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Abstract The aim of this study was to investigate, whether

low doses (25 % of no observable adverse effect levels values)

of zearalenone (ZEN) can affect the expression of active sub-

stances in nerve fibers in the muscular layer of porcine ileum.

The study was performed on ten immature pigs divided into

two groups: experimental group (n=5), where zearalenone

(10 μg/kg body weight) was given for 42 days, and control

animals (n=5), where placebo was administered. Fragments

of ileum of all animals were processed for single-labelling

immunofluorescence technique using the antibodies against

vasoactive intestinal peptide, neuronal form of nitric oxide

synthase, cocaine and amphetamine regulatory peptide,

galanin, pituitary adenylate cyclase-activating peptide-27

and substance P. The number of nerve fibers immunoreactive

to particular substances was evaluated by the counting of

nerves per observation field (0.1 mm2). Low doses of

zearalenone caused the clear changes in the expression of

substances studied. The number of nerve fibers immunoreac-

tive to the majority of substances increased in experimental

animals. The exception was only galanin, the expression of

which was less after administration of zearalenone. The ob-

tained results for the first time show that even low doses of

zearalenone can affect the nerve fibers in the digestive tract.
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Introduction

Mycotoxins are a large and varied group of naturally occur-

ring fungal toxins, which are found in agricultural food prod-

ucts and harmful to humans and animals. One of them is

zearalenone (ZEN), also known as RAL or F-2 mycotoxin,

produced by some Fusarium species, whose presence has

been observed in a wide variety of food products, such as

maize, barley, oat, wheat, rice, peas, bananas, and bread

(Briones-Reyes et al. 2007; Hussein and Brasel 2001).

Zearalenone mainly binds to estrogen receptors, as well as

interacts with steroidogenic enzymes and, hence, has been

classified as an endocrine disrupter. This substance causes

the functional and morphological changes in the reproductive

system in both animals and humans that interfere with repro-

duction (Obremski et al. 2003; Tiemann and Danicke 2007;

Minervini and Dell’aquila 2008). The poisoning of ZEN is

accompanied by typical signs of hyperestrogenism

(Diekman and Green 1992) and/or hepatoxicity (Pazaiti

et al. 2011) and precocious puberty in girls (Massart et al.

2008). Zearalenone can affect not only organisms, in which

this toxin is given with the food, but also their litter by devel-

opment impairing and reduction of size (Young et al. 1990;

Schoevers et al. 2012). Moreover, ZEN can play an important

role in the promotion of hormone-dependent tumors (Dees

et al. 1997; Tomaszewski et al. 1998) and has an immunosup-

pressive effect on mononuclear cells in human peripheral

blood (Berek et al. 2001). Furthermore, this substance shows

genotoxic effects (Pfohl-Leszkowicz et al. 1995) and causes
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dysfunctions of kidneys and blood coagulation and alterations

in hematological parameters (Maaroufi et al. 1996). In addi-

tion, ZEN results in adverse effects on gut immunity and mu-

cosal cell proliferation, as well as evokes inflammation of the

mucous membrane of the digestive tract (Obremski et al.

2005, 2008; Girish et al. 2010).

The knowledge about effects of ZEN on neurons is ex-

tremely scanty and limited to the central nervous system. It

is known that estrogen receptors are present in the brain, and

phytoestrogens cross the blood–brain barrier (Lephart et al.

2000). Previous studies show that ZEN can exhibit the neuro-

toxicity in the neurons by the decrease of brain calcium-

binding protein level (Lephart et al. 2000) and involvement

in oxidative stress mechanisms (Venkataramana et al. 2014).

Moreover, it is known that other toxins, which (like ZEN)

binds to estrogen receptors, may have deleterious effects on

brain cells, such as induction of neuron apoptosis (Doi and

Uetsuka 2011) or changes in gene expression and influence on

the level of brain-derived neurotropic factor (BDNF)—one of

the key regulators of brain function (Pan et al. 1999). The

influence of ZEN on nervous structures supplying the intes-

tine has not been studied.

The gastrointestinal (GI) tract is innervated by both the

enteric nervous system (ENS) located within intestinal wall

and sympathetic, parasympathetic, and sensory extrinsic in-

nervation (Fig. 1) (Gonkowski et al. 2003, 2010; Skobowiat

et al. 2010; Ohmori et al. 2012; Wojtkiewicz et al. 2013). It is

well known that these neuronal structures, together with

intestinal immunological system, are the first line of defense

against all damaging factors in the food. These structures are

able to undergo changes under pathological stimuli, such as

nerve injury, toxic substances, and/or intestinal and extra-

intestinal diseases (Vasina et al. 2006; Gonkowski et al.

2003, 2010). Further, changes in expression neuronal factors

may be the first subclinical symptoms of pathological process-

es. However, until now, the influences of ZEN on intestinal

neuronal structures have not been studied, although the strong

links between estrogen receptors and enteric nervous system

(Mathias and Clench 1998; Campbell-Thompson et al. 2001;

Bassotti et al. 2012), as well as effects of other mycotoxins on

intestinal nervous system (Sousa et al. 2014), suggest that also

zearalenone can have considerable influence on nerve struc-

tures within the gastrointestinal tract.

Therefore, the aim of the present investigation was the

description of ZEN-induced changes in the expression of se-

lected neuronal factors, such as vasoactive intestinal peptide

(VIP), neuronal form of nitric oxide synthase (nNOS, that is

the marker of nitrergic neurons), cocaine and amphetamine

regulatory peptide (CART), galanin (GAL), pituitary adenyl-

ate cyclase-activating peptide 27 (PACAP-27), and substance

P (SP), within the nerve fibers in circular muscle layer of the

porcine ileum, which can come from various parts of nervous

system (Fig. 1). The above mentioned substances are known

as factors playing important functions within the gastrointes-

tinal tract both in physiological conditions and during various

pathological processes, as well as changes in their expression

Fig. 1 Innervation of the porcine

ileum. Enteric nervous system:

MP myenteric plexus, OSP outer

submucous plexus, ISP inner

submucous plexus; extrinsic

intestinal innervation: a

sympathetic postganglionic

fibers, b sensory fibers, c

parasympathetic fibers; elements

of intestinal wall: LM longitudinal

muscle layer, CM circular muscle

layer, SL submucosal layer, ML

mucosal layer.

ascending nerve terminals,

descending

nerve terminals
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under different stimuli are well documented (Gonkowski et al.

2003, 2010; Vasina et al. 2006; Kaleczyc et al. 2007;

Gonkowski and Całka 2012).

Moreover, previous investigations concerning the negative

influences of ZEN on living organisms have been mainly per-

formed on high doses of this substance (Liu et al. 2014). In

contrast, during the present study, low doses (50 % of no

observable adverse effect levels values (NOAEL), i.e., levels

at which no clinical symptoms of poisoning are observed) of

ZEN has been used and such dosages of zearalenone are most

similar to the levels of this toxin to which humans and animals

can be exposed in non-laboratory conditions.

It also should be pointed out that the selection of domestic

pig to the present investigations is not accidental. This species

seems to be an optimal experimental animal for investigations

on the gastrointestinal tract because of physiological and path-

ological similarities between human and porcine enteric ner-

vous system (Brown and Timmermans 2004). Moreover,

some authors view the pig as an excellent animal model of

various pathological mechanisms in human, such as cardio-

vascular and gastrointestinal diseases, obesity, diabetes as well

as injury and repair tissues (Litten-Brown et al. 2010; Verma

et al. 2011).

Materials and Methods

The present investigation was performed on ten immature

female pigs of the Large White Polish breed (approximately

8 weeks old) that were kept under standard laboratory condi-

tions. All treatment on animals were achieved in compliance

with the instructions of the Local Ethical Committee in

Olsztyn (Poland) (decision number 73/2012/DTN), with spe-

cial attention paid to minimizing any stress reaction.

The animals were divided into two groups: control (C

group; n=5) and experimental (ZEA group; n=5), where

zearalenone (Z-0167, Sigma Chemical Co., Steinheim,

Germany) with a dose of 10 μg/kg body weight (25 % of

NOAEL) (EFSA, 2011) was administered per os in gelatin

capsules before the morning feeding everyday for 42 days.

At the same time, empty capsules were administered to the

control pigs. All animals were euthanized by an overdose of

sodium thiopental (Thiopental, Sandoz, Kundl-Rakúsko,

Austria) at the end of the experiment (a day after administra-

tion of the last dose of ZEN).

After euthanasia, the selfsame fragments of the ileum (ca.

2 cm long) were immediately fixed by immersion in a solution

of freshly prepared 4 % buffered paraformaldehyde (pH 7.4)

for 30 min rinsed for 72 h in phosphate buffer (0.1 M, pH 7.4,

at 4 °C) and transferred into 18% phosphate-buffered sucrose,

where they were kept at 4 °C for at least 5 days until section-

ing. Finally, ileal fragments were frozen and fixed on glass

slides so that the cutting line was perpendicular to the lumen

of gut and cut on a cryostat (−22 °C) into 10-μm-thick sec-

tions. These sections were subjected to standard single-

labelling immunofluorescence method as described previous-

ly by Gonkowski et al. (2009b) using primary antibodies di-

rected towards selected neuronal factors and appropriate sec-

ondary reagents (Table 1). Briefly, the staining procedure was

as follows: after air-drying at room temperature for 45min, the

sections were incubated with solution containing 10 % of

normal goat serum, 0.1 % of bovine serum albumin, 0.01 %

of NaN3, Triton X-100, and thimerozal in PBS for 1 h at room

temperature, then incubated with the primary antiserum (over-

night; at room temperature), and further incubated with appro-

priate species-specific secondary antisera conjugated to alexa

fluor 594 or alexa fluor 488 (1 h, at room temperature). Each

step of immunolabelling was followed by rinsing the sections

with PBS (3×10 min, pH 7.4). Standard controls, i.e., pre-

absorption of the primary antibodies with appropriate antigens

and omission and replacement of primary antibody by non-

immune serum, were performed to test antibody and specific-

ity of the method. During pre-absorption tests, sections of the

ileum were incubated with “working” dilutions of primary

antibodies, which previously were pre-absorbed for 18 h at

37 °C with appropriate antigens (Table 1). These tests, as well

as omission and replacement, completely eliminated specific

stainings.

The labelled sections were studied with Olympus fluores-

cence microscope equipped with epi-illumination and appro-

priate filter sets. Evaluation of the density of nerves within the

muscular layer was based on counting all the nerve fibres that

were immunoreactive to individual neuronal factor studied per

observation field (0.1 mm2). Nerve profiles were counted in

20 observation fields in each animal (four sections and five

fields per section), and to prevent double counting of nerve

fibres, the sections were located at least 500 μm apart from

each other. Finally, the obtained data were pooled and

expressed as mean±SEM. Statistical analysis was carried

out with Student’s t test (Graphpad Prism v. 6.0; GraphPad

Software Inc., San Diego, CA, USA). The differences were

considered statistically significant at p≤0.05.

Results

During the present investigations, nerve fibers immunoreac-

tive to all active substances studied were observed in the cir-

cular muscle layer of the porcine ileum both in physiological

conditions and after administration of zearalenone (Table 2

and Figs. 2 and 3).

In control animals, the majority of nerve processes were

immunoreactive to CART (Fig. 2), GAL (Fig. 2), and VIP

(Fig. 3), and the number of these nerves was rather evenly

and fluctuated between about 14 to a little over 15 in one

observation field (Table 2). In the event of fibers

880 J Mol Neurosci (2015) 56:878–886



immunoreactive to other substance studied, a slightly lower

density of them was observed during the present investigation

(Table 2). Regarding nNOS-immunoreactive nerves (Fig. 2),

these values amounted to about 11 and, in the case of SP-

(Fig. 3) and PACAP-27-positive nerve processes (Fig. 3), a

just over ten nerve fibers per observation field. Moreover,

dependences between the appearance of nerve fibers and the

type of neuronal factor presented in them were observed.

Namely, while nerve processes immunoreactive to CART,

GAL, nNOS, PACAP-27, and VIP were thick and built the

large, good visible bundles, SP-positive fibers were rather thin

and delicate (Figs. 2 and 3).

The administration of low doses of zearalenone caused the

statistically significant changes in the number of nerve fibers

immunoreactive to all neuronal factors studied, and these

changes depended on the type of substance (Table 2). An

increase in the number of nerve processes exhibiting the pres-

ence of majority of substances studied was observed. The

most significant changes are related to VIP- and SP-positive

nerves (Fig. 3). A slightly lower increase was observed in the

case of processes immunoreactive to PACAP-27 (Fig. 3) and

CART (Fig. 2), and the changes in nNOS-positive processes

(Fig. 2) were the least clear, but also statistically significant

(Table 2).

Contrary to the abovementioned substances, the number

of nerve processes immunoreactive to galanin markedly

decreased after administration of zearalenone (Fig. 2).

The number of GAL-positive fibers, which in control an-

imals was most numerous, in experimental pigs amounted

to about ten in observation field and was the least prolific

of the processes immunoreactive to all neuronal factor

studied (Table 2). In pigs, after administration of

zearalenone, VIP- and CART-like immunoreactive nerve

fibers were the most numerous (Table 2).

During the present study, visible differences in the appear-

ance of nerve processes immunoreactive to particular neuronal

factors between control animals and in pigs after administra-

tion of ZEAwere not observed (Figs. 2 and 3).

Table 1 List of antibodies and reagents used in immunohistochemical investigations

Antigen Code Species Dilution/concentration Supplier

Primary antibodies

1 2 3 4 5

CART H-003-61 Rabbit 1:20000 Phoenix, Pharmaceuticals INC, Belmont, CA, USA

GAL RIN7153 Rabbit 1:4000 Peninsula, San Carlos, CA, USA

nNOS N2280 Mouse 1:1000 Sigma-Aldrich, Saint Luis, MS, USA

PACAP-27 IHC 8922 Rabbit 1:20000 Phoenix Pharmaceuticals, INC, Belmont, CA, USA

SP 8450-0505 Rat 1:500 Biogenesis Ltd., Poole, England

VIP VA1285 Rabbit 1:6000 Biomol, Hamburg, Germany

Secondary antibodies and complexes of fluorochromes

1 4 5

Alexa fluor 488 donkey anti-mouse IgG 1:1000 Invitrogen, Carlsbad, CA, USA

Alexa fluor 488 donkey anti-rat IgG 1:1000 Invitrogen

Alexa fluor 546 donkey anti-rabbit IgG 1:1000 Invitrogen

Antigens used in pre-absorption tests

1 3 4 (μM) 5

CART C5977 0.1 Sigma, St. Louis, MO, USA

GAL G0278 0.5 Sigma

NOS N3033 1.0 Sigma

PACAP-27 052-02 0.3 Phoenix Pharmaceuticals

SP S6883 0.7 Sigma

VIP V6130 1.0 Sigma

Table 2 Number of nerve profiles immunoreactive to various active

substances studied per observation field (0.1 mm2) in the circular muscle

layer of porcine ileum in physiological conditions (C group) and after

administration of zearalenone (ZEN group) (mean±SEM)

Substance C group ZEA group Character of changes

CART 14.09±0.20 17.14±0.30 ↑

GAL 15.34±0.40 10.84±0.52 ↓

nNOS 11.50±0.22 13.60±0.31 ↑

PACAP-27 10.37±0.44 14.52±0.49 ↑

SP 10.10±0.21 15.48±0.37 ↑

VIP 14.33±0.49 19.61±0.54 ↑

J Mol Neurosci (2015) 56:878–886 881



Discussion

The obtained results exhibiting all neuronal factors studied in

nerve fibers within the porcine ileal circular muscle layer con-

firm the previous studies, where these substances were investi-

gated in the muscular membrane of the digestive tract of human

and other mammals (Kaleczyc et al. 2007; Gonkowski et al.

2003; 2009a, b, 2010; Wojtkiewicz et al. 2012).

It is well known that the majority of nerves within muscles

of stomach and intestines takes part in the regulation of gas-

trointestinal motility, and such functions of all studied in the

present work substances were previously described. Some of

these substances play relatively known functions in the regu-

lation of intestinal motility. One of them is VIP, which is

widely distributed in neuronal structures of the GI tract and

is known as an inhibitor of smooth muscle contraction (El-

Mahmoudy et al. 2006; Kaleczyc et al. 2007; Kasparek et al.

2007). Similar actions are characteristic for PACAP that in-

duces muscle relaxation in the esophagus, stomach, and intes-

tine (Lauffer et al. 2004; Zizzo et al. 2004) and nitric oxide,

known as non-adrenergic and non-cholinergic inhibitory fac-

tor, which can act on intestinal motility (Grider 1993; Daniel

et al. 1994) with diastolic effects within the esophagus, stom-

ach, small and large intestine, as well as in the internal anal

sphincter (Murray et al. 1991; Sarna et al. 1993; Schleiffer and

Raul 1997).

In contrast to the abovementioned neuronal factors, the in-

fluence of GAL and SP on the intestinal motor activity is

differential and clearly depends on the part of the GI tract

and species studied. Galanin, for example, induces the contrac-

tion of the muscles within the ileum of the rat, rabbit, and pig

(Botella et al. 1992), while in the same part of canine digestive

tract, as well as in the canine pylorus, it evinces diastolic ac-

tivity (Fox-Threlkeld et al. 1991). Likewise, SP is known as a

Fig. 2 Nerve fibers

immunoreactive to cocaine and

amphetamine regulatory peptide

(CART), galanin (GAL), and

neuronal isoform of nitric oxide

synthase (nNOS) in the circular

muscle layer of the porcine ileum

in physiological conditions (a)

and after administration of

zearalenone (b). Scale bar 50 μm
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strong contractive factor within the intestinal muscles of rats

and dogs (Lördal et al. 1993; Thor et al. 1982), while in human

this function of SP is less important (Lördal et al. 1997).

The most obscure substance of all neuronal factors studied

during the present investigation is CART. Numerous intra-

muscular CART-positive nerve fibers have been describe in

the GI tract of various species (Ekblad 2006; Arciszewski

et al. 2009; Gonkowski et al. 2009a,b; Wojtkiewicz et al.

2012), but its influence on the gastrointestinal muscles re-

mains unclear. Some studies show that CART is a reducer of

intestinal motility via cholinergic pathways (Tebbe et al.

2004), while others suggest systolic activity of this substance

by inhibition of nitric oxide-induced muscular relaxation

(Ekblad et al. 2003). Nonetheless, previous in vitro investiga-

tions on dissected fragments of various parts of the GI tract

have not shown any contractile or relaxatory activity of CART

(Ekblad et al. 2003).

During the present study, changes in the number of intra-

muscular nerve fibers immunoreactive to all neuronal factor

studied were observed after administration of zearalenone.

This fact confirms relatively well-known knowledge that ex-

pression of active substances in neuronal structures of the

gastrointestinal tract can change under different stimuli, be-

longing to both physiological and pathological agents (Vasina

et al. 2006; Kaleczyc et al. 2007; Gonkowski et al. 2009b,

2010). The character of changes in the expression of neuronal

factors depends on their type, part of the GI tract, and, primar-

ily, the kind of stimulus acting. For this reason, the explana-

tion of precise mechanisms of the abovementioned processes

is very difficult. Generally, it is accepted that expression of

neuronal factors exhibiting the neuroprotective action in-

creases during the majority of pathological stimuli

(Arciszewski and Ekblad 2005). Moreover, all neuronal fac-

tors studied in the present investigation are known as

Fig. 3 Nerve fibers like

immunoreactive to pituitary

adenylate cyclase-activating

peptide 27 (PACAP-27),

substance P (SP), and vasoactive

intestinal peptide (VIP) in the

circular muscle layer of the

porcine ileum in the physiological

conditions (a) and after

administration of zearalenone (b).

Scale bar 50 μm
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substances that take part in adaptation of the GI tract during

various pathological processes (Vasina et al. 2006).

The present results suggest that also low doses of

zearalenone can affect the nervous system within the GI tract.

Most likely, it is connected with the action of ZEN on estrogen

receptors within the GI tract and, in consequence, on intestinal

endocrine system, which closely cooperates with neuronal

structures (Mathias and Clench 1998; Campbell-Thompson

et al. 2001; Bassotti et al. 2012). Moreover, it is possible that

observed changes are also the result of effects of ZEN on gut

immune system and its pro-inflammatory properties. Namely,

previous studies show that ZEN added to feed influences the

cytokine levels produced by Th1 and Th2 subpopulations of

lymphocytes in porcine ileal Peyer’s patches. These changes

were expressed in significant increase in levels of interleukin-

2, interleukin-4, interleukin-10, and interferon-γ and

depended on the duration of toxin exposure (Obremski

2014a). Other publication exhibited that the long-term expo-

sure to ZEN at doses below the NOEL threshold (EFSA 2011)

can alter the sensitivity of T and B lymphocytes to lipopoly-

saccharides (LPS) stimulation in vitro, what causes the inhi-

bition of interleukin-2 and interferon-γ production and stim-

ulation of interleukin-4 and interleukin-10 secretion

(Obremski 2014b). Moreover, the influences of ZEN on gut

immunity and cell proliferation were also described within

avian lymphoid organs (Girish et al. 2010).

Nonetheless, the mechanisms of observed changes are un-

clear. Namely, they can be caused by modifications in the

neuronal transport of particular substances, as well as by in-

crease or reduction (in the case of GAL) in expression of them,

what, in turn, can be a reflection of changes in the transcrip-

tional, translational, or metabolic level.

To sum up, the obtained results show for the first time that

zearalenone can change immunoreactivity of nervous struc-

tures in the ileal wall, what can suggest toxic actions of even

low doses of this mycotoxin. On the other hand, the mecha-

nism of observed changes remains unknown and requires fur-

ther investigations.
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