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Abstract: Zearalenone and its metabolites, α-zearalenol and β-zearalenol, demonstrate 

estradiol-like activity and disrupt physiological functions in animals. This article evaluates 

the carryover of zearalenone and its selected metabolites from the digesta to intestinal 

walls (along the entire intestines) in pre-pubertal gilts exposed to low doses of zearalenone 

over long periods of time. The term “carryover” describes the transfer of mycotoxins from 

feed to edible tissues, and it was used to assess the risk of mycotoxin exposure for 

consumers. The experimental gilts with body weight of up to 25 kg were per os 

administered zearalenone at a daily dose of 40 μg/kg BW (Group E, n = 18) or placebo 

(Group C, n = 21) over a period of 42 days. In the first weeks of exposure, the highest 

values of the carryover factor were noted in the duodenum and the jejunum. In animals 

receiving pure zearalenone, the presence of metabolites was not determined in intestinal 

tissues. In the last three weeks of the experiment, very high values of the carryover factor 

were observed in the duodenum and the descending colon. The results of the study indicate 

that in animals exposed to subclinical doses of zearalenone, the carryover factor could be 

determined by the distribution and expression of estrogen receptor beta. 
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1. Introduction 

Mycotoxicological research focuses on compounds that exert adverse effects on human health [1] 

and that cause significant losses in livestock and companion animals. Zearalenone is one of the most 

interesting mycotoxins. This nonsteroidal estrogenic mycotoxin and mycosteroid is produced by fungi 

of the genus Fusarium [2]. In the literature, it is also referred to as F-2 toxin, fermentation estrogenic 

substance and trans-zearalenone. Zearalenone is a specific hormone controlling sexual reproduction in 

Fusarium spp. (sexual stage Gibberella zeae). Under optimal moisture and temperature conditions, 

ZEN is produced by various Fusarium species, including Fusarium graminearum (Gibberella zeae),  

F. culmorum, F. equiseti, F. gibbosum, F. lateritium, F. avenaceum, F. moniliforme, F. tricinctum and 

F. roseum [3]. 

The first reports about the pathogenic qualities of ZEN date back to the early 20th century [4]. Clinical 

symptoms of vulvovaginitis were observed in pigs fed moldy corn. In successive studies, a specific 

uterotrophic substance was isolated from the filaments of Gibberella zeae (Fusarium graminearum).  

In the 1960s, the same compound was isolated from corn inoculated with Fusarium spores, and it was 

named F-2 toxin. Spectrophotometry was used to determine the molecular structure of ZEN and to 

perform the first chemical synthesis of the compound [5]. Biological material contains ZEN, as well as 

its metabolites, including α-ZEL and β-ZEL. The estrogenic activity of α-ZEL is three-fold or even 

four-fold higher in comparison to ZEN. 

The interactions observed between ZEN, its metabolites and major cell and/or tissue structures 

responsible for the maintenance of hormonal homeostasis (at the systemic and local level) indicate that 

ZEN belongs to the group of endocrine disrupting chemicals (EDCs) [6]. Zearalenone demonstrates 

both structural (the presence of a phenol ring) and functional similarity to endogenous estrogens [7]. 

Its hormonal properties are manifested by ZEN’s ability to interact with ERα and ERβ [8] and to 

modulate the expression and/or activity of enzymes participating in the synthesis of sex steroid 

hormones (e.g., P450scc, cholesterol side-chain cleaving enzyme; 3β-HSD, 3β-hydroxysteroid 

dehydrogenase; P450arom, aromatase) [9]. Zearalenone is an agonist of ERs when the concentrations 

of endogenous estrogens are low [10]. In pigs, biotransformation of ZEN is mostly a bioactivation 

process, which leads to the production of α-ZEL, a metabolite whose estrogenic activity is three- to 

four-fold higher in comparison to the parent compound. At high concentrations, ZEN competes with 

endogenous steroid hormones for binding sites on receptors and/or enzymes (e.g., PXR, pregnane X 

receptor; 3α-HSD, β-HSD), which participate in the chemical transformation of endogenous  

(including steroids) and exogenous compounds (including ZEN) [9]. Pre-pubertal gilts are most 

susceptible to ZEN’s endocrine-disrupting activity [9], which is determined by: (i) ZEN concentrations 

(during exposure to ZEN or ZEN intoxication), which can be 100- to 10,000-fold higher than the 

physiological levels of endogenous estrogens; (ii) expression of mRNA and ER proteins in the target 

cells of the reproductive system; and (iii) the functional immaturity of the feedback loop responsible 

for hormonal balance. The range and intensity of clinical symptoms, histological and anatomopathological 
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changes that accompany ZEN-induced mycotoxicosis in pigs are determined by: (i) the animal’s sex, 

age, sexual maturity/phase of the reproductive cycle and physiological status; and (ii) ZEN concentrations 

in feed, period of exposure, type of exposure (single, chronic) and the presence of other mycotoxins  

or EDCs [6]. 

In the early stages of exposure to ZEN, histological and/or anatomopathological changes are 

observed mainly in the gastrointestinal tract and in estrogen-responsive tissues. Macroscopic changes 

in the volume and/or weight of the ovaries [8] and the uterus [11] were observed in pre-pubertal gilts 

and female dogs, even at NOAEL doses. Morphometric changes in the digestive tract were rarely 

reported under exposure of NOAEL doses of ZEN [12]. 

The latest research suggests that ZEN can contribute to: (i) histological changes in gastrointestinal 

walls [13]; (ii) changes in the activity of goblet cells and mucus production; (iii) changes in the activity 

of the local immune system [14]; (iv) changes in the metabolic profile [15]; and (v) changes in the rate 

of weight gain [16]. The above changes can be attributed to the carryover of ZEN from the 

gastrointestinal tract to selected tissues. The results of this study can be used to determine the 

probability and course of exposure to the analyzed mycotoxin (undesirable substance) [17]. 

The objective of this study was to evaluate the carryover of ZEN and its selected metabolites from 

the digesta to intestinal walls (along the entire intestines) in pre-pubertal gilts exposed to low doses of 

ZEN over long periods of time. 

2. Results 

Mycotoxin concentrations in the analyzed feed were below the sensitivity of the method (VBS). 

Similar observations were made in analyses of ZEN metabolites in the digestive tract and the liver. 

The concentrations of α-ZEL and β-ZEL were also below the sensitivity of the method.  

The concentrations of ZEN, α-ZEL and β-ZEL in the tissues of animals from the control group were 

also below the sensitivity of the method. 

Throughout the experiment, the average daily gains of gilts reached 602 g (2.61 kg feed per kg of 

BW gain) in Group E and 576 g (2.72 kg feed per kg of BW gain) in Group C. No significant 

differences in average daily gains were found between groups. 

The results of statistical analyses of ZEN concentrations in tissues in different intestinal segments 

and in the liver in successive weeks of exposure are presented in Table 1. Statistically-significant 

differences (p ≤ 0.05) in ZEN levels were observed only in the liver between Weeks I and IV (higher) 

and between Weeks II and V (higher). Highly significant differences (p ≤ 0.01) in ZEN concentrations 

were not noted only in the ascending colon. Significant differences were observed in the remaining 

tissues. In the duodenum, ZEN concentrations differed significantly between Week V (higher) and 

Weeks I to IV. In the jejunum, fluctuations in ZEN levels were observed between Week IV (higher) 

and the remaining weeks and between Week VI and Week IV (higher). Ileal levels of ZEN differed 

between Week VI (higher) and the remaining weeks of the experiment. In the cecum, significant 

differences in ZEN concentrations were observed between Week V (higher) and Weeks I to IV and 

between Week I (lower) and Weeks IV and VI. In the descending colon, ZEN levels differed between 

Weeks I and V (higher) and between Week VI (higher) and Weeks I and II. 
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Table 1. ZEN concentrations (ng/g) and CF values in tissues in different intestinal segments and in the livers of pre-pubertal gilts in 

successive weeks of exposure. Daily feed intake in a restricted feeding regimen (kg/day). Mean dietary ZEN concentrations per kg of feed 

(µg/kg feed). 

Weeks of 

Exposure 

Feed Intake 

(kg/day) 

ZEN Intake 

(µg/kg feed) 

Total ZEN Dose 

(µg/kg BW) 

ZEN Concentrations ( x  and SD)/Carryover Factor (CF) 

Duodenum Jejunum Ileum Cecum 
Ascending 

Colon 

Transverse 

Colon 

Descending 

Colon 
Liver 

I 1,1 1014 280 

8.60 ** ±  

1.58 

9.87 ●● ±  

0.81 

4.63 ▲▲ ±  

1.20 

4.54 **,▲▲ ± 

2.09 

1.53 ±  

1.95 

1.39 ●●,▲▲ ± 

1.32 

4.70 ●●,** ± 

3.98 

6.31 ●,**,▲▲ 

± 6.16 

0.031 0.035 0.016 0.0162 0.0054 0.0049 0.0167 0.0225 

II 1,3 972 560 

12.34 ** ±  

1.75 

19.72 ●●,▲▲ ±  

2.75 

4.99 ▲▲ ±  

1.64 

4.25 **,▲▲ ± 

0.32 

1.59 ±  

2.76 

4.63 ±  

3.86 

6.80 ●● ** ± 

1.40 

7.80 *,▲▲ ± 

2.82 

0.022 0.035 0.009 0.0075 0.0028 0.0082 0.0121 0.0139 

III 1,4 1014 840 

12.07 ** ±  

3.48 

13.85 ●● ±  

0.48 

7.22 ▲▲ ±  

0.30 

4.30 **,▲▲ ±  

1.80 

3.16 ±  

1.79 

3.94 ±  

0.57 

7.60 ●●,** ± 

2.33 

13.00 ±  

1.78 

0.014 0.016 0.008 0.0057 0.0037 0.0046 0.0090 0.0154 

IV 1,5 987 1120 

21.68 ** ±  

4.01 

43.82 ±  

7.63 

4.44 ▲▲ ±  

1.52 

3.45 **,▲▲ ±  

0.67 

4.69 ±  

0.45 

7.37 ±  

1.66 

205.01 ±  

94.70 

18.20 ±  

5.92 

0.019 0.039 0.004 0.0030 0.0042 0.0065 0.1830 0.0162 

V 1,8 995 1400 

128.18 ±  

64.54 

13.66 ●● ±  

3.73 

3.37 ▲▲ ±  

0.35 

18.17 ±  

5.02 

3.40 ±  

0.54 

6.49 ±  

0.96 

177.03 ±  

50.64 

20.01 ±  

2.43 

0.091 0.010 0.002 0.0129 0.0024 0.0046 0.1264 0.0142 

VI 2,1 957 1680 

80.74 ±  

4.34 

8.33 ●● ±  

1.12 

27.52 ±  

10.28 

13.70 ±  

1.17 

2.46 ±  

1.92 

6.70 ±  

0.25 

112.01 ±  

13.69 

23.00 ±  

0.79 

0.048 0.005 0.016 0.0081 0.0014 0.0039 0.0666 0.0136 

Average 

values 
  

ZEN 43.93 18.208 8.705 0.068 2.805 5.0086 85.525 14.72 

CF 0.0375 0.0233 0.0091 0.0089 0.0033 0.0054 0.0688 0.0159 

Key: * and **: relative to Week V, ●●: relative to Week IV; ▲▲: relative to Week VI; ●: at p ≤ 0.05; ●●, **, ▲▲: at p ≤ 0.01. 
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The results of chromatographic analyses of digestive tract tissues sampled from pre-pubertal gilts 

exposed to ZEN revealed significant variations in mycotoxin levels between the examined tissues, 

weeks of exposure and CF values (Table 1). In the duodenum, the first section of the small intestine, 

ZEN concentrations were determined between 8.6 ng/g (Week I, CF = 0.031) and 128.2 ng/g (Week V, 

CF = 0.091), with a significant increase in Week VI relative to the remaining weeks of the experiment. 

In the jejunum, ZEN levels ranged from 8.3 ng/g (Week VI, CF = 0.005) to 43.8 ng/g (Week IV,  

CF = 0.039). The average ileal concentrations of ZEN between Week I and Week V were determined 

at 4.9 ng/g (CF ≈ 0.043), with a significant increase in Week VI (27.5 ng/g, CF = 0.016). In the cecum, 

the first segment of the large bowel, mycotoxin levels increased steadily to reach 18.17 ng/g in  

Week V (CF = 0.0129). 

In the analyzed sections of the large intestine and the liver of experimental animals, ZEN levels in 

the descending colon increased significantly in Week IV, after which a drop in ZEN concentrations 

and CF values was observed (Table 1). The highest levels of ZEN were observed in the ascending 

colon at 4.7 ng/g (Week IV, CF = 0.0042), transverse colon at 7.4 ng/g (Week IV, CF = 0.0065), 

descending colon at 205 ng/g (Week IV, CF = 0.1830) and the liver at 23 ng/g (Week VI,  

CF = 0.0136). In the large intestine, ZEN concentrations increased from Week IV. The highest ZEN 

levels were noted in the duodenum at 128 ng/g (Week V, CF = 0.091) and in the descending colon at 

205 ng/g (Week IV, CF = 0.1830). 

3. Discussion 

The amount of ZEN transported to the digestive tract of gilts exposed to low monotonic doses of 

ZEN has not been studied to date. Initial estimates revealed significant differences in comparison to 

tissues that had been exposed to higher mycotoxin doses. Low-dose mycotoxicoses do not produce 

subclinical symptoms of disease, but they may induce weakly-expressed changes (stimulation or a 

compensatory effect) [16] at the tissue or cell level. The observed variations and the associated 

uncertainty encourage new research to improve safety assessments and risk-informed decision  

making [18]. The carryover of ZEN to the gastrointestinal walls in gilts exposed to low doses of the 

mycotoxin over long periods of time was compared to the results of other studies performed on gilts. 

Mycotoxins are absorbed [19], metabolized [20,21] and distributed mainly via the digestive  

system [22], which is particularly exposed to the toxic effects of those undesirable substances, 

including ZEN and its metabolites [23]. The majority of Fusarium mycotoxins are absorbed in the 

proximal section of the small intestine [24]. Those variations can be attributed to significant 

physiological differences across intestinal segments. For example, the lowest concentrations of mucus 

glycoproteins are found in the duodenum and the jejunum, which enhances the absorption of digesta 

across the intestinal wall [19] and makes it more available. Most carbohydrates are also absorbed in 

the proximal part of the small intestine [25], which facilitates the accumulation and, probably, 

biotransformation of mycotoxins in enterocytes [2]. The data regarding those processes and the 

involvement of various intestinal sections are highly diverse and incomplete. In vitro studies revealed 

that 51% [26] to 55% [12] of ingested ZEN is absorbed in the small intestine. The involvement of 

different intestinal segments in this process has not been described. 
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In this experiment, the highest amounts (%) of ZEN in the small intestine were observed in the first 

weeks of exposure (I to III). In the remaining weeks, ZEN was also accumulated in the duodenum and 

the descending colon. The carryover of ZEN to various intestinal segments differs from the transport 

of deoxynivalenol (DON), whose accumulation increases proportionally with time of exposure [22]. 

A study of ZEN and α-ZEL resorption demonstrated that the mycotoxin and its metabolite are 

absorbed in 65% from the duodenum [27] when animal feed is naturally contaminated with those 

compounds. It has been suggested that ZEN is reduced to α-ZEL and β-ZEL in the duodenal mucosa 

where β-ZEL is the predominant fraction [28]. The above results indicate that the duodenum is an 

important site for ZEN absorption, but not biotransformation. The latter seems to be confirmed by our 

study where ZEN metabolites were not determined in the duodenum. Unfortunately, all concentrations 

of ZEN metabolites were below the sensitivity of the method in this experiment, which prevents an 

objective evaluation of the rate and direction of changes in ZEN. The above could be attributed to the 

experimental doses, which did not support the formation of metabolites at detectable concentrations. 

There is a general absence of published studies whose results could be compared to our findings. 

Goyarts et al. [29] detected α-ZEN in the liver and bile of pigs even at a lower level of exposure to the 

analyzed mycotoxin, but the experimental animals were intoxicated with both ZEN and DON, at very 

high DON concentrations in the diet (6680 µg/kg feed). The presence of DON has a significant effect on 

the absorption and fate of mycotoxins in the gastrointestinal tract [12]. Zearalenone should be converted 

into a more active metabolite, alpha-zearalenol, and a less active metabolite, beta-zearalenol, by liver 

subcellular fractions, while evidence of this reaction in other tissues is limited. The available results 

indicate that in the liver, alpha-zearalenol is a major metabolite in cytosolic fractions, whereas  

beta-zearalenol is a predominant metabolite in microsome fractions [30]. The rate of the conversion 

process and the quantities of metabolites produced are determined by numerous factors, such as the age, 

sex, health status and individual traits of animals, the dose of a toxin or toxins (mixed mycotoxicosis) 

and the time of exposure. Therefore, the absence or presence of ZEN metabolites in the analyzed 

tissues may be difficult to explain. More detailed research is needed to determine the optimum 

conditions for the conversion of ZEN to its detectable metabolites and the effects of the above factors 

on the process. The highest CF values were noted in the duodenum and the jejunum in the first three 

weeks of exposure. In Week IV, the highest CF was observed in the jejunum and the descending colon. 

In the last two weeks of the experiment, CF values were highest in the duodenum and the descending 

colon. Our results suggest that pre-pubertal gilts accumulate ZEN mainly in the duodenum, jejunum 

and descending colon. 

Mycotoxins (the parent compound and its metabolites) are absorbed, distributed and partially 

metabolized in the jejunum. The above processes were observed in animals administered plant foods 

naturally contaminated with mycotoxins. In subjects exposed only to ZEN (at NOAEL doses), the 

parent compound is not biotransformed or is only insignificantly biotransformed in the digestive tract 

or intestinal tissues. The presence of α-ZEL and β-ZEL was not determined in toxicological and 

biochemical analyses. Zearalenone is accumulated in intestinal tissues already in the first week of 

exposure (Table 1), and this process takes place at a much faster rate than the accumulation of DON [22]. 

The highest levels of DON were found in the jejunal wall only in the third and fourth week of 

exposure. The blood plasma concentrations of ZEN and α-ZEL [31] suggest that ZEN levels remained 

low in the peripheral blood of gilts in the first 28 days of the experiment. Those findings could imply 
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that in the first weeks of exposure, ZEN is transformed to α-ZEL in the bloodstream. In successive 

weeks, the mycotoxin is distributed to estrogen-sensitive tissues, such as the reproductive system, bone 

marrow and the central nervous system [32]. 

According to other studies of pigs, ZEN is degraded by microflora only in the distal section of  

the large intestine, and transformation processes do not take place in the proximal segment of the 

intestine [33]. Similar findings were reported by Piotrowska et al. [34] in whose study, long-term 

exposure to doses of ZEN alone exerted an adverse effect on mesophilic aerobic bacteria in the descending 

colon, but the presence of ZEN metabolites was not reported in the distal section of the large bowel. 

The above findings are indirectly confirmed by a study of gilts [35], which demonstrated that ZEN 

exerts multidirectional effects and inhibits mRNA expression of the gene controlling the constitutional 

isomer of NOS-1 and the inducible isomer of NOS-2. The above induces specific changes in the 

gastrointestinal tract of gilts by lowering the concentrations of nitric oxide (NO), which inhibits  

non-adrenergic and non-cholinergic transmitters [36]. Low levels of NO accelerate esophageal, gastric 

and intestinal motility, impair gastric accommodation (relaxation, ingestion, accommodation and 

contraction) and increase tension on the anus, which inhibits stomach emptying and the passage of 

digesta in the intestines [37], thus slowing down gastric motility [38]. Those changes contribute to 

antiport activity in the jejunal wall [39] due to slow passage of digesta and prolonged contact between 

the digesta and intestinal walls. The above can promote the accumulation of ZEN in intestinal walls in 

the first weeks of exposure, inhibit cell proliferation and slow down apoptosis [40]. The observed 

changes increased the accumulation of ZEN in intestinal tissues (Table 1) and increased CF values in 

the first two weeks of exposure, in comparison to other intestinal segments and the liver, excluding the 

descending colon. Low concentrations of ZEN in feed administered to pre-pubertal gilts slow down 

motility in the proximal intestine and reduce proliferative activity, which points to a specific defense 

response to an undesirable substance. 

A different scenario is also possible. Our limited knowledge about changes induced by low 

concentrations of ZEN suggests that exposure to low doses of the mycotoxin can produce 

unpredictable side effects. This uncertainty results from both dosage and time of exposure. Low doses 

(NOAEL) can induce surprising responses: (i) undesirable substances, such as mycotoxins, may be 

“ignored”, and this assumption is similar to the Tregs theory [41], which postulates that Treg cells are 

not expressed when the number of infectious agents is very low; (ii) the mycotoxin is more likely  

to be absorbed by the host’s body when it is administered per os over long periods of time;  

and (iii) a compensatory effect is also possible [16] where the activity of undesirable substances is 

inhibited, and initial functions are restored [12] despite ongoing exposure. Indirect evidence is 

provided by percentage accumulation of ZEN in different segments of the intestines in successive 

weeks of exposure. The simultaneous increase in ZEN levels in the duodenum and jejunum was 

observed only in the first three weeks of the experiment. 

The periodic increase in CF values, initially in the duodenum (Weeks I and II) and the jejunum 

(Weeks I–IV) and then in the duodenum (Weeks V and VI) and the descending colon (Weeks IV–VI) 

in successive weeks of the experiment (Table 1), prompts further inquiry into whether: (i) the observed 

fluctuations are influenced by the expression of ERs, which control intestinal function and are 

distributed in the upper gastrointestinal tract [42], which would validate the effects of steroid 

substances; and (ii) hyperestrogenism (induced by exposure to ZEN) in pre-pubertal gilts (very low 
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concentrations of 17β-estradiol [43]) induces uncontrolled cell proliferation, inhibits apoptosis and 

reduces the number of cell adhesion markers in colonic crypts [44]. Female steroid hormones and other 

estrogenic substances, including ZEN, influence the digestive tract in humans and many animals in 

various climates. There is much controversy over the significance and distribution of ERs that are 

implicated in the transport of estrogens in the mammalian gastrointestinal system [45]. Estrogen 

receptors are unevenly distributed across tissues: (i) ERα are found mainly in the bones, the mammary 

gland, genitourinary system, cardiovascular system and the central nervous system; (ii) whereas ERβ 

are distributed mainly in the digestive tract. Estrogen receptors seem to play contrary roles in 

controlling cell proliferation and differentiation of target tissues. Research has demonstrated that ERβ 

can modulate ERα expression, inhibit estrogen-dependent proliferation and promote apoptosis [46]. 

Despite the above, our knowledge about the distribution of ER-positive cells in healthy intestines 

remains limited [47]. Those cells are most likely to be found in the duodenum, jejunum and the 

descending colon, which would indicate that CF peaks (Table 1) are correlated with the expression of 

various ERs. The results of our unpublished study suggest that ZEN ingested with feed can reduce the 

number and activity of ERα, which, regardless of the above, are sparse in pre-pubertal animals  

(the ERα:ERβ ratio is estimated at 1:5). 17β-estradiol is an endogenous ligand of ERα [48]; therefore, 

ERα are unlikely to outnumber ERβ in young gilts where the levels of 17β-estradiol are naturally very 

low (±6 pg/mL) [42]. ERβ are the predominant receptors in the digestive tract [49], in particular in 

healthy colonic mucosa [43], and their expression can be somewhat inhibited by ZEN [11]. The cell 

distribution of ERs and the non-genomic action of estrogenic substances that bind with nuclear 

receptor ligands are also important [45], and they could explain the decrease in the optical density of 

ERs due to hyperestrogenism. Zearalenone is a competitive substrate that modulates the activity of 

enzymes participating in steroidogenesis at the pre-receptor level, whereas α-ZEL is absent or scarce 

due to slow biotransformation of ZEN. 

4. Materials and Methods 

4.1. Experimental Section 

All experimental procedures involving animals were carried out in compliance with Polish 

regulations setting forth the terms and conditions of animal experimentation (Opinion No. 88/2009 of 

the local Ethics Committee for Animal Experimentation). 

4.2. Experimental Animals 

The experiment was conducted at the Department of Veterinary Prevention and Feed Hygiene, 

Faculty of Veterinary Medicine, University of Warmia and Mazury in Olsztyn, Poland, on 39  

clinically-healthy gilts with initial body weights of 25 ± 2 kg. Gilts were penned in groups with  

ad libitum access to water. The administered feed was tested for the presence of mycotoxins: ZEA,  

α-ZEL and DON. Mycotoxin levels in the diets were estimated by common separation techniques with 

the use of immunoaffinity columns (Zearala-Test™ Zearalenone Testing System, G1012, VICAM, 

Watertown, MA, USA; DON-Test™ DON Testing System, VICAM, Watertown, MA, USA) and high 
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performance liquid chromatography (HPLC) (Hewlett Packard, type 1050 and 1100) with fluorescent 

and/or UV detection techniques. The limit of detection was 2 µg/kg for ZEN. 

4.3. Experimental Design 

The animals were divided into an experimental group (E, n = 18) and a control group (C, n = 21). 

Group E animals were orally administered ZEN at 40 μg/kg BW. Group C pigs were fed a placebo. 

The animals were fed complete diets in a restricted feeding regimen (Table 1). The daily dose of ZEN 

(40 µg/kg BW) was administered to each animal individually, which corresponds to exposure to  

957–1014 µg ZEN/kg of a complete diet, depending on daily feed intake. Zearalenone was 

biosynthesized, purified and standardized by the Department of Chemistry of the Poznań University of 

Life Sciences. The experiment covered a period of 42 days. The mycotoxin was administered per os 

daily, in gelatine capsules before the morning feeding. The ZEN dose was adjusted to the body weight 

of the experimental animals. The mycotoxin was administered in capsules to prevent problems 

associated with uneven feed intake. Mycotoxin samples were diluted in 300 μL of 96% ethyl alcohol 

(96% ethyl alcohol, SWW 2442-90, Polskie Odczynniki Chemiczne SA, Gliwice, Poland) to the 

required dose level (based on body weight). Final solutions were stored at room temperature for 12 h 

to evaporate the solvent. The animals were weighed every 7 days to update mycotoxin doses for each 

gilt. Three animals from the experimental group and the control group each were sacrificed on  

Days 1, 7, 14, 21, 28, 35 and 42 (a total of 6 gilts in each week of exposure), excluding day 1,  

when only 3 control group animals were scarified. Every week, tissue samples were collected from the 

porcine gastrointestinal tract (duodenum, first and middle sections, jejunum, ileum, cecum, ascending 

colon, transverse colon, descending colon, middle section, and the liver, left lobe). Tissue samples 

were collected from the whole intestinal cross-sections. 

4.4. Chemicals 

A chromatographic analysis of ZEN, α-ZEL and β-ZEL was performed by the Department of 

Chemistry, Poznań University of Life Sciences, Poland. Standard and organic solvents (HPLC grade) for 

analyses of ZEN, α-ZEL and β-ZEL were supplied by Sigma-Aldrich (Steinheim, Germany). All chemicals 

for the extraction and purification of mycotoxins were purchased from POCh (Gliwice, Poland). Water for 

the HPLC mobile phase was purified using the Milli-Q system (Millipore, Bedford, MA, USA). 

4.5. Tissue Samples 

Post-mortem tissue samples were collected from the duodenum, jejunum, ileum, cecum, ascending 

colon, transverse colon, descending colon and the liver after rinsing with phosphate buffer. Pure 

tissues were stored at −80 °C until shredding and extraction. 

4.6. Extraction and Purification 

Tissue samples (2 g) were homogenized with 9 cm3 of methanol for 4 min; they were transferred to 

centrifuge tubes with a minimal amount of the sediment, and the remainder was combined with 5 cm3 

of methanol and repeatedly homogenized. The extracts were combined and centrifuged for 10 min. 
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The supernatant was transferred to a graduated test tube; its volume was read from the scale, and it was 

evaporated under a stream of nitrogen at a temperature of 60 °C to 0.1–0.2 cm3 of water.  

The evaporated product was combined with 2 cm3 of deionized water, 2 cm3 of 0.2 M sodium acetate 

and 500 µL of 3-glucuronidase solution. After 16 h of incubation at 37 °C, the reaction was stopped by 

adding 0.5 cm3 of acetonitrile. The mixture was quantitatively transferred to a centrifuge tube; it was 

combined with 10 cm3 of deionized water and centrifuged for 10 min at 3500 rpm. The supernatant 

was applied to the Zearala-Test™ column at the rate of 1–2 drops per second. Mycotoxins were eluted 

from the column with 1.5 mL of methanol; the solvent was evaporated, and the residue was 

reconstituted with 1 mL of methanol for HPLC analysis. 

4.7. HPLC Analysis of Zearalenone and Its Derivatives 

The concentrations of ZEN and its derivatives were determined by HPLC with the use of the Waters 

2695 Separations Module, Waters 2475 Multi λ Fluorescence Detector and Waters 2996 Array 

Detector. Excitation and emission wavelengths were 274 and 440 nm, respectively. The reverse-phase 

column was C-18 Nova Pak (3.9 × 150 mm), and the mobile phase was acetonitrile-water-methanol 

(46:46:8, v/v/v) at a flow rate of 0.5 mL·min−1. The mycotoxins were quantified by measuring the 

retention time of the peaks based on the relevant calibration curves (correlation coefficient of 0.9996 

for ZEN, 0.9989 for α-ZEL and 0.9976 for β-ZEL). Detection limits were determined at 0.001 µg·g−1 

for ZEN, 0.003 µg·g−1 for α-ZEL and 0.002 µg·g−1 for β-ZEL. 

4.8. Carryover Factor 

The daily dose of ZEN (40 µg/kg BW) was administered to each animal individually, which 

corresponds to exposure to 957–1014 µg ZEN/kg of a complete diet, depending on daily feed intake. 

Mycotoxin concentrations in tissues were given in terms of the dry matter content of the samples. 

The carryover factor was calculated as follows: 

Carryover factor = 
toxin concentration in tissue ng

g

toxin concentration in diet ng
g

 

4.9. Statistical Analysis 

Significant differences in ZEN concentrations between tissue samples were evaluated by Tukey’s 

test. The results were presented as medians ( x ) ± SD. Data were processed in the Statistical Package 

for the Social Sciences. 

5. Conclusions 

The following conclusions can be formulated based on the results of this study: (i) per os exposure 

to subclinical doses of ZEN does not induce detectable biotransformation processes; (ii) changes in CF 

values in different intestinal segments during exposure to subclinical doses of ZEN in different weeks 

of the study could be determined by the location and expression of ERβ; (iii) ZEN is accumulated in 

the jejunum and the descending colon in different weeks of exposure, and it is accumulated in the 

duodenum throughout the entire period of exposure. 
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β-ZEL β-zearalenol 

CF carryover factor 

EDCs endocrine disrupting chemicals 

ERs estrogen receptors 

VBS values below the sensitivity of the method 

BW body weight 

DON deoxynivalenol 

SD standard deviation 

NOAEL no observable adverse effect level 

PPB parts per billion 

References 

1. Reddy, K.R.N.; Salleh, B.; Saad, B.; Abbas, H.K.; Abel, C.A.; Shier, W.T. An overview of 

mycotoxin contamination in foods and its implications for human health. Toxin Rev. 2010, 29, 3–26. 

2. Hueza, I.M.; Raspantini, P.C.F.; Raspantini, L.E.R.; Latorre, A.O.; Górniak, S.L. Zearalenone, an 

estrogenic mycotoxin, is an immunotoxic compound. Toxins 2014, 6, 1080–1095. 

3. Panini, N.V.; Salinas, E.; Messina, G.A.; Raba, J. Modified paramagnetic beads in a microfluidic 

system for the determination of zearalenone in feedstuffs samples. Food Chem. 2011, 125, 791–796. 

4. De Saeger, S.; van Egmond, H.P. Special issue: masked mycotoxins. World Mycotoxin J. 2012, 5, 

203–206. 

5. Zinedine, A.; Soriano, J.M.; Molto, J.C.; Manes, J. Review on the toxicity, occurrence, 

metabolism, detoxification, regulations and intake of zearalenone: An oestrogenic mycotoxin. 

Food Chem. Toxicol. 2007, 45, 1–18. 



Toxins 2015, 7 3221 

 

 

6. Vandenberg, L.N.; Colborn, T.; Hayes, T.B.; Heindel, J.J.; Jacobs, D.R.; Lee, D.-H.; Shioda, T.; 

Soto, A.M.; vom Saal, F.S.; Welshons, W.V.; et al. Hormones and Endocrine-Disrupting 

Chemicals: Low-Dose Effects and Nonmonotonic Dose Responses. Endocr. Rev. 2012, 33, 378–445. 

7. Zielonka, Ł.; Gajęcka, M.; Rozicka, A.; Dąbrowski, M.; Żmudzki, J.; Gajęcki, M. The Effect of 

Environmental Mycotoxins on Selected Ovarian Tissue Fragments of Multiparous Female Wild 

Boars at the Beginning of Astronomical Winter. Toxicon 2014, 89, 26–31. 

8. Gajęcka, M. The effect of low-dose experimental zearalenone intoxication on the 

immunoexpression of estrogen receptors in the ovaries of pre-pubertal bitches. Pol. J. Vet. Sci. 

2012, 15, 685–691. 

9. Gajęcka, M.; Woźny, M.; Brzuzan, P.; Zielonka, Ł.; Gajęcki, M. Expression of CYPscc and  

3β-HSD mRNA in bitches ovary after long-term exposure to zearalenone. Bull. Vet. Inst. Pulawy 

2011, 55, 777–780. 

10. Soni, M.; Rahardjo, T.B.W.; Soekardi, R.; Sulistyowati, Y.; Lestariningsih; Yesufu-Udechuku, A.; 

Irsan, A.; Hogervorst, E. Phytoestrogens and cognitive function: A review. Maturitas 2014, 77, 

209–220. 

11. Gajęcka, M.; Rybarczyk, L.; Jakimiuk, E.; Zielonka, Ł.; Obremski, K.; Zwierzchowski, W.; 

Gajęcki, M. The effect of experimental long-term exposure to low-dose zearalenone on uterine 

histology in sexually immature gilts. Exp. Toxicol. Pathol. 2012, 64, 537–542. 

12. Grenier, B.; Applegate, T.J. Modulation of intestinal functions following mycotoxin ingestion: 

Meta-analysis of published experiments in animals. Toxins 2013, 5, 396–430. 

13. Gerez, J.R.; Pinton, P.; Callu, P.; Grosjean, F.; Oswald, I.P.; Bracarense, A.P.F. Deoxynivalenol 

alone or in combination with nivalenol and zearalenone induce systemic histological changes in 

pigs. Exp. Toxicol. Pathol. 2014, doi:10.1016/j.etp.2014.10.001. 

14. Levast, B.; Berri, M.; Wilson, H.L.; Meurens, F.; Salmon, H. Development of gut immunoglobulin 

A production in piglet in response to innate and environmental factors. Dev. Comp. Immunol. 

2014, 44, 235–244. 

15. Marin, D.E.; Pistol, G.C.; Neagoe, I.V.; Calin, L.; Taranu, I. Effects of zearalenone on oxidative 

stress and inflammation in weanling piglets. Food Chem. Toxicol. 2013, 58, 408–415. 

16. Bryden, W.L. Mycotoxin contamination of the feed supply chain: Implications for animal 

productivity and feed security. Anim. Feed Sci. Tech. 2012, 173, 134–158. 

17. Signorini, M.L.; Gaggiotti, M.; Molineri, A.; Chiericatti, C.A.; Zapata de Basílico, M.L.;  

Basílico, J.C.; Pisani, M. Exposure assessment of mycotoxins in cow’s milk in Argentina.  

Food Chem. Toxicol. 2012, 50, 250–257. 

18. Embry, M.R.; Bachman, A.N.; Bell, D.R.; Boobis, A.R.; Cohen, S.M.; Dellarco, M.; Dewhurst, I.C.; 

Doerrer, N.G.; Hines, R.N.; Moretto, A.; et al. Risk assessment in the 21st century: Roadmap and 

matrix. Crit. Rev. Toxicol. 2014, 44, 6–16. 

19. Bakhru, S.H.; Furtado, S.; Morello, A.P.; Mathiowitz, E. Oral delivery of proteins by 

biodegradable nanoparticles. Adv. Drug Deliv. Rev. 2013, 65, 811–821. 

20. Dänicke, S.; Brüssow, K.P.; Valenta, H.; Ueberschär, K.H.; Tiemann, U.; Schollenberger, M.  

On the effects of graded levels of Fusarium toxin contaminated wheat in diets for gilts on feed intake, 

growth performance and metabolism of deoxynivalenol and zearalenone. Mol. Nutr. Food Res. 

2005, 49, 932–943. 



Toxins 2015, 7 3222 

 

 

21. Dänicke, S.; Goyarts, T.; Döll, S.; Grove, N.; Spolders, M.; Flachowsky, G. Effects of the 

Fusarium toxin deoxynivalenol on tissue protein synthesis in pigs. Toxicol. Lett. 2006, 165, 297–311. 

22. Waśkiewicz, A.; Beszterda, M.; Kostecki, M.; Zielonka, Ł.; Goliński, P.; Gajęcki, M. Deoxynivalenol 

in the gastrointestinal tract of immature gilts under per os toxin application. Toxins 2014, 6, 973–987. 

23. Jiang, S.Z.; Yang, Z.B.; Yang, W.R.; Gao, J.; Liu, F.X.; Broomhead, J.; Chi, F. Effects of purified 

zearalenone on growth performance, organ size, serum metabolites, and oxidative stress in 

postweaning gilts. J. Anim. Sci. 2011, 89, 3008–3015. 

24. Gajęcka. M.; Jakimiuk, E.; Zielonka, Ł.; Obremski, K.; Gajęcki, M. The biotransformation of 

chosen mycotoxins. Pol. J. Vet. Sci. 2009, 12, 293–303. 

25. Carlson, S.J.; Chang, M.I.; Nandivada, P.; Cowan, E.; Puder, M. Neonatal intestinal physiology 

and failure. Semin. Pediatr. Surg. 2013, 22,190–194. 

26. Avantaggiato, G.; Havenaar, R.; Visconti, A. Evaluation of the intestinal absorption of 

deoxynivalenol and nivalenol by an in vitro gastrointestinal model, and the binding efficacy of 

activated carbon and other adsorbent materials. Food Chem. Toxicol. 2004, 42, 817–824. 

27. Dänicke, S.; Swiech, E.; Buraczewska, L.; Ueberschär, K.H. Kinetics and metabolism of 

zearalenone in young female pigs. J. Anim. Physiol. Anim. Nutr. 2005, 89, 268–276. 

28. Olsen, M.; Pettersson, H.; Sandholm, K.; Visconti, A.; Kiessling, K.H. Metabolism of zearalenone 

by sow intestinal mucosa in vitro. Food Chem. Toxicol. 1987, 25, 681–683. 

29. Goyarts T.; Danicke S.; Valenta H.; Ueberschar K. Carry-over of the Fusarium toxins 

deoxynivalenol (DON) and zearalenone (ZON) from naturally contaminated wheat to the pig. 

Food Addit. Contam. 2007, 24, 369–380. 

30. Dong, M.; Tulayakul, P.; Li, J.Y.; Dong, K.S.; Manabe, N.; Kumagai, S. Metabolic conversion of 

zearalenone to α-zearalenol by goat tissues. J. Vet. Med. Sci. 2010, 72, 307–312. 

31. Zielonka, Ł.; Gajęcka, M.; Gajęcki, M. The effect of low doses of zearalenone and its metabolite 

on peripheral blood concentrations of testosterone and estradiol in pre-pubertal gilts. Toxicon 2015, 

in press. 

32. Dunbar, B.; Patel, M.; Fahey, J.; Wira, C. Endocrine control of mucosal immunity in the female 

reproductive tract: Impact of environmental disruptors. Mol. Cel. Endocrinol. 2012, 354, 85–93. 

33. Kollarczik, B.; Gareis, M.; Hanelt, M. In vitro transformation of the Fusarium mycotoxins 

deoxynivalenol and zearalenone by the normal gut microflora of pigs. Nat. Toxins 1994, 2, 105–110. 

34. Piotrowska, M.; Śliżewska, K.; Nowak, A.; Zielonka, Ł.; Żakowska, Z.; Gajęcka, M.; Gajęcki, M. 

The effect of experimental Fusarium. mycotoxicosis on microbiota diversity in porcine ascending 

colon contents. Toxins 2014, 6, 2064–2081. 

35. Gajęcka, M.; Stopa, E.; Tarasiuk, M.; Zielonka, Ł.; Gajęcki, M. The expression of type-1 and 

type-2 nitric oxide synthase in selected tissues of the gastrointestinal tract during mixed 

mycotoxicosis. Toxins 2013, 5, 2281–2292. 

36. Grześk, E.; Grześk, G.; Koziński, M.; Stolarek, W.; Zieliński, M.; Kubica, J. Nitric oxide as a 

cause and a potential place therapeutic intervention in hypo responsiveness vascular in early 

sepsis. Folia Cardiol. 2011, 6, 36–43. 

37. Castro, M.; Muńoz, J.M.; Arruebo, M.P.; Murillo, M.D.; Arnal, C.; Bonafonte, J.I.; Plaza, M.A. 

Involvement of neuronal nitric oxide synthase (nNOS) in the regulation of migrating motor 

complex (MMC) in sheep. Vet. J. 2012, 192, 352–358. 



Toxins 2015, 7 3223 

 

 

38. Lucioli, J.; Pinton, P.; Callu, P.; Laffitte, J.; Grosjean, F.; Kolf-Clauw, M.; Oswald, I.P.; 

Bracarense A.P. The food contaminant deoxynivalenol activates the mitogen activated protein 

kinases in the intestine: Interest of ex vivo models as an alternative to in vivo experiments. 

Toxicon 2013, 66, 31–36. 

39. Sergent, T.; Ribonnet, L.; Kolosova, A.; Garsou, S.; Schaut, A.; de Saeger, S.; van Peteghem, C.; 

Larondelle, Y.; Pussemier, L.; Schneider, Y.J. Molecular and cellular effects of food contaminants 

and secondary plant components and their plausible interactions at the intestinal level.  

Food Chem. Toxicol. 2008, 46, 813–841. 

40. Wan, L.Y.M.; Turner, P.C.; El-Nezami, H. Individual and combined cytotoxic effects of Fusarium 

toxins (deoxynivalenol, nivalenol, zearalenone and fumonisins B1) on swine jejunal epithelial 

cells. Food Chem. Toxicol. 2013, 57, 276–283. 

41. Silva-Campa, E.; Mata-Haro, V.; Mateu, E.; Hernández, J. Porcine reproductive and respiratory 

syndrome virus induces CD4+CD8+CD25+Foxp3+ regulatory T cells (Tregs). Virology 2012, 430, 

73–80. 

42. Yan, X.-J.; Feng, C.-C.; Liu, Q.; Zhang, L.-Y.; Dong, X.; Liu, Z.-L.; Cao, Z.-J.; Mo, J.-Z.; Li, Y.; 

Fang, J.-Y.; et al. Vagal afferents mediate antinociception of estrogen in a rat model of visceral 

pain: The involvement of intestinal mucosal mast cells and 5-hydroxytryptamine 3 signaling.  

J. Pain 2014, 15, 204–217. 

43. Gajęcka, M.; Rybarczyk, L.; Zwierzchowski, W.; Jakimiuk, E.; Zielonka, Ł.; Obremski, K.; 

Gajęcki, M. The effect of experimental, long-term exposure to low-dose zearalenone mycotoxicosis on 

the histological condition of ovaries in sexually immature gilts. Theriogenology 2011, 75, 1085–1094. 

44. Taylor, S.E.; Martin-Hirsch, P.L.; Martin, F.L. Oestrogen receptor splice variants in the 

pathogenesis of disease. Cancer Lett. 2010, 288, 133–148. 

45. López-Calderero, I.; Carnero, A.; Astudillo, A.; Palacios, J.; Chaves, M.; Benavent, M.;  

Limón, M.L.; Garcia-Carbonero, R. Prognostic relevance of estrogen receptor-α Ser167 

phosphorylation in stage II-III colon cancer patients. Hum. Pathol. 2014, 45, 2437–2446. 

46. Thomas, C.; Gustafsson, J.Å. The different roles of ER subtypes in cancer biology and therapy. 

Nat. Rev. Cancer 2011, 11, 597–608. 

47. Oduwole, O.O.; Isomaa, V.V.; Nokelainen, P.A.; Stenback, F.; Vihko, P.T. Down regulation of 

estrogen-metabolizing 17 beta-hydroxysteroid dehydrogenase type 2 expression correlates 

inversely with Ki67 proliferation marker in colon-cancer development. Int. J. Cancer 2002, 97, 1–6. 

48. Warner, M.; Gustafsson, J.-A. DHEA—A precursor of ERβ ligands. J. Steroid Biochem. Mol. Biol. 

2015, 145, 245–247. 

49. Juengel, J.L.; Heath, D.A.; Quirke, L.D.; McNatty, K.P. Oestrogen receptor α and β, androgen 

receptor and progesterone receptor mRNA and protein localization within the developing ovary 

and in small growing follicles of sheep. Reproduction 2006, 131, 81–92. 

© 2015 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 license 

(http://creativecommons.org/licenses/by/4.0/). 


