induced contraction and SNP-induced relaxation
were expressed as a percentage of the initial contraction elicited by 30 mM KCl. Dose-
response curves were analyzed for the area under the curve, Emax and EC50 in GraphPad
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Prism 9.0.2. Data were processed statistically by comparing the curves obtained in each
experimental group with the control curve in two-way ANOVA, followed by Tukey’s
multiple comparisons test. Differences were regarded as significant at P ≤ 0.05.
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Abstract: Plant materials can be contaminated with Fusarium mycotoxins and their derivatives,
whose toxic effects on humans and animals may remain subclinical. Zearalenone (ZEN), a low-
molecular-weight compound, is produced by molds in crop plants as a secondary metabolite. The
objective of this study will be to analyze the in vivo correlations between very low monotonic doses
of ZEN (5, 10, and 15 µg ZEN/kg body weight—BW for 42 days) and the carryover of this mycotoxin
and its selected metabolites from the intestinal contents to the intestinal walls, the mRNA expression
of estrogen receptor alfa (ERα) and estrogen receptor beta (ERβ) genes, and the mRNA expression
of genes modulating selected colon enzymes (CYP1A1 and GSTP1) in the intestinal mucosa of pre-
pubertal gilts. An in vivo experiment will be performed on 60 clinically healthy animals with initial
BW of 14.5 ± 2 kg. The gilts will be randomly divided into a control group (group C, n = 15) and
three experimental groups (group ZEN5, group ZEN10, and group ZEN15; n = 15). Group ZEN5 will
be administered per os 5 µg ZEN/kg BW (MABEL), group ZEN10—10 µg ZEN/kg BW (NOAEL),
and group ZEN15—15 µg ZEN/kg BW (low LOAEL). In each group, five animals will be euthanized
on analytical dates 1 (exposure day 7), 2 (exposure day 21), and 3 (exposure day 42). Samples for
in vitro analyses will be collected from an intestinal segment resected from the following regions: the
third (horizontal) part of the duodenum, jejunum, ileum, cecum, ascending colon, transverse colon,
and descending colon. The experimental material will be collected under special conditions, and it
will be transported to specialist laboratories where samples will be obtained for further analyses.

Keywords: zearalenone; digestive tract; carryover factor; ERs mRNA; CYP1A1 mRNA; GSTP1 mRNA;
pre-pubertal gilts

Key Contribution: Low doses of ZEN probably determine the carryover of ZEN and its metabolites
from the intestinal contents to the intestinal walls by significantly modulating the expression of ERs
in the digestive tract of immature gilts in vivo and the involvement (expression effect) of intestinal
enzymes in ZEN detoxification processes in the distal intestine.
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1. Introduction

A high percentage of plant-based raw materials used in feed production [1] may
be contaminated with mycotoxins (undesirable substances), thus increasing the risk of
poisoning in humans [2] and farm animals, particularly pigs [3]. The toxicological effects,
health risks, and symptoms associated with exposure to high levels of mycotoxins, in-
cluding zearalenone (ZEN), have been well documented [4–7]. According to the hormesis
paradigm [8,9], health implications of exposure to low (measurable) doses of mycotoxins
that are frequently encountered in feedstuffs are becoming increasingly important and need
to be investigated. The dysfunctions caused by exposure to pure parent compounds [10–12]
without metabolites or modified mycotoxins [9] constitute an interesting object of study
in mammals.

Fusarium mycotoxins are absorbed primarily in the proximal part of the small in-
testine [3,13] due to considerable physiological differences between intestinal segments.
Mycotoxins are transported to the blood, and blood analyses support noninvasive diag-
noses of animal health [14] and the identification of new biomarkers of disease [15]. For
instance, ZEN could be regarded as a pharmacodynamic biomarker [16] for determining, at
least partially, the interactions between the mycotoxin and its target [17]. Zearalenone and
its metabolites usually target cells [18], where they induce specific changes by regulating
enzyme metabolism [9,19], gene expression [12], and by acting as ligands that bind to spe-
cific receptors in cell membranes and cell nuclei [20]. These mechanisms enable mycotoxins
to participate in signal transduction, including in gastrointestinal tract tissues.

The existing body of knowledge [21] suggests that the side effects of exposure to
low ZEN doses may be difficult to predict. This uncertainty results not only from the
ingested dose but also from the time of exposure [15]. Low levels of mycotoxins can induce
unexpected responses. For example, the presence of those undesirable substances may be
“ignored” by the body or remain [22], in accordance with the theory of regulatory T-cells
(T-regs) that states that they do not respond to a low number of infectious factors in the
organism [23]. During prolonged exposure to ZEN administered per os, its absorption
increases in the host organism [24], which is accompanied by a compensatory effect [25],
where the activity of the analyzed parameters is initially suppressed and then returns to
baseline values [26] despite ongoing exposure [10]. The above factors, the multidirectional
effects of low doses of ZEN and its metabolites [21] in the porcine diet, as well as their
ability to elicit specific responses in gilts require further scientific inquiry.

In our previous research [10–12], a low dose was defined [16] based on the presence
or absence of clinical symptoms of ZEN mycotoxicosis. Three variants of mycotoxin doses
were proposed based on our results and the findings of other authors: the lowest observed
adverse effect level (LOAEL) dose (>10 µg ZEN/kg BW) [21,27,28] that induces clinical
symptoms [3], the no observed adverse effects levels (NOAEL) dose (10 µg ZEN/kg BW),
i.e., the highest dose that does not produce clinical symptoms (subclinical states) [29], and
the minimal anticipated biological effect level (MABEL) dose (<10 µg ZEN/kg BW) [16],
which is the smallest measurable dose (or the effective dose in vivo) that enters into positive
interactions with the host in different life stages [7,10–12,16,30,31].

Since ZEN is a mycoestrogen, the existing dose–response paradigm can be super-
seded by the low-dose hypothesis [21], in particular with regard to hormonally active
compounds [32]. This ambiguous dose–response relationship does not justify a simple and
definitive translation of the risk associated with high doses to low doses [3,26] that are effec-
tive in vivo. The concept of a minimal dose has gained increasing popularity in biomedical
sciences [14,16], and it is consistent with the main tenets of precision medicine [33]. This
breakthrough concept accounts for individual variations as well as population characteris-
tics to explain the holistic effects of a minimal dose. Such an approach expands the existing
biological knowledge and examines individual variations (in livestock farming) in different
areas of biological and medical sciences. Such analyses rely on specialist laboratory equip-
ment to acquire comprehensive information about biomarkers (genes, gene expression
products, and metabolites) [14,34]. However, a low dose can also be defined as a dose
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that delivers counterintuitive effects [8,16]. Therefore, the mechanisms of action associated
with a low dose have to be understood to facilitate decision-making in quantitative and
qualitative risk assessments [35,36].

Zearalenone metabolites are usually not detected during exposure to low doses of this
mycotoxin. According to most studies, more α-ZEL than β-ZEL is produced during ZEN
biotransformation in pigs, which are characterized by higher activity levels of 3α-HSD than
that of other animal species [37]. However, this is not always the case, as demonstrated by
a study conducted in our research center [38]. In pre-pubertal gilts, the peripheral blood
concentrations of ZEN and its metabolites point to ongoing biotransformation processes
that do not lead to hyperestrogenism, but compensate for a physiological deficiency of
endogenous estrogens [39]. These observations have been confirmed by an analysis of the
concentrations of the parent compound and its metabolites in gilts exposed to MABEL doses
of ZEN [40]. Zearalenone metabolites were not identified in the first week of exposure,
probably due to an inadequate supply of endogenous steroid hormones.

In contrast to the findings of other authors [37,40] and our previous research [21],
β-ZEL was the predominant metabolite in the blood serum of gilts in successive weeks of
exposure [38]. It could be speculated that the host organism tries to compensate for the
physiological deficiency of endogenous estrogens (which are necessary for the essential
life processes) [41], and its demand for compounds with high estrogenic activity (such
as α-ZEL and ZEN) increases [40,42]. It is also possible that the seventh day of exposure
to an undesirable substance such as ZEN marks the end of adaptive processes (adaptive
immunity) [43]. Zearalenone could also be utilized as a substrate that regulates (in an in-
versely proportional manner) the expression of genes encoding HSDs—molecular switches
modulating steroid hormone prereceptors [19,44,45]. Undesirable substances could also un-
dergo enterohepatic recirculation before they are eliminated from the body [21,46], and/or
exposure to ZEN could induce a specific response from the distal gut microbiota [11].

The above hypotheses, alone or in combination, could explain the peripheral blood
concentrations of ZEN and its metabolites because this mycotoxin exerts multidirectional
effects [21]. Zearalenone inhibits the synthesis and secretion of the follicle-stimulating
hormone (FSH) [37] via negative feedback, thus decreasing steroid production [47,48].

During prolonged exposure to low ZEN doses, similar interdependences are observed
between the average concentrations of ZEN and its metabolites in peripheral blood [37].
However, two differences were observed during prolonged (longer than seven days)
exposure to ZEN. First, both ZEN metabolites were detected in peripheral blood. Next,
the values of all evaluated parameters increased, probably due to the accumulation of
ZEN and its metabolites (resulting from the saturation of active ERs and other factors that
influence the levels of steroid hormones [47–49]), over time. In other studies investigating
the effects of ZEN biotransformation in peripheral blood, animals were exposed to much
higher doses of the mycotoxin [21,50,51]. These observations could suggest that in line with
the hormesis paradigm [8,21], the exposure to very low doses of ZEN affects the synthesis
and secretion of sex steroid hormones [18,39]. Therefore, the simultaneous processes of the
biotransformation of very low ZEN doses are not identical, and the parent compound (ZEN)
and its metabolites are utilized either completely or to a much larger extent (which was also
the case during exposure to the MABEL dose) by the host organism [16]. The interactions
between endogenous and exogenous (environmental) steroids could also be influenced by
other endogenous factors, such as the accumulation of ZEN and its metabolites in intestinal
tissues in the initial stages of biotransformation, the resulting expression of ERs and selected
intestinal enzymes that participate in detoxification, which is accompanied by specific (but
not clearly determined) accumulation of ZEN and its metabolites in intestinal tissues.

Undesirable substances such as ZEN are metabolized inside cells by two classes of
enzymes. Phase I enzymes modify undesirable substances via several processes, including
hydroxylation. These enzymes are known as cytochromes (CYP), they are abundant in
the body and tissue-specific. Phase II enzymes, such as glutathione S-transferase (GST),
conjugate metabolites through glucuronidation [52].

159



Toxins 2021, 13, 379

The P450 cytochrome (CYP) superfamily consists of several hundred isoenzymes
that catalyze the oxidation of various substrates, including exogenous (xenobiotics) and
endogenous (hormones, prostaglandins, and vitamins) compounds [53]. Many CYPs are
inducible, which significantly increases their catalytic activity after exposure to specific
chemical substances [54]. These compounds are ligands of specific receptors, such as
the aryl hydrocarbon receptor (AhR) and ERs. Activated receptors are transferred to the
nucleus, they undergo dimerization with nuclear partners, bind to specific sequences
in subsequent promotors, and induce the transcription of target genes [55]. The above
increases mRNA levels and enhances the synthesis of CYP protein. This process ultimately
boosts the enzymatic activity of specific CYPs [56].

In phase II, liver cells could become resistant to various substances due to the inten-
sification of metabolic process and detoxification of undesirable compounds in feed [57].
The π isoform of glutathione S-transferase (GSTP1) is one of the molecules that elicit these
types of mechanisms. In the body, GST occurs in the form of numerous isoenzymes, which
have been divided into classes on the basis of their location in the cell, amino acid se-
quences, location of genes, and substrate specificity [58]. The role of GST is not limited to
the detoxification of exogenous electrophilic toxins. The enzyme also protects the body
against the harmful products of oxidative stress [59], and prevents damage to nucleic acids
and lipids. Glutathione S-transferase participates in the metabolism of steroid hormones,
biosynthesis of leukotriene C4 and prostaglandin E2, and the maintenance of glutathione
homeostasis [60].

The aim of the proposed study will be to determine in vivo the correlations between
very low monotonic doses of ZEN (5, 10, and 15 µg ZEN/kg BW for 42 days), the carry-
over of ZEN and its metabolites from the intestinal contents to the intestinal walls, the
mRNA expression of ERα and ERβ genes, and the mRNA expression of genes modulating
selected colon enzymes (CYP1A1 and GSTP1) in the intestinal mucosa of pre-pubertal gilts.
The study will expand our understanding of the mechanisms underlying the expression
of ERα and Erβ, which participate in both stages of mycotoxin (undesirable substance)
biotransformation.

2. Materials and Methods

In our opinion, the research hypotheses could be effectively validated with the use
of the methods deployed in precision medicine [14,33]. Precision medicine involves as-
sessments of individual animals as well as entire populations, and the results of these
observations play a very important role in clinical veterinary practice. Holistic meth-
ods have to be applied to deepen our understanding of pathological processes. These
methods include technologies based on mass spectrometry or high-throughput molecular
biology techniques.

2.1. Experimental Procedures

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 Ethics Committee for Animal Experimentation
at the University of Warmia and Mazury in Olsztyn, Poland (opinion No. 42/2019 of
28 May 2019).

2.2. Experimental Animals and Feeding

An in vivo experiment will be 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 [10]. During the experiment, the animals will be housed in pens, they will be fed
identical diets, and water will be available ad libitum. The gilts will be randomly divided
into a control group (group C; n = 15) and three experimental groups (ZEN5, ZEN10, and
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ZEN15; n = 15 each) [61,62]. Groups ZEN5, ZEN10, and ZEN15 will be administered ZEN
(Sigma-Aldrich Z2125-26MG, St. Louis, MO, USA) per os at 5 µg/kg BW, 10 µg/kg BW, and
15 µg/kg BW, respectively. Each experimental group will stand in a separate pen and in
the same building. The pens have an area of 25 m2, which complies with the applicable
cross compliance regulations (Regulation (EU) No 1306/2013 of the European Parliament
and of the Council of 17 December 2013).

Analytical samples of ZEN will be dissolved in 96 µL of 96% ethanol (SWW 2442-90,
Polskie Odczynniki SA, Poland) in weight-appropriate doses. Feed containing different
amounts of ZEN in an alcohol solution will be placed in gel capsules. Before administration,
the capsules will be stored at room temperature until the alcohol evaporates. Experimental
group pigs will receive ZEN in gel capsules every day before morning feeding. The animals
will be weighed at weekly intervals in order to adjust individual mycotoxin doses. Feed will
be the carrier, and group C gilts will receive identical gel capsules without ZEN [10,11]. The
feed will be supplied by the same producer. During the experiment, the gilts will be offered
feed in friable form ad libitum twice daily (at 8:00 a.m. and 5:00 p.m.). The ingredient
composition of complete diets will be specified by the manufacturer, as presented in Table 1.

Table 1. 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 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 and calcium—51 g.

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

2.3. Toxicological Analyses
2.3.1. Determination of Mycotoxins in Feed

Feed will be analyzed for the presence of ZEN and DON (deoxynivalenol), and their
concentrations will be 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 chro-
matography (HPLC system, Agilent 1260)–mass spectrometry (MS, Agilent 6470) and
chromatography columns (Atlantis T3 3 µm 3.0 150 mm Column No. 186003723, Wa-
ters, AN Etten-Leur, Ireland). Mycotoxins will be separated using a mobile phase of
acetonitrile:water:methanol (46:46:8, v/v/v). The flow rate will be 0.4 mL/min. The limit
of quantitation (LoQ) for ZEN will be 2 ng/g and 5 ng/g for DON. Zearalenone and
its metabolites will be quantified at the Department of Veterinary Prevention and Feed
Hygiene [63].
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2.3.2. Biotransformation of ZEN
Tissue Samples

In each group, 5 animals will be euthanized on analytical dates 1 (D1—exposure day 7),
2 (D2—exposure day 21), and 3 (D3—exposure day 42) by the intravenous administration
of pentobarbital sodium (Fatro, Ozzano Emilia BO, Italy) and bleeding. Immediately after
cardiac arrest, tissue samples (approximately 1 × 1.5 cm) will be collected from entire
intestinal cross-sections, from the following segments of the gastrointestinal tract: the
duodenum—the first part (duodenal cap) and the horizontal or third part; the jejunum and
ileum—middle parts; colon—middle parts of the ascending colon, transverse colon, and
descending colon; the cecum—1 cm from the ileocecal valve. The samples will be rinsed
with phosphate buffer and prepared for analyses [5,6].

Extraction and Purification

Zearalenone, α-ZEL, and β-ZEL will be extracted from tissues with the use of im-
munoaffinity columns (Zearala-TestTM Zearalenone Testing System, G1012, VICAM, Wa-
tertown, MA, USA) according to the manufacturer’s recommendations. The obtained
eluents will be placed in a water bath at 50 ◦C, and will be evaporated in a stream of
nitrogen. The dry residue will be stored at –20 ◦C until chromatographic analysis. The
procedure will be monitored with the use of internal standards, and the results will be
validated by mass spectrometry.

Chromatographic Determination of the Concentrations of Zen and its Metabolites

The tissue concentrations of ZEN, α-ZEL, and β-ZEL will be determined with the
Agilent 1260 liquid chromatograph (LC) and the Agilent 6470 mass spectrometer (MS).
The prepared samples will be analyzed with the use of the Zorbax rapid resolution chro-
matographic column (2.1 × 50 mm; 1.8 micron Agilent Eclipse Plus C18) in gradient mode.
The mobile phase will contain 0.1% (v/v) formic acid in water (solvent A) and 0.1% (v/v)
formic acid in acetonitrile (solvent B). Gradient conditions will be as follows: initially, 20%
B that increases to 100% B in 4.0 min and back to 20% B in 0.1 min.

Mycotoxin concentrations will be determined according to an external standard and
will be expressed in ppb (ng/mL). The quantification process will involve matrix-matched
calibration standards to eliminate matrix effects that can decrease sensitivity. Calibration
standards will be dissolved in matrix samples based on the procedure described for the
remaining samples. The material for preparing calibration standards will be free of myco-
toxins. A signal-to-noise ratio of 3:1 will be used to estimate the limits of detection (LOD)
for ZEN, α-ZEL, and β-ZEL. The LOQ will be estimated as the triple LOD value.

The specificity of the method will be determined by comparing the chromatograms of
a blank sample with those corresponding to a spiked tissue sample.

Mass Spectrometric Conditions

The mass spectrometer was operate with ESI in the negative ion mode. The MS/MS
parameters were opimized for each compoud. The linearity was tested by a calibration
curve including six levels. Table 2 shows the optimized analysis conditions for the myco-
toxins tested.

Table 2. Optimaized conditions for mycotoxins tested.

Analyte Precursor
(m/z)

Production
(m/z)

FragmentorVoltage
(V)

Collision
Energy (eV)

LOD
(ng mL−1)

LOQ
(ng mL−1)

Linearity
(%R2)

ZEN 317.1 273.3 187.1 160 25 33 0.03 0.1 0.999

α-ZEL 319.2 275.2 160.1 144 21 33 0.3 0.9 0.997

β-ZEL 319.2 275.2 160.1 144 21 33 0.3 1 0.993

A chromatogram of standard mixtures of all analytes is presented in Figure 1.
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Statistical Analysis

The results of the study will be processed at the Department of Discrete Mathematics
and Theoretical Computer Science at the Faculty of Mathematics and Computer Science
of the University of Warmia and Mazury in Olsztyn. The bioavailability of ZEN and
its metabolites in the intestinal tissues of pre-pubertal gilts will be analyzed in three
experimental groups and the control group, on different sampling dates. The results will
be expressed as mean values (x) and standard deviation (SD). The following tests will
be carried out: (i) analyses of differences between the mean values in three experimental
groups (receiving different doses of ZEN) and the control group on three analytical dates;
(ii) analyses of differences between the mean values within groups (receiving the same
ZEN dose) on each analytical date. In both tests, differences between mean values will
be determined by one-way ANOVA. If the differences between groups are statistically
significant, differences between pairs of means will be estimated by Tukey’s multiple
comparison test. If all values are below LOD (mean and variance are equal to zero) in
any group, the values in the remaining groups will be processed by one-way ANOVA,
and the differences between means in these groups will be compared with the population
mean difference of zero in Student’s t-test. Differences between groups will be estimated
by Student’s t-test. The results of each analysis will be considered to be highly significant
at p < 0.01 (**) and significant at 0.01 < p < 0.05 (*). Data will be analyzed in the Statistica
v.13 program (TIBCO Software Inc., Silicon Valley, CA, USA, 2017).

2.4. Expression of ERα, ERβ, CYP1A1, and GSTP1 Genes
2.4.1. Collection and storage of samples for RNA Extraction

Immediately after cardiac arrest, tissue samples will be collected from the duodenum—
the first part (duodenal cap) and the horizontal or third part; the jejunum and ileum—
middle parts, and the colon—middle parts of the ascending colon, transverse colon, and
descending colon. The samples will be stored in RNAlater solution (Sigma-Aldrich; Ger-

163



Toxins 2021, 13, 379

many), in accordance with the manufacturer’s instructions. Tissue samples will be collected
on the same dates.

2.4.2. Total RNA Extraction and CDNA Synthesis

Total RNA will be extracted from the tissues preserved in RNAlater (approximately
20 mg per sample; n 1

4 3 in each experimental group) using the Total RNA Mini isolation
kit (A&A Biotechnology; Poland) according to the manufacturer’s protocol. RNA samples
will be incubated with RNase-free DNase I (Roche Diagnostics; Germany) to prevent
contamination of genomic DNA. Total RNA quality and the purity of all samples will be
estimated with the BioPhotometer (Eppendorf; Germany), and the results will be used
to synthesize cDNA with the RevertAid™ First Strand cDNA Synthesis Kit (Fermentas;
Canada). The cDNA synthesis reaction mixture for each sample will contain 1 µg of total
RNA and 0.5 µg of oligo (dT)18 primers, and the reaction will be performed according to
the manufacturer’s protocol. The first synthesized cDNA strand will be stored at −20 ◦C
for further analysis.

2.4.3. qPCR

Real-time PCR primers for ERα and ERβ mRNAs, and CYP1A1 and GSTP1 mRNAs
will be designed using the Primer-BLAST tool based on the reference species (Table 3).
β-actin will be used as the endogenous reference gene. The real-time PCR assay will be
performed in the ABI 7500 real-time PCR system thermocycler (Applied Biosystems, Foster
City, CA, USA) in singleplex mode. Further treatments will be applied as recommended by
the manufacturer.

Table 3. Real-time PCR primers for the proposed study.

Primer Sequence (5′→3′) Amplicon
Length (bp) References

ERALFA
Forward Agggaagctcctattgctcc

234 [64]Reverse cggtggatgtggtccttctct

ERBETA
Forward Gcttcgtggagctcagcctg

262 [64]Reverse aggatcatggccttgacacaga

CYP1A1
Forward cagagccgcagcagccaccttg

226 [48]Reverse ggctcttgcccaaggtcagcac

GSTP1
Forward acctgcttcggattcaccag

178 [48]Reverse ctccagccacaaagccctta

β-Actin
Forward catcaccatcggcaaaga

237 [65]Reverse gcgtagaggtccttcctgatgt

Quantitative cycle (Cq) values from qPCR will be converted to copy numbers using a
standard curve plot (Cq versus log copy number) according to the methodology.

The rationale for using the standard curve is based on the assumption that unknown
samples have equal amplification efficiency (usually above 90%), which is checked before
unknown standards are extrapolated to the standard curve. To generate the standard
curves, purified PCR products of each mRNA will be used to prepare a series of six 10-fold
dilutions with known amounts of copy numbers, which will be used as templates in real-
time PCR. The Cq values obtained for each dilution series will be plotted against the log
copy number, and will be used to extrapolate unknown samples to copy numbers. mRNA
copy numbers of the samples collected from all experimental groups in each exposure
period will be divided by the averaged numbers from the control group, determined at the
beginning of the experiment (control 0d), to obtain relative expression values, which will
be presented as the expression ratio (R).
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2.4.4. Statistical Analysis

The expression of ERα and ERβ in the digestive tract of gilts, and the expression
of CYP1A1 and GSTP1 genes in the ascending colon and the descending colon will be
presented as mean values (±) SD for each sample. The results will be analyzed using
Statistica software (StatSoft Inc., USA). The mean values in the control and experimental
groups will be compared by repeated-measures one-way ANOVA based on the ZEN dose
administered to pre-pubertal gilts. If differences between groups are found, Tukey’s post
hoc test will be performed to determine which pairs of group means are significantly
different. In ANOVA, group samples will be drawn from normally distributed populations
characterized by the same variance. If the above assumptions are not met in all cases,
the equality of group means will be tested using the Kruskal–Wallis test of ranks and the
multiple comparisons test in ANOVA. Different group pairs will be identified by post hoc
multiple comparisons of mean ranks for all groups.

3. Discussion

Mycotoxins have always been and will always be present in foodstuffs and feedstuffs—
this is a banal truth. Higher mycotoxin doses can produce symptoms of mycotoxicosis
(poisoning) in macroorganisms. However, little is known about the fate of mycotoxins
and the responses of the host organism during exposure to low doses of mycotoxins in the
range of NOAEL and MABEL doses [16]. Macroorganisms have developed various coping
strategies that enable them to maintain homeostasis. These coping mechanisms can involve
tolerance to very low mycotoxin doses [16]. Alternatively, mycotoxins can participate
in vital life processes, as briefly noted in the Introduction. Mycotoxins are accumulated
and absorbed not only in target tissues [66,67], which suggests that the intestinal mucosa
containing ERs is the most exposed tissue and the first line of defense against undesirable
substances [68]. Therefore, the relevant diagnostic tests and laboratory analyses will be
performed in the proposed study.

Due to the general scarcity of published research into low-dose mycotoxicosis, ad-
ditional in vivo data are needed to increase the safety of foodstuffs and feedstuffs, and
minimize the risk of toxicity in the decision-making process [69]. The proposed study
will attempt to determine whether low doses of ZEN can affect (i) the degree and site of
β-ZEL accumulation in the porcine gastrointestinal tract at different exposure times; (ii) the
expression of ERs in the porcine gastrointestinal tract, analyzed in vivo, in particular, the
expression of Erα, which regulates intestinal function in the proximal segments of the
gastrointestinal tract; (iii) the involvement of intestinal enzymes (expression effect) in the
distal segment of the intestines in ZEN detoxification processes.

The results of the study will support the development of biomarkers of prolonged
low-dose ZEN mycotoxicosis in pre-pubertal gilts within the framework of veterinary
precision medicine.
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