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Preface to ”The Effects of Mycotoxins on Human and

Animal Health”

Mycotoxins are secondary metabolites mainly synthesized by fungi belonging to the Aspergillus,

Fusarium and Penicillium genera. The contamination of cereals and agricultural products by

mycotoxins may lead to a variety of adverse health effects, ranging from acute to chronic toxicity,

with serious health implications for both humans and animals. The toxic effects of mycotoxins

are characterized by lesions in target organs such as the liver and kidneys and in the pulmonary,

intestinal, immune and central nervous systems, which can vary according to the type of toxin, time

of exposure, mycotoxin concentration, animal species, sex, etc. At the cellular level, many processes

such as apoptosis, genotoxicity, oxidative stress and inflammation have been described as being

responsible for the effects of mycotoxins.

Immune response is one of the most affected by the exposure to mycotoxins. Chronic or

sub-chronic exposure to mycotoxins is responsible for impaired immunity, decreased resistance

to disease, increase in the predisposition of animals to infections and, consequently, decreased

productivity. However, the mode of action of mycotoxins on different effectors of the immune

response and the molecular mechanisms involved need further research. Another subject of interest

is related to the concomitant exposure of human and animals to mycotoxins and other food/feed

contaminants such as viruses, bacteria, pesticides, heavy metals, etc., which can have additive or

synergic toxic effects and thus can amplify the mycotoxins toxicity.

Mycotoxins represents an important threat for the global economy and there is a permanent

need to find new solutions for the mitigation of the mycotoxin effects in human and animals. Among

them, the nutritional solutions represent a more convenient approach due to their low toxicity and

their high content in bioactive compounds that can improve the health of human and animals exposed

to mycotoxins.

The present Special Issue aims to improve our knowledge concerning mycotoxin toxicity

by investigating their mode of action and the molecular mechanisms involved at the level of

organs involved in the metabolism and excretion (liver and kidney) as well as at the level of the

immune response effectors. Additionally, the efficacy of some dietary byproduct antioxidants,

such as mitigation agents, in improving the health of animals exposed to individual mycotoxins or

combination of mycotoxins was investigated.

Daniela Eliza Marin, Ionelia Taranu

Editors

ix





toxins

Article

Grape Seed Waste Counteracts Aflatoxin B1 Toxicity
in Piglet Mesenteric Lymph Nodes

Daniela Eliza Marin *, Cristina Valeria Bulgaru, Cristian Andrei Anghel, Gina Cecilia Pistol,

Madalina Ioana Dore, Mihai Laurentiu Palade and Ionelia Taranu

National Institute for Research and Development for Biology and Animal Nutrition, INCDBNA Balotesti,
Calea Bucuresti nr 1, Balotesti, 077015 Ilfov, Romania; cristinavaleria11@yahoo.com (C.V.B.);
andrei.anghel@ibna.ro (C.A.A.); gina.pistol@ibna.ro (G.C.P.); dore.madalina@ibna.ro (M.I.D.);
mihai.palade@ibna.ro (M.L.P.); ionelia.taranu@ibna.ro (I.T.)
* Correspondence: daniela.marin@ibna.ro; Tel.: +40-213512082

Received: 13 November 2020; Accepted: 13 December 2020; Published: 15 December 2020

Abstract: Aflatoxin B1 (AFB1) is a mycotoxin that frequently contaminates cereals and cereal
byproducts. This study investigates the effect of AFB1 on the mesenteric lymph nodes (MLNs)
of piglets and evaluates if a diet containing grape seed meal (GSM) can counteract the negative
effect of AFB1 on inflammation and oxidative stress. Twenty-four weaned piglets were fed the
following diets: Control, AFB1 group (320 μg AFB1/kg feed), GSM group (8% GSM), and AFB1 +
GSM group (8% GSM + 320 μg AFB1/kg feed) for 30 days. AFB1 has an important antioxidative
effect by decreasing the activity of catalase (CAT), superoxide dismutase (SOD), and glutathione
peroxidase (GPx) and total antioxidant status. As a result of the exposure to AFB1, an increase of MAP
kinases, metalloproteinases, and cytokines, as effectors of an inflammatory response, were observed
in the MLNs of intoxicated piglets. GSM induced a reduction of AFB1-induced oxidative stress by
increasing the activity of GPx and SOD and by decreasing lipid peroxidation. GSM decreased the
inflammatory markers increased by AFB1. These results represent an important and promising way
to valorize this waste, which is rich in bioactive compounds, for decreasing AFB1 toxic effects in
mesenteric lymph nodes.

Keywords: aflatoxin B1; grape seed meal; mesenteric lymph nodes; piglets

Key Contribution: Aflatoxin B1 induces inflammation and oxidative stress in mesenteric lymph
nodes. In the mesenteric lymph nodes of AFB1-intoxicated piglets, grape seed meal can improve
some markers of inflammation and oxidative stress.

1. Introduction

The gut is constantly exposed to potentially harmful contaminants from food or feed, such
as mycotoxins [1]. Aflatoxin B1 is a mycotoxin produced by different species of fungi, especially
Aspergillus flavus and A. parasiticus [2]. AFB1 is a potent carcinogen in humans and animals [3] and,
for this reason, was classified in Group 1 of human carcinogens on the basis of toxicological data.
Aflatoxins can contaminate different commodities such as cereals, nuts, dried fruits, and spices [4].

AFB1 is absorbed in the proximal part of the gut at high rates regardless of the species [5]. As
the passage of the toxin across the intestinal barrier is very high, AFB1 can compromise the intestinal
epithelium even before the absorption in the upper part of the gut. Indeed, it was shown that AFB1
induced inhibition of epithelial cell growth [6], an increase of apoptosis [6], and an increase of apoptotic
markers (Bax and caspase-3) [7]. Additionally, AFB1 induced dysregulation of intestinal microbiota [8]
and affected intestinal barrier function [9,10]. After absorption in the intestinal villi, the lipophilic
compounds, such as AFB1, are first transported via the mesenteric lymphatic duct and then through the

Toxins 2020, 12, 800; doi:10.3390/toxins12120800 www.mdpi.com/journal/toxins1
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thoracic duct before entering the blood circulation [11]. Mesenteric lymph nodes (MSLs) are important
for the proper functioning of the immune system of the gut, acting as filters for nutrients and microbial
substances that enter through the lymph in the intestinal lamina propria [12]. MSLs are responsible
for tolerance induction to food particles, but they also contribute to the prevention of the systemic
inflammatory response that can result from the bypass of portal circulation [13].

AFB1 is a potent immunomodulator as the toxin has been shown to impair both the innate and
acquired immune responses [14,15]. However, until now, little is known about the effect of AFB1 on
gut immunity and, especially, mesenteric lymph nodes as local effectors of the immune response in
the gut.

Grape seed meal (GSM) represents the residue left after grape seed oil extraction; this waste
can be recycled in order to enrich the feed rations of farm animals [16,17]. GSM has a high content
of bioactive compounds: polyunsaturated fatty acids (mainly linoleic acid, n-6), in addition to oleic
acid (n-9), dietary fiber, phenolic acids, resveratrol, proanthocyanidins, and flavonoids [18,19]. In
living organisms, the beneficial effects of bioactive plant compounds as counteracting agents for AFB1
toxicity have been investigated both in vivo and in vitro [20]. An in-vitro study performed on human
hepatocytes has shown that an extract from palm kernel cake, rich in phenolics, has beneficial effects
by upregulating the genes involved in the response to oxidative stress and downregulating the genes
associated with inflammation and apoptosis in AFB1-exposed hepatocytes [21]. Additionally, in vivo
studies have demonstrated that in rats, oxidized tea polyphenols can form a complex with AFB1 that
leads to a decrease of AFB1 absorption and, implicitly, a reduction of its toxicity [22].

In particular, the bioactive compounds from grape seed were shown to have beneficial effects on
intoxication with AFB1. In a recent study, the supplementation of an AFB1-contaminated diet with
grape seed proanthocyanidin extract reduced AFB1 residue in the liver and significantly mitigated
the negative effects caused by AFB1 in broiler chickens [23]. Through their alimentation, rich in
cereals, especially maize, pigs are particularly exposed to mycotoxins. We have demonstrated that
GSM addition into a diet contaminated with AFB1 ameliorates histological liver injuries, reduces
the parameters associated with oxidative stress in piglets [24], and is able to change the microbiota
composition already affected by AFB1 exposure [25]. The present study is a continuation of our
previous studies and aims to investigate if AFB1 can affect mesenteric lymph nodes as the gate of toxic
substances in intestinal lamina propria. Additionally, this study aims to evaluate if the administration
of a diet containing grape seed meal can counteract the negative effects of AFB1 on inflammation and
oxidative response.

2. Results

2.1. Effect of Grape Seed Meal and Aflatoxin B1 on Oxidative Damage in Mesenteric Lymph Nodes

AFB1 induces a significative decrease in the activity of the enzymes involved in the response to
oxidative stress, with 27% for catalase (CAT; p = 0.0248), 22% for glutathione peroxidase (GPx; p =
0.0034), and 10.2% for superoxide dismutase (SOD; p < 0.0001), as compared with the control piglets
(Figure 1). Additionally, exposure of piglets to 320 μg AFB1/kg feed, significantly decreased the total
antioxidant status (−20.5%; p = 0.0001) associated with an increase of lipid peroxidation (+52.3%; p
= 0.0001), as assessed by the TBARS method. When piglet diet included 8% of grape seed meal, no
effect was observed on the activity of the enzymes involved in antioxidative defense, total antioxidant
capacity (TAC), or lipid peroxidation. However, the concomitant administration of both grape seed
meal and toxin resulted in a significant increase of GPx (by 119.3%; p = 0.0048), SOD (by 105.9%; p =
0.0046), and TAC (by 112%; p = 0.0180), as compared with the AFB1 group, while decreasing lipid
peroxidation (by 12.3%; p = 0.018). GSM was not able to significantly increase CAT activity (p = 0.331,
as compared with the AFB1 group).
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μμ

μμ

μ

Figure 1. Effect of grape seed meal and AFB1 on oxidative damage in mesenteric lymph nodes. Data
represent mean ± SD, n = 6. One-way ANOVA tests, followed by a Fisher’s PSLD test, were used for
statistical data analyses. a–c indicate statistically significant differences between treatments (p < 0.05).

2.2. Effect of Grape Seed Meal and Aflatoxin B1 on Inflammatory Cytokine Synthesis in Mesenteric Lymph
Nodes

Piglets’ exposure to AFB1 contaminated diet was responsible for a a significant increase in the
synthesis of IL-1β (p = 0.0068), IL-8 (p = 0.0010), and for a tendency of increase in the synthesis of IL-6,
IFN-γ, and TNF-α (p > 0.05; Figure 2).

μμ

μμ

μ

Figure 2. Effect of grape seed meal and AFB1 on inflammatory cytokine synthesis in mesenteric lymph
nodes. Data represent means ± SD, n = 6. One-way ANOVA tests, followed by Fisher’s PSLD test, were
used for statistical data analyses. a–c indicate statistically significant differences between treatments (p
< 0.05).

GSM diet did not affect the synthesis of inflammatory cytokines, the concentration of analyzed
cytokines being very similar to the concentration measured in the mesenteric lymph nodes of the
control group.
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GSM administration to the piglets exposed to AFB1 (AFB1 + GSM diet) had an important
anti-inflammatory effect, decreasing inflammatory cytokine synthesis towards the control level.
Inclusion of GSM into the AFB1-contaminated diet (AFB1 +GSM group) was responsible for a decrease
in the synthesis of IL-1β (8.57 ± 2.97 to 5.16 ± 1.75 μg/g tissue), IL-8 (34.7 ± 2.07 to 27.59 ± 3.07 μg/g
tissue), IL-6 (81.9 ± 14.9 to 57.97 ± 9.88), and IFN-γ (8.13 ± 2.54 to 6.72 ± 1.47 μg/g tissue) towards the
levels of the control group.

This decrease was significant for IL-1β (p = 0.0009), IL-6 (p = 0.044), and IL-8 (p = 0.0018) and not
for IFN-γ (p = 0.371). GSM was not able to counteract the increase of TNF-α induced by the toxin (p =
0.389).

2.3. Effect of Grape Seed Meal and Aflatoxin B1 on Cell Signaling Pathways in Mesenteric Lymph Nodes

In order to validate the qPCR analysis and to demonstrate that GSM can restore the negative
effects, such as inflammation and the oxidative response triggered by AFB1, we assessed by Western
blot the expression of three proteins involved in NF-kB and Nrf2 signaling pathways: phospho-p38
MAPK, phospho-NF-kBp65, and Nrf2 (Figure 3A–C).

 
(A) 

 
(B) 

(C) 

Figure 3. Effect of grape seed meal and aflatoxin B1 on cell signaling pathways in mesenteric lymph
nodes: (A) phosphor-NF-kB1; (B) phosphor-p38 MAPK; (C) Nrf2. Data represent mean ± SD, n =
6. One-way ANOVA tests, followed by Fisher’s PSLD test, were used for statistical data analyses.
a–c indicate statistically significant differences between treatments (p < 0.05).

4



Toxins 2020, 12, 800

Feeding piglets with the diet contaminated with 320 μg AFB1/kg feed resulted in a significant
nuclear increase in protein expression of both phosphorylated forms of NF-kBp65 (p = 0.049, Figure 3A)
and p38 MAPK (p = 0.028, Figure 3B), while Nrf2 expression was not affected (p = 0.55, Figure 3C) in
the AFB1 nuclear fraction when compared with control.

No significant alteration of the expression of these three proteins was noticed in the cytoplasm,
although a slight increase of NF-kB expression in the AFB1 group was observed. As compared with
the control, concomitant administration of both GSM and AFB1 resulted in a decrease of the expression
of both phospho-p38 MAPK (4.86 ± 0.54 vs. 5.86 ± 0.59 A.U.) and phospho-NF-kBp65 (2.24 ± 0.28 vs.
2.19 ± 0.14 A.U.).

Additionally, the expression of Nrf2 increased toward the control level in the AFB1 + GSM group
as compared with the control in both nucleus (1.64 ± 0.19 vs. 1.67 ± 0.69 A.U.) and cytoplasm (1.06
± 0.11 vs. 1.17 ± 0.28 A.U.). The expression of the proteins involved in the inflammation signaling
pathway decreased significantly in the AFB1 + GSM group as compared with the AFB1 group: −35%
for phospho-p38 MAPK (p = 0.0017) and −27% for phospho-NF-kBp65 (p = 0.05), respectively.

2.4. Effect of Grape Seed Meal and Aflatoxin B1 on mRNA Gene Expression Involved in Inflammation

Exposure to AFB1-contaminated diet was responsible for a significant increase in the expression
of the majority of the investigated genes. AFB1 contamination led to a highly significant increase in the
expression of several proinflammatory markers: IL-8 (p = 0.001), IL-1β (p = 0.023), and IL-18 (0.07)
(Table 1).

Looking at the gene expression encoding for signaling molecules with a key role in the inflammation
pathway, a similar increase was observed for (i) transcription factors: c-Jun (p = 0.013), NF-kB p65 (p =
0.004), STAT3 (p = 0.011); (ii) MAP kinases: extracellular signal-regulated kinase ERK 1 (p = 0.039); (iii)
metalloproteinase MMP2 (p = 0.001). When compared with the control diet, GSM alone had no effect
on inflammatory markers or signaling molecules, with the exception of some genes, but resulted in a
decrease in inflammatory response of the mesenteric lymph nodes, compared with the AFB1 group. In
the AFB + GSM group, GSM was responsible for a significant decrease of the expression of ERK-1 (p =
0.006), c-Jun (p = 0.028), IL-18 (p = 0.002), and IFN-γ (p = 0.002), while the AFB1 × GSM effect for the
other gene expressions was not significant (p > 0.05).

Table 1. Effect of the exposure of piglets to aflatoxin B1 and/or aflatoxin B1 + grape seed meal on
selected gene expression in mesenteric lymph nodes.

Gene
Expression

Control GSM AFB1 GSM +
AFB1

p Value

AFB1 Effect AFB1 ×GSM Effect

ERK-1 1.0 ± 0.73 3.53 ± 0.63 34.6 ± 0.63 1.96 ± 0.73 0.039 0.006
c-JUN 1.0 ± 0.28 0.94 ± 0.35 6.83 ± 0.62 1.07 ± 0.13 0.013 0.028
p38 a 1.0 ± 0.68 0.86 ± 0.03 2.21 ± 0.64 0.47 ± 0.24 0.108 0.782
JNK1 1.0 ± 0.59 0.56 ± 0.48 2.53 ± 0.57 0.78 ± 0.15 0.211 0.543
JNK2 1.0 ± 0.28 0.62 ± 0.51 3.12 ± 0.69 0.73 ± 0.25 0.170 0.297

NF-kB p65 1.0 ± 0.36 0.80 ± 0.66 7.97 ± 0.42 1.57 ± 0.08 0.004 0.112
STAT 3 1.0 ± 0.84 1.25 ± 0.62 17.4 ± 0.71 2.93 ± 0.17 0.011 0.681
MMP 2 1.0 ± 0.45 0.75 ± 0.58 12.5 ± 0.66 2.34 ± 0.10 0.001 0.168
TNF α 1.0 ± 0.10 0.95± 0.05 7.75 ± 0.49 3.22 ± 0.07 0.187 0.107
IL-1 β 1.0 ± 0.15 0.76 ± 0.34 15.3 ± 0.71 0.66 ± 0.10 0.023 0.073
IL-8 1.0 ± 0.49 0.94 ± 0.05 17.5 ± 0.37 0.87 ± 0.46 0.001 0.168

IL-18 1.0 ± 0.28 0.96 ± 0.61 26.8 ± 0.22 0.35 ± 0.14 0.076 0.002
IFN γ 1.0 ± 0.25 1.68 ± 0.82 14.2 ± 0.29 0.37 ± 0.14 0.326 0.002

2.5. Correlations between Gene Expressions of Transcription Factors, MAP Kinases, Metalloproteinases, and
Cytokines in Pigs Fed AFB1 and AFB1 + GSM Diets

In order to confirm the inflammatory effect of AFB1 and to better understand the mechanism
involved in GSM action in counteracting the AFB1 effect, mathematical correlations were established
between the expressions of transcription factors, MAP kinases, metalloproteinases, and cytokines in

5
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mesenteric lymph node samples derived from pigs fed AFB1 or AFB1 + GSM diets. As expected, the
expression of all the inflammatory markers analyzed in the present paper was positively correlated
(Figure 4).

 

α α β γ

α

α
β

γ

Figure 4. Gene expression correlations in lymph nodes of piglets exposed to AFB1 versus control.

Highly significant correlation was obtained between the expression of NF-kB, the key signaling
molecule of the inflammation pathway, and the expression of (i) transcription factor c-Jun (R2 =

0.95); (ii) MAPK signaling molecules: ERK1 (R2 = 0.927), JNK1 (R2 = 0.808), JNK2 (R2 = 0.792); (iii)
metalloproteinase MMP2 (R2 = 0.958); (iv) inflammatory cytokine IL-18 (R2 = 0.75). When mathematical
correlations were performed between inflammatory gene expressions of lymph nodes derived from
the AFB1 + GSM group and those of the AFB1 group (Figure 5), a highly significant correlation
were observed between the expression of NF-kB and the expression of c-JUN (R2 = 0.965), p38 (R2 =

0.924), JNK 1 (R2 = 0.828), JNK 2 (R2 = 0.986), STAT 3 (R2 = 0.982), MMP 2 (R2 = 0.952), TNF-α (R2

= 0.817), IL-8 (R2 = 0.822), IL-18 (R2 = 0.872), and IFN-γ (R2 = 0.875), which clearly demonstrate the
anti-inflammatory effect of GSM on the mesenteric lymph nodes of AFB1-intoxicated piglets.

 

α α β γ
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γ

Figure 5. Gene expression correlations in lymph nodes of piglets exposed to AFB1+ GSM versus
AFB1-exposed piglets.

3. Discussion

Mycotoxins are responsible for important decreases in productivity and health in the animal sector,
and finding new solutions for the reduction of their toxic effects represent a continuous challenge for
scientists. For some mycotoxins, such as aflatoxins, zearalenone, and ochratoxin, the use of high-affinity
binders represents a promising solution as they can form stable complexes that cannot be adsorbed in
the gut and are eliminated through feces, thus reducing the toxins’ systemic absorption [26,27].
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According to Commission Regulation (EC) no 386/2009, mycotoxin adsorbents, which are able
to mitigate the toxins’ effects through the reduction of intestinal absorption, were classified as a new
functional group of feed additives. As stipulated in this regulation, the mycotoxin adsorbents should
suppress or reduce the absorption, promote the excretion of mycotoxins and, at the same time, increase
the quality of the feed, assuring the protection of public and animal health. At present, the use of
mycotoxin adsorbents represents the best method for protecting animals against the harmful effects of
contaminated feed [28,29].

From the mycotoxin adsorbents group, aluminosilicates are the most tested, but their use is limited
due to their capacity to bind other molecules besides mycotoxins, such as vitamins and minerals that
cannot be further absorbed in the gut [30]. Additionally, many binders have proven a high efficacy for
mycotoxin adsorption using in-vitro abiotic systems, but these qualities were not confirmed by the
in vivo studies [31].

Grape residues, as agroindustrial waste, are frequently discarded in open areas, representing a
problem for the environment [32]. In order to avoid this, investigations have been done for their use
for other purposes. Highlighting their chemical composition, rich in bioactive compounds, has led to
their use as food/feed additives and pharmaceuticals [33]. For example, grape seed waste has been
used in animal farm production in order to get functional foods, such as eggs or meat enriched in
PUFAs or polyphenols [16,34].

The use of grape waste as binders of mycotoxins is of recent interest. Thus, the bioactive
compounds from grape byproducts (grape pomace) were shown to efficiently adsorb AFB1 in abiotic
systems [35]. Grape pomace was also efficient in reducing the urinary mycotoxin biomarker of AFB1
and zearalenone in an in-vivo trial, where piglets were fed a bolus contaminated with a mixture
of mycotoxins (fumonisin B1, deoxynivalenol, zearalenone, AFB1, and ochratoxin A), through the
reduction of gastrointestinal mycotoxin absorption [36].

As the information related to the effect of AFB1 on the lymphatic system and, in particular, the
lymph nodes are scarce, the present study investigated the effect of AFB1 on the mesenteric lymph
nodes of piglets after weaning. Additionally, we have investigated if a diet containing grape seed meal
can counteract the negative effect of AFB1 on inflammation and oxidative response in piglets’ MSL.

Many studies have shown that oxidative stress represents one of the causes for AFB1-induced
toxicity, which leads to the generation of reactive oxygen species (ROS), resulting in lipid, protein, and
DNA damage and, consequently, cell injury [37].

Oxidative stress plays a negative role in chronic inflammatory diseases [38], and our previous
data indicate that oxidative stress and inflammation are tightly correlated in animals exposed to
mycotoxins [39,40].

In the present study, our results have shown that AFB1 has an important antioxidative effect
by decreasing the activity of principal enzymes involved in the response to oxidative stress (CAT,
GPx, SOD) and total antioxidant status while increasing lipid peroxidation, as compared to oxidative
stress parameters in the MSL of control piglets. As a result of the exposure to AFB1, an increase of
transcription factors, MAP kinases as signaling molecules, and metalloproteinases and cytokines as
effectors of inflammatory response were observed in the mesenteric lymph nodes of the intoxicated
piglets. According to the most recent data, AFB1 has a rather biphasic effect on the immune response,
with a stimulatory effect in the first phase, followed by a suppressive action in the second phase [41].
Immuno-stimulation induced by AFB1 increases the synthesis of inflammatory markers and free
radicals, which lead to chronic inflammation and cancer [42,43]. Anti-inflammatory activities of plant
bioactive compounds have been reported in acute and chronic inflammation in animal models [44,45],
and recent data have shown that they can be used for counteracting the toxic effect of AFB1 [24,46,47].
Our previous results have shown that GSM addition into AFB1-contaminated diet induced the
amelioration of liver injuries and decreased inflammation and oxidative stress in the liver of intoxicated
piglets by decreasing the MAPKs and NF-κB signaling pathways overexpressed by the AFB1 diet [24].
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Although the immune system represents one of AFB1’s targets, few studies have investigated the
potential beneficial role of bioactive compounds on the immune organs. For example, curcumin, a
powerful plant antioxidant, decreases the weight of spleen and bursa of Fabricius, as well as the ratio
of spleen/bursa, in broilers fed AFB1, towards similar values to the control group [48]. Additionally,
in AFB1-intoxicated mice, lycopene, another plant bioactive compound, can alleviate AFB1-induced
immunosuppression by increasing spleen weight, spleen coefficient, T-lymphocyte subsets, and IL-2,
IFN-γ, and TNF-α gene expression in spleen [49]. Similarly, our results have shown that GSM was
able to decrease proinflammatory cytokine gene expression and protein synthesis (IL-1β, IL-6, IL-8,
IL-18, and IFN-γ), as well as the gene and protein expressions of important markers of signaling
inflammation—ERK-1, c-Jun, phospho-p38 MAPK, phospho-NF-kBp65—as molecules involved in the
NF-kB signaling pathway.

It was shown that phytocompounds can alleviate the immunosuppression induced by AFB1 in
the spleen of mice through the inhibition of oxidative stress and mitochondria-mediated apoptosis [49].
Indeed, our results have shown that GSM induced a reduction of AFB1-induced oxidative stress by
increasing the activity of enzymes involved in the response to oxidative stress (GPx and SOD) and
decreasing lipid peroxidation.

The mechanism responsible for the beneficial effect of GSM in counteracting AFB1 toxicity is not
clear. Recent studies have shown that grape pomace was able to efficiently bind AFB1, decreasing
in this way the toxin’s absorption and increasing its excretion [35,36]. Likewise, our in vitro studies,
performed on a panel of eight agroindustrial wastes, have shown that GSM was the most efficient
binder of AFB1; these results suggest that this waste has a high capacity to bind AFB1 (Palade et al.,
submitted). The decrease of the toxic effects of AFB1 in the MSL of the AFB1 + GSM group, observed
in our study, can be related to the capacity of GSM to adsorb AFB1 and increase its elimination.

Some hypotheses concerning the GSM way of action can be formulated based on previous
literature studies. The first one, related to the high cellulose content (37.8%) of GSM [24], has a great
potential to adsorb AFB1 by electrostatic attractions and hydrogen bonding, resulting in the formation
of a mycotoxin monolayer on its surface [48]. The second one is based on the ability of polyphenols
to form a complex with AFB1 mycotoxins. In a recent study, Lu et al. (2017) demonstrated that
polyphenols from fermented tea can reduce AFB1-induced liver injury as they bind the toxin in a
complex (C-AFB1 complex) and, consequently, inhibit AFB1 absorption and increase toxin elimination
through feces [22]. Another interesting hypothesis is that of Ali Rajput et al., who considered that the
protective effects of the bioactive compound proanthocyanidin, from grape seed, may be due to AFB1
biotransformation in the gut, which leads to the reduction of AFB1 absorption [23]. However, more
studies are necessary to elucidate the interaction between grape waste and AFB1.

4. Conclusions

In conclusion, our study demonstrates that before being transported via the mesenteric lymphatic
duct and entering the blood circulation, AFB1 exerts proinflammatory and pro-oxidative effects in
the mesenteric lymph nodes of intoxicated piglets. Grape seed meal, a waste product generated after
oil extraction, has been shown to have the capacity to reduce the inflammation and oxidative stress
triggered by AFB1. These results represent an important and promising way to valorize this waste,
rich in bioactive compounds, for decreasing AFB1 toxic effects on mesenteric lymph nodes.

5. Materials and Methods

5.1. Animals and Dietary Treatments

Twenty-four crossbred weaned piglets (TOPIGS-40), 4 weeks old, were randomly assigned to the
experimental groups and fed the following treatments for 30 days: Control (fed a maize-soybean diet),
AFB1 group (diet contaminated with 320 μg AFB1/kg feed), GSM group (diet with 8% grape seed meal
included), and AFB1 + GSM group (basal diet with 8% GSM and 320 μg AFB1/kg feed), as previously

8



Toxins 2020, 12, 800

described by Taranu et al. [50]. Each experimental group was represented by 6 piglets (2 pens/treatment
and 3 pigs/pen). Piglets had access ad libitum to water and feed during the experimental period.

The experimental protocol was approved on 5 February 2020 by the Ethical Committee (no.
52/2014 of INCDBNA Balotesti) and the animal handling was done in accordance with EU Council
Directive 98/58/EC and Romanian Law 206/2004.

Animals were slaughtered at the end of the experiment by exsanguination, and samples of the
mesenteric lymph nodes were taken on ice and stored at −80 ◦C until the assessment of the immune
and stress oxidative parameters.

5.2. Composition of the Grape Seed Meal

Dried grape seed meal (GSM), resulted after oil extraction, was provided by S.C. OLEOMET-S.R.L.,
Bucharest, Romania. Analyses consisting of chemical composition (fat, protein, ash, fibers), total and
specific polyphenol content, as well as polyunsaturated fatty acids (PUFA) and antioxidant capacity,
were performed for GSM characterization, as already described by Taranu et al. [51].

5.3. Toxin

Pure AFB1 (FERMENTEC, Jerusalem, Israel) was used to contaminate both AFB1 and GSM +
AFB1 diets. Briefly, 50 mg toxin was dissolved in dimethyl sulfoxide and mixed with the control
diet in order to achieve a final AFB1 concentration of 320 μg/kg diet. The final AFB1 concentration
was confirmed by ELISA and UPLC analysis (320 ± 10.9 μg AFB1/kg diet). In the control diet, the
AFB1 concentration was 2.4 ± 0.15 μg/kg diet. The diets were analyzed for contamination by other
mycotoxins (ochratoxin A, fumonisins, deoxynivalenol, zearalenone); the levels found were under the
EU limits for pigs.

5.4. Determination of Total Antioxidant Status

A total antioxidant capacity (TAC) assay has already been described by
Marin et al. [39]. The method consists of the measurement of the absorption of
2,20-azinobis-[3-ethylbenzothiazoline-6-sulfonic acid cation (ABTS+)] in samples of mesenteric lymph
nodes, and the results are expressed as mmol TEAC (trolox equivalent antioxidant capacity)/g tissue.

5.5. TBARS Assessment

Thiobarbituric acid reactive substances (TBARS) were measured in samples of frozen mesenteric
lymph nodes, as already described [39]. The results are expressed as nmol/mg protein.

5.6. Enzyme Activity Assessment

The activities of superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx)
were measured using Cayman kits (Cayman Chemical, Ann Arbor, MI, USA), according to the
instructions provided by the manufacturer [52]. A Tecan microplate reader (SunRise, Vienna, Austria)
was used for the measurement of the absorbance.

5.7. Cytokine Measurement

Cytokine concentration was assessed in mesenteric lymph nodes, as already described by Marin
et al. [39]. Briefly, the homogenates from 1 g of frozen sample for each animal, in buffer with complete
protease inhibitor cocktail, were used for the analyses of cytokine content by ELISA. Bradford assay
was used for the analyses of total protein content. Monoclonal antiporcine antibodies for IL-1beta, IL-6,
IL-8, and TNF alpha were used as capture antibodies, and biotinylated antiporcine IL-1beta, IL-6, IL-8,
and TNF alpha were used as secondary antibodies (R&D Systems; Minneapolis, MN, USA). Results
were presented as micrograms of cytokine/g tissue.
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5.8. Extraction of Total RNA and cDNA Synthesis

RNA extraction followed by cDNA synthesis was carried out as described by Pistol et al. [53].
Briefly, a Qiagen RNeasy midi kit (QIAGEN GmbH, Hilden, Germany) was used for the extraction of
total RNA from frozen mesenteric lymph node samples and then treated with ribonuclease inhibitors
and purified on columns of silica gel. Concentration and quality were analyzed using a Nanodrop
ND-1000 (Thermo Fischer Scientific, Waltham, MA, USA), and integrity was analyzed using agarose
gel electrophoresis. Then, 100 ng of total RNA samples were used for the generation of cDNA using an
M-MuLV Reverse Transcriptase Kit (Thermo Fischer Scientific, Waltham, MA, USA). A GeneQuerry™
Pig cDNA Evaluation Kit (ScienCell, Carlsbad, CA, USA) was used for the assessment of the absence
of contamination with genomic DNA and the successful reverse transcription of tRNA to cDNA and
cDNA quality.

5.9. Detection of Inflammatory and Signalling Gene Expression by qPCR Array

Real-time PCR was used to evaluate the expression of transcription factors: c-Jun, nuclear factor
NF-kappa-B p65 (NF-kB p65), and signal transducer and activator of transcription 3 (STAT3); MAP
kinases: extracellular signal-regulated kinase (ERK 1), c-Jun N-terminal kinase (JNK 1, JNK2) and p38,
and metalloproteinase MMP2; cytokines: tumor necrosis factor (TNF alpha), interleukin beta (IL-1 beta),
interferon gamma (IFN gamma), interleukin 8 (IL-8), and interleukin 18 (IL-18), as already described by
Marin et al. [40]. The sequence of gene-specific primer pairs and the conditions used for the reactions
have already been published in our previous papers [54–56]. Duplicates were performed for each
gene, and melting curves were used for the confirmation of the formation of single PCR products.
For all primers, negative controls were used, consisting of qPCR mix except for cDNA. Two reference
genes—beta-actin (ACTB) and hypoxanthine-guanine phosphoribosyl-transferase (HGPRT)—were
used for the relative quantification of gene expression changes, and the results were expressed as fold
change, as compared with the control group (Fc), using the 2(−ΔΔCT) method [57].

5.10. Western Blot Analysis

The protein expression level of three proteins involved in cell signaling—MAPK-p38, NF-kB
phosphorylated form and Nrf2 (Nuclear factor erythroid 2-related factor 2)—were measured by
Western blot. Cytoplasmic and nuclear fractions of tissue lysates were obtained using the protocol
recommended by Thermo Fisher Scientific (Rockford, IL, USA NE-PER) for Nuclear and Cytoplasmic
Extraction Reagent Kits, as described by Pistol et al. [53]. After assessment of protein concentration
(Pierce BCA Protein Assay Kit, Thermo Fischer Scientific, Waltham, MA, USA), lymph nodes lysates,
undiluted (cytoplasmic lysates) or 1

2 diluted (nuclear lysates), were separated on a 10% SDS-PAGE and
transferred onto a 0.45-μm nitrocellulose membrane. After being blocked overnight with 5% nonfat
dry milk, the membrane was incubated after washing with primary antibodies from Cell Signaling
Technology (Beverly, MA, USA) for phospho-MAPK-p38 (rabbit antiporcine phospho-MAPK-p38),
phospho-NF-kB/p65 (rabbit antiporcine phospho-NF-kB p65), β-actin (rabbit antiporcine β-actin), and
Nrf2 (rabbit polyclonal antibody; Abbexa, Cambridge, UK) for 2 h at room temperature. Then, the
membranes were incubated with a horseradish-peroxidase-conjugated antirabbit IgG antibody for 1 h
(Cell Signaling Technology, Danvers, MA, USA). The immunoreactivity was assessed by using Clarity
Western ECL Substrate (Bio-Rad, Hercules, CA, USA). A MicroChemi Imager (DNR Bio-Imaging
Systems LTD, Neve Yamin, Israel) was used for developing immunoblotting images, and GelQuant
software (DNR Bio-Imaging Systems LTD, Neve Yamin, Israel) was used for the evaluation of the level
of protein expression. The results represent the ratio between the expression level of the protein of
interest (p38 MAPK, NF-kB/p65, Nrf2) and β-actin.
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5.11. Statistical Analyses

The differences for all the investigated parameters were analyzed using one-way ANOVA tests,
followed by Fisher’s PSLD test.
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Abstract: The purpose of this study was to investigate the potential of a byproduct mixture de-
rived from grapeseed and sea buckthorn oil industry to mitigate the harmful damage produced by
ochratoxin A and aflatoxin B1 at hepatic and renal level in piglets after weaning. Forty cross-bred
TOPIGS-40 hybrid piglets after weaning were assigned to three experimental groups (E1, E2, E3)
and one control group (C), and fed with experimental diets for 30 days. The basal diet was served as
a control and contained normal compound feed for starter piglets without mycotoxins. The experi-
mental groups were fed as follows: E1—basal diet plus a mixture (1:1) of two byproducts (grapeseed
and sea buckthorn meal); E2—the basal diet experimentally contaminated with mycotoxins (479 ppb
OTA and 62ppb AFB1); and E3—basal diet containing 5% of the mixture (1:1) of grapeseed and sea
buckthorn meal and contaminated with the mix of OTA and AFB1. After 4 weeks, the animals were
slaughtered, and tissue samples were taken from liver and kidney in order to perform gene expres-
sion and histological analysis. The gene expression analysis showed that when weaned piglets were
fed with contaminated diet, the expression of most analyzed genes was downregulated. Among the
CYP450 family, CYP1A2 was the gene with the highest downregulation. According to these results,
in liver, we found that mycotoxins induced histomorphological alterations in liver and kidney and
had an effect on the expression level of CYP1A2, CYP2A19, CYP2E1, and CYP3A29, but we did not
detect important changes in the expression level of CY4A24, MRP2 and GSTA1 genes.

Keywords: piglets; antioxidant effect; feed additives; mycotoxins; CYPs gene expression

Key Contribution: The addition of some plant-derived antioxidants in feed could be a better solution
to diminish the deleterious effects of mycotoxins on animal health.

1. Introduction

Mycotoxins are secondary toxic metabolites produced by certain strains of filamentous
fungi. These low molecular weight compounds (up to 500 Da) can contaminate a variety of
raw materials and cause an increased risk to human and animal health [1]. The number
of mycotoxins characterized and with well-known effects is relatively small due to the
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multitude of metabolites with toxic potential generated by fungi [2–4]. They are classified
into five groups, with specific chemical structures that occur frequently in feed and food:
trichothecenes, zearalenone, ochratoxins, fumonisins, and aflatoxins. The mycotoxins
producing fungi found in food and feed are divided into two groups: those that invade
before grain harvesting, called field fungi, and those that grow only after harvesting,
called storage fungi [5]. At the European level, there are regulations and recommendations
regarding the maximum accepted level for six types of mycotoxins commonly found in pigs’
feed: aflatoxins, fumonisins, ochratoxins, deoxynivalenol, T2 toxin, and zearalenone [6–8].

Among the farm animal species, pigs are very sensitive to mycotoxins due to their
exposure to cereal-based fodders [9]. Swine metabolism is not effective in detoxifying and
excreting mycotoxins, which increases the risk of mycotoxicosis. This susceptibility also
varies with age, concentration of mycotoxins in feed, and duration of exposure. Liver is
organ most affected by the ingestion of these toxins [10]. Furthermore, these toxins increase
the permeability of the intestinal epithelial barrier in swine and poultry, which could
generate predisposition for necrotic enteritis [11] and the decrease of innate immunity.

Aflatoxins represent the most abundant mycotoxins found in foodstuffs, oilseeds,
cereals, milk, soils, animals, and humans. All types of aflatoxins are derived from fungal
species belonging to the genus Aspergillus and are considered among the most harmful
mycotoxins for animals and humans [4,10–17]. As mentioned above, in suckling piglets
and growing, finished, and breeding pigs, the main biological effects of aflatoxins are
carcinogenicity, immunosuppression, mutagenicity, teratogenicity, decreased feed efficiency
and poor weight gain, impaired liver, and altered serum biochemical parameters [18,19].
Severe effects in swine can lead to acute hepatitis, systemic hemorrhages, nephrosis,
and death [20], as well as decreased resistance to stress [21]. Some authors have also
shown that swine fed with low levels of aflatoxins presented signs of pulmonary edema,
reduced feed consumption and body weight gain, and a decrease in the enzymatic activities
implicated in oxidative decarboxylation, as well as total serum protein, blood pressure, and
total leukocyte count [18,22–24]. In this context, according to the European Commission
Directive 2003/100/EC, the maximum aflatoxin B1 (AFB1) accepted level for pigs is set at
0.02 mg/kg.

Ochratoxins are secondary metabolites produced by fungal species belonging to
the genus Aspergillus and Penicillium. Divergent opinions regarding the genotoxic or
nongenotoxic mechanisms of ochratoxins toxicity have been published [25,26]. In vitro and
in vivo studies revealed that guanine-OTA-specific DNA adducts persisted for more than
16 days at renal level, whereas in liver and spleen, they were removed after 5 days [27].
Due to this, their main toxic and carcinogenic effects were exerted in kidney [28].

Most metabolites of ochratoxins from Phase I and Phase II detoxification have low
toxicity. In the stomach, a part of ochratoxins is hydrolyzed to ochratoxin α by proteolytic
enzymes. Another possibility for their hydrolysis is the opening of the lactone ring under
alkaline conditions of intestine, thus resulting in a compound with high toxicity. Due to the
strong binding to albumin, the elimination of ochratoxins by glomerular filtration is negli-
gible, with the excretion being mainly through tubular secretion. The tubular resorption is
considered partially responsible for the intracellular accumulation of ochratoxins [29,30].

Generally, in farm animals, ochratoxins are rapidly absorbed after ingestion through
the gastrointestinal tract (stomach and proximal portion of the jejunum) in a passive
manner, which is favored by the high affinity of binding of ochratoxins to plasma proteins,
and in a nonionized form, which explains their persistence in the body. In porcine serum,
ochratoxins bind more specifically to proteins with a molecular mass less than 20 kDa,
allowing them to pass through the glomerular basement membrane and exert nephrotoxic
effects. Ochratoxins also accumulate in liver and muscles. However, kidneys are the
main site of ochratoxins storage, with their reabsorption at the proximal and distal tubules
contributing to the body persistence and increased nephrotoxicity [27,31].

On the other hand, once AFB1 is absorbed at the intestinal level, it reaches liver
where it is transformed by Phase I metabolizing enzymes by hydroxylation, hydration,
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demethylation, and epoxidation. The first three reactions generate nontoxic metabolites,
whereas the fourth produces AFB1-8,9 epoxide that forms adducts with DNA at the N7
site of guanine [32]. Also, AFB1 can be conjugated with reduced glutathione in a reaction
catalyzed by glutathione-S-transferases [33] and glucuronic acid [34]. Excretion of AFB1
occurs primarily through the biliary pathways, followed by the urinary pathway [35].

One of the main difficulties encountered in controlling mycotoxins is that more than
one type of mycotoxin is present in a batch of fodder or cereal at the same time. Thus,
feeding of piglets and pigs with contaminated feed with several types of mycotoxins, even
if they are in minimum concentrations, can cause numerous negative consequences due to
their synergistic effect [36–40]. In this context, diminishing and eliminating the negative
effects of mycotoxins found in swine feed could decrease production cost and loss in the
pig industry.

To date, numerous strategies have been developed to prevent, reduce, or even elim-
inate mycotoxin contamination from animal feed by biological, chemical, and physical
detoxification methods. These methods allow the degradation of mycotoxins and their cor-
responding metabolites and maintain the nutritional value of the food without introducing
other substances with toxic potential into the biological systems [6,14,41].

Biological decontamination of mycotoxins using competitive inhibition by other fungi
strains or addition of antioxidant compounds in animal feed in order to reduce the toxic
effects of mycotoxins and/or to inhibit the growth of mycotoxin-producing fungus species
represents a good solution. The most used method to counteract the negative impact of
mycotoxins on farm animals is adding “mycotoxin binders” or “mycotoxin modifiers,”
which are aluminosilicates with a porous structure that are able to adsorb and trap my-
cotoxins [42–44]. They are very effective for aflatoxins and have limited activity against
other types of mycotoxin. However, being nonspecific, they also bind vitamins and trace
elements, generating deficiencies [45–47]. Adding some plant-derived antioxidants in
feed could be a better solution [48] to diminish the deleterious effects of mycotoxins on
animal health.

P450 cytochromes enzymes, mainly present in liver, intestinal tract, and kidney, play
an important role in phase I biotransformation of xenobiotics, especially those belonging
to the families 1 and 3 [49]. Mycotoxins can be substrates, inhibitors, or inducers of these
metabolizing enzymes. Changes in the specific activity and inducibility of cytochromes
P450 will ultimately determine the relative change in the metabolism of a xenobiotic.
Mycotoxins may alter the gene expression of these proteins, leading to an altered absorption
and biotransformation of nutrients and other substrate drugs from feed. Due to this, the
aim of the present study was to investigate the potential of a byproduct mixture derived
from Vitis vinifera (grapeseed) and Hippophae rhamnoides (sea buckthorn) oil industry to
mitigate the harmful damage produced by the concomitant presence ochratoxin A (OTA)
and aflatoxin B1 (AFB1) in feed at the hepatic and renal level in piglets after weaning.

2. Results

2.1. Diet Composition

The chemical composition of byproducts meal showed that sea buckthorn meal is
richer in protein (+38.4%), fat (+66.6%), and carbohydrates and lower in ash than grapeseed
meal (Table 1).

Table 1. Chemical composition of grapeseed and sea buckthorn.

Byproducts DM (103 ◦C) % CP (%) EE (%) Ash (%)
Carbohydrates (mg/g)

Fructose Glucose Sucrose Maltose

Sea buckthorn meal 84.48 15.67 10.28 2.75 9.78 7.68 8.03 0.43
Grapeseed meal 90.85 11.32 6.17 3.34 8.34 5.60 3.49 0.54

DM = Dry matter; CP = Crude protein; EE = Fat (ethyl esters).
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The chemical analysis also showed a different profile of the two byproducts in fatty
acids, flavonoids, phenolic acids, and minerals. Thus, the sea buckthorn meal has a higher
content of saturated fatty acids (palmitic and palmitoleic), omega-9 acids (cis oleic acid),
and omega-3 acids (α-linolenic acid) than the grapeseed meal. In contrast, the grapeseed
meal has a very high omega-6 acids (linoleic acid) content (67.35% compared to 18.59% in
sea buckthorn meal) (Table 2).

Table 2. Fatty acid composition of grapeseed and sea buckthorn (g FAME/100 gTotal FAME).

Saturated Fatty
Acids

Sea Buckthorn
Meal

Grapeseed Meal
Unsaturated Fatty

Acids
Sea Buckthorn

Meal
Grapeseed Meal

Butiric (4:0) 0.07 0.12 Miristoleic (14:1) 0.09 0.05

Caproic (6:0) 0.07 0.16 Pentadecenoic
(C15:1) 0.00 0.08

Caprilic (10:0) 0.20 0.18 Palmitoleic
(C16:1n-7) 14.28 0.33

Capric (10:0) 0.24 0.17 Heptadecenoic
(17:1) 0.05 0.00

Lauric (12:0) 0.03 0.03 Oleic cis (C18:1n-9) 31.07 14.66

Miristic (C14:0) 0.93 0.59 Linoleic cis
(C18:2n-6) 18.59 67.35

Pentadecanoic
(15:0) 0.17 0.07 Linolenic

(C18:3n-6) 0.00 0.04

Palmitic (C16:0) 24.32 9.69 α -Linolenic
(C18:3n-3) 6.09 0.94

Heptadecanoic
(17:0) 0.12 0.09 Octadecatetraenoic

(C18:4n-3) 0.28 0.23

Stearic (C18:0) 2.00 3.56 Eicosadienoic
(C20:2n-6) 0.44 0.21

Arachidonic
(C20:4n-6) 0.00 0.20

Eicosapentaenoic
(C20:5n-3) 0.19 0.26

Lignoceric (C24:0) 0.25 0.31
Nervonic
(C24:1n-9) 0.00 0.13

Other fatty acids 0.51 0.55
Σ SFA 28.40 14.98
Σ UFA 71.09 84.47

Σ MUFA 45.49 15.25
Σ PUFA 25.60 69.23

SFA/UFA 0.399 0.177
PUFA/MUFA 0.563 4.541

Linoleic/α-
Linolenic 3.05 71.64

FAME = Fatty Acid Methyl Esters; SFA = Saturated fatty acids; UFA = Unsaturated fatty acids; MUFA = Monounsaturated fatty acids;
PUFA = Polyunsaturated fatty acids.

Both byproducts contain flavonoids and phenolic acids, bioactive compounds known
for their antioxidant, anti-inflammatory and immunomodulatory properties [50,51]. Thus,
the total concentration of polyphenols was 74.8% higher in grapeseed meal (133.84 mg
GAE/L) than in sea buckthorn (76.57 mg GAE/L). Concerning the different classes of
polyphenols, grapeseed meal contains higher concentration of catechin and vanillic acid
than sea buckthorn, while sea buckthorn is richer in rutin, quercitrin, luteolin, p-coumaric
acid, and ferulic acid (Table 3).

Regarding the mineral composition, sea buckthorn meal shoeds a higher content of
K, Mg, Fe, Mn, and Zn than grapeseed meal. In contrast, grapeseed meal contained twice
as much copper as sea buckthorn meal. Of note is the high concentration of iron from sea
buckthorn meal (Table 4).
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Table 3. Flavonoids and phenolic acids composition of byproducts.

Flavonoids (mg/g)
Sea Buckthorn

Meal
Grapeseed Meal

Phenolic Acids
(mg/g)

Sea Buckthorn
Meal

Grapeseed Meal

Catechin 0.119 0.378 Vanillic acid 0.008 0.062
Epicatechin 0.397 0.271 Caffeic acid 0.003 0.001

Rutin 0.021 0.009 P-Coumaric acid 0.041 0.005
Quercetin 0.019 0.005 Ferulic acid 0.500 0.063
Luteolin 0.077 0.008

Table 4. Minerals composition of byproducts.

Macroelements
(%)

Sea Buckthorn
Meal

Grapeseed Meal
Microelements

(ppm)
Sea Buckthorn

Meal
Grapeseed Meal

Calcium (Ca) 0.04 0.79 Copper (Cu) 7.26 15.46
Phosphor (P) 0.34 0.35 Iron (Fe) 625.77 89.65
Natrium (Na) 0.117 0127 Manganese (Mn) 22.34 18.27

Kalium (K) 1.69 0.89 Zinc (Zn) 21.90 18.66
Magnesium (Mg) 0.127 0.005

2.2. Animal Performance

Exposure of piglets from E2 group to ochratoxin plus aflatoxin B1 mixture had no
adverse effects on body weight, weight gain, and feed intake, as the differences were not
significant compared to the control. In contrast, the administration of the diet containing
the byproducts mixture alone (E1) increased significantly the body weight of piglets fed
this diet when compared to control (32.14 ± 1.63 vs. 27.09 ± 1.31) and to group E2, which
was fed the contaminated diet (32.14 ± 1.63 vs. 28.72 ± 1.07). It should be noted that
the group of piglets receiving contaminated feed and the mixture of byproducts had a
tendency to gain weight compared to the group of mycotoxin-intoxicated piglets, although
the difference was not significant. Biochemical parameters analysis, which characterizes the
general state of animal health and the functionality of liver and kidneys, registered normal
values for the age and weight category of weaned piglets. No significant differences were
identified between groups for most of them (Table 5). However, the mycotoxin mixture
increased ALP and gamma GT activity compared to control and decreased activity in the
control level in group E3 receiving the byproduct mixture.

Table 5. Biomarkers of liver and kidney function in plasma.

Control E1 E2 E3

Mean SEM Mean SEM Mean SEM Mean SEM
Total protein (g/dL) 5.34 0.10 5.08 0.82 5.05 0.18 5.41 0.85
Bilirubin (mg/dL) 0.35 0.04 0.43 0.09 0.31 0.02 0.30 0.06

ALAT (U/L) 49.44 2.36 48.33 1.49 47.22 1.95 50.24 3.56
ASAT (U/L) 38.50 2.92 41.24 3.98 39.96 3.05 41.04 3.28
ALP (U/L) 247.58 a 11.1 279.88 ac 28.3 311.44 bc 25.4 273.22 ac 15.9
GGT (U/L) 26.3 a 2.55 26.67 ac 2.27 34.02 bc 3.34 29.92 ac 1.88

Albumin (g/L) 3.00 0.00 3.00 0.00 3.02 0.01 3.18 0.02
Creatinine (mg/dL) 0.92 0.33 0.96 0.03 0.94 0.03 0.87 0.05

ALAT = alanine transaminase; ASAT = aspartate transaminase; ALK = alkaline phosphatase; GGT = gamma glutamyl transferase;
SEM = standard error of mean; a,b,c Mean values within a row with unlike superscript letters were significantly different (p < 0.05).

2.3. Histology of Liver and Kidney

Light microscopic analysis of the livers from E2 group, fed with a basal diet contam-
inated with a mixture of OTA and AFB1, showed focal areas of necrosis, dilatation of
sinusoid, and inflammatory parenchymal infiltration. The portal areas revealed mononu-
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clear cellular infiltration and periportal fibrosis. The fibrotic perilobular fibrotic septa were
also noticed (Figure 1).

Figure 1. Histopathological changes in liver of weaned piglets subjected to experimental diets. The Control group (C)
showed the normal aspect of hepatocytes and sinusoids (a,b) in the H&E stain and the normal aspect of thin perilobular (c)
and priportal (d) fibrous spikes in Gomori’s trichrome stain. The E1 group showed the normal aspect of the liver in the
H&E stain (a,b) and Gomori’s trichrome stain (c,d). The E2 group showed dilated sinusoids and inflammatory infiltrates
(arrows) and necrotic hepatocytes (*) in the H&E stain (a–c,e–g), and perilobular (d) and priportal (h) fibrosis (arrowhead)
in Gomori’s trichrome stain. The E3 group displayed marked improvement of the histological aspect of the liver, which is
comparable to that of the control group, in the H&E (a,b) and Gomori’s trichrome stains (c,d). Scale bar = 50 μm.

Mycotoxin administration caused structural changes in kidneys that affected both
the cortex and medulla. Atrophy of the glomerular tufts and alteration of the Bowmann’s
capsule were noticed (Figure 2). The tubules showed necrosis of lining epithelial cells
with inflammatory cells infiltration in between. Focal aggregates of inflammatory cells
were observed in between the glomeruli and tubules in association with the focal areas of
congestion in blood vessels, especially in the medullary region. Apparently, the collagen
proliferation was mainly observed in areas of tubular injury. Furthermore, kidney sections
from the E3 groups, the group fed with a basal diet containing a mixture of grapeseed and
sea buckthorn meal and contaminated with the mix of OTA and AFB1, revealed minor
pathomorphological changes, almost similar to control.
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Figure 2. Histopathological changes in kidney of weaned piglets subjected to experimental diets. The Control group (C)
showed the normal aspect of kidney cortex (a) and medulla (b) in the H&E stain and few collagen fibers surrounding
glomeruli and tubules in cortex (c) and medulla (d) in Gomori’s trichrome stain. The E1 group showed the normal aspect
of kidney cortex (a) and medulla (b) in the H&E stain and few collagen fibers surrounding glomeruli and tubules in the
cortex (c) and medulla (d) in Gomori’s trichrome stain. The E2 group (a–d) kidney cortex showed glomerular atrophy (*),
Bowmann’s capsule injury (arrow), inflammatory cell infiltrates (arrowhead) (a,b), or glomerular degeneration (*) in the
H&E stain (a–c) and slight proliferation of peritubular collagen in Gomori’s trichrome stain (arrow) (d). (e–h) The kidney
medulla showed altered tubuli (arrow), inflammatory infiltrates (arrowhead), and congestion in blood vessels in the H&E
stain (e–g) and the proliferation of peritubular collagen in Gomori’s trichrome stain (arrow) (h). The E3 group displayed
marked improvement of the renal histological aspect, which is comparable to that of the control group, in the kidney cortex
(a) and medulla (b) in the H&E stain and in the cortex (c) and medulla (d) in Gomori’s trichrome stain. Scale bar = 50 μm.

Moreover, the morphometric analysis of the structural injuries in liver and kidney of
experimental groups was evaluated (Table 6).
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Table 6. The morphometric analysis of the structural injuries in liver and kidney of experimen-
tal groups.

MAV Control Group E1 Group E2 Group E3 Group

Liver 1 1 3.5 ± 0.55 *** 2.5 ± 0.55 ***/ˆ
Kidney 1 1 3.7 ± 0.52 *** 2.3 ± 0.52 ***/ˆˆ

One-Way ANOVA test. * (All groups vs. Control group; *** p < 0.001). ˆ (E3 group vs. E2 group; ˆ p < 0.05;
ˆˆ p < 0.01). MAV = Mean assessment value.

2.4. The Level of Gene Expression

We found that modifying the piglets’ diet caused significant liver changes to the
CYP2E1 and GSTA1 genes in the E1 group fed with a basal diet supplemented with a
mixture of grapeseed and sea buckthorn meal, and to the CYP4A24, MRP2, and GSTA1
genes in the E2 group fed with a basal diet contaminated with a mixture of AFB1 and OTA.
The modifications caused insignificant changes to all the other target genes (Figure 3).

Figure 3. Gene expression level in the liver for CYP1A2, CYP2A19, CYP2E1, CYP3A29, CYP4A24, MRP2, and GSTA1 of
weaned piglets subjected to experimental diets. The data are illustrated as average values of the groups (n = 4) ± standard
deviation of the mean (STDEV). Statistical significance: * p < 0.05; ** p < 0.01. The statistical significance of the changes is
related to the control group level.

In liver, the gene expression for CYP1A2 decreased by 18% for E2 and 44% for E3,
respectively, compared to the E1 group. The CYP2A19 gene expression was unmodified in
groups E1 and E2, whereas in group E3, it decreased by almost 62%. A significant increase
by 29% was observed in CYP2E1 gene expression in the E1 group fed with a basal diet
supplemented with a mixture of grapeseed and sea buckthorn meal compared to the E2
group. In contrast, the administration of basal diet enriched with a mixture of grapeseed
and sea buckthorn meal (E1 group) downregulated the CYP3A29 gene expression by 24%
compared to the E2 group level. Another contrast was observed in the CYP4A24 gene
expression, with a 33% decrease for the E1 group and 24% decrease for the E3 group, and a
significant 41% increase in the E2 group fed with a basal diet supplemented with a mixture
of AFB1 and OTA, compared to the control level. In the case of MRP2, the gene expression
pattern was similar to that of the CYP4A24 gene, with an insignificant 35% decrease for
the E1 group and 24% decrease for the E3 group, and a significant 28% increase in the E2
group, compared to the control level. Similarly, to the CYP4A24 gene expression, the GSTA1
gene expression showed a significant 14% increase in the E2 group, a 9% increase in the E1
group, and a 30% decrease for the E3 group. Obviously, the concomitant administration of
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the mixture of grapeseed and sea buckthorn meal and OTA and AFB1 generated a decrease
of all analyzed genes expressions in liver compared to control.

Regarding the expression level of these genes in kidneys, compared to liver samples,
no statistically significant changes were observed (Figure 4). However, changes in the
regulation of gene expression level could be observed.

Figure 4. Gene expression level in the kidney for CYP1A2, CYP2A19, CYP2E1, CYP3A29, CYP4A24, MRP2, and GSTA1 of
weaned piglets subjected to experimental diets. The data are illustrated as average values of the groups (n = 4) ± standard
deviation of the mean (STDEV).

Analyzing Figure 4, it could be noticed that the mixture of grapeseed and sea buck-
thorn meal downregulated the CYP1A2 gene expression and upregulated the CYP2A19,
CYP2E1, CYP3A29, and CYP4A24 gene expression in an insignificant way, whereas MRP2
and GSTA1 gene expression remained unmodified. Also, the presence of OTA and AFB1
in piglets feed downregulated CYP1A2 and CYP2A19 gene expression in an insignificant
way, whereas MRP2 and GSTA1 were unmodified. The concomitant administration of the
mixture of grapeseed and sea buckthorn meal and OTA and AFB1 determined the return of
all genes expression levels to control levels with the exception of GSTA1, which presented
an important increase compared to E1 group.

3. Discussion

Mycotoxins such as AFB1 and OTA are natural toxins contaminating a large variety
of plant products. As a consequence, AFB1, OTA, and their metabolites are present in
food and feed, as well as in the products of animal origin [52]. Most of the toxicological
studies regarding the effects of mycotoxins have considered the exposure to a single type
of mycotoxin without considering the combination and the interaction between them,
respectively, the synergistic or antagonistic effects which often occur in nature. Data
regarding the toxic effects of mycotoxin combinations are limited, so the risks of exposure
to several types of toxins are still unknown.

The occurrence of mycotoxins such as AFB1, DON, ZEA, OTA, FB1, and FB2 in
cereal, cereal products, and complementary and complete feeding stuffs for pigs [16] is
related to the geographical location and climate change, which increases the risk associated
with mycotoxin contamination during the storage and processing of feed products for
pigs [53]. The co-contamination of cereals and other raw materials occurs more frequently
in real life than single mycotoxin contamination [7]. For example, the co-occurrence of
aflatoxin B1 and ochratoxin A has been found in different food or feed ingredients, such
as wheat [54], barley [55], cereal flours [56], spice [57], etc. The proportion between AFB1
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and OTA in feed was found to be about 1 to 6 [37]. Also, the global feed content in AFB1
and OTA ranged between not determined and 100 ppb and not determined and 211 ppb,
respectively [58]. In this context, in order to mimic the field conditions, we studied the
effects of these mycotoxins together and to assess the effectiveness of the by-product
mix in counteracting the effects of mycotoxins. The natural additives (grapeseed and sea
buckthorn byproducts) were selected based on their ability to ameliorate mycotoxicosis
upon dietary supplementation [59,60].

In the present study, the exposure of piglets (E2 group) to mycotoxins mixture did
not influence the performance of animals (27.83 ± 1.1 vs. 27.09 ± 1.3 for body weight and
1.48 ± 0.9 vs. 1.40 ± 0.8 for feed intake) and biochemical parameters when compared to
control. Similarly, Balogh et al. [61] reported that piglets fed with approximately 0.4 mg/kg
of OTA during the starter (0–28 days) and grower (29–49 days) period did not register
significantly changes in the production traits and clinical signs of toxicity in the grower
phase. In contrast, a significant decrease of body weight gain was observed during the
starter period when the animals were more sensitive. In this study, the dietary inclusion of
the byproduct mixture alone had a significant influence on animal performance (group E1)
and tended to increase piglets’ weight when the mixture was associated with contaminated
food (group E3).

From a toxicological point of view, OTA is classified by IARC (International Agency
for Research on Cancer) in the same group (2B) of carcinogenic substances for humans,
having a similar toxicity with AFB1 [62]. Toxicokinetic patterns of absorption, distribution,
and elimination for these mycotoxins are, for the most part, entirely elucidated. In contrast,
despite recent progress, our knowledge of the toxicokinetic biotransformation steps is not
elucidated in detail. A number of studies have shown that AFB1 and OTA are metabolized
by liver microsomes from humans, pigs, and rats into several epimers [63]. Changes in the
specific activity and inducibility of cytochromes P450 ultimately determine the relative
change in the metabolism of any xenobiotic.

It has been found that exposure to AFB1 and OTA decreased the gene expression
of CYP1A2, CYP2E1, CYP3A29, and MRP2 genes in pig’s liver and resulted in several
changes in liver histology and ultrastructure, including focal areas of necrosis, dilatation of
sinusoid, inflammatory parenchymal infiltration, and periportal fibrosis. Regarding the
gene expression level of CYP450 isoforms in pig’s kidney, no data were available in the
scientific literature.

The CYP1A2, CYP2A19, CYP2E1, CYP3A29, CYP4A24, MRP2, and GSTA1 genes were
chosen for this study because they encode proteins with enzymatic activity or transporter
function that are involved in Phase I and Phase II of biotransformation and detoxification
of xenobiotics to form electrophilic reactive metabolites [64].

According to these results, it appears that the by-product administration determined
a decrease in CYP1A2 gene expression and an increase in GSTA1 gene expression. Similar
results were noticed in HT-29 human colon cancer cells treated with Salicornia freitagii
extract, known for its antioxidant and anti-inflammatory activity. In this case, due to its
content in bioactive phenols, a downregulation of CYP1A2 mRNA and an upregulation
of GSTA1 mRNA occurred [65]. In contrast to our results, mRNA and protein expression
of CYP1A2 were increased in liver of chicory fed pigs [66]. These different results were
probably caused by the different natural compounds present in chicory compared to
the byproducts used in the present study, mainly chlorogenic, caffeic, and p-coumaric
acids [67].

On the other hand, OTA and AFB1 probably interacted with and activated the aromatic
hydrocarbon receptor, leading to its nuclear translocation. After the heterodimerization,
OTA and AFB1 probably interacted with hydrocarbon receptor nuclear translocator, the
heterodimer, bound to xenobiotic-responsive elements and transactivated genes such as
CYP1A1, CYP1A2, and GST [68]. This xenobiotic-responsive element is shared between
CYP1A1 and CYP1A2 genes [69], and the two enzymes codified by them present over-
lapping substrate specificity [70]. In pig liver, only CYP1A2 activity is present, and its
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relative amount of total detected CYP450 is 4% [71]. In the human liver, AFB1 and OTA are
inducers for CYP1A1, 1A2, 2B6, 2C9, 3A4, and 3A5 [72]. AFB1, as well as OTA exposure,
generate mitochondrial dysfunction characterized by an increase in ROS production [14]
that could increase TGF-β1 expression or activate latent TGF-β1 [73]. Taking into consider-
ation, the previous evidence that TGF-β1 decreased CYP1 expression in humans and rats, it
is possible that the same mechanism [74] occurred under our conditions. The effects of the
concomitant exposure to both mycotoxins and grapeseed and sea buckthorn by-products
were probably synergistical, and the expression of CYP1A2 was lower in E3 compared to E1,
E2, and the control group. CYP1A2 is expressed in lower levels in extrahepatic tissues [75].

The kidney is an organ that receives about 25% of cardiac output and purifies metabolic
residue and xenobiotics from the circulatory system. During this discharging process, toxic
substances are concentrated in the kidney [76]. In piglet kidneys, the variation of CYP1A2
gene expression was similar with the expression levels in liver for E1 and E2. Interestingly,
in the E3 group, the expression of this gene was at a higher level than the control group.
This could possibly be due to the activation of noncanonical signaling pathway for AhR
transcription in the kidney cells [77].

In pig liver, the relative amounts of CYP2A19 and CYP2E1 represent 31% respectively
13% of total CYP450 [71]. Porcine CYP2A19 and CYP2E1 genes are responsible for the
biotransformation for endogenous compounds (skatole, sex hormones) as well as exoge-
nous compounds (food components). Both types of compounds are highly expressed in
the liver and less in the kidney and adipose tissue. CYP2A19 transcription is controlled
by the CAR transcription factor [78]. Its human orthologue, CYP2A6 is controlled by
CAR, PXR, glucocorticoid receptor (GR), estrogen receptor α, HNF4 α, and PGC-1α [79].
Also, the constitutive hepatic expression of CYP2A6 in mice is governed by an interplay
between HNF4 α, CCAAT-box/enhancer binding protein (C/EBP α, C/EBP β) and octamer
transcription factor-1 (Oct-1) [80]. Previously, a positive correlation between mRNA and
protein levels for CYP2A19 gene was observed [81]. Unlike other CYP 450 genes, CYP2A19
plays a less important role in the xenobiotics’ metabolism but is involved in the reaction of
cells to stress, Nrf-2, being also involved in CYP2A19 transcription [82]. The CYP2A19 gene
is probably highly polymorphic compared to the CYP2A6 gene [83], and an extensive in-
terindividual variation of its product could occur. Previous studies revealed that duck P450
orthologues of the mammalian CYP2A6 and CYP3A4 are involved in AFB1 bioactivation
into its epoxide form [84]. Unlike these results, in the present study, no significant changes
of CYP2A19 gene expression were noticed in the E1 and E2 groups, probably due to the
high level of expression of this gene in piglet liver. For now, it is difficult to explain why
the co-exposure of both mycotoxins and the mixture of grapeseed and sea buckthorn meal
decreased the expression of CYP2A19. However, this decrease of expression diminished
the risk of generation of toxic metabolites.

In pig kidney, the expression of CYP2A19 is lower compared to that found in liver [79].
Probably due to this lower expression, animal exposure to the mixture of grapeseed and
sea buckthorn meal generated an upregulation of Nrf-2 induced CYP2A19 gene expression
due to the luteolin [85] and ferulic acid [86] content.

On the other hand, there is evidence that only two transcription factors, i.e., chick
ovalbumin upstream promoter transcription factor (COUP-TF1) and hepatocyte nuclear
factor (HNF-1), are involved in the regulation of CYP2E1 transcription in pigs [87]. CYP2E1,
like other xenobiotic-metabolizing P450s, is mainly located in the membrane of the endo-
plasmic reticulum (ER) and can be induced under a variety of metabolic or nutritional
conditions. ER stress can be induced by metabolic stress, which is caused by overload of
protein/lipid biosynthesis, and oxidative stress, which could trigger the evolutionarily con-
served complex homeostatic signaling pathway known as the unfolded protein response
(UPR) [88].

It is likely that the level of CYP2E1 mRNA was approximately the same in the E1 and
control groups due to the antagonistic actions of palmitic acid [89], linoleic, and α-linolenic
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acids [90] that increased this gene transcription and the actions vanillic and p-coumaric
acids which decreased it [65].

Recently, it was proved that OTA-containing feed altered the intestinal microbiota in
ducks, affecting the cecum microbiota diversity and composition as well as the intestinal
barrier. As a result, Gram-negative bacterial-derived lipopolysaccharides entered the blood
and liver, causing liver inflammation [91]. In the case of immune-mediated liver injury, the
expression of CYP2E1 was decreased [92]. This situation could occur in the E2 group. It is
likely that the cumulative effects of the two mycotoxins and dietary by-products decreased
the expression of CYP2E1 in liver of the E3 group.

In the kidney, free fatty acids, such as palmitate, oleate, and linoleate, are stored in
the nephron [93], and these acids probably increased the expression of the CYP2E1 gene in
the kidneys of the E1 group compared to the control level. According to Pfohl-Leszkowicz
and Manderville [25], OTA forms adduct with DNA, generating renal genotoxicity and
carcinogenesis. It is likely that high levels of OTA stimulated CYP2E1 gene expression
in the kidneys of the E2 group compared to the control level. In the E3 group, it appears
that the coadministration of the two mycotoxins and dietary byproducts had antagonistic
effects, with the expression of CYP2E1 gene returning to the control level. Moreover,
histological evaluation for the E3 group showed that the byproduct mixture derived from
grapeseed and sea buckthorn oil mitigated the harmful damage produced by aflatoxin B1
and ochratoxin A at the hepatic and renal level in piglets after weaning. CYP2E1, like other
xenobiotic-metabolizing P450s, is mainly located in the membrane of the ER and can be
induced under a variety of metabolic or nutritional conditions [89]. The regulation of the
CYP2E1 gene in the E1 group was probably due to the hydroxylation of coumarin-derived
compounds that were catalyzed by CYP2A enzymes, which are considered to be specific
indicators for the presence of CYP2 enzymes [94], with the p-coumaric acid being present
in grapeseed and sea buckthorn byproducts.

In the case of pigs, very little is known about the presence of CYP3As enzymes in
the renal tissue, and nothing is known about their inducibility [95]. Several genes have
been identified in the CYP3A subfamily of mammals (for example, five in rat and four in
human), but the expression of these genes in renal tissues has been poorly investigated [96].
In terms of gene expression, Ayed-Boussema et al. (2012) [63] and Gonzalez-Arias et al. [97]
described an increase of expression levels in all cytochromes assayed (CYP3A4, 2B6, 3A5,
and 2C9) in a primary human hepatocyte culture. Previous studies have reported various
results regarding the effects of AFB1 and OTA in primary cultured human hepatocytes in
which increasing concentrations of these mycotoxins clearly induced CYP3A4 and CYP2B6
mRNA levels in a dose-dependent manner [63].

In contrast, it has been found that in the presence of OTA and AFB1 in liver (Figure 3,
group E2), the CYP3A29 expression level is decreased compared to the control level, perhaps
due to activation of the AhR [98]. These data differ from those of Zepnik et al. [99], who
reported an increase of OTA hydrolysis by microsomal enzymes from rat liver, specifically
for P450 3A1/2 and 3A4, suggesting that this gene expression is modulated in a species-
dependent manner.

In some cases, the inhibition of P450 enzymes by polyphenols may have a chemo-
preventive effect due to the potential activation of carcinogens by P450 enzymes within
the course of their natural metabolic activity. The inhibition of xenobiotic-metabolizing
Phase I enzymes could be one target of the chemo-preventive effects of naturally occur-
ring polyphenols.

The increase of CYP4A24 observed in liver could be a physiological response in the
unusual context of aberrant lipid accumulation and absence of CYP2E1 activity, due to the
fact that CYP2E1 and CYP4A are inducible hepatic microsomal cytochromes P-450 involved
in hydroxylation of fatty acids, and both can initiate the auto-propagative process of lipid
peroxidation. They might be complementary, leading to interactions in the regulation of the
individual enzymes [100]. It is therefore clear that CYP4A proteins are key intermediaries
in an adaptive response to perturbation of hepatic lipid metabolism [101]. The decreased
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CYP4A24 level in the kidney probably leads to the toxic effects generated in liver due
to the mycotoxin-contaminated diet, which means that CYP4A24 regulates hepatic ER
stress [102,103].

In the present study, the addition of a mixture of grapeseed and sea buckthorn meal
by-products increased expression levels in the kidney, which would be expected to favor
the elimination processes and maintenance of the balance of intracellular substances [104].
Moreover, OTA was absorbed in the intestine where the multidrug resistance protein
2 (MRP2 gene) plays an important role, acting as a xenobiotic outward transporter to
reduce the oral bioavailability and the toxin load to organs and, thereby, OTA toxicity.
Once OTA reaches the bloodstream, it can reach other organs such as liver, and the MRP2
transporter is again a key primary active transporter involved in anionic conjugate and
xenobiotic extrusion into the extracellular space which contributes to bile formation and
the subsequent elimination of the toxin [97,105]. Also, the MRP2 transporter is present in
the apical membranes of enterocytes, kidney-proximal tubules, and other cells [105]. OTA
toxicity has been attributed to its isocoumarin moiety, and it is well known that OTA is
inactivated or bioactivated by cytochrome P450 enzymes [29]. Previously, the presence
of OTA in feed was linked to the development of nephrotoxicity, which, in rats, has been
associated with renal adenomas and kidney tumors [97]. In the present study, a decrease
of MRP2 expression in the liver was found, indicating an impairment of the secretion of
mycotoxins in the E2 group.

In rats, OTA was observed to be excreted 15% less in the proximal tubules of the kidney,
while the proximal tubular transport of amino acids was not impaired [97,106]. Therefore,
the decrease of MRP2 in liver found in this study could be the mechanism through which
mycotoxins reach high percentages of bioavailability in vivo. In this way, the AFB1 and
OTA exposure of piglets would be magnified, contributing to the hepatotoxicity.

Considering the nephrotoxic potential of OTA and AFB1, the decrease of the MRP2
gene product may also have a major impact on the proximal tubule, leading to a decreased
capacity to eliminate OTA [97]. However, further studies are needed on the AFB1 and OTA
transporter mechanism to support this hypothesis.

In Phase II of metabolic detoxification, the original xenobiotic compound or the
intermediate metabolites modified during Phase I are conjugated in order to be suitable
for excretion. Glutathione S transferases (GSTs) and UDP glycurosyltranferases (UGTs)
contribute to Phase II processing [107].

In the presence of a mixture of grapeseed and sea buckthorn meal byproducts in
pigs feed, the GSTA1 expression level in liver is significantly increased, possibly by an
antioxidant-responsive element (ARE) and β-NF-responsive element (β-NF-RE), respec-
tively, which, in the presence of phenolic antioxidants, activate the GST isoforms without
the need for aryl hydrocarbon (Ah) receptors [108]. Surprisingly, in the study of Ghadiri
et al. (2019) [109], the AFB1-mediated mRNA downregulation of GSTA1 was observed in
the cow’s liver in the presence of an antioxidant.

Previous studies [110] showed that OTA and AFB1 compete for the same CYP450
enzymes which represent the bioactivation route of AFB1, with less AFB1-DNA adducts
being produced. Due to this competition, AFB1 could probably be conjugated with reduced
glutathione in a reaction catalyzed by GST enzymes, with their codding genes being upreg-
ulated. AFB1 could be involved in other types of Phase II reactions, i.e., glucuronidation
and sulfatation, whereas OTA is mainly conjugated with reduced glutathione [72]. More-
over, in response to concomitant administration in the pigs, the feed of two mycotoxins
(AFB1 and OTA) increased the generation of the oxidative stress biomarkers. Therefore,
defense mechanisms were activated, promoting adaptation and survival in response to
oxidative stress [111]. For example, ROS and oxidants could activate the transcription of
GST isoforms through ARE [108], as observed in both the liver and kidneys through an
increase in the expression level of the GSTA1 gene.
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4. Conclusions

Our data revealed the existence of differences between piglet’s kidney and liver regard-
ing the reaction against both mycotoxins and by-products used in this study. Generally, the
by-products with antioxidant action decreased the expression of the analyzed CYPs mRNA
in liver and increased them in kidney. Also, in both organs, the co-exposure of piglets to
OTA and AFB1 generated an increase or a decrease of gene expression dependent on the
gene type. The inclusion of grapeseed and sea buckthorn meal in the diet of OTA and
AFB1-intoxicated pigs decreased the CYP P450 gene expression, suggesting the decrease
of bioactivation of these mycotoxins, probably resulting in a diminished toxicity in both
organs, as the histological studies have revealed.

These findings suggest that grapeseed and sea buckthorn meal waste represent a
promising source in counteracting the harmful effect of ochratoxin A and aflatoxin B1.
Although additional work is needed to unravel the mechanisms by which grapeseed
and sea buckthorn byproducts affects AFB1 and OTA biotransformation, and hence the
generation of toxic metabolites, the protective effects seem to be at least partly mediated by
the enhancement of the antioxidant defense at the liver and kidney level.

5. Materials and Methods

5.1. Experimental Design and Samples Collection

Forty cross-bred TOPIGS-40 hybrid (♀Large White × Hybrid (Large White × Pietrain) ×
♂Talent, mainly Duroc) piglets after weaning with an average body weight of 9.11 ± 0.03 kg
were assigned to three experimental groups (E1, E2, E3) and one control group (C), housed in
pens (two replicates of five pigs per pen per treatment) and fed with experimental diets for
30 days. Feed and water were offered ad libitum during the experiment. The basal diet was
served as a control and contained normal compound feed for starter piglets without mycotoxin
(corn 68.46%, soya meal 19%, corn gluten 4%, milk replacer 5%, L-lysine 0.3%, DL-methionine
0.1%, limestone 1.57%, monocalcium phosphate 0.35%, salt 0.1%, choline premixes 0.1%, and
1% vitamin-mineral premixes). The experimental groups were fed as follows: E1—basal diet
plus a mixture (1:1) of two byproducts (grapeseed and sea buckthorn meal) in a percentage of
5% by replacing corn and soya bean meal; E2—the basal diet artificially contaminated with
mycotoxins (a mixture of 62 ppb aflatoxin B1- AFB1 and 479 ppb ochratoxin A-OTA); and
E3—basal diet containing 5% of the mixture (1:1) of grapeseed and sea buckthorn meal and
contaminated with the mix of AFB1 and OTA. The mixture of OTA and AFB1 mycotoxins
was kindly provided by Dr. Boudra and Dr. Morgavi from I. N. R. A, Centre of Clermont
Ferrand, and was produced by the cultivation of Aspergillus flavus and Aspergillus ochraceous
on wheat as already described by Boudra et al. [112]. The contaminated material obtained
was incorporated into the diets for the E2 and E3 groups, resulting in a final concentration
of 479 ppb OTA and 62 ppb AFB1. Animals from all experimental groups had free access to
the treatment feed and water every day of the experimental period (30 days). The grapeseed
meal and sea buckthorn meal were provided by two local commercials, S.C. OLEOMET-S.R.L.
and BIOCATINA, Bucharest, Romania. After 4 weeks, the animals were slaughtered with
the approval of the Ethical Committee of the National Research-Development Institute for
Animal Nutrition and Biology, Balotes, ti, Romania (Ethical Committee no. 118/02.12.2019)
and in accordance with the Romanian Law 206/2004 and the EU Council Directive 98/58/EC
for handling and protection of animals used for experimental purposes. At the end of the
experimental period of this study, the productive parameters, weight, and feed consumption
were measured. Liver and kidney samples were collected from four animals per group and
perfused with ice-cold saline solution to remove blood. Fragments of ~50 mg from the right
liver lobe and renal cortex (three from each) were collected in RNAlater Stabilization Reagent
(Qiagen, Germantown, Maryland) and then stored at −80 ◦C until RNA isolation step.

Due to ethical reasons, maximizing the use of each animal, minimizing the loss of
animals, and statistical analysis, the number of individuals was reduced as much as
scientifically possible. Good science and good experimental design help to reduce the
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number of animals used in any research study, allowing scientists to gather data using the
minimum number of animals required [113].

5.2. Feed Characterization

Feed diets were analyzed for basal chemical composition (dry matter, crude protein,
crude fat, crude fiber, and ash) according to the International Standard Organization
methods (SR ISO 6496/2001, Standardized Bulletin (2010). http://www.asro.ro (accessed
on 13 February 2021)). Bioactive compounds from byproducts meals, such as polyphenols,
polyunsaturated fatty acids (PUFA), and minerals, were determined by Folin-Ciocalteu
reaction, HPLC-UV-Vis, and gas chromatography as described by the authors of [113,114].
Antioxidant activity was determined by the DPPH method as described previously by the
authors of [115].

5.3. Plasma Biomarkers Analysis

On day 30, blood samples were aseptically collected from fasted piglets. Markers that
reflect the functionality of liver (aspartate transaminase-AST, alanine transaminase-ALT,
gamma glutamyl transferase-GGT, total protein, alkaline phosphatase-AKL), and kidneys
(albumin, creatinine) were determined after blood centrifugation using a Clinical Chemistry
benchtop analyser Horiba Medical—ABX Pentra 400, (Irvine, CA, USA).

5.4. Light Microscopy Examination

Liver and kidney biopsies were fixed in 4% phosphate-buffered formaldehyde solu-
tion, dehydrated, clarified, and included in paraffin blocks. The 5 μm sections were pro-
cessed routinely for hematoxylin-eosin and Gomori trichrome (Leica Biosystems, 38016SS1,
Nussloch, Germany) staining, respectively, according to Leica’s protocol. Microscopic
sections were analyzed with an Olympus BX43 microscope equipped with a digital camera
Olympus XC30. The histopathological alterations of liver and kidney were graded by the
severity of lesions as belonging to grades 1–4, as previously described [116]. For liver, grade
1: Normal aspect; grade 2: Normal hepatocytes, slight dilated sinusoids and congestion;
grade 3: Vacuolated hepatocytes, dilated sinusoids and congestion; moderate collagen
proliferation; grade 4: Necrosis, inflammatory infiltrates, collagen proliferation. For kid-
ney, grade 1: Normal aspect; grade 2: Slight tubular/glomerular injuries, inflammation,
and collagen proliferation; grade 3: Mild tubular/glomerular injuries, inflammation, and
collagen proliferation; grade 4: Marked tubular/glomerular injuries, inflammation, and
collagen proliferation. A “mean assessment value” (MAV) was calculated as a mean of all
data per experimental group.

5.5. RNA Isolation

The isolation of total RNA was performed from 10 mg of tissue using the RNeasy Plus
Universal Mini Kit (Qiagen) following the manufacturer’s protocol. Moreover, it included
the On-column DNase digestion step. After RNA isolation, aliquots were made in order
to prevent degradation induced by freeze-thaw cycles. The concentration and purity of
total RNA were determined using NanoDrop 8000 spectrophotometer (Thermo Scientific,
Wilmington, DE, USA).

5.6. RNA Integrity Number (RIN)

RIN values of the RNA samples were determined using the Agilent RNA 6000 Nano
Kit (Agilent, Santa Clara, CA, USA) and Agilent 2100 Bioanalyzer using the manufacturer’s
protocol. Samples with RIN values smaller than 8 were not included in further analysis,
and the isolation steps were repeated.

5.7. Reverse Transcription

For cDNA synthesis, 1000 ng of total RNA was subjected to reverse transcription
using iScript cDNA synthesis kit (Bio-Rad, Hercules, CA, USA). A 4 μL reaction mix
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and 1 μL reverse transcriptase were mixed with 1 μL RNA samples and completed with
RNase free water to a total volume of 20 μL. The final concentration of RNA was 1000 ng
per reaction. The reaction was performed using a Veriti 96-Well thermal cycler (Applied
Biosystems, Foster City, CA, USA) with the following program: One cycle of 25 ◦C for
5 min, one cycle of 42 ◦C for 30 min and one cycle of 85 ◦C for 5 min. The concentration and
purity of the cDNA samples was determined using NanoDrop 8000 spectrophotometer
(Thermo Scientific).

5.8. Primer Design

Because of the lack of data regarding genes involved in the hepato-nephrotoxicity
in the mycotoxin exposure of weaned pigs, primer sequences (Table 7) were designed in
silico using Primer3Plus [59] and verified by BLAST program [117]. Those with the highest
specificity for the target sequence were selected in order to amplify the CYP1A2, CYP2A19,
CYP2E1, CYP3A29, CYP4A24, MRP2, and GSTA1 genes and three reference genes encoding
for TATA-box binding protein, ribosomal protein L4, and beta-2-microglobulin in Sus scrofa.
The annealing temperatures of the primers were determined by temperature gradient PCR.

Table 7. Primers for Real-Time PCR analysis.

GenBank Accession
Number

Gene
PCR Product
Length (bp)

Primer Name Primer Sequence

XM021085497 TATA-box binding protein 124
tbp-F 5′-GATGGACGTTCGGTTTAGG-3′
tbp-R 5′-AGCAGCACAGTACGAGCAA-3′

XM005659862 ribosomal protein L4 122
rpl4-F 5′-CAAGAGTAACTACAACCTTC-3′
rpl4-R 5′-GAACTCTACGATGAATCTTC-3′

NM213978 beta-2-microglobulin 172
b2m-F 5′-CCGCCCCAGATTGAAATTGA-3′
b2m-R 5′-GCTTATCGAGAGTCACGTGC-3′

NM001159614
cytochrome P450, family 1,
subfamily A, polypeptide 2 173

cyp1a2-F 5′-CTCTTCCGACACACCTCCTT-3′
cyp1a2-R 5′-AATCTCTCTGGCCGGAACTC-3′

NM214417 cytochrome P450 2A19 174
cyp2a19-F 5′-CTCATGAAGATCAGCCAGCG-3′
cyp2a19-R 5′-GCCATAGCCTTTGAAGAGCC-3′

XM005657509
cytochrome P450, family 2,
subfamily E, polypeptide 1 150

cyp2e1-F 5′-ACCTCATTCCCTCCAACCTG-3′
cyp2e1-R 5′-CTGGCTTAAACTTCTCCGGC-3′

NM214423 cytochrome P450 3A29 205
cyp3a29-F 5′-ATTGCTGTCTCCGACCTTCA-3′
cyp3a29-R 5′-TGGGTTGTTGAGGGAATCGA-3′

XM021096706 cytochrome P450 4A24 157
cyp4a24-F 5′-CTCTATCCGCCAGTACCAGG-3′
cyp4a24-R 5′-ATGGGTCAAACTCCTCTGGG-3′

XM021073710
ATP binding cassette

subfamily C member 2 172
mrp2-F 5′-AGCAGTACACCGTTGGAGAA-3′
mrp2-R 5′-ATCACCCCAACACCTGCTAA-3′

NM214389
glutathione S-transferase

alpha 1 186
gsta1-F 5′-GCCCATGGTTGAGATTGACG-3′
gsta1-R 5′-TTTTCATTGGGTGGGCACAG-3′

5.9. Real-Time PCR

The Real-Time PCR reaction was carried out on the iCycler iQ Real-Time PCR Detec-
tion System (Bio-Rad) using iQ SYBR Green SuperMix (Bio-Rad). In a 96-well plate, 1 μL
of 100 ng/μL cDNA, 12.5 μL iQ SYBR Green SuperMix (Bio-Rad), 0.5 μL of 20 pmol/μL
forward primer, 0.5 μL of 20 pmol/μL reverse primer, and 10.5 μL of MilliQ water were
added. The total volume was 25 μL. The amplification program was comprised of 1 cycle
of 95 ◦C for 5 min, 45 cycles of 95 ◦C for 30 s 55/56 ◦C for 30 s, 72 ◦C for 45 s, and 85 cycles
of 55 ◦C, with an increase of set point temperature by 0.5 ◦C per cycle for 10 s. The sam-
ples were run, and the threshold cycles (Ct) values were recorded. Melting curves were
also performed.

5.10. Data Analysis

The Ct values were processed as stated in “The MIQE Guidelines: Minimum Informa-
tion for Publication of Quantitative Real-Time PCR Experiments” [118] using OpenOffice
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Calc according to the 2-ΔΔCt method described by Livak and Schmittgen (2001) [119]. The
reference genes (TBP, RPL4, and B2M) were chosen in order to be stably expressed across
different tissue types and treatments on swine specimens [120,121]. The relative expression
value (2−ΔΔCt) was obtained by normalization, subtracting the arithmetic mean of the
reference genes from each gene of interest. Technical replicates were averaged before statis-
tical analysis. The data are illustrated as average values of the groups (n = 4) ± standard
error deviation of the mean (STDEV). All data were statistically analyzed using a one-way
ANOVA method performed with GraphPad Prism 3.03 software (GraphPad Software, La
Jolla, CA, USA). Post-hoc comparisons between all groups were run using the Bonferroni
test. The statistical significance (p value) was presented for all groups in contrast to the
Control group (C).
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Abstract: Mammalian animal toxicity of ochratoxin A (OTA) has focused largely in the past half-
century on pigs because of initial recognition of it as a principal cause of intermittent growth
suppression and renal disease caused by mouldy feed. Subsequent classical toxicology has used
laboratory rodents because renal pathology in pigs raised questions concerning possible involvement
in the human idiopathic bilateral renal atrophy of Balkan endemic nephropathy for which OTA
was a focus of attention for human nephropathy through 1980s and into 2000s. Emphasis on
human nephropathy has more recently concerned the plant metabolite aristolochic acid. Recognition
that agricultural management can often minimise food and feed-stuff spoilage by OTA-producing
Aspergilli and Penicillia has moderated some of the risks for animals. Legislation for human food
safety combined with sophisticated analysis generally provides safety in the developed world.
Chronic experimental exposure of male rats, in the absence of clinical dis-ease, specifically causes
renal cancer. The possibility of this as a unique model for the human has generated considerable
experimental evidence which may be more directly relevant for carcinogenesis in the complex kidney
than that obtained from biochemical toxicities in vitro. Nevertheless, there does not appear to be any
case of human renal or urinary tract cancer for which there is verified etiological proof for causation
by OTA, contrary to much claim in the literature. To contribute to such debate, histopathology review
of OTA/rat renal cancers, augmented where appropriate by immune profiles, has been completed
for all remaining tumours in our research archive. Overall consistency of positivity for vimentin, is
matched with occasional positives either for CD10 or the cytokeratin MNF 116. The current situation
is discussed. Suggestion that OTA could cause human testicular cancer has also been challenged as
unsupported by any experimental findings in rats, where the Leydig cell tumour immune profile
does not match that of human germ cell neoplasms.

Keywords: vimentin; CD10; MNF 116; renal cell cancer; urothelial cancer; testicular
cancer; immunohistochemistry

Key Contribution: Immunohistochemical confirmation of the cytokeratin clone MNF 116 in some
ochratoxin/rat kidney cancer contrasts with the protein’s apparent absence from human kidney
cancer. Experimental animal findings for ochratoxin A toxicity are discussed concerning application
to carcinogenesis in humans.

1. Introduction

Ochratoxin A (OTA) was discovered in South Africa in the early 1960s to explain the
general toxicity of cultured Aspergillus ochraceus as a dietary additive for experimental
rats. Concurrently, the term mycotoxins became used to encompass toxic metabolites of
other food-spoilage moulds such, as the aflatoxins of A. flavus, found to have widespread
occurrence. Focus for OTA soon shifted to the spasmodic occurrence of an idiopathic
porcine nephropathy in the Danish bacon industry, economically linked to home-grown
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barley; in some high rainfall years this had been insufficiently dried before storage. Seasonal
opportunist moulding by a common Penicillium, and chromatographic recognition of OTA
partly by its fluorescence under UV254 light, revealed another biosynthetic source of the
mycotoxin in amounts subsequently demonstrated experimentally as a major cause of the
disease in pigs. This had been expressed as reduced growth rate, low carcass weight and
mottled and disproportionally enlarged kidneys, readily recognised at meat inspection and
the carcass rejected [1].

Several Aspergillus and Penicillium moulds across both tropical and temperate latitudes
were subsequently found to elaborate OTA during spoilage of major staple agricultural
products such as cereals, and in crops for high-end commodities such as coffee, cocoa and
red wines. Concern that traces of OTA in major cereal products such as pasta might pose a
human health risk, and of potential economic threat to commercial images of the high-end
commodities, stimulated extensive research into OTA toxicology. Concurrently, world-
wide food safety authorities (e.g., for Europe, Joint expert committee on food additives,
International agency for research on cancer, European food standards agency) addressed
potential health risks and formulated documents to guide regulatory legislations.

Pigs being important in the human food chain in many economies prompted a major
US experimental toxicology study in the 1980s with lifetime chronic exposure in rats [2].
The striking finding of renal tumours, expressed late in life mainly in males in the absence
of overt toxicity, was the more notable as designating OTA as the most potent chemical for
renal carcinoma in rats, although the extensive technical report did not raise any specific
concerns for humans. The kidney cancer incidence findings demonstrated across the three
gavage dose rates chosen for the NTP study later demonstrated OTA as a model for classic
log dose/response for chemical carcinogens [3].

Subsequent developments in sensitive and definitive analytical methodology have
shown widespread occurrence of relevant moulds and their mycotoxins, although general
occurrence in well-managed agriculture is generally low. For human health, there has been
little verified etiological evidence of general toxicities attributable other than to spasmodic
episodes. The initial cautious classification of possible carcinogenetic risk [4] seems never
subsequently to have had evidence that could stand classical epidemiological scrutiny.
Particularly, the relevance of rat and mouse as pathological models for the human has
become insecure because of the wide quantitative gulf (>104-fold) between necessary daily
carcinogenic exposure for rodents (>30 μg OTA/kg body weight daily for at least half a rat
lifetime, and much more for a mouse) and surveyed average natural daily human intake
data (UK, 0.26–3.5 ng/kg b. wt.) [5].

The classical US toxicity study in rats [2] followed strict toxicology protocols involving
gavage administration of OTA five days per week for up to 2 years. The more recent London
studies, part of a European Commission project on OTA toxicity (2001-4), provided daily
dietary ochratoxins as elaborated during moulding of shredded wheat breakfast cereal
by Aspergillus ochraceus in a shaken solid substrate fermentation. The product, analysed
for OTA, was homogenised (c.103-fold) into powdered rat diet for consumption during
natural diurnal habit for Fischer male rats. Although blood OTA analysis had not been
available for the US study, values in London followed a gradual rise to 8–10 μg/mL during
the first month. For the highest daily OTA intake employed (300 μg/kg b wt) at least
9 months exposure seemed necessary to initiate kidney cancer, during which the common
prevalence of monocytic leukaemia in ageing Fischer males was apparently repressed [6].
The tumour-free outcome for the US study lowest dose (21 μg/kg b wt) was raised to
c. 30 μg/kg b wt in a London study in Dark Agouti male rats [7]. The dose/response
criteria adopted for OTA’s recognition as the model for log dose/response for chemical
carcinogens [3] was thus reinforced by all subsequent findings in London [7] describing
OTA/rat renal carcinogenicity as thresholded. Notably, this was not considered later in
a major analysis of human risk assessment for OTA in Canada [8] in which a curious
distorted non-thresholded graphical illustration is presented.
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Critical histology review of some OTA/rat renal tumours has been described [9],
including exploratory application for the first time of clinical immunohistochemistry
where most tumours showed a range of positive responses to the clinical immuno-stains.
Although designed for human histopathological diagnosis some immuno-stains helpfully
showed cross-reactivity to rats. The primary experimental objective here is to consolidate
those findings by completing histology review of all remaining archived cases in our
archive.

2. Results

In confirming a renal cell origin for rat/OTA tumours, all four cases were diffusely
and intensely positive for vimentin (Figure 1A, Case 1, tumour dimensions 10 × 20 mm)

 
(A) 

Figure 1. Cont.
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(B) 

Figure 1. (A) Case 1, Vimentin (100×). (B) Case 1, CD10 (100×).

For case 1, CD10 is diffusely and intensely positive, as illustrated on approximately
the same area as vimentin, in Figure 1B.

For Case 2, tumour diameter 20 mm, CD10 is negative but cytokeratin clone MNF 116
is diffusely positive, with heterogeneous pattern and variable intensity (Figure 2A, with
adjacent Figure 2B as positive control illustrating staining in human tonsil and validating
immunostaining cross reactivity in rat).

 
(A) 

Figure 2. Cont.
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(B) 

Figure 2. (A) Case 2, CK MNF 116 (200×). (B) Control (human tonsil), CK MNF 116 (200×).

Case 3 tumour (5 mm) is not immuno-positive other than for vimentin (Figure 3); the
diagnosis of renal cell carcinoma is being made on the histological aspect on H&E.

 

Figure 3. Case 3, Vimentin (200×).

Case 4 tumour (5 mm) is additionally positive for CD10. (not illustrated).
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3. Discussion

Histopathology and immune profiles of the present four rat renal tumours caused by
chronic exposure to dietary OTA are complementary to our other similar tumours to which
immunohistochemical profiles have recently been ascribed [9]. The combined profiles in
ten cases dis-associate the rat tumours from implying a model for an etiological role of OTA
for the renal pelvic tumours sometimes associated with the Balkan endemic nephropathy.
The latter have also recently been shown to have an immune profile indistinguishable
from urothelial tumours studied in Slovakia where the Balkan nephropathy has not been
reported, thereby dis-associating OTA from urothelial tumours sometimes occurring in
Balkan nephropathy cases. A putative model role for human renal cell cancer might still
persist if the vital factor of extraordinary dietary exposure to OTA could be established at a
plausibly indicative value. Suggestion of OTA involvement in human testicular cancer has
also been discounted experimentally in rats.

Immunostaining for vimentin was invariably extensive as is typical for human tissues
of mesenchymal origin. The accompanying positivity for CD10 in three of the 10 rat
tumours could fit for humans [10]. MNF 116 positivity seems to be a useful characteristic for
some rat renal tumours but does not feature for human renal cancer [10]. Immunoprofiles
for these renal tumours do not fit easily with the OTA/rat renal expression assisting
in predicting OTA as a human carcinogen. Notably, a recent review, co-authored from
IARC [11], concludes that defining DNA adducts, oxidative stress and epigenetic factors
that operate in humans could lead to reclassification of OTA as a carcinogen. It is not clear
whether this indicates official IARC policy. It is unfortunate that authors mis-cite that ‘DNA
diploidy in OTA-induced rat tumours is associated to genetic change’ [12]. It is hoped
that any further consideration by IARC would consider that much or most of the in vitro
toxicology literature avoids relating the OTA concentration, used to obtain a measured
result, to how this relates to kidney parenchyma in vivo during carcinogenesis. It is also
important to avoid some literature’s assumption of accumulation of OTA in kidney [13].

Gender specificity in rodents is a neglected problem for matching a potential model
with the human for whom there seems none for renal cell carcinoma. For the mouse,
OTA renal cancer seems specifically male [14] and for the rat is nearly so [2]. A possible
explanation for the rat [15] concerns ability of OTA to bind not only to plasma proteins but
also to small male-specific urinary peptides in blood. These are subsequently transported
through glomerular filtration to pass down nephrons. They follow the usual fate of at least
partial salvage absorption in kidney cortex, thereby potentially augmenting delivery of
OTA to cortical epithelia. It is hypothesised that the phenylalanine moiety of free OTA
predisposes some direct cortical salvage for that essential amino acid in both genders, but
that binding to male urinary peptides boosts the overall toxic impact in the potential tissue
target for tumorigenesis. Further experimental study could readily detect by analytical
gel electrophoresis the extent to which OTA binds to particular urinary proteins, traces
of which must escape cortical salvage to appear in urine as pheromones. Such escape is
essential in mouse biology, providing the olfactory language of gender and sexuality in
the dark. Similarly, in the rat, verification of association of OTA with urinary protein [15]
and extension, possibly by use of OTA radiolabelled to high specific activity, could help
to clarify some mystery about OTA circulation in blood. OTA binds to serum albumin
rather strongly in humans, but the competition in mice and rats between albumin and the
smaller proteins that pass though glomeruli is unclear. Some preliminary exploration across
puberty in male rats has occurred [16] but there is room for much more in connection with
the pharmacokinetics of OTA. Extension of the previous findings [14] was only prevented
by the tragic death of the key scientist.

Another way of gaining understanding of the relative dynamics of OTA in blood
of male and female rats, to focus on gender differential in renal tumorigenesis, would
be by first establishing and quantifying stable circulating OTA in male and female rats
during continuous dietary exposure; then to castrate some of the males while continuing
the OTA. Predictably, females would have initially attained a higher stable concentration
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of OTA in blood than males, which were actively excreting more bound to small urinary
proteins. Post-castration OTA concentration in male blood could be expected to rise as
testosterone-regulated urinary protein synthesis in liver declines. This could be a step
towards evaluating the role of urinary proteins in the male rat tendency to develop renal
tumours in response to chronic exposure to dietary OTA.

An experimental challenge to explore could be the use of an established technique of
rat renal transplantation [17] to study male kidney neoplasia in a female body exposed to
dietary OTA for 9–10 months, and vice versa. The graft would have to remain functional
for well over a year. However, it is a curious thought that the global concern for OTA as a
risk to human health, and the vast expense of analysis and legislation, could be an illusion
created experimentally before discovery that small urinary proteins are sex pheromones in
mice and rats, where they may transport OTA into kidney.

The above histopathology review [9] also notes that the very small group of female
renal tumours in the 1989 NTP study had rather more variable histopathology than males,
but the largest example was found to conform to the same immune profile as for males.
Qualitative rat renal tumour pathology in response to OTA has thus been found to have a
consistent characteristic pattern across genders.

There had been no agreed conclusion in an EU project (European Commission
2001–2004) concerning putative genotoxic, epigenetic or oxidative stress mechanisms in
male rat renal carcinogenesis caused experimentally by OTA. However, definitive struc-
tural evidence of DNA adduction was subsequently obtained [18] after MS analysis of a
synthetic adduct following preparative isolation from photoreaction of OTA and DNA.
A previous plan, for MS data of the principal adduct isolated from kidneys of rats given
OTA, had failed only due to misunderstanding that all of the extremely small amount
of sample would need to go on the MS probe. Unfortunately, this was not practically a
repeatable enterprise.

A third lifetime rat study, in Hannover Germany in the 1990s using Dark Agouti rats
with gavage exposure to OTA [19] similar to that of the NTP study, also revealed some
renal tumours. However, these were noted mainly as indicators of carcinogenicity in six of
15 individuals whose kidneys were subsequently found to contain OTA/DNA adducts.
OTA dose was similar in cumulative amount to that in the high dose of the NTP study [2].
Giving OTA in aqueous vehicle, instead of corn oil, would have caused daily surges in
circulating toxin concentration with greater toxic impact. Nevertheless, finding consistent
occurrence of adducts in elderly rats correlated with continuing exposure to OTA is several
months too late to imply an epidemiological role in tumour initiation. The same applies in
principle also to human kidney cancer.

Subsequent use also of male Dark Agouti rats [7] generally corroborated the tumour
findings in Hannover. However, this was only by doubling the OTA dose through 9 months
of dietary exposure in the first year of life, during which OTA was consumed normally and
slowly mainly by rat habit during the 12 h human night period. Other gavage regimens
have delivered immediately during human daytime. Predictably, no adducts could have
been found a year later due to repair of any formed during OTA exposure. In any case, it
would be necessary to perfuse-wash tumorous kidneys in situ to remove vascular blood,
within which adducts also occur [20], to demonstrate OTA/DNA adducts within kidney or
tumour parenchyma. A similar strategy has also been necessary to explain a misconception
of accumulation of OTA in mammalian kidney [13].

Across the three main centres for lifetime experiments, there was a consistently lower
incidence of renal neoplasms in females than in males for Fischer, Dark Agouti and Lewis
rats. A putative mechanism for this differentiation has been proposed [15]. It requires
further experimental verification but can not be applied to humans which do not have
analogous urinary proteins. This gender focus for OTA also potentially diminishes rat
carcinogenicity relevance to humans and is an open question for other mammals.

In recent years ethical considerations have limited some whole animal experimen-
tation, in addition to the economic cost of experimental mycotoxins, and to the lifetime

43



Toxins 2021, 13, 205

maintenance cost for rodents and particularly for primates. Thus, the scientific literature
has reports mainly on tissue culture experiments. Whereas this may provide model infor-
mation applicable to some mammalian tissues, there is less confidence in application to
kidney with its exceptionally complex internal dynamics for sequential stages in filtration,
key metabolite recovery, water and ion regulation, metabolic waste excretion and the huge
replication of separate nephrons. Particularly, relative roles of trans-membrane ion transfer
of OTA, as a phenylalanine derivative, from capillaries to nephron epithelia versus classical
understanding of glomerular filtration, are not clear. Very rare finding of very simple early
nuclear proliferation in situ within a nephron is tantalising evidence of early neoplasm. We
have not yet seen this for OTA, but are aware of a possible model illustrated in a rat in an
experiment on chronic exposure to aristolochic acid [21]. In our experience, continuous
dietary exposure of male rats to OTA for 6 months, during which nephron epithelia ex-
perience millions of OTA molecules, is insufficient to initiate any renal tumour. Nine or
ten months is sufficient, but the subsequent point at which pre-cancerous neoplasms might
be visible in serial-sectioned kidney is unknown. Is this largely a matter of statistical proba-
bility of causing a critical, highly focal, genetic lesion? More experimental understanding
is needed for this topic. OTA exposure starting at one year has failed to cause cancers [22].
What factor(s) between 6 and 9 months of age is influential in OTA tumorigenesis?

Experimental evidence shows that the Fischer and other OTA/rat tumours which
have generated concern for humans may simply mimic the mechanism operating spon-
taneously in the EKER strain [23]. The findings are reminiscent of constitutive changes
in the rat tuberous sclerosis gene complex which in the EKER strain are correlated with
renal neoplasms. Thus, rat renal carcinogenesis caused by OTA does not obviously mimic
human urinary tract tumorigenesis.

Another tumorigenesis topic in the literature in the past decade concerns whether OTA
is a cause of human testis cancer. This was reiterated prominently in a review abstract [24]
with the assertion ‘that OTA is a biologically plausible cause of testicular cancer in man’.
This was unfortunately based partly on misreading of the literature [22]. There was also
insistence that experimental creation of OTA/DNA adducts in testes of newborn mice,
from the mother’s intrauterine exposure to a quite large OTA insult (2.5 mg/kg b wt) about
4 days previously, without discounting OTA/DNA adducts in newborn blood. Application
of immunohistochemistry to histology review of rat testis tumours has since showed [25]
the distinctive difference between the natural rat Leydig cell tumours and the germinal cell
preponderance of human testicular tumours.

4. Conclusions

Rat and mouse renal tumour response to long-term dietary OTA has cautioned possible
analogous cancer risk for humans, but there is yet no verified case of disease. A recent EFSA
report [26] expresses continued uncertainty about human risks for OTA contaminations
in food. Tumorigenic mechanisms have been proposed from in vitro studies but are
unconvincing for tumours of highly focal origin in rodent or human. Review of rat tumour
histopathology, including immune profiles, makes the rat a poor model in humans for
cancers in kidney and testis. However, several experimental findings for kidney point to
OTA mimicking the natural spontaneous renal tumours of the EKER strain. Natural OTA
exposure for humans is very much less than that often applied to experimental cells and
whole animal carcinogenicity follows a classical log dose/response relationship. Focus on
satisfying Bradford Hill criteria for epidemiology of OTA is encouraged to avoid biases.

5. Materials and Methods

Four renal tumours from Fischer male rats given protracted dietary OTA (300 μg/kg
body weight daily) [6] were embedded in paraffin blocks. Animals were from the same life-
time experimental group [6] as those whose immunoprofiles were previously described [9].
Ethical review and approval were waived for this study because no new live animals were
involved. Sections (3 μm) were mounted on charged slides (TOMO, Matsunami, Japan)
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and processed for immunohistochemistry in the Cell Pathology Laboratory of South West
London Pathology at St George’s Hospital, Tooting, variously applying panels of antibodies
in fully automated BenchMark ULTRA immunohistochemistry processing, as required to
assist clinical diagnoses. Procedures followed exactly those previously described [9]. The
following antibodies were used: CK MNF 116, clone MNF 116 (Dako); Vimentin, clone
V9 (Dako, Novocastra); CD10, clone 56C6 (Dako). After applying DAB chromogen, nuclei
were counterstained blue with haematoxylin. The brown immune reaction product of DAB
chromogen is cytoplasmic and/or membranar for the listed antibodies. Haematoxylin
and Eosin staining was also performed for preliminary standard tissue differentiation of
nuclear (blue) and cytoplasmic components (red).
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Abstract: The kidney is threatened by a lot of potentially toxic substances. To study the influence of
the nephrotoxin ochratoxin A (OTA) we established a cell co-culture model consisting of human renal
proximal tubule cells and fibroblasts. We studied the effect of OTA on cell survival, the expression
of genes and/or proteins related to cell death, extracellular matrix and energy homeostasis. OTA-
induced necrosis was enhanced in both cell types in the presence of the respective other cell type,
whereas OTA-induced apoptosis was independent therefrom. In fibroblasts, but not in tubule cells,
a co-culture effect was visible concerning the expression of the cell-cycle-related protein p21. The
expression of the epithelial-to-mesenchymal transition-indicating protein vimentin was independent
from the culture-condition. The expression of the OTA-induced lncRNA WISP1-AS1 was enhanced in
co-culture. OTA exposure led to alterations in the expression of genes related to energy metabolism
with a glucose-mobilizing effect and a reduced expression of mitochondrial proteins. Together we
demonstrate that the reaction of cells can be different in the presence of cells which naturally are
close-by, thus enabling a cellular cross-talk. Therefore, to evaluate the toxicity of a substance, it would
be an advantage to consider the use of co-cultures instead of mono-cultures.

Keywords: ochratoxin A; cell culture; energy metabolism; apoptosis-necrosis balance; mitochondria

Key Contribution: Co-culture of human renal tubule cells with human fibroblasts demonstrate that
the impact of a toxic substance, here ochratoxin A (OTA), can be underestimated when only one cell
type is used. Based on gene expression studies, OTA interferes with energy metabolism leading to
disturbed mitochondrial function and enhanced glucose mobilization from glycogen stores.

1. Introduction

Due to its excretory function, the kidney is threatened by a variety of harmful sub-
stances such as drugs or food contaminants, like mycotoxins leading to acute or—even
worse—chronic kidney diseases with a prevalence of about 10% [1,2]. To understand
the mechanisms of the nephrotoxic action it is helpful to find strategies to alleviate these
detrimental scenarios and many studies have been performed to solve the question of why
and how kidneys are endangered [3–5].

To study the influences of a substance on an organism, it is often difficult to use whole
animals because of ethical concerns and organizational, costly and elaborate prerequisites.
Furthermore, a transfer of knowledge to the human situation is associated with uncertain-
ties. Therefore, cell culture models have been established and are used widely, and have
the advantage that a specific cell type and its response to a substance or to a treatment can
be studied under controlled conditions. Although many and important findings have been
made using this approach, some disadvantages are inherent: cells of a cell line often have
been immortalized by mutagenesis or other—sometimes drastic—methods [6]. This allows
easy handling and long usage but with the hazard that results found in a specific model
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system may not be transferable to the situation in the whole organ or organism. To over-
come this disadvantage, instead of immortalized cell lines, primary cells can be used, but
the generation of primary cells is often very difficult and requires advanced technical skills.
Additionally, primary cells often do not survive for a long period of time and need special
individual culture conditions. But primary cells are a step closer to natural conditions and
at least sometimes it turned out that they are more sensitive to, e.g., toxic stimuli as cell
lines are [7], meaning that cell lines might be more robust. Another disadvantage is the
fact that cells are often kept in monoculture, i.e., without the influences of other cell types,
which in their home organ usually are close-by. Therefore, it might be a step towards a
more realistic situation to study the response of a cell type to a substance or treatment in
the presence of those cells, which are in the native organ in close proximity.

In the kidney, proximal tubule cells are surrounded by fibroblasts and a—probably
mutual—influence can be assumed. This is also the case in kidney damaging scenarios that
in most cases lead to tubulo-interstitial inflammation and fibrosis [8,9], and are decisive
for the decline of kidney function. Because of their transport and enzymatic capabilities,
renal proximal tubule cells are endangered by a variety of potential toxic substances such
as, e.g., drugs or their remnants or mycotoxins. One role of the surrounding fibroblasts is
to furnish the extracellular matrix by release of collagens and other matrix components
and therefore to participate in the integrity of the tissue [10]. But they are also—together
with epithelial cells—involved in inflammatory processes or in fibrotic kidney diseases [11]
with the risk of developing renal failure.

An intensively studied mycotoxin with relevance for human health is ochratoxin A
(OTA) [12,13]. It can be found in a variety of foodstuffs [12,14] and to avoid its exposure
and uptake is almost impossible [9,15]. This leads to the observation that OTA is detected
frequently in human blood in low nanomolar concentrations [16]. In exposed animals,
OTA leads to kidney failure and fibrotic changes [17,18]. OTA exposure is assumed to
be involved in human kidney diseases [19]. In human primary proximal tubule cells, a
toxic effect of OTA has been shown, which is also observable in human primary fibroblasts,
although it is not as prominent as in proximal tubule cells [7]. The mechanisms behind the
toxic action of OTA are still not completely understood and are subject of many ongoing
studies. How far neighboring cells with different functions interfere and thereby modulate
cell function is almost not known but is expectable. In a previous study using a co-culture
model consisting of rat kidney proximal tubule and fibroblast cells, it turned out that a
kind of crosstalk between both cell types takes place, leading to the observation that effects
of OTA as epithelial-to-mesenchymal transition (EMT) occurred only under co-culture
conditions [20]. Another conclusion drawable from that study and others was that rat
cells are more robust concerning the tolerance to OTA as compared to human proximal
tubule cells [7,20] and therefore a model system based on human cells is required to closer
evaluate the human situation and the risk of OTA exposure.

Therefore, in the present study, we establish an advanced cell co-culture model con-
sisting of human proximal tubule cells (HK2 cells) and human fibroblasts (CCD-1092SK
cells) to study the effects of OTA on cell survival (apoptosis, necrosis) and expression of
some exemplarily chosen genes related to cell cycle, cell death, extracellular matrix, and
metabolism. Similar to previous studies using rat cells [20], the human proximal tubule
cells were placed on filter devices and the filters were put above a layer of fibroblasts
seeded on the bottom of a petri dish so that the basolateral side of the epithelial cells faces
towards the fibroblasts, enabling a kind of conversation between both cell types.

2. Results

2.1. Protein, Lactate Dehydrogenase Release and Caspase-3 Activity

To obtain a first impression about possible effects of culture conditions itself as well as
about effects on OTA-induced alterations, we compared caspase-3 activity as a measure
for apoptosis of cells grown in monoculture with the activity of cells grown in co-culture
incubated with or without 100 nM OTA for two points of time, 24 and 48 h. In addition,
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lactate dehydrogenase (LDH) release as a measure for necrosis was determined as well as
protein content to give an overall impression on cell status. Therefore, equal amounts of
cells were placed either in the well bottom (fibroblasts) or onto a filter (proximal tubule
cells). After reaching confluence, filters were placed into the wells in which the fibroblasts
were located (see graphical abstract). As shown in Figure 1A, almost no culture-condition-
dependent effects on protein content could be observed in both cell types after 24 or 48 h
(see also Supplementary File S1). In fibroblasts, OTA exposure led to a small increase in
protein content whereas in tubule cells OTA led to a slight decrease of protein content
showing that OTA might have a negative effect on tubule cells. These effects were almost
independent from the culture condition in both cell types.

Figure 1. Effects of ochratoxin A (OTA) and/or culture conditions on protein content (A), caspase-3 activity (B), and lactate
dehydrogensase (LDH) release (C). Cells were cultivated either in mono- or in co-culture and exposed to 100 nM OTA for 24
or 48 h. n = 3–6, n = 14–18 (protein, LDH) or 8–9 (caspase-3). * indicates a p < 0.05 to non-OTA-exposed cells (comparing the
OTA effects, resp. left side) or to cells in mono-culture (comparing culture effects, resp. right side).

To further explain the effect on protein content, we studied apoptosis and necrosis.
Compared to fibroblasts, OTA had a clear effect on apoptosis in tubule cells after 24 h
exposure with about 2.5-fold increase in activity (Figure 1B). After 48 h exposure the
increase was still observable but not as distinctive as after 24 h. However, these increases
were almost independent from culture conditions except that after 48 h in the presence
of fibroblasts the caspase activity in the tubule cells was slightly reduced, indicating a
modest protecting effect of the co-culture. However, a protecting effect of co-culture was
observable for the fibroblasts, especially in the presence of OTA.

In Co-culture, LDH release was clearly enhanced in fibroblasts and tubule cells when
compared to monoculture conditions independent of the presence of OTA (Figure 1C). In
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tubule cells, OTA led to an increase of LDH released into the media especially after 48 h
exposure, which was not as pronounced in fibroblasts.

Taken together, the presence of the respective other cell type led to enhanced necrosis
but to less apoptosis so that the overall protein content was not remarkably changed. The
effects of OTA on apoptosis and necrosis were also mostly independent from the presence
or absence of the other cell type.

2.2. Western Blot and mRNA Expression
2.2.1. CDKN1A/p21

Cell cycle was shown to be influenced by OTA and it could be shown that the p21
protein which is involved in cell cycle was upregulated by OTA in tubule cells [21]. To
investigate how far the protein, as well as the expression of mRNA coding for p21, is
influenced by the presence of fibroblasts, we performed Western blots and RT-PCR. As
shown in Figures 2A,B and 3, 48 h exposure to 100 nM OTA led to an increase of p21
protein amount in mono but also in co-culture conditions in tubule cells. In fibroblasts
under co-culture conditions, OTA had no effect on p21-protein expression although the
mRNA expression was increased by OTA independent from the presence of the other cell
type. Interestingly, under co-culture conditions, OTA exposure did not further increase p21
protein expression. In tubule cells, the mRNA expression was not altered by the presence
of fibroblasts but in fibroblasts in co-culture the p21 mRNA expression was enhanced not
only in OTA-exposed but also already in cells not exposed to OTA (see also Supplementary
File S1). This shows that the presence of the other cell type has an influence on p21 protein
expression, especially in fibroblasts.

 

Figure 2. Effects of OTA and/or culture conditions on protein and mRNA expression of CDKN1A/p21 (A,B) and cyclooxy-
genase 2 (COX2) (C,D). Cells were cultivated either in mono- or in co-culture and exposed to 100 nM OTA for or 48 h. n = 3,
n = 4–9 (protein and 8–9 for mRNAs. * indicates a p < 0.05 to non-OTA-exposed cells (comparing the OTA effects, resp. left
side) or to cells in mono-culture (comparing culture effects, resp. right side).
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Figure 3. Supplementary representative Western blots to Figures 2A,C and 4A,C.

2.2.2. Cyclooxygenase 2 (COX2)

It has been shown that cyclooxygenase 2 (COX2) protein as well as mRNA levels are
increased during kidney failure [22]. As shown in Figures 2C,D and 3, only in fibroblasts the
protein expression was increased by OTA exposure. In addition, in the presence of tubule
cells, COX2 protein expression was enhanced in untreated as well as in OTA-exposed
cells, demonstrating a clear influence of tubule cells. The mRNA expression, however, was
not influenced by OTA and a very slight effect of co-culture occurred by OTA exposure.
In contrast, in tubule cells, the mRNA and protein expression of COX2 was completely
independent from OTA or the presence of fibroblasts. That shows that concerning COX2
tubule cells can influence fibroblasts but fibroblasts have no influence on tubule cells.

2.2.3. Fibronectin

Kidney failure is often accompanied by fibrosis. During fibrosis, an accumulation
of extracellular matrix takes place and one observation besides other is an increase of
fibronectin protein amount [23]. Therefore, the OTA-dependent alteration of fibronectin-
coding mRNA and protein expression was determined in mono- or co-culture conditions.
As shown in Figures 3 and 4A,B, 48 h exposure of tubule cells to 100 nM OTA led to a
decrease of intracellular fibronectin both in mono-and co-culture. The OTA-effect was
lower in co-culture. Moreover, the amount of mRNA coding for fibronectin was reduced by
OTA exposure independently from the culture conditions and the presence of fibroblasts
led to lower mRNA expression in control and OTA-exposed cells. In contrast, in fibroblasts
the fibronectin expression was almost not altered neither by OTA nor by culture conditions
because of a great variability, especially in the Western blots. A tendency towards OTA-
induced expression might be visible in mono-culture.

2.2.4. Vimentin

Vimentin is a protein whose abundance increases when epithelial-to-mesenchymal
transition (EMT) takes place and EMT development can lead to kidney failure [23]. There-
fore, the OTA-dependent alteration of vimentin mRNA and protein expression was deter-
mined in mono- and co-culture conditions. As shown in Figures 3 and 4C,D, 48 h exposure
of tubule cells to 100 nM OTA led to a lower abundance of vimentin protein both under
mono- and co-culture conditions. However, in the presence of fibroblasts the vimentin
protein expression was independent from culture conditions. The expression of mRNA
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coding for vimentin was almost not altered neither by OTA nor by culture conditions with
the exception that OTA exposure in co-culture showed a slight increase. In fibroblasts, the
vimentin protein expression was completely independent from OTA exposure as well as
from the presence of the tubule cells. In addition, vimentin-coding mRNA expression was
almost not altered.

 
Figure 4. Effects of OTA and/or culture conditions on protein and mRNA expression of fibronectin (FN) (A,B) and vimentin
(VIM) (C,D). Cells were cultivated either in mono- or in co-culture and exposed to 100 nM OTA for 48 h. n = 3; n = 4–8 (FN
protein), 4–7 (VIM protein) and 8–9 for mRNAs. * indicates a p < 0.05 to non-OTA-exposed cells (comparing the OTA effects,
resp. left side) or to cells in mono-culture (comparing culture effects, resp. right side).

2.3. Expression of Some Selected Genes

To further test exemplarily in how far the culture conditions may affect also the
expression of other RNAs, we selected some genes, which play a role in apoptosis-necrosis,
cancer development, or energy metabolism (see also Supplementary File S1).

2.3.1. WISP1-AS1

WISP1-AS1 is a long non-coding RNA (lncRNA) induced by OTA affecting transcrip-
tional regulation and playing a role in the apoptosis-necrosis balance and probably in
cancer development [24]. As seen in Figure 5A, 48 h exposure to 100 nM OTA led in both
cell types to a marked increase in the expression of that lncRNA. Without OTA, the presence
of the respective other cell type had almost no influence on the expression. However, in
the presence of OTA, its expression was higher in co-culture as compared to mono-culture.
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Figure 5. Effects of OTA and/or culture conditions on expression of RNA coding for WISP1-AS1 (A), GDF15 (B), and CDK2
(C). Cells were cultivated either in mono- or in co-culture and exposed to 100 nM OTA for 48 h. n = 3, n = 4–9. * indicates
a p < 0.05 to non-OTA-exposed cells (comparing the OTA effects, resp. left side) or to cells in mono-culture (comparing
culture effects, resp. right side).

2.3.2. GDF15

Growth differentiation factor 15 (GDF15) is a member of the transforming growth
factor superfamily responding to stress. It is discussed as a biomarker also for kidney
diseases or as a predictor for survival of kidney transplant patients [25,26]. The expression
of mRNA coding for GDF15 was enhanced in both cell types after OTA exposure as shown
in Figure 5B. This OTA-induced effect was favored in fibroblasts when tubule cells were in
the vicinity. In tubule cells, however, the expression was independent of the presence of
fibroblasts (Figure 5B).

2.3.3. CDK2

Cyclin-dependent kinase 2 (CDK2) was identified by weighted correlation network
analysis as a major regulator of OTA-induced cell cycle dysregulation [21]. In fibroblasts
in monoculture the expression of the mRNA coding for CDK2 was not altered by OTA.
Furthermore, the presence of tubule cells did not affect the mRNA expression. However, in
tubule cells, OTA led to a slightly enhanced expression only in the presence of fibroblasts
(Figure 5C).

2.3.4. Glycogen and Glucose-Related Proteins: PYGM, GYS1 and GLUT1 (SLC2A1)

The kidney is also involved in glucose homeostasis and can provide the body with
glucose either by gluconeogenesis or by mobilizing glycogen stores [27]. Glycogen phos-
phorylase (PYGM) plays a role in the decomposition of glycogen stores, thereby mobilizing
glucose [28]. As seen in Figure 6A, 48 h exposure to 100 nM OTA led to a marked in-
crease in the expression of the mRNA coding for glycogen phosphorylase, especially in
the tubule cells. However, in tubule cells this increase was not dependent on culture
condition whereas in fibroblasts the OTA-induced expression was higher in the presence
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of tubule cells as compared to the condition without tubule cells. Glycogen synthase 1
(GYS1) catalyzes the opposite reaction and whereas the expression of the phosphorylase
was upregulated, the expression of the synthase was down regulated by OTA in tubule
cells and in fibroblasts in co-culture (Figure 6B). This indicates a glucose-mobilizing effect
of OTA. Interestingly, the mRNA expression of the glucose transporter GLUT1 (SLC2A1)
was upregulated by OTA, too (Figure 6C), underlining the idea of an enhanced glucose
demand due to OTA exposure maybe due to impaired mitochondria.

 
Figure 6. Effects of OTA and/or culture conditions on expression of RNA coding for PYGM (A), GYS1 (B), and GLUT1
(C). Cells were cultivated either in mono- or in co-culture and exposed to 100 nM OTA for 48 h. n = 3, n = 8–9. * indicates
a p < 0.05 to non-OTA-exposed cells (comparing the OTA effects, resp. left side) or to cells in mono-culture (comparing
culture effects, resp. right side).

2.3.5. Mitochondria-Related Proteins: NDUFB10 and MRPS16

There are indications that OTA exposure can lead to a decrease of the mitochondrial
potential in kidney cells [24] showing that mitochondrial function may be influenced by
OTA exposure, which might be additionally influenced by the presence of fibroblasts.
Therefore, representative of other RNA coding for mitochondrial proteins, we show here
the expression of the mRNAs coding for NDUFB10 and MRPS16. NDUFB10 codes for
the mitochondrial NADH:ubiquinone oxidoreductase subunit B10, which is a part of the
mitochondrial respiratory complex I and highly expressed in heart and kidney (NCBI gene.
Available online: https://www.ncbi.nlm.nih.gov/gene/4716 (accessed on 17 March 2021)).
The MRPS16 gene codes for the mitochondrial ribosomal protein S16, which plays a role in
mitochondrial protein synthesis. As shown in Figure 7, 24 h OTA exposure led in both cell
types to a decreased expression of both mRNAs. In tubule cells, the decreased expression
of NDUFB10 gene was not influenced by the presence of fibroblasts, whereas in fibroblasts
the OTA-induced reduction of NDUFB10 expression was slightly rescued in the presence of
tubule cells (Figure 7A). In tubule cells, the already lowered expression of the gene coding
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for the mitochondrial ribosomal subunit by OTA was additionally lower in the presence
of fibroblasts, whereas in fibroblasts the presence of tubule cells led to a slightly higher
expression of MRPS16 mRNA (Figure 7B). This shows that mitochondrial function can be
affected by OTA but that the OTA effect can additionally be modified when the two cell
types are close together.

 
Figure 7. Effects of OTA and/or culture conditions on expression of RNA coding for NDUFB10 (A) and MRPS16 (B). Cells
were cultivated either in mono- or in co-culture and exposed to 100 nM OTA for 24 h. n = 3, n = 8–9. * indicates a p < 0.05 to
non-OTA-exposed cells (comparing the OTA effects, resp. left side) or to cells in mono-culture (comparing culture effects,
resp. right side).

3. Discussion

The kidney is endangered by a variety of nephrotoxic substances with the risk of acute
or chronic kidney failure [1]. For the study of the impact of nephrotoxic substances on
different cell types and to reduce animal handling, cell cultures have been widely applied.
These cell cultures have the additional advantage that experimental conditions can be
controlled and specific effects of a substance investigated using a defined cell type. Besides
these undisputed advantages, some considerations remain: for example, in the “home
organ” one cell type (e.g., proximal tubule cells in the kidney) is surrounded by other
cell types (e.g., fibroblasts) with manifold interdependencies. Therefore, the reaction to a
substance observed when using only one cell type may not be the same as in the presence
of the cells close-by in the original tissue. In a model consisting of two different rat renal
cell types, it has been shown that a cross-talk exists between tubule and fibroblast cells,
leading to reactions appearing solely when the two cell types were close-together [20].
However, when comparing the results of that study with findings observed using human
renal tubule cells it emerges that rat cells obviously are more robust than the human
cells concerning their reaction to treatment with a ubiquitous nephrotoxin, ochratoxin
A (OTA) [7]. Therefore, a co-culture model consisting of human cells is necessary. We
established such a model by using the human proximal tubule cell line HK2 and human
fibroblasts. HK2 cells were grown on filter inserts and brought together with fibroblasts,
grown on the bottom of a 6-well plate. After recording basic parameters as apoptosis and
necrosis, we used this model to obtain initial data on the effect of ochratoxin A on the
expression of some proteins and RNAs related to cell cycle, EMT, and cellular metabolism.

3.1. Cell Survival

Based on protein content, it seemed that neither OTA nor the culture-condition had a
remarkable effect. However, the relationship between apoptosis and necrosis was shifted
towards necrosis in both cell types when cells were cultured together. OTA is known to
induce apoptosis in tubule cells [29] and to a lesser extend also in fibroblasts [7]. This is
reflected also in the present results. Interestingly, the presence of the respective other cell
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type led to decreased apoptosis rates in both cell types but to enhanced LDH release. This
is a first hint that already the presence of another cell type can influence cellular function
and that the reaction of cells to a toxic substance can be different in co-culture compared to
mono-culture.

3.2. Protein and RNA Expression

We extended our studies by the determination of protein and RNA expression of
some exemplarily chosen proteins and the RNAs coding for them. As OTA was shown to
influence cell cycle [21,30], the expression of CDKN1A/p21 was studied. According to the
findings by Dubourg et.al [21], OTA led to an enhanced expression not only of CDKN1A
mRNA but also of CDKN1A/p21 protein in tubule cells. In these cells, the presence of
fibroblasts did not influence CDKN1A mRNA expression, whereas in fibroblasts a clear
co-culture effect was visible with enhanced mRNA abundance only visible in co-culture.
However, this increase in mRNA abundance was not completely mirrored by protein
expression, suggesting further regulatory mechanisms. Cell cycle studies may be added to
get a further insight into the impact on cell cycle. Cyclin-dependent kinase 2 (CDK2) was
found to play a role in OTA-induced dysregulation of the cell cycle [21]. In tubule cells,
its mRNA expression was enhanced by OTA in co-culture whereas fibroblasts were not
influenced by tubule cells. Together, the results suggest that the cell cycle in tubule cells is
influenced by the presence of fibroblasts.

Another co-culture effect was observed for the expression of COX2 in fibroblasts.
For fibroblasts the presence of tubule cells led to a clearly enhanced protein expression
(similar to results observed in rat cells [20]), which was not visible for the tubule cells
which did not show any culture-dependency. This indicates that the role of fibroblasts in
inflammatory kidney diseases may have been underestimated by studies using fibroblasts
in mono-culture.

The intermediate filament protein vimentin is constitutively expressed in fibroblasts
and is increasingly expressed during epithelial-to-mesenchymal transition (EMT) in ep-
ithelial cells [10]. Although it has been shown that prolonged OTA exposure can lead to
enhanced expression of collagen III or fibronectin in tubule cells [7], in the present study
the expression of the EMT-indicating protein vimentin in tubule cells was even lower after
OTA exposure, independent of culture conditions. In addition, the expression of fibronectin
mRNA and protein was rather lower and not enhanced. Furthermore, in fibroblasts, no
altered expression was demonstrable so that these findings do not argue in favor of an
EMT induced by OTA, as shown by others [31].

To further test whether co culture can influence the cellular answer to stress induced
by OTA, we determined the expression of some exemplarily chosen RNAs related to
apoptosis-necrosis, cancer development and energy metabolism.

Long non-coding RNAs play a significant role in many cellular regulatory processes
and their derailing, and also in renal fibrosis or cancer [32]. WISP1-AS1 is a long non-coding
RNA induced by OTA and expressed in renal tumor cells [24]. We found its upregulation
by OTA in both cell types and co-culture enhanced the upregulation. This allows the
aggravation of the effect of WISP1-AS1 on the apoptosis-necrosis balance and probably
tumor formation. The enhanced LDH release observed in co-culture can therefore at least
partially be explained by the enhanced content of WISP1-AS1, which was shown to be
necessary for OTA-induced necrosis [24].

WISP1-AS1 was also suspected to play a role in metabolism including mitochon-
dria [24]. In gastric epithelium cells, OTA was shown to cause mitochondrial dysfunc-
tion [33]. For kidney cells, there are controversial results as to whether OTA exposure has
an influence on mitochondrial potential or not [21,24]. A reduced mitochondrial potential
might be the result of impaired mitochondria or might proceed mitochondrial damage.
The reduced expression of mitochondrial proteins may lead to impaired function mirrored
or followed by altered mitochondrial potential. Impaired mitochondrial function forces
the cell to use alternative pathways to assure energy supply. Energy supply under inap-
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propriate mitochondrial contribution can be maintained by an increased use of glycolysis
leading to enhanced production of lactate. However, in HEK293 cells, a human embryonic
kidney cell line, it was found that OTA led rather to a reduction of glycolysis and the
enhanced amount of lactate due to lactate production from glutamine was dependent on
the expression of the lncRNA WISP1-AS1 [24]. In contrast, in gastric epithelia cells, it could
be shown that OTA exposure leads to a reprogramming of glucose metabolism towards
glycolysis and less tricarboxyic acid cycle activity [34]. We can show here that (1) OTA leads
to a reduced mRNA expression of two representatively chosen mitochondrial proteins,
which play a role in mitochondrial protein synthesis (MRPS16) and energy production
(NDUFB10) and (2) that glycogen-handling enzymes were regulated in a way that enhanced
glucose can be mobilized (GYS1 down and PYGM up). Additionally, a higher GLUT1
transport capacity seems to be induced. However, these OTA-induced alterations were
almost independent from culture conditions.

In conclusion, we have shown that under co-culture conditions, the reaction of the cells
can be different from the reactions observed in mono-culture, although not all parameters
studied here were culture-dependent. However, based on the findings presented here, the
use of co-culture should be preferred if possible, thus avoiding the possibility to oversee
the effects not taking place when solely one cell type is studied. The question remains of
how the cells communicate between each other. Studies in a rat co-culture model revealed a
COX2-dependent mechanism [20] and in mice, retinoic acid seems to participate in cellular
cross-talk of kidney cells [35]. Additionally, the question remains, if, why and how OTA
interferes with cellular energy metabolism and the role of mitochondria therein.

4. Materials and Methods

4.1. Cell Culture

Human proximal tubule cells and fibroblasts were purchased from ATCC (Rockville,
MD, USA; HK2: CRL-2190 and CCD-1092SK:CRL-2114). Both were cultured in DMEM-
HamF12 media (PAN Biotech, Aidenbach, Germany) containing 10% fetal calf serum.
Media were changed every week. 24 h prior to and during OTA exposure, cells were
held in serum-free media. For co-culture experiments, HK2 cells were seeded onto a filter
(Falcon, Corning GmbH, Wiesbaden, Germany, pore size 0.4 μm) immersed in media in a 6-
well-plate whereas fibroblasts were seeded on the well bottom of another 6-well plate. After
reaching confluence (usually three days after seeding) the filter with the proximal tubule
cells were placed into the well with the fibroblasts in serum-free media. The media volume
was 2 mL on the basolateral side of the tubule cells and 900 μL apical. In monoculture,
HK2 cells were seeded onto filters, which were further handled as in co-culture except that
no fibroblasts were present.

4.2. Determination of LDH and Caspase-3 Activities and of Protein Content

For lysis, cells were washed twice in ice-cold PBS buffer, collected and lysed in MOPS-
Triton buffer (20 mM 3-(N-morpholino)propanesulfonic acid, pH 7.4, 0.1% Triton X100).
Protein content in cell lysates was determined using bicinchoninic acid [36,37]. LDH activity in
media or cell lysates as a measure for necrosis was determined according to Bergmeyer [38] as
described in detail in [20]. Caspase-3 activity as a measure for apoptosis was determined using
the florigenic caspase-3 substrate (DEVD-AFC) as described in [39]. Briefly, 60 μL cell lysate
was incubated with 65 μL reaction buffer (20 mmol/L piperazine-1,4-bis(2ethanesulfonic acid
(PIPES), 4 mmol/L EDTA, 0.2% 3-[(3-cholaminopropyl)dimethylammonio]-1-propanesulfate
(CHAPS), 10 mmol/L dithiotreitol (DTT), pH 7.4) containing 42 μmol/L DEVD-AFC (Asp-
glu-val-asp-7-amino-4-trifluoromethylcoumarin, end-concentration) at 37 ◦C. Fluorescence of
the cleaved product (AFC) was measured at 400 nm excitation and 505 nm emission. Cleaved
AFC was quantified by a calibration curve using known AFC concentrations.
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4.3. RT-PCR

Isolation of total ribonucleic acid (RNA) was performed using Trizol reagent (Life
Technologies, Darmstadt, Germany). Cells were washed and thereafter lysed with Trizol
reagent and transferred into a reaction tube. After addition of chloroform and centrifu-
gation (12,000× g), the upper phase was collected and mixed with ice-cold isopropanol.
After centrifugation (12,000× g) the supernatant was removed and the pellet washed twice
with 75% ethanol and finally solved in water. Reverse transcription was performed using a
commercial kit from Invitrogen (Thermo Fisher Scientific, Waltham, MA, USA) according to
their instructions. Real-time PCR was performed using a SYBR Green reagent (Invitrogen).
Primers were synthesized by Microsynth AG, Balgach, Switzerland. Primer sequences are
shown in Table 1. Fold change of gene expression was calculated by the 2ΔΔCt method
using the expression of EEF2 and RPS17 as references. The expression of these two genes
turned out to be the less altered ones (if at all) in RNA sequencing data when comparing
OTA treated with non-treated HK2 cells (non-published results).

Table 1. Primer Sequences (in 5′–3′) used in Real-time-PCR.

Gene Name Forward Reverse Fragment Length

CDKN1A ACTGTCTTGTACCCTTGTGC CTCTTGGAGAAGATCAGCCG 144
CDK2 ATTCATGGATGCCTCTGCTC TTTAAGGTCTCGGTGGAGGA 122
EEF2 GGAGTCGGGAGAGCATATCA GGGTCAGATTTCTTGATGGG 108
FN CCATAAAGGGCAACCAAGAG AAACCAATTCTTGGAGCAGG 142

GDF15 CTCCAGATTCCGAGAGTTGC CACTTCTGGCGTGAGTATCC 130
GYS1 TTCTACAACAACCTGGAG CTGAGCAGATAGTTGAGC 404

NDUFB10 ATGATGAAAGCGTTCGACCT TTGCACTCAGTGATGTCTGG 137
MRPS16 AGAAAAACTCGTTGCCCTCA AGCAAGACCCAGAAGCTTTT 97
PYGM TCAATGTCGGTGGCTACATC CACCACGAAATACTCCTGCT 131
RPS17 TCAGCCTTGGATCAGGAGAT CATCCCAACTGTAGGCTGAG 114

SLC2A1 (GLUT1) ACACTGGAGTCATCAATGCC ACACTGGAGTCATCAATGCC 148
VIM ATTGCAGGAGGAGATGCTTC TTCCACTTTGCGTTCAAGGT 112

4.4. Western Blots

After separation of the proteins by sodiumdodecylsulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE), proteins were transferred onto a nitrocellulose membrane. There-
after, free binding sites of the membrane were blocked by a 5% solution of non-fat dry
milk in TRIS-buffered saline (3 mM TRIS base, 140 mM NaCl, 0.17 mM Tris-HCl, pH 7.4)
containing 0.1% Tween20. The first antibodies diluted in TRIS saline + 5% bovine serum
albumin (TRIS-BSA, for dilutions see Table 2) were added and membranes incubated
overnight. After washing, fluorescence-coupled secondary antibodies in TRIS-BSA were
added for 90 min. Fluorescence of the second antibodies was recorded using a LICOR
detection system.

Table 2. Antibodies used in Western Blot Experiments.

Antibody Against Source Dilution

CDKN1A/p21 Cell Signaling 0.7361111
COX2 Abcam 0.3888889

Fibronectin Rockland 0.7361111
VIM Cell Signaling 0.7361111

Beta-Actin Cell Signaling 0.7361111
Mouse antibody (2nd antibody) Licor 1:40,000
Rabbit Antibody (2nd antibody) Licor 1:40,000

4.5. Statistics

The significance of difference was determined by the unpaired Student’s t-test. p ≤ 0.05
was considered to be statistically significant and indicated by an * in the figures.
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Abstract: Food can be contaminated by various types of contaminants such as mycotoxins and toxic
heavy metals. Therefore, it is very likely that simultaneous intake of more than one type of food
contaminant by consumers may take place, which provides a strong rationale for investigating the
combined toxicities of these food contaminants. Patulin is one of the most common food-borne
mycotoxins, whereas cadmium is a representative of toxic heavy metals found in food. The liver
and kidneys are the main target organ sites for both patulin and cadmium. We hypothesized
that simultaneous exposure to patulin and cadmium could produce synergistic hepatotoxicity and
nephrotoxicity. Alpha mouse liver 12 (AML12) and Human embryonic kidney (HEK) 293 (HEK293)
cell lines together with a mouse model were used to explore the combination effect and mechanism.
The results demonstrated, for the first time, that the co-exposure of liver or renal cells to patulin and
cadmium caused synergistic cytotoxicity in vitro and enhanced liver toxicity in vivo. The synergistic
toxicity caused by the co-administration of patulin and cadmium was attributed to the boosted
reactive oxygen species (ROS) generation. c-Jun N-terminal kinase 1 (JNK1) and p53 as downstream
mediators of oxidative stress contributed to the synergistic toxicity by co-exposure of patulin and
cadmium, while p53/JNK1 activation promoted the second-round ROS production through a positive
feedback loop. The findings of the present study extend the toxicological knowledge about patulin
and cadmium, which could be beneficial to more precisely perform risk assessments on these
food contaminants.

Keywords: patulin; cadmium; synergistic toxicity; oxidative stress; JNK1; p53

Key Contribution: Co-administration of patulin and cadmium triggered a strong synergistic toxic
consequence through increased oxidative stress. JNK1 and p53 as downstream mediators of oxidative
stress contributed to the synergistic toxicity by co-exposure of patulin and cadmium.

1. Introduction

Food can be contaminated by various types of contaminants such as mycotoxins, toxic
heavy metals, pesticides, veterinary drugs and illegal food additives. Therefore, it is very
likely that simultaneous intake of more than one type of food contaminant by consumers
may take place, which provides a strong rationale for investigating the combined toxicities
of these food contaminants.

Patulin (PAT), which belongs to fungal secondary metabolites (mycotoxins), is a
common contaminant of moldy fruits and products based on them [1]. Previous studies
have demonstrated that patulin could produce a diverse range of adverse effects on
animal and human health, including immunotoxicity, neurotoxicity, hepatotoxicity and
nephrotoxicity [2]. Electrophilic patulin forming covalent adducts with glutathione (GSH)
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results in the generation of ROS, which is crucial to the induction of organ toxicity [3].
In addition, a number of signaling pathways such as mitogen-activated protein kinase
(MAPK), p53, v-akt murine thymoma viral oncogene homolog (AKT) and endoplasmic
reticulum stress have been identified to be involved in the toxicity of patulin [3–5].

Toxic heavy metals are another major type of food contaminants. Cadmium is one
of the most common toxic heavy metals found in food. The toxicities of cadmium mainly
include hepatotoxicity, nephrotoxicity, carcinogenicity, teratogenicity and reproductive
toxicity [6]. Apoptosis induction in the target organs is considered to be a key event at the
cellular level. Oxidative stress induction and MAPK activation have been suggested to
contribute to cadmium-induced apoptosis [7,8].

As mentioned above, patulin and cadmium are often found in fruits and rice, respec-
tively; therefore, it is possible that consumers are co-exposed to patulin and cadmium
when the meal they eat contains patulin-contaminated fruits and cadmium-contaminated
rice. The liver and kidneys are the main target organ sites for both patulin and cadmium.
We hypothesized that simultaneous exposure to patulin and cadmium could produce
synergistic hepatotoxicity and nephrotoxicity. In our study, this hypothesis was tested
using both cell and mouse models.

2. Results

2.1. Combining PAT and CdCl2 Causes a Synergistic Apoptosis Induction In Vitro

For the purpose of assessing the combined toxicity of PAT and cadmium chloride
(CdCl2), AML12 mouse liver cells and HEK293 human kidney cells were employed to
examine the combined hepatocyte and nephrocyte toxicity, respectively. According to our
preliminary dose range finding experiments, we chose dose levels of 2.5 to 4.5 μmol/L PAT
and 12.5 to 22.5 μmol/L CdCl2, which, by themselves, caused minimal or modest apoptosis
in AML12 cells. As shown in Figure 1A, treatment with PAT or CdCl2 individually induced
a slight or modest, but dose-dependent, increase in apoptosis. However, co-treatment
caused a significantly higher increase in cell death induction and cleavage of poly(ADP-
ribose) polymerase (c-PARP) (Figure 1B). We wondered if the enhanced cell death was a
synergistic action. Therefore, the data that the doses of each compound tested covered a
range of toxicity from about 30% to 90% were processed to calculate the combination index
(CI) using CompuSyn software (see Figure S1 in Supplementary Materials). The values
of CI were lower than 1 for all combinations tested, suggesting that a synergistic effect
did exist on AML12 cells by co-treatment with PAT/CdCl2 (Figure 1C). For the combined
nephrocyte toxicity, the dose levels of 2 to 4 μmol/L PAT and 1 to 2 μmol/L CdCl2 were
chosen in HEK293 cells based on the same criteria used for hepatocyte toxicity. As shown
in Figure 1D–F and Figure S2 in Supplementary Materials, similar results were found in
HEK293 cells. Together, these results indicate that combination of patulin and cadmium
induced a synergistic hepatocyte and nephrocyte toxicity in vitro.

2.2. Synergistic Cell Death Caused by PAT and CdCl2 Is Mitochondria-Mediated
Caspase-Dependent Apoptosis

It was demonstrated that the mitochondrial pathway was activated in response to
either patulin or cadmium [9,10]. To determine the contribution of the mitochondrial
pathway to the synergistic cell death mediated by PAT and CdCl2, we measured the levels
of cell mitochondrial membrane potential (MMP) by treatment with each agent alone or
their combination. The co-treatment caused a significant decrease in MMP, while the level
was not significantly altered by either agent alone (Figure 2A). MMP is tightly regulated by
b-cell lymphoma-2 (Bcl-2) family proteins. As expected, Bcl-2 interacting mediator of cell
death (Bim), a pro-apoptotic Bcl-2 family protein, was upregulated by the combination of
PAT and CdCl2, followed by an obvious activation of caspase-9 (Figure 2B,C). These results
suggest that the synergistic cell death induced by PAT and CdCl2 is mitochondria-mediated
caspase-dependent apoptosis.
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Figure 1. Synergistic effect in cell death can be induced by patulin (PAT) and cadmium chloride (CdCl2) in AML12 and
HEK293 cells. (A) Cell death caused by PAT with or without CdCl2 in AML12 cells. Cells were incubated with PAT, CdCl2
or both co-administered in a fixed ratio (1:5) for 24 h and cell death was measured. (B) Western blot showing the expression
of c-PARP in AML12 cells. (C) The combination index (CI) was calculated using CompuSyn software. (D) Cell death caused
by PAT with or without CdCl2 in HEK293 cells. Cells were incubated with PAT, CdCl2 or both co-administered in a fixed
ratio (2:1) for 24 h and the cell number was measured. (E) Western blot showing the expression of c-PARP in HEK293
cells incubated with PAT and/or CdCl2. (F) The combination index (CI) was calculated using CompuSyn software. n = 3,
** P < 0.01 and *** P < 0.001.

Figure 2. Synergistic cell death induced by PAT and CdCl2 is mitochondria-mediated caspase-dependent apoptosis.
(A) Effect of PAT/CdCl2 co-administration on mitochondrial permeability transition (MPT) in AML12 cells. The cells were
treated with PAT, CdCl2 or their combination for 12 h and the MPT was detected by tetraethyl benzimidazolyl carbocyanine
iodide (JC-1) staining. (B) Effect of PAT/CdCl2 co-administration on mitochondria-mediated apoptosis. AML12 cells were
incubated with PAT with or without CdCl2 for 24 h, and then, Bim and caspase-9 were assessed. (C) Effect of PAT/CdCl2
co-administration on mitochondria-mediated apoptosis. HEK293 cells were incubated with PAT with or without CdCl2 for
24 h, and then, Bim and caspase-9 were assessed. n = 3, * P < 0.05.
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2.3. Enhanced ROS Generation Plays a Critical Role in the Cell Death Caused by Co-Treatment
with PAT and CdCl2

It has been shown that ROS generation plays a key role in the cytotoxic effect induced by
either patulin or cadmium [5,7]. We thus evaluated whether the co-treatment with PAT and
CdCl2 induced a synergistic effect on the level of ROS production. As shown in Figure 3A,
combination of PAT and CdCl2 induced a significant elevation of ROS compared with PAT or
CdCl2 treatment alone. To investigate the importance of increased ROS levels in the synergistic
toxicity, we measured the influence of the ROS inhibitor Nacetyl-1-cysteine (NAC) on the cell
death induction. As expected, treatment with NAC dramatically decreased the synergistic
cell death caused by the co-administration (Figure 3B). These results demonstrate that the
co-administration of patulin and cadmium boosted ROS generation, which, in turn, led to
the synergistic cytotoxicity.

Figure 3. Increased ROS level induced by the co-administration of PAT and CdCl2 in AML12 cells.
(A) Effect of PAT/CdCl2 co-administration on ROS level. Cells were incubated with PAT with
or without CdCl2 for 12 h, and ROS levels were detected using 2′,7′-Dichlorodihydrofluorescein
diacetate (DCFH-DA). (B) Effect of Nacetyl-1-cysteine (NAC) on PAT/CdCl2-induced cell death.
Cells were incubated with a combination of PAT and CdCl2 or the combination plus NAC for 24 h,
and then, cell death was measured. n = 3, * P < 0.05 and ** P < 0.01.

2.4. p53 Contributes to the Synergistic Effect Induced by the Combination of PAT and CdCl2
It was shown that activated p53 was involved in patulin- or cadmium-mediated

toxicity [4,11,12]; therefore, we wondered if p53 was involved in the synergistic cytotoxicity
induced by PAT and CdCl2. The results showed that co-treatment with PAT and CdCl2
increased the expression of p53 and p-JNK but reduced phosphor-extracellular regulated
protein kinase (p-ERK) (Figure 4A). As shown in Figure 4B, pretreatment with NAC
dramatically decreased the phosphorylation of p53 and JNK induced by the combination.
Our previous study showed that p53 plays a pro-oxidant role by patulin treatment [4]. We
next investigated the contribution of p53 to the enhanced oxidative stress by combining
patulin with cadmium. Cell death induction was decreased in p53-/- mouse embryonic
fibroblast (MEF) cells in comparison with that in p53+/+ MEF cells (Figure 4C). Consistent
with the reduction in apoptosis, a decreased ROS level was detected in p53-/-MEF cells
than that found in p53+/+ MEF cells (Figure 4D). The results indicate that p53 activation
exerts a pro-oxidant function that leads to ROS generation by co-administration of PAT
and CdCl2.
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Figure 4. p53 contributes to the synergistic effect induced by the combination of PAT and CdCl2.
(A) Effect of the combination of PAT and CdCl2 on p53 and MAPK pathway. Western blot showing
the expression of p53, p-JNK and p-ERK in AML12 and HEK293 cells treated with PAT and/or CdCl2.

(B) Effect of NAC on PAT/CdCl2-induced activation of p53 and JNK. AML12 cells were incubated
with the combination of PAT and CdCl2 or the combination plus NAC for 24 h, and then, p53, p-p53
and p-JNK were assessed. (C) Co-treatment of PAT and CdCl2 induced growth inhibition in p53+/+
or p53-/- MEF cells. The cells were incubated with PAT and CdCl2 for 24 h, and cell viability was
measured. (D) ROS levels were detected in p53 knockout/wild-type MEF cells by co-treatment of
PAT and CdCl2. The cells were incubated with PAT and CdCl2 for 12 h; then, the ROS levels were
detected by using DCFH-DA. n = 3, * P < 0.05.

2.5. JNK1 Activation Contributes to the Synergistic Effect Caused by the Combination of PAT
and CdCl2

Having found p-JNK induction obviously by PAT/CdCl2 combination, we used a JNK
inhibitor to see if it protected against cell death as JNK exerted its pro-apoptotic function
generally. As expected, the JNK1 inhibitor DB07268 reduced the combination-induced cell
death significantly (Figure 5A). Consistent with the reduction in apoptosis, a significantly
decreased ROS level was detected by pretreatment with DB07268 (Figure 5B). Meanwhile,
the activation of p53 and Bim induced by the combination was nearly reduced to control
level (Figure 5C). These results suggest a crucial role for JNK1 in the synergetic cell death
induced by PAT and CdCl2.

2.6. Combination of PAT and CdCl2 Caused Hepatic and Renal Injury In Vivo

After investigating the toxicological mechanism of co-administration of PAT and
CdCl2 in vitro, we further validated these findings in vivo. The combination of PAT and
CdCl2 decreased the body weight of mice compared with PAT or CdCl2 treatment alone
(Figure 6A). Biochemical parameters of liver damage, serum alanine transaminase (ALT)
and aspartate transaminase (AST) were significantly increased by the co-administration
(Figure 6B,C). Acidophilic change was only found in PAT/ CdCl2 combination (Figure 6E),
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suggesting a severe liver injury compared with PAT or CdCl2 treatment alone. The key
kidney damage marker, serum urea, was increased significantly, suggesting a severe kidney
injury induced by co-treatment with PAT and CdCl2 (Figure 6F). Hematoxylin–eosin (H&E)
staining showed that treatment with CdCl2 resulted in mild tubule swelling and protein
casts. The co-administration group showed serious tubule swelling, protein casts and
infiltrate of neutrophil polymorphs (Figure 6G). Consistent with the change in protein
expression in vitro, p53 and p-JNK were upregulated following co-administration of PAT
and CdCl2 in mice (Figure 6D).

Figure 5. JNK1 inhibitor (DB07268) can rescue the synergistic effect caused by co-treatment with PAT and CdCl2. (A) Effect
of DB07268 on PAT/CdCl2-induced cell death. The cells were treated with the combination of PAT and CdCl2 or the
combination plus DB07268 for 24 h, and then, cell death was measured. (B) Effect of DB07268 on PAT/CdCl2-induced ROS
generation. The cells were incubated with the combination of PAT and CdCl2 or the combination plus DB07268 for 12 h,
and ROS levels were detected by using DCFH-DA. (C) Effect of DB07268 on activation of p53 and Bim induced by PAT and
CdCl2. AML12 cells were incubated with the combination of PAT and CdCl2 or the combination plus DB07268 for 24 h, and
then, p53, p-p53 and Bim were measured by Western blotting. n = 3, * P < 0.05 and *** P < 0.001.

Figure 6. Cont.
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Figure 6. Combination of PAT and CdCl2 causes liver and kidney damage in vivo. (A) Body weight
of mice. (B,C) Effects of PAT and/or CdCl2 on serum alanine transaminase (ALT) and aspartate
transaminase (AST). (D) Western blot showing the effects of PAT and/or CdCl2 on p53 and p-JNK of
liver tissues. (E) Liver pathological damage caused by PAT and/or CdCl2 combination as measured
by hematoxylin–eosin (H&E) staining of sections of liver tissues. (F) Effects of PAT and/or CdCl2
on serum urea. (G) Kidney pathological injury caused by PAT and/or CdCl2 as assessed by H&E
staining of sections of kidney tissues. n = 5, “*” represents the significance compared with control
group, where * P < 0.05, ** P < 0.01 and *** P < 0.001. “#” represents the significance compared
between cotreatment of PAT and CdCl2 with PAT or CdCl2 treatment alone. # P < 0.05, ## P < 0.01
and ### P < 0.001.
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3. Discussion

Previously, toxicological evaluation of food contaminants was generally performed
under a single exposure setting. Recently, the combined toxic effect of food contaminants
has drawn increasing attention due to the fact that consumers are often exposed not to a
single contaminant but to a combination of contaminants. However, most of the studies
have focused on the interaction among same the class of food contaminants such as the
combined toxicity of mycotoxins [13,14] or the combined toxicity of heavy metals [15,16].
Due to the co-occurrence of mycotoxins in food, co-exposure to mycotoxins was considered
a severe issue. Studies have elucidated the toxicological interactions between them. Patulin
and ochratoxin A induced a synergistic effect at low doses but antagonistic action at
higher levels [13]. The toxicity, higher than additive toxicity, was induced by citrinin
and patulin when combined with ochratoxin A or ochratoxin B in Lilly Laboratories cell
porcine kidney 1 (LLC-PK1) cells [17]. As, Cd and Pb induced synergistic action in glial
and neuronal functions [18]. The combination of cadmium and molybdenum caused
synergistic toxicity through mitochondria-mediated oxidative stress and apoptosis [19].
However, data on the combined toxicity of different types of food contaminants are rarely
available. Given the possibility that consumers are often exposed to multiple types of
contaminants, investigations on the toxicological interactions among different types of
food contaminants are clearly needed, especially for contaminants that share the same
toxic target organs. Patulin is one of the most common food-borne mycotoxins, whereas
cadmium is a representative of toxic heavy metals found in food. The toxicities of single
exposure have been well documented, and hepatotoxicity and nephrotoxicity are the major
adverse effects of either patulin or cadmium [2,6,20]. The present study moved from
single exposure to combined exposure, and the results demonstrated, for the first time,
that the co-exposure of liver or renal cells to patulin and cadmium caused synergistic
cytotoxicity in vitro and enhanced hepatotoxicity in vivo. The findings of our results
extend the toxicological knowledge about patulin or cadmium, which could be beneficial
to more precisely perform risk assessment on these food contaminants.

It was reported that patulin has a strong affinity for SH groups due to its electrophilic
attribute [21,22], which was proven by the research showing that patulin induced a sig-
nificant decrease in GSH activity by forming an adduct with SH groups [23]. In addition,
a disrupted cellular GSH system contributes to ROS formation, which is suggested to
play a critical role in cadmium-induced toxicity [24]. We speculated that the synergistic
cytotoxicity caused by co-administration of patulin and cadmium was probably attributed
to augmented ROS generation. Indeed, the results showed that a significantly elevated ROS
level was induced in response to the co-occurrence in comparison with exposure to each
agent alone, whereas suppression of ROS by an antioxidant abolished the combination-
induced cell death. The data clearly support our hypothesis. To decipher the downstream
signaling pathway that contributed to the combination-induced ROS-mediated cytotoxicity,
a number of apoptosis-related molecules were analyzed, and the results demonstrated that
an enhanced phosphorylation of p53 and JNK was detected in the combination-treated
cells compared with that found in the treatment with either agent alone. Inhibition of
ROS led to abolishment of the activation of p53 and JNK, while inhibiting JNK1 activation
resulted in inactivating p53. The functional role of p53 or JNK was further validated by p53
knockout/wild-type MEF cell system or JNK1 inhibitor. In addition, inhibiting either JNK1
or p53 caused significant attenuation of the combination-induced ROS generation. These
results together indicate that increased activation of the ROS-JNK1-p53 axis contributed
to the synergistic toxicity caused by co-administration of patulin and cadmium, while
p53/JNK1 activation promoted the second-round ROS generation through a positive feed-
back loop. In our finding, the combination of patulin and cadmium activated Bim, with
obvious increased L and S subunits but little change to the EL subunit. As demonstrated in
a previous study, L and S subunits of Bim are more potent inducers of cell death than the EL
subunit [25]. We also found that ERK phosphorylation was decreased by the combination.
ERK has been reported to mediate the phosphorylation and degradation of Bim [26]. The
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decrease in p-ERK might be one of the reasons for Bim upregulation by co-administration
of patulin and cadmium. Collectively, the data provided a mechanistic explanation for the
synergistically toxic interaction between patulin and cadmium.

4. Conclusions

In summary, the present study demonstrated that co-administration of patulin and
cadmium triggered a strong synergistic toxic consequence through increased oxidative
stress. JNK1 and p53 as downstream mediators of oxidative stress contributed to the
synergistic toxicity by co-exposure of patulin and cadmium. The findings implied that the
combined toxicity should be taken into account when performing risk assessments for the
presence of patulin and cadmium in food.

5. Materials and Methods

5.1. Chemicals and Reagents

Patulin (PAT), cadmium chloride (CdCl2), Nacetyl-1-cysteine (NAC) and 2′,7′-
Dichlorodihydrofluorescein diacetate (DCFH-DA) were purchased from Sigma-Aldrich
(St. Louis, MO, USA.). DB07268 was purchased from Med Chem Express (Danvers, MA,
USA.). Antibodies specific for cleaved PARP (9532), p53(2524), p-p53(9284), p-JNK (9251),
p-ERK (9101), caspase-9 (9508), Bim (2933) and β-actin were purchased from Cell Signaling
Technology (Beverly, MA, USA.). PAT (10 mg) was dissolved in 1.3 mL ultrapure water to
make it a 50-mM solution. PAT (2 mM) was obtained by mixing 100 μL PAT (10 mM) with
400 μL ultrapure water. CdCl2 (18 mg) was dissolved in 1.23 mL ultrapure water to make
it a 80-mM solution. CdCl2 (10 mM) was obtained by mixing 100 μL CdCl2 (80 mM) with
700 μL ultrapure water. CdCl2 (1 mM) was obtained by mixing 50 μL CdCl2 (10 mM) with
450 μL ultrapure water.

5.2. Cell Culture and Treatments

AML12 cells were obtained from the American Type Culture Collection (ATCC), which
were cultured in Dulbecco’s Modified Eagle Medium (DMEM)/F12 medium (HyClone,
Logan, UT, USA) with 1% insulin transferrin selenium (ITS) and supplemented with 10%
fetal bovine serum. HEK293 and MEF cells were obtained from ATCC, which were cultured
in Dulbecco’s Modified Eagle Medium (DMEM) (HyClone, Logan, UT, USA) supplemented
with 10% fetal bovine serum. After plating for 24 h, the cultured cells were grown to 50%
confluence. Then, the medium was aspirated, and the treatment with different agents
was given.

5.3. Apoptosis Evaluation

Treated cells were analyzed by flow cytometry after staining with Annexin V and PI
(MBL International Corporation, Boston, MA, USA) for 30 min. The second method was
immunoblot analysis of PARP cleavage.

5.4. Crystal Violet Staining

After treatment, the medium was removed and 1% glutaraldehyde solution was added
to fix the cells for 15 min. After washing with phosphate buffer saline (PBS), the cells were
stained with a 0.02% crystal violet solution for 30 min. After air-drying, 70% ethanol was
added for solubilization. The absorbance at 570 nm was examined using a microplate
reader with a 405-nm reference filter.

5.5. Western Blotting

Cells were lysed with radio-immuno-precipitation assay (RIPA) buffer containing
protease inhibitor. The denatured proteins were loaded onto the gel and assessed by
SDS-PAGE electrophoresis. After transferring onto a nitrocellulose membrane, the mem-
brane was incubated with primary antibodies followed by the corresponding secondary
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antibody. The blots were recorded on X-ray film using enhanced chemiluminescence. The
quantification of Western blot can be found in Figure S3.

5.6. Measurement of ROS

Cells were incubated with PAT (3 μM) and/or CdCl2 (15 μM) for 12 h. Thirty minutes
before harvesting the cells, free medium containing DCFH-DA (20 μM) was added. After
washing with PBS, the cells were harvested and resuspended. The fluorescent dichlorodi-
hydrofluorescein (DCF) was examined using a flow cytometer.

5.7. Measurement of MMP

Cells were incubated with PAT (3 μM) and/or CdCl2 (15 μM) for 12 h. Mitochondrial
membrane potential (MMP) was analyzed by flow cytometry after staining with JC-1
according to the manufacturer’s instructions (JC-1 kit, Solarbio Life Science, Beijing, China).

5.8. Combination Index Calculation

The synergistic effects between PAT and CdCl2 were analyzed by calculating the
combination index (CI) using CompuSyn 2.0 software (CompuSyn, Paramus, NJ, USA).
The cells were incubated with various concentrations of PAT, CdCl2 and their combination,
and the total inhibitory effect was assessed by cell viability or cell death (see Figures S1
and S2 in Supplementary Materials). CI < 1, CI = 1 and CI > 1 indicate synergism, additive
effect and antagonism, respectively.

5.9. Animals and Treatments

Male C57BL/6N mice weighing 20.5 ± 1.0 g were purchased from Vital River (Beijing,
China) and were employed in the present study. The mice received a commercial standard
mouse cube diet (Beijing Keaoxieli Feed Company, China). After acclimatization, the mice
were randomly divided into 4 groups (n = 5): Control group, PAT group (5.5 mg/kg/i.g.),
CdCl2 group (1 mg/kg/i.p.) and combination group. The mice were administrated with
agents every day for 27 d continuously. Male mice and the doses were chosen according to
previous toxicological studies of PAT or CdCl2.The mice were sacrificed 24 h after the last
administration for the collection of plasma, liver and kidney tissues. Sera received from
centrifugal plasma were stored at −80 ◦C. Except for fixing in neutral buffered formalin for
H&E staining, liver and kidney tissues were stored at −80 ◦C for Western blotting.

5.10. Biochemical Assay

Serum levels of ALT, AST and urea were measured according to the manufacturer’s
instructions (Nanjing Jiancheng Institute of Biotechnology, Nanjing, China).

5.11. Histopathology

Fixed liver and kidney tissues were processed to 5-μm thick paraffin sections and
stained with hematoxylin and eosin (H&E).

5.12. Statistical Analysis

The results were obtained three times and data were presented as mean ± standard
deviation (SD). The data were evaluated using a one-way ANOVA followed by Tukey’s
post-hoc test. P < 0.05 was considered statistically significant.

Supplementary Materials: The following are available online at https://www.mdpi.com/2072-6
651/13/3/221/s1, Figure S1: CompuSyn report—AML12, Figure S2: CompuSyn report—HEK293,
Figure S3: Quantification of Western blot.
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Abstract: Zearalenone (ZEA) is an estrogenic fusariotoxin, being classified as a phytoestrogen, or as
a mycoestrogen. ZEA and its metabolites are able to bind to estrogen receptors, 17β-estradiol
specific receptors, leading to reproductive disorders which include low fertility, abnormal fetal
development, reduced litter size and modification at the level of reproductive hormones especially
in female pigs. ZEA has also significant effects on immune response with immunostimulatory or
immunosuppressive results. This review presents the effects of ZEA and its derivatives on all levels of
the immune response such as innate immunity with its principal component inflammatory response
as well as the acquired immunity with two components, humoral and cellular immune response.
The mechanisms involved by ZEA in triggering its effects are addressed. The review cited more than
150 publications and discuss the results obtained from in vitro and in vivo experiments exploring the
immunotoxicity produced by ZEA on different type of immune cells (phagocytes related to innate
immunity and lymphocytes related to acquired immunity) as well as on immune organs. The review
indicates that despite the increasing number of studies analyzing the mechanisms used by ZEA to
modulate the immune response the available data are unsubstantial and needs further works.

Keywords: zearalenone; metabolites; innate immunity; cell immunity; humoral immunity

Key Contribution: The review presents the results obtained from in vitro and in vivo experiments
exploring the ZEA and its metabolites effects on the immune response and propose some mechanisms
responsible for the immunotoxicity produced by the toxin in the immune cells.

1. Introduction

Fusariotoxins are secondary metabolites originate from fungi of the Fusarium and Gib-
berella species which represent the largest group of mycotoxins (more than 140). Of these
the most widespread and also of primary concern are the trichothecenes, fumonisins,
and zearalenone [1,2]. Despite the mitigation efforts, exposure of crops to mycotoxins
is indeed inevitable and decontamination is very difficult [3,4]. Even though numerous
studies concerning the effect of mycotoxins are reported in the specific literature, the con-
tamination of cereals with fusariotoxins, the impact on animal health and the economic
losses they imply [5–7], the transmission of fusariotoxins into the target organism and the
potential existence of toxic components in meat and dairy products remain unknown and
need further investigations [8].

Zearalenone (ZEA) is a fusariotoxin that belongs to the class of xenoestrogens due to
its structural similarity to 17β-estradiol (Figure 1), but also due to the binding affinity to es-
trogen receptors [9]. It is a resorcyclic acid lactone [10], produced by Fusarium graminearum,
Fusarium cerealis, Fusarium semitectum, Fusarium culmorum and Fusarium equiseti [11] which
binds to estrogen receptors in mammalians target cells leading to reproductive disorders
especially in female pigs [12]. In terms of physicochemical properties, ZEA has been shown
to have high stability, being resistant to high temperatures and UV radiation, making it
almost impossible to decontaminate crops on a large scale [13].
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ZEA is metabolized mainly at the intestinal and hepatic level and transformed in
several metabolites by hydroxylation, glucuronidation or conjugation reactions [14]. Bio-
transformation of ZEA lead primarily to the formation of two metabolites, α-zearalenol
(α-ZOL) and β-zearalenol (β-ZOL) which can be further reduced to α-zearalanol (α-ZAL)
and β-zearalanol (β-ZAL) [15].

Figure 1. Chemical structures of Zearalenone (ZEA) (A) and 17β-estradiol (B).

After oral contamination, zearalenone is rapidly absorbed in mammals (rabbits, rats,
humans and pigs, 80–85%) [16,17]. As mentioned above, structurally, ZEA has a strong
similarity with 17 β-estradiol, and is able to bind to estrogen receptors, being also classified
as a phytoestrogen, or as a mycoestrogen [18]. From this reason ZEA intoxication most often
leads to disorders of the reproductive system. The changes involve low fertility, abnormal
fetal development, reduce litter size and modification in the level of specific reproductive
hormones: Estradiol and progesterone [19]. But, ZEA manifests its toxicity on many other
systems besides the reproductive one. Studies show that the liver and spleen are also
affected when exposed to this mycotoxin. It has been demonstrated in an experiment on
female piglets that excessive amounts of ZEA raises the key liver enzymes level such as
glutathione peroxidase and decreases spleen weight [20]. ZEA exerts significant effects
on immune response, the major defense mechanism against pathogens, toxins and other
antigens in all mammals with immunostimulatory or immunosuppressive results [21].
The cellular mechanisms activated by zearalenone in triggering its different effects are not
yet well understood.

This review presents the effect of ZEA and its derivatives on all levels of the immune
response such as innate immunity with its principal component inflammatory response
as well as the acquired immunity with two components, humoral and cellular immune
response. The mechanisms involved by ZEA in triggering its effects are also addressed in
this review. The gut is the first organ exposed to mycotoxins, after oral contamination [22].
For this reason, the review presents initially the effect of ZEA on the gut.

2. Effect of ZEA on Gut Immunity

The gut represents a physical barrier that ensure the body’s protection against en-
vironmental agents, mycotoxins included [23]. This barrier involves intestinal epithelial
cells (IECs), but also components of both innate and adaptive immunity, as IgA and pro-
inflammatory cytokines or molecules involved in the inhibition of bacterial colonization
(mucins and antimicrobial peptides) [24].

A recent study of Lahjouji et al. [25] reported that the intestine is a target of ZEA
which cause pathological intestinal changes. Depending on different factors as specie,
sex, dose or time of exposure, ZEA can affect or not the normal anatomic structure of
the intestine. For example, ZEA (40 μg/kg b.w.) did not change the mucosa thickness,
the height of villi or the number of goblet cells in swine [26,27], but the ingestion of ZEA
(0.3–146 mg/kg feed) in pregnant rats modified the structure of villi and decrease the
junction proteins expression [28]. Also, in the first week of a chronic exposure of pigs to
ZEA (40 &micro;g/kg b.w.) produced transitory morphological modifications of small
intestine and an increase in Paneth cell numbers in the crypt [25].
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Exposure to ZEA was associated with the impairment of cell viability, apoptosis and
necrosis in different organs including gut [29,30]. For example, recent studies have shown
that treatment with ZEA at 10–100 μM for 24h decreased viability of porcine intestinal
epithelial cells IPEC-J2 [31] and IPEC-1 [32,33] and increase LDH activity [31]. Apoptosis
is one of the main mechanisms involved by ZEA induced toxicity in the gut and it was
shown that ZEA can cause apoptosis in various intestinal epithelial cells as IPEC-J2 [34],
MODE-K [35] and HCT116 [36]. Sub-chronic exposure of female Polish Large White pigs to
low doses of ZEA increased apoptosis and decreased the ileal Peyer’s patches lymphocytes
proliferation [37].

Some recent studies have shown that ZEA exposure alters or not the T- and B-cell
subtype populations in small intestine. The administration of ZEA (5 or 20 mg/kg b.w.) to
female BALB/C mice increased the percentages of CD8+ and decreased the percentages
of CD4+ cells in the lamina propria and intra-epithelium lymphocytes, while no effect on
CD8+ and CD19+ lymphocytes was observed in the Peyer’ patches [38]. Also, the exposure
of prepubertal gilts to 100mg ZEA/kg feed decreased the percentage of CD21+ lymphocytes
in pig ileum [37].

Endoplasmic reticulum stress (ERS) pathway seems to be the main signaling pathway
involved in ZEA induced apoptosis. In MODE-K mouse cells exposed to zearalenone,
the toxin increased the gene expression and protein synthesis of molecules involved in
ERS-induced apoptosis pathway as: c-Jun N-terminal kinase, C/EBP homologous protein,
GRP78, caspase-1 and the anti-apoptotic protein Bax, while decreasing the levels of the
pro-apoptotic related protein Bcl-2 [35]. Similarly, an increased number of apoptotic cells
were observed in the Peyer’ patches of the 20 mg/kg ZEA-treated mice associated with a
significantly increase of Bax gene expression and of the ratio of Bax:Bcl-2 [38].

Mucosal IgA protects the intestinal epithelium from xenobiotics, viruses and bacteria
and maintains also the homeostasis of the intestinal environment [39]. Indeed, previous
studies have linked the increase of IgAs to repeated exposure to environmental toxins or to
chronic infections [40]. The effect of ZEA on IgAs synthesis is controversial. ZEA adminis-
tered by oral gavage to female BALB/c mice for two weeks at a dose of 5 or 20 mg/kg b.w.
provokes a significantly decrease of the mucosal IgA antibody level in mice duodenum [38].
On the other side, the administration of 20 mg of ZEA/kg b.w. for only one week to male
BALB/c mice significantly increased fecal IgA levels in the jejunum (1.5-fold higher that
in the control group) [41]. Because the same concentration of ZEA (20 mg/kg b.w.) and
the same way of administration (oral gavage) were used in both experiments, the different
results could be related to the experiment duration (one week vs. two weeks) or could be
influenced by the sex of the animals (male vs. female) and the intestinal segment.

Mucin glycoproteins are produced by epithelial or submucosal mucus-producing cells
and represents the principal constituent of mucus [42]. The mucus structure is permanently
renewed and could be rapidly adjusted to respond to the changes of the environment, as for
example in response to microbial infection or to exposure to contaminants [30]. Recent
studies have shown that ZEA (20 mg/kg b.w.) is responsible for intestinal mucosa abnor-
malities [41] as mice exposure for a short period (one week) to ZEA significantly increased
the expression of mucin 1 and mucin 2 genes in the gut. Results on in vitro cell cultures also
indicates that ZEA interferes with the mucin synthesis since the toxin increased the con-
centration of these molecules in Caco-2/HT29-MTX cells [43]. In vitro exposure of swine
IPEC-J2 cells to 40 μM ZEA [44], and in vivo exposure of mice to 20 mg ZEA/kg b.w. [41]
resulted in the upregulation of β-defensin, an important antimicrobial peptide, with im-
portant consequences for the defense against intestinal infection.

The effect of ZEA on the intestinal inflammatory response is not very clear, and this fact
is due probably to the different experimental models and various ZEA concentrations used
in several studies. Thus, in vitro studies showed that the incubation of porcine intestinal
cells with 10 and 40 μM of zearalenone respectively lead to the increased expression of
genes encoding for molecules involved in inflammation such as TLRs and the cytokines:
IL-1β, TNF-α, IL-6, IL-8, IL-12p40 in IPEC-1 [22] and of IL-1β and TNF-α in IPEC-J2 cells [44].
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The increase in the expression of pro-inflammatory cytokines (IL-1β and TNF-α) was
also registered in the in vivo studies, in jejunum of mice intoxicated with 20 mg ZEA/kg
b.w. Also, prepubertal gilts exposed to 100 mg ZEA/kg feed for 42 days had elevated
ileum concentrations of IL-12/23 40p and IL-1β [37]. By contrast, other researchers found
that ZEA had no effect on proinflammatory IL-8 cytokine synthesis by IPEC-1 cells [32]
or decreased the gene expression of IL-1β, TNF-α and IL-8 in the jejunum of rats when
administered in different doses (0.3–146.0 mg/kg feed) [28]. As well, a microarray study
performed on IPEC-1 cells exposed to ZEA (25 μM) found a decrease of the expression of
pro-inflammatory cytokines IL-8, TNF-α and IL-6 [45]. The inflammatory effect produced
by ZEA can be transmitted from mother to offspring. Piglets derived from sows fed 300 ppb
zearalenone one week before farrowing and during the lactation period developed gut
inflammation [46].

3. Effect of ZEA on Innate Immune Response

Innate or nonspecific immunity is the first form of defense for multicellular organisms.
The innate immune response is triggered by receptors that recognize the pathogen and
activate a series of signaling pathways that control the immune response [47]. Neutrophils,
NK and NKT cells, monocytes/macrophages and dendritic cells that mediate interactions
with pathogens are the innate immune system components able to form networks with key
role in the initial immune response to infection and tissue damages [48]. They are phago-
cytic cells that when stimulated can produce reactive oxygen species (ROS), important
in cell signaling and homeostasis [49,50]. An imbalance between ROS production and its
inefficient elimination drives to a dramatic increase in ROS levels leading to cells damage,
known as oxidative stress [49]. Recently, Wang et al., reported that ZEA (5, 10, 20 μM)
increased ROS production in bovine neutrophils and decreased antioxidant enzymes (SOD
and CAT) activity by involving NADPH, ERK and p38 activation followed by the formation
of neutrophil extracellular traps (NETs), a network of DNA extracellular fibbers which help
neutrophil cells to kill extracellular pathogens [51]. This could have significant cytotoxic
and pro-inflammatory consequences.

According with the study of Marin et al., zearalenone and its metabolites decreased
cells viability of porcine polymorphonuclear cells, interleukine-8 synthesis and increased
superoxide production, ZEA metabolites being more immunotoxic than ZEA [52]. More-
over, Murata et al., found that the effect of ZEA and its metabolites on bovine neutrophiles
depend on their chemical structure [53]. Thus, these authors found that zearalenone and its
derivatives α- and β-zearalenol suppressed luminol dependent PMA chemiluminescence
in neutrophils due to their C1’-2’ double bonds while, zearalanone, α- and β-zearalanols
did not exert this effect because they possess a hydrogenated C1’-2’ bond instead of the
double bond. In vivo experimentation conducted on Ross 308 hybrid broilers fed with two
concentration of deoxynivalenol and zearalenone after hatching showed that the toxins
induced oxidative stress and inhibited significantly the blood cells phagocytic activity [54].
In combination with other mycotoxins (alternariol, deoxynivalenol), ZEA affect innate im-
mune functions by inhibited for example the differentiation of monocyte into macrophages
(THP-1 cell line). Moreover, the combination of ZEA with alternariol at low concentration
lead to synergistic effect on CD14 expression [55]. The combination of the two toxins altered
the macrophages functions by the inhibition of TNF-α secretion. The primary function of
RAW 264.7 macrophages such as proliferation was reduced and apoptosis was induced in
a dose-dependent manner by zearalenone (from 0 to 100 μM) via the ERS pathway [56].
Three milligrams of ZEA /kg b.w. altered in in vivo treated rats the hydrogen perox-
ide release by peritoneal macrophages [57]. Also in vivo, the low concentrations of ZEA
(40 μg/kg b.w. per day) alone or in combination with deoxynivalenol (DON, 12 μg/kg
b.w. per day), another Fusarium mycotoxin, produced changes in the morphology of pig
Kuppfer cells (stellate macrophages) with consequences on their activity [58].

Inflammation represents a rapidly nonspecific immune response through which the
phagocytic cells are activated and produce bioactive molecules (inflammatory cytokines,
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prostaglandins and leukotrienes) as well as oxygen and nitrogen metabolites [59]. Being an
agonist of the estrogenic receptors, ZEA can modulate similarly the in vitro and in vivo
inflammatory response depending on its concentration, time of exposure and immune
indices investigated.

In vitro studies highlight an increase or a decline of inflammatory response induced
or not by ZEA depending on the immune cell type. Thus, the in vitro study of Marin et al.,
in which swine PBMCs were exposed to ZEA and its metabolites for 48h showed that
ZEA decreased significantly at 5 and 10 μM the TNF-α response of these cells and had no
significantly effect on IL-1β and IL-8, while zearalanone decreased also the production of
IL-8 at 10 μM [19]. Interleukin 8 (IL-8) is a common inflammatory cytokine important in the
recruitment of the immune cells, a key parameter in localized inflammation which induced
after that an increase of oxidative stress mediators [60]. The same authors reported later [32]
that ZEA derivatives, alpha-zearalenol (α-ZOL), beta-zearalenol (β-ZOL), and zearalanone
(ZAN) decreased in a dose dependent manner the IL-8 synthesis in polymorphonuclear
cells (PMN), significantly at 10 μM (−49.2% for α-ZOL; −45.6% for β-ZOL and −45.1%
for ZAN respectively) after 3 h of exposure. No effect of ZEA on IL-8 concentration
registered. Similarly, ZEA metabolites were more potent than ZEA itself in decreasing the
IL-8 synthesis in porcine epithelial cells (IPEC-1) [32]. By contrast, Ding e al. [61] found
that the level of IL-1β and IL-18 increased significantly in peritoneal mouse macrophages
isolated from mice receiving ZEA by gavage (4.5 mg/kg b.w.) once a day for 9 days and
treated in vitro with 8 μg/mL for 24h. In a model monocytic cell line, hER + IL-1β-CAT+,
the exposure of the cells to low level 50 ng/mL of zearalenone and α-zearalenol resulted in
a pro-inflammatory effect as 17β-estradiol by modulating and promoting IL-1β synthesis.
The toxins manifested full agonist activity with 17β-estradiol but at lower potency [62]
exposure of human placental choriocarcinoma (BeWo) cells to different concentrations of
ZEA (2–16μM) increased the IL-6 production [63].

In vivo studies confirmed the biphasic effect of zearalenone on inflammation. Ex-
periments performed on piglets found that in spleen and blood, ZEA increased the gene
expression of pro-inflammatory TNF-α, IL-6, IL-8 and IL-1β, while in liver the toxin de-
creased dramatically the expression of these cytokine which might have consequences on
immune homeostasis taking into account that liver is considered a key organ for immune
homeostasis [64]. It seems that the pro- or anti-inflammatory effect of ZEA depend on the
organ involved. The earlier results of Salah-Abbes [65,66] showed a significant reduction of
TNF-α, IL-1β and IL-12 in plasma of mice treated with 40 mg ZEA /kg b.w. as well as an
increase of the cytokines (TNF-α, IL-6, IL-10) in kidney of mice fed the same concentration
of toxin [67]. The inflammatory reaction in kidney is produced through the activation
of macrophages which, once activated, will further produce inflammatory cytokines and
chemokines subsequently responsible for different reactions and effects such as apoptosis
and necrosis, the up- or down regulation of pro- and anti- apoptotic genes [67]. In testicular
tissue of mice exposed for 48h to ZEA (40mg/kg b.w.) the toxin increased the level of
TNF-α, IL-1β, IL-6 and decreased the level of anti-inflammatory IL-10 cytokine [68].

4. Effect of Zearalenone on Adaptive Immune Response

4.1. Effect of Zearalenone on Humoral Immune Response

Animal exposure to different doses of zearalenone has resulted in an alteration of
humoral immunity as can be seen in Table 1. Literature studies show that ZEA leads to a
decrease in serum IgG levels regardless the animal species (mice, rat or swine), toxin con-
centration or the duration of the exposure. Similarly, most studies have shown that the
level of IgM in serum decreases no matter the species (mice or rats), time of exposure
(12–36 days) and mycotoxin concentration (5–30 mg/kg b.w.). However, sub-chronic expo-
sure (3–4 weeks) of rats to lower concentrations of ZEA (2–4 mg/kg b.w.) was associated
with an increase in serum IgM concentration [69,70]. It seems that the effect of ZEA on
IgM concentration is correlated with the sex of animal, since male piglets exposed to low
concentration of toxin (0.8 mg/kg feed) resulted in a decreased in IgM level, while no
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significant changes were observed in serum IgM concentration of gilts receiving ZEA
higher concentrations (1.1–3.2 mg/kg feed). Serum IgA concentration was not affected
in mice, rats or swine after the exposure to low and medium concentration of the toxin
(0.08–30 mg/kg feed) as resulted from most studies (Table 1) and it is not related to the time
of exposure (18–42 days). BALB/c female mice fed higher concentration of ZEA (40 mg/kg
feed) for 48h showed a decrease of IgA concentration [71].

Table 1. Effect of ZEA on the humoral immune response.

Effect (s) Species/Cell Type
Dose/Time of ZEA

Administration
References

↑ IgE, ↓ IgM
no changes of IgG and
IgA

BALB/c mice female 20 mg/kg b.w.
14 days [38]

↓ IgG, IgA
↑ IgM Pregnant rats 100,150 mg/kg feed

7 days [70]

↓ IgG, IgM, IgE
no changes of IgA

Wistar rats
female

0, 1, 5, 30 mg/kg b.w.
36 days [72]

↓ Ig A, Ig G BALB/c mice, female 40 mg/kg b.w.
48h [71]

↓ IgG
↑ Ig M

Wistar rats
male

2 mg/kg b.w./week
3 weeks [69]

↓ Ig G
no changes of IgA, IgM Prepubertal gilts 200, 800, 1600 μg/kg feed

14 days [73]

↓ IgG, IgM
no changes of IgA

Piglets
male

0.8 mg/kg feed
4 weeks [74]

↓ IgG, IgM in serum
↑ IgA in serum

Kunming mice,
female

30 mg/kg b.w.
12 days [75]

↓ IgG in serum
no changes on IgA, IgM

post-weaning
female piglets

1.1-3.2 mg/kg feed
18 days [76]

no effect of serum IgG,
IgM, IgA B6C3F1 mice 10 mg/kg feed

6 weeks [77]

↓ IgG, IgA, IgM in cell SN Swine PBMC 10 mM
7 days [19]

↓ IgG
↓ IgM BALB/c mice 5, 10, 15 mg/kg b.w./day

2 weeks [66]

Moreover, ZEA metabolites interfere with immunoglobulin synthesis. As it was shown
in an in vitro study using swine peripheral blood mononuclear cells, both ZEA and its
metabolites (α-ZOL, β-ZOL and ZAN) significantly decreased the immunoglobulins IgG,
IgM and IgA synthesis at concentrations higher that 5 μM [19].

It was observed that the consumption of contaminated feed led to an increase of toxin
concentration in the serum of intoxicated animals before farrowing and during lactation
suggesting that ZEA or its metabolites can interfere with immunoglobulin secretion in
colostrum/milk and in offspring. Also, α-zearalenol metabolite was found in the colostrum
and milk of the sows [46], but in our knowledge no data concerning this interference are
available until now in the literature. However, feeding sows with a dietary mixture of my-
cotoxins containing DON, ZEA and fusaric acid resulted in a decrease of the concentration
of IgA in the colostrum and of IgA and IgG in serum of their offspring [78].

A common method for the assessment of the T-cell-dependent antibody responses is
represented by the sheep red blood cells (SRBCs) assay. Few data (Table 2) concerning this
type of immune response related to ZEA exposure are available. For example, exposure to
10 mg ZEA /kg b.w. of female B6C3F1 mice had no effect on the splenic plaque forming
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cells in response to SRBC [79] while a decrease of the B cells producing immunoglobulin
M antibody to SRBC was observed in female Wistar rats exposed for 28 days to 3 mg of
ZEA/kg b.w. [57].

In a recent review concerning the impact of Fusarium mycotoxins on human and animal
host susceptibility to infectious diseases, it was shown that in contrast to other fusariotoxins,
the interaction between zearalenone and infectious disease was less studied [80]. Pestka
and collaborators showed that mice fed 10 mg ZEA/kg feed for 2 weeks and infected with
Listeria monocytogenes, registered a decreased resistance to Listeria and an increase of the
bacterial count in spleen as compared with control animals [79]. It can be claimed that
ZEA exposure interferes with the capacity of organism to realize an adequate immune
response to vaccination and that the toxin can alter the specific antibody synthesis. Indeed,
several studies have shown a decrease of antibody titer to porcine parvovirus [72] or
to swine plague [76] in zearalenone intoxicated animals, but however more studies are
needed in order to better understand the relation between zearalenone and the response to
infectious disease.

Table 2. Humoral immunity with specific antibody/in vaccination.

Effect (s) Species/Cell Type
Dose/Time of ZEA

Administration
References

↓ B cells producing IgM to SRBC 1 Wistar rats
female

3 mg/kg b.w.
28 days [57]

No differences in humoral immune response
against SRBC 1 prepubertal gilts 0.75 mg/kg feed

21 days [81]

↓ Ab titer to porcine parvovirus Wistar rats 5 mg/kg b.w.
36 days [72]

↓ Ab titer to swine plague post-weaning female piglets 1.1–3.2 mg/kg feed
18 days [76]

No effect on the splenic PFC 2 response to SRBC 1

Delayed hypersensitivity response to keyhole
limpet hemocyanin

B6C3F1 female mice 10 mg/kg b.w.
2–8 weeks [79]

1 SRBC (sheep red blood cell); 2 PFC (plaque forming cells).

4.2. Effect of Zearalenone on Cellular Immune Response

Beside its effect on humoral immune response, ZEA cause negative effects on cellular
immune response (e.g., cell viability and proliferation, apoptosis and necrosis, and cytokine
production) due to the fact that most of the cells involved in the immune response have
estrogenic receptors on their surface [82]. A disturbance of cell proliferation and apopto-
sis was reported in a number of studies investigating ZEA toxicity. As proved by many
studies zearalenone is an inductor of apoptosis and necrosis in different type of immune
cells. B and T lymphocytes are among the immune cells affected by the action of ZEA.
It seems in fact that the immunosuppression produced by ZEA is caused by the decrease
in B and T lymphocytes viability and proliferation [66,83]. These authors reported that
ZEA (0.2–1800 ng/mL) produced a reduction of peripheral lymphocytes and this was a
consequence of apoptosis and cell death triggered by ZEA at the spleen level knowing that
spleen is one of the most important organs for maturing lymphocytes [66,71]. The death
of spleen lymphocytes leads to the decrease of the peripheral lymphocytes. Zearalenone
metabolites also reduced the lymphocytes proliferation. EFSA Scientific Opinion (2011) [84]
cited the work of Forsell [85] in which the proliferation of human lymphocytes stimulated
with different mitogens was reduced with 50% by 3.5 μg/mL zearalenone, 6.3 μg/mL
α-zearalenol, 36 μg/mL β-zearalenol, 3.8 μg/mL α-zearalanol and 33 μg/mL β-zearalanol.
The inhibition of proliferation was not related to the estrogenic potential of ZEA and its
derivatives, but to their structure and the presence of a single or double bond. The pres-
ence in C-6’ of a keto parent molecule (ZEA) or alpha-hydroxyl substituents (alpha-ZEL
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and alpha-ZAL) led to a 10-fold higher toxicity [86]. Comparing the in vitro effect of
zearalenone and is derivatives α-zearalenol and β-zearalenol with that of trichothecenes
on proliferation of human peripheral mononuclear cells (PBMC) [83] observed that only
the high concentration of these toxins had significant immunosuppressive effect. Indeed,
in vitro investigation of Vlata et al. [87] on freshly human PBMC using increased concentra-
tion of zearalenone (0.1, 1, 5, 10, 30 μg/mL) showed that the highest concentration of ZEA
(30 μg/mL) inhibited the proliferation of B and T lymphocytes and induced also a necrotic
effect. A clear necrotic effect was also found irrespective of cells stimulation. The study of
Zhang et al. [88] demonstrated that ZEA at 10–50 μg/mL had a time and dose dependent
inhibitory action on mouse thymic epithelial cells proliferation and arrested thymic cells in
G2/M phase of cellular cycle. Studies performed on TM3 cells shows that low doses of
ZEA increases cell proliferation [89].

ZEA decrease not only the lymphocytes viability and proliferation but also lympho-
cytes phenotype number. A decreased expression of T (CD3+, CD4+, CD8+), NK and B
lymphocytes was observed by Salah-Abbes et al. [66], when BALB c male mice were treated
with ZEA 40 mg/kg. In the same line, Swamy et al. [90] pointed out that a diet naturally
contaminated with Fusarium mycotoxins, ZEA (0.4 mg/kg and 0.7mg/kg) among them
decreased linearly the number of B-cells, CD3+, CD4+, CD8+ lymphocytes and NK cells
in broiler chickens via the reduction of interferon-β levels and IL-2 expression. Studies in
mice, rats or pigs indicated a decrease in splenic coefficients, including proliferation and
cell viability, the most affected cell populations being CD4+ and CD8+.

CDs (Clusters of Differentiation) are glycoproteins expressed on the surface of the im-
mune cells. T cells are characterized by the expression of CD3, CD4 and CD8 markers [91,92]
which are involved in in the transduction of signals from T cell surfaces (CD4 and CD8),
while CD3 markers activate both the cytotoxic and helper T cells. As can be seen also in
Table 3, there are conflicting data concerning the effect of ZEA on T cells subpopulations.
While, most studies indicate a decrease in CD4+, CD8+ and CD3+ expression under the
influence of ZEA, regardless of the animal species, other studies suggest an increase in
CD4+ and CD8+ expression. However, any change in the CD4/CD8 ratio may indicate an
immune dysfunction [91,92].

Induction of cellular death and proliferation inhibition was also found on other type
of immune cells than lymphocytes. Viability of polymorphonuclear cells was decreased
after 24h by 50 μM of ZEA and its metabolites α-ZOL, β-ZOL and ZAN action [52] and
the exposure of RAW 264.7 macrophages to 10 to 100 μM ZEA for 24h diminished the cell
viability in a dose dependent manner through apoptosis and necrosis [56,93].

By its estrogenic like-effects, ZEA impacts the development of reproductive organs
irrespective of animal species, but with a different sensitivity of cells.

In weaned piglets, ZEA (0.5, 1.0 and 1.5 mg/kg) induces ovarian development by ac-
celerating ovarian follicles proliferation through the activation of ERs/GSK-3β-dependent
Wnt-1/β-catenin signaling pathway [94]. Also, ZEA (0.5–1.5 mg/kg) determined an ab-
normal uterine proliferation through TGF signaling pathway [95]. Investigating other
regulatory pathways involved by ZEA in uterine hypertrophy, these authors exposed
porcine endometrial epithelial cells to ZEA 0, 5, 20 and 80 μmol/L for 24 h and cell cycle
was analyzed. A significant lower proportion of cells in S and G2 phases and an increase in
the phase of G1 was found at ZEA 80 μmol/L [95]. The related mechanism involved also
the activation of Wnt/β-catenin signaling pathway.

In mouse ovarian granulosa cells Chen et al. [96] and Zhang et al. [97] demonstrated
by MTT, EdU and flow cytometry that ZEA suppressed in vitro cell viability at 30–150 μM
and increased apoptosis at 15–60 μM after 24 or 72h of exposure. Close to the results
recorded by Song et al. [95] in pig (a decreased of cell proportion in the S and G2 phase
at ZEA 80 μmol/L), Zhang et al. [97], found that mouse granulosa cells were arrested in
G1 phase of cell cycle and the cells proportion decreased in phase S and G2 after 30 μM
ZEA treatment. However, in another study this author [98] found species specific ZEA
effect, pig being more sensitive than mouse. Thus, ZEA 10 μM significantly increased the
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percentage of TUNEL porcine positive cells while the TUNEL percentage of granulosa
mouse cells increased only at 30 μM.

Also, it has been observed that the metabolite of ZEA, α-ZOL at 9.4 μM concentration
induces an increase in porcine granulosa cell proliferation and in progesterone levels [99].

In rats, ZEA perturb cell proliferation in both female and males. In Sprague Dawley
males receiving by gavage 10 or 20 mg ZEA/kg b.w., the toxin significantly decreased the
numbers of Leydig cells (adjacent cells to the testicle seminiferous tubules) which could
produce anomalies of the male reproductive tract [100]. Similar results on Leydig cells
were found by Wang et al. [101], with ZEA 50 μM. By contrast, Zheng et al. [89], found that
low doses of zearalenone (0.01, 0.02, 0.03, 0.04, and 0.05 μmol/L) stimulated cell viability of
TM3 cells (Leydig cells) measured by using the xCELLigence real-time cell analysis. Also,
under the action of ZEA (20μM), cell viability of Sertoli cells derived from Male Wistar,
which are important for male reproductive system, increased over control [102].

In human, study of Marton et al. [103], on ovarian epithelial cells investigating the
effect of several compounds, ZEA among them on miRNA expression in correlation with
cells estrogenic sensitivity observed that ZEA (1, 10, 100, 1000 nM) increased the rate of cell
proliferation in direct proportion to ZEA concentration and depending on the presence of
ER-α. By contrast, 30 μM of ZEA in prostate cancer cells induced G2/M cell cycle arrest
and decreased cell viability compared to control [104].

Table 3. Effect of ZEA on cellular immune response.

Effect (s) Species/Cell Type
Dose/Time of ZEA

Administration
References

↓ CD4+, CD8+, CD11c+ in spleen
↓ CD4+, CD8+, F4/80+ and
↑ CD19+ and CD11c+ in the mesenteric
lymph nodes
↑TNFα and apoptosis, ↓ IL-6

BALB/c mice
(female,

7-week-old)

5,20 mg/kg b.w.2
weeks [38]

ZEA 100 and 150 mg/kg:
↓ viability of splenocytes
↓ T-cell proliferation
Induce histopathological damage in spleen
ZEA 150mg/kg:
↑ interleukin IL-6, IL-18 and IL-1β
↓ interferon-γ, TNFα and IL-10 in spleen

Sprague Dawley Pregnant
Rats

50, 100, 150 mg/kg b.w.
7 days [70]

disrupt the proliferation of CD4+8+ in
peripheral blood cells

Polish Landrace
x Polish Large White

crossbreeds

0.5 mg/kg
6 weeks [105]

↓ IL-1 in thymus and spleen
↓ IFN-γ in serum
↓ IL-2, IL-6, IL-10 in thymus
↓ IL-10 and IFN-γ in the spleen

Wistar rat 1, 5, 30 mg/kg b.w.
36 days [72]

↓ CD3+, CD4+, CD8+, CD56+ cells BALB/c mice 40 mg/kg b.w.
48h [71]

↓ CD4+, CD8+ cells
in peripheral blood BPC and SPC Sheep 3.07– 14.49 μg/kg feed

winter time [106]

ZEA 40 μM:
Inhibit T cell-chemotaxis by CCL19
↑ CD4+ T cells induced by CCL19
chemotaxis
ZEA 20 μM:
↑ CD8+ T cells induced by CCL21
chemotaxis
↓ expression of chemokine receptor CCR7
and CCR2

BALB/cmouse splenic
lymphocytes

10, 20, 40 μM
48h [107]
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Table 3. Cont.

Effect (s) Species/Cell Type
Dose/Time of ZEA

Administration
References

↓ CD3+CD4+ T cells
↑ CD3+CD8+ T cells Female Kunming Mice 20, 30 mg/kg b.w.

12 days [108]

↓ CD21+B, CD2+T, CD4+CD8−T
↑ CD8+CD4− and TCRγδ+ T Polish Large White female 0.1 mg/kg

42 days [109]

↓ CD4+CD8+, CD4+,
CD4+/CD8+(2 mg/kg)
↑ CD8+ (3.2 mg/kg)

Landrace × York-
shire × Duroc

Piglets

1.1, 2, 3.2 mg/kg feed
18 days [76]

↑ IL-1β and IL-6, ↓ IFN-γ
cytoplasmic edema
chromatin deformation
splenic damages

Yorkshire × Lan-
drace × Duroc

Piglets

1.1, 2.0, 3.2 mg/kg feed
18 days [110]

↓ IFN-γ, IL-10↓
proliferation kidneys of piglets 0.8 mg/kg

4 weeks [111]

↑ IL-2, ↓ IL-6 Isa Brown chicken splenic
lymphocytes

0.1–25μg/mL
48 h [82]

Other examples concerning the effect of zearalenone on cellular immune response are
illustrated in Table 3.

5. Effect of Zearalenone on Immune Organs

Zearalenone is responsible for the increase of reproductive organs’ weight such as the
uterus [112]. By contrast, the weight of the immune organs seems to be less affected by
the exposure to ZEA as resulted from the literature data (Table 4), but the toxin has been
responsible for immune organs atrophy and depletion as well as for other histopathological
modifications in immune organs. ZEA caused also a decrease of B cell percentage in the
spleen or swelling of red pulp [57,108,111].

Table 4. The effect of zearalenone on immune organs weight and structure.

Effect (s) Species/Cell Type
Dose/Time of ZEA

Administration
References

Thymic atrophy with histological and
thymocyte phenotype
changes and decrease in the B cell percentage
in the spleen

Wistar rats 3.0 mg/kg b.w.
28 days [57]

Atrophy of white pulp and swelling of
red pulp post-weanling gilts 2.0, 3.2 mg/kg feed

18 days [110]

No effect on spleen and bursa of
Fabricius weights one-day-old broiler chicks 10–800 mg/kg feed

21 days [113]

No effect on spleen and bursa of
Fabricius weights one-day -old broiler chicks 50–800 mg/kg feed

3 weeks [114]

Enlargement of the spleen in males Sprague Dawley rats 1.25, 3.75 mg/kg b.w.
8 weeks [115]

No effect on spleen weight Sprague Dawley rats 0.5, 0.9, 1.8, 3.6 mg/kg b.w.
4 weeks [116]

No effect on spleen weight BALB/c mice female,
7-weeks-old

5, 20 mg/kg b.w.
14 days [38]

No effect on spleen weight
White Leghorn female

chickens,
2-weeks-old

50, 200, 400, 800 mg/kg b.w.
7 days [117]
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Table 4. Cont.

Effect (s) Species/Cell Type
Dose/Time of ZEA

Administration
References

No macroscopic changes and no
histopathologic effect on lymph nodes 32-day-old gilts 0.75 mg/kg feed

21 days [81]

No effect on thymus and spleen weights
No histopathologic changes B6C3F1 weanling female mice 10 mg/kg feed

56 days [77]

Decreased immune organ weight and
lymphocyte counts, lymphoid atrophy and
depletion in the spleen

BALB/c
female mice

40, 80 mg ZEN/kg b.w.
28 days [118]

6.Mechanisms of Action

Zearalenone and its metabolites are considered to be endocrine disruptors, due to
the similarity between their chemical structure and that of the endogenous estrogen,
17-estradiol, which allow them to bind to estrogen receptors (ERs) [119]. ZEA can bind
to ER-α and ER-β [120], being a partial antagonist for ER-β and complete agonist for
ER-α [121]. Among ZEA metabolites, α-ZOL has the highest capacity to bind ERs, followed
by ZEA and β-ZOL [122].

Yip and collaborators reported that ZEA binds to ERs which are presented in different
target cells and tissues including the immune cells and is able to modulate their expres-
sion [123]. ER-α expression was found in macrophages, B cells, NK cells, CD4+T cells,
CD8+T cells, while ER-β expression is presented in monocytes, macrophages, B cells or
NK cells [124,125]. The ratio between the two receptors ER-α and ER-β and their density is
different in various cells and tissues [126]. The expression of ER-α after ZEA exposure was
increased in the pig jejunal explants [25], but a decrease in the expression of this receptor
and an increase in that of ER-β in the colon of intoxicated mice was observed [61].

ERs are members of the nuclear hormone receptors family that acts as transcription
factors [127] which interact with chromatin target sites by two different path-ways: One
dependent of estrogen response element (ERE) and another ERE-independent through sig-
nal transduction via RAS/mitogen-activated protein kinase (MAPK) and phosphoinositide
3-kinase (PI3K/Akt) [127,128]. After activation, ERs translocate into the nucleus where they
form complexes with co-regulatory proteins, transcription factors, at specific DNA sites
leading to epigenetic modifications of chromatin and to the initiation of the transcription
process [129]. Very recently, it was demonstrated that ZEA induces ER translocation in
endometrial stroma cells [130], but this was not proved yet for immune cells.

5.1. Mechanisms Triggered by ZEA in Proliferation of the Immune Cell

As already presented in the previous sections, ZEA can induce opposite biological
effects in various cells/tissues that could be related to the ratio between ER-α vs. ER-β
and the density of ER receptors. For example, it was shown that the activation of ER-α
is related mainly to cell proliferation, while the activation of ER-β rather inhibits cell
proliferation when it is co-expressed with ER-α [131]. In intestinal pig explants, activation
of ER-α following ZEA exposure was associated with an activation of pro-proliferative
Wnt/β catenin signaling pathway and a down regulation of immunosuppressive TGF-β
signaling [25] (Figure 2).

In other immune tissues, zearalenone is responsible for a decrease of cell proliferation
and apoptosis [29,38] as previously described. According to a recent review of Zeng and
collaborators concerning the capacity of zearalenone to induce cell proliferation or to
determine cell death, at least three mechanisms are involved: (i) Alteration of the cell
cycle as well as of the expressions of cell cycle regulating proteins; (ii) cell oxidative stress
and (iii) cell apoptosis through ERs stress, ROS producing and mitochondrial signaling
pathway [132]. These mechanisms are equally involved in apoptosis and cell death induced
by zearalenone in immune cells. ZEA induced apoptosis in T lymphocytes, increase the
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ratio of Bax/Bcl-2 and promote the expression of cleaved caspase-3 and cleaved caspase-
9, which indicates that the toxin activates the mitochondrial apoptosis pathway [133].
Similarly, an increased number of apoptotic cells were observed in the Peyer’ patches of
the 20 mg/kg b.w. ZEA-treated mice associated with a significantly increase of Bax gene
expression and of the ratio of Bax:Bcl-2 [38].

Figure 2. Suggested mechanisms involved by zearalenone in immune cells.

In mouse MODE-K intestinal epithelial cells exposed to zearalenone, the toxin in-
creased the gene expression and protein synthesis of molecules involved in ERS-induced
apoptosis pathway as: c-Jun N-terminal kinase (JNK), C/EBP homologous protein, GRP78,
caspase-1 and the pro-apoptotic protein Bax, while decreasing the levels of the anti-
apoptotic related protein Bcl-2 [35].

The apoptosis triggered by the exposure of T lymphocytes to ZEA was accompanied by
the over activation of MAPKs as extracellular regulated protein kinases (ERK) and JNK [133].
ERK pathway is involved in cell proliferation, differentiation and survival [134], while JNK
is involved in apoptosis, inflammation, cytokine production, and metabolism [135]. The over
activation of MAPKs following ZEA action was shown also in another cell types [119],
but the mechanisms responsible for MAPKs activation is still unclear. It was suggested that
for ERK1/2 activation, an important role is played by G-protein-coupled protein homolog,
GPR30 associated or not with the estrogen receptor (α or β) [136].

5.2. Mechanisms Triggered by ZEA in Inflammation and Oxidative Stress

Many studies have linked apoptosis induced by zearalenone to oxidative stress [137–139].
For example, an in vitro study on RAW264.7 macrophage cells showed that cellular apopto-
sis is induced by ZEA through ROS accumulation, leading to the activation of p53-mediated
signaling pathways, JNK and p38 MAPK-kinases. ZEA is thought to activate JNK and
p38 MAPK, which drive to changes in mitochondrial Bcl-2/BAX proteins, a decrease of
mitochondrial membrane potential, and ultimately to ROS generation. Through a self-
propagation mechanism, increased ROS stimulates again JNK/p38 phosphorylation in
ZEA-contaminated cells [93]. p38 MAPK signaling activation by the oxidative stress pro-
duced via cytochrome P450 reductase was found to be the main pathway through which
ZEA induces toxicity in IPEC-J2 intestinal epithelial cells. It was observed that ZEA in-
creased the level of both gene and phosphorylated protein expression of p38 MAPK which
led to the autophagy induction [140]. The fact that ZEA affects the immune response
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via MAPK-kinases modulation is also suggested by the results obtained by Pistol et al.,
in the spleen of piglets receiving a diet contaminated with 316 ppm of ZEA in which
JNK pathway was responsible for the activation of the inflammatory response assessed
by pro-inflammatory cytokines and other molecules involved in inflammatory processes
(MMPs/TIMPs) [141] (Figure 2).

Nuclear factor erythroid 2–related factor 2 (Nrf2) is an essential regulator of antioxi-
dant genes, and it is early activated in response to the oxidative stress [142]. Nrf2-mediated
pathway is considered one of the mechanism responsible for the alteration of the antioxi-
dant and inflammatory responses induced by ZEA at least at the intestinal level [28,143].
The activation of the Keap1–Nrf2 signaling pathway was observed after ZEA exposure and
might contribute to the reduction of ZEA toxicity in immune cells and organs [141,142].
However, other studies have shown that zearalenone compromise the capacity of the
organism to provide an adequate response to the oxidative stress, resulting in a downregu-
lation of Keap1/Nrf2/HO-1 pathway [144] and of phosphoinositide 3-kinase (PI3K)/Akt
signaling pathway related to Nrf-2 [145].

Oxidative stress and inflammation are tightly correlated, reactive oxygen species
playing an important role in the progression of inflammatory disorders [146] which are
mainly regulated by the nuclear transcription factor-κB (NF-κB) pathway, the NF-κB re-
ceptor playing an essential role as a mediator in the regulation of the innate and adaptive
immune responses [110]. An increase of Nrf2 after ZEA exposure was correlated with a de-
crease of NF-κB and the experimentally induction of NF-κB [22,141] significantly increased
ZEA-induced oxidative stress [104]. However, the mechanisms by which zearalenone can
influence the expression of the genes involved in the inflammatory response is unclear,
zearalenone acting both as pro- or anti-inflammatory molecule/agent.

Although the involvement of ERS in the mechanism of apoptosis vs. cell death induced by
ZEA is well defined, their involvement in the pro- or anti-inflammatory activity of ZEA is less
evident. The activation of both ER-α or ER-β receptors reduced the inflammation [147,148] and
this is the reason for which the estrogens are used as therapeutic agents in inflammation
associated with metabolic diseases [149]. However, ER-α or ER-β were not involved in the
alteration of the innate immune response induced by ZEA [51].

Toll like receptors (TLRs) plays a role in the ZEA induced inflammation. Pre-stimulation
of RAW264.7 macrophages with different TLR ligands led to a different activation of TLR
signaling and consequently to a different modulation of pro- and anti-inflammatory cy-
tokines [38]. Thus, priming of RAW264.7 macrophages with TLR4 and TLR9 for 12 h
increase both expression and synthesis of IL-1β and decrease that of TNF-α, while the
TLR2 priming resulted in increase of IL-1β, TNF-α and IL-10. Also, other studies showed
that ZEA promotes a pro-inflammatory response in response to TLR ligand stimulation.
Increased protein and mRNA expression of trans-membrane receptor TLR4 was observed
in kidney of pregnant rats exposed to increased concentrations of zearalenone and was
associated with an increase of NF-κB/p65 and pro- inflammatory cytokine level [150].
TLR4 plays an important role in initiating and accelerating of inflammation and it is a key
element in the TLR4/MyD88 signaling pathway [151]. It can be assumed that TLR-4 role in
ZEA induced inflammation is very important especially under simultaneously infectious
disease and mycotoxin contamination. Indeed, using a microarray technology and the
analyses of gene expression pattern it was observed that the exposure of IPEC-1 cells to
10μM of ZEA up-regulated the expression of several genes involved in the inflammatory
response, while the co-exposure to both ZEA and Escherichia coli, up-regulated 33 genes [45].
Also, in the same cell line, co-exposure to ZEA and E. coli resulted in an increase of inflam-
matory response through an activation of the MyD88/IRAQ/TRAF6/NF-κB pathway via
TLR4 [33]. In vivo studies demonstrated that at the level of the two important immune
organs ZEA generate a biphasic inflammatory effect by triggering two different mecha-
nisms. In the spleen of growing piglets fed diet contaminated with 316ppb of ZEA, 10%
of the total up-regulated genes were genes involved in inflammation. The inflammatory
mechanism involved by ZEA was the activation of JNK pathway [141]. Through mecha-
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nisms related also to MAPK-kinases pathways activation (ERK and p38), ZEA induced in
activated neutrophiles the formation of neutrophil extracellular trap, consisting in extracel-
lular chromatin filaments with a major role in inflammation [138]. By contrast, in the liver
ZEA produced a dramatically decreased in gene expression coding for pro-inflammatory
cytokines along with the decrease of NF-κB and p38 MAPK gene expression.

Recent studies have shown the involvement of inflammasome in the inflammation
induced by ZEA. In vitro and in vivo exposure to ZEA activated the ROS-mediated NLRP3
inflammasome in mouse peritoneal macrophages and in the colon of ZEA exposed mice,
which resulted in the caspase-1 dependent activation of the inflammatory cytokines IL-1ß
and IL-18 [152]. NF-κB/p65 activation induced by ZEA also contribute to the activation of
the NLRP3 inflammasome, inflammatory response and cell death caspase-1 dependent in
insulinoma cell line [153]. However, in colon tissue of mice with dextran sulphate induced
colitis ZEA was able to reduce the inflammatory reaction [154]. The immunosuppressive
effect of ZEA is due to the inhibition of MAPK activity (TAK1/JNK/p38) and NF-κB [64].

The capacity of ZEA to interfere with the immune response is probably related to an
alteration of the organism self-tolerance. For example, in pig spleen, ZEA can decrease the
expression of FoxP3 gene, a master gene involved in the immune tolerance mechanisms that
can be correlated with a potentiation of the inflammatory response [141]. This hypothesis
is also sustained by a decrease of Treg cells after ZEA exposure with consequences on
self-tolerance maintenance and control of the immune response [38].

In conclusion, despite an increasing number of studies concerning the mechanisms
involved in immunotoxicity induced by ZEA, the available data are unsubstantial and
needs further works. Nevertheless, the data presented here in showed that zearalenone and
its metabolites are immunotoxic and altered the immune cell viability and proliferation,
cell cycle as well as immune cells functionality such as inflammatory response and their
capacity to synthesize active molecules. In this review, we have suggested the mechanisms
responsible for the immunotoxic effects induced by ZEA. However, more studies are
needed in the future, in order to validate the proposed mechanisms.
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17. Rogowska, A.; Pomastowski, P.; Rafińska, K.; Railean-Plugaru, V.; Złoch, M.; Walczak, J.; Buszewski, B. A study of zearalenone
biosorption and metabolisation by prokaryotic and eukaryotic cells. Toxicon 2019, 169, 81–90. [CrossRef] [PubMed]

18. Bennett, J.W.; Klich, M. Mycotoxins. Clin. Microbiol. Rev. 2003, 16, 497 LP–516. [CrossRef]
19. Marin, D.E.; Taranu, I.; Burlacu, R.; Manda, G.; Motiu, M.; Neagoe, I.; Dragomir, C.; Stancu, M.; Calin, L. Effects of zearalenone

and its derivatives on porcine immune response. Toxicol. Vitr. 2011, 25, 1981–1988. [CrossRef]
20. Chang, S.; Su, Y.; Sun, Y.; Meng, X.; Shi, B.; Shan, A. Response of the nuclear receptors PXR and CAR and their target gene mRNA

expression in female piglets exposed to zearalenone. Toxicon 2018, 151, 111–118. [CrossRef]
21. Pierron, A.; Alassane-Kpembi, I.; Oswald, I.P. Impact of mycotoxin on immune response and consequences for pig health. Anim.

Nutr. 2016, 2, 63–68. [CrossRef]
22. Taranu, I.; Braicu, C.; Marin, D.E.; Pistol, G.C.; Motiu, M.; Balacescu, L.; Beridan Neagoe, I.; Burlacu, R. Exposure to zearalenone

mycotoxin alters in vitro porcine intestinal epithelial cells by differential gene expression. Toxicol. Lett. 2015, 232, 310–325.
[CrossRef] [PubMed]

23. Groschwitz, K.R.; Hogan, S.P. Intestinal barrier function: Molecular regulation and disease pathogenesis. J. Allergy Clin. Immunol.
2009, 124, 3–20. [CrossRef]

24. Vancamelbeke, M.; Vermeire, S. The intestinal barrier: A fundamental role in health and disease. Expert Rev. Gastroenterol. Hepatol.
2017, 11, 821–834. [CrossRef] [PubMed]

25. Lahjouji, T.; Bertaccini, A.; Neves, M.; Puel, S.; Oswald, I.P.; Soler, L. Acute Exposure to Zearalenone Disturbs Intestinal
Homeostasis by Modulating the Wnt/β-Catenin Signaling Pathway. Toxins 2020, 12, 113. [CrossRef] [PubMed]

26. Lewczuk, B.; Przybylska-Gornowicz, B.; Gajęcka, M.; Targońska, K.; Ziółkowska, N.; Prusik, M.; Gajęcki, M. Histological structure
of duodenum in gilts receiving low doses of zearalenone and deoxynivalenol in feed. Exp. Toxicol. Pathol. 2016, 68, 157–166.
[CrossRef]
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Abstract: A host’s immune system can be invaded by mycotoxin deoxynivalenol (DON) poisoning
and porcine circovirus type 2 (PCV2) infections, which affect the host’s natural immune function.
Pro-inflammatory cytokines, IL-1β and IL-6, are important regulators in the process of natural
immune response, which participate in inflammatory response and enhance immune-mediated tissue
damage. Preliminary studies have shown that DON promotes PCV2 infection by activating the MAPK
signaling pathway. Here, we explored whether the mRNA expression of IL-1β and IL-6, induced
by the combination of DON and PCV2, would depend on the MAPK signaling pathway. Specific
pharmacological antagonists U0126, SP600125 and SB203580, were used to inhibit the activities of
ERK, JNK and p38 in the MAPK signaling pathway, respectively. Then, the mRNA expression of
IL-1β and IL-6 in PK-15 cells was detected to explore the effect of the MAPK signaling pathway
on IL-1β and IL-6 mRNA induced by DON and PCV2. The results showed that PK-15 cells treated
with DON or PCV2 induced the mRNA expression of IL-1β and IL-6 in a time- and dose-dependent
manner. The combination of DON and PCV2 has an additive effect on inducing the mRNA expression
of IL-1β and IL-6. Additionally, both DON and PCV2 could induce the mRNA expression of IL-1β
and IL-6 via the ERK and the p38 MAPK signal pathways, while PCV2 could induce it via the JNK
signal pathway. Taken together, our results suggest that MAPKs play a contributory role in IL-1β
and IL-6 mRNA expression when induced by both DON and PCV2.

Keywords: deoxynivalenol; PCV2; IL-1β; IL-6; MAPK

Key Contribution: This study demonstrates that the MAPK pathway can up-regulate mRNA levels of
IL-1β and IL-6 in PK-15 cells after DON and/or PCV2 treatment, leading to changes in inflammation
and immune function. These data provide a new perspective to advance the understanding of the
mechanisms of DON poisoning and PCV2 infection, as well as providing new ideas for the prevention
and control of both DON and PCV2.

1. Introduction

Trichothecene mycotoxins, the secondary metabolites produced by fungi such as
Fusarium and Trichothecium, are widely distributed across the world [1]. Since these toxins
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have been linked to human and animal toxicoses, their presence in global food commodities
and feedstuffs is a matter of considerable public health concern [2]. Deoxynivalenol (DON,
Vomitoxin), the most abundant trichothecene mycotoxin associated with Fusarium head
blight (FHB), can survive processing and persist into the food chain. In humans and animals,
DON has been associated with a series of adverse effects including anorexia, vomiting,
growth retardation, diarrhea, neuroendocrine changes, gastrointestinal inflammation,
and immunosuppression [3]. The immuno-toxic effects induced by DON is of particular
concern from the perspective of human and animal health. According to the timing and
dose of exposure, DON has the potential to elicit either an immunosuppressive response
or immune stress [4]. Our previous studies indicate that exposure to DON induces the
overexpression of proinflammatory cytokines, such as IL-1β and IL-6, in the plasma and
organs of mouse [5,6].

Cytokines are a class of small molecular proteins with a size of 5-20kDa. They play
a role in a wide range of biological activities and in a variety of life activities inside the
body [7]. The expression of proinflammatory cytokines is aberrantly upregulated for
the activation of the innate immune system, leading to immune stress, which can cause
physiological and immune function impairment [8]. A large number of studies have shown
that proinflammatory cytokines including IL-1β and IL-6 can cause anorexia, daily weight
decrease, a decrease in immunity causing inflammation, and an increased likelihood of
other diseases occurring [9,10]. This is similar to DON causing animal refusal, malnutrition,
and secondary infection with other pathogens [11]. In addition to the capacity of DON to
upregulate proinflammatory cytokines in vivo, some studies have found that DON also
increased the mRNA and protein expression of IL-1β and IL-6 in human peripheral blood
mononuclear cells, human monocyte cell lines and mouse macrophage cell lines [12–14].
DON may target phagocytes to produce immunotoxicity.

Porcine circovirus (PCV), first discovered in 1974 as a contaminant of a continuous
porcine kidney cell line (PK-15), is classified in the genus Circovirus of the family Circoviri-
dae [15]. Two genotypes of PCV have been identified. PCV type 1 (PCV1) is known to be
nonpathogenic to pigs. PCV type 2 (PCV2) is a DNA virus that can severely damage the
respiratory, digestive and nervous systems of pigs of all ages, among which piglets are the
most sensitive [16,17]. Pigs infected with PCV2 have multi-system inflammation, indicating
disordered expression of proinflammatory cytokines. Some studies have reported that
PCV2 infects porcine alveolar macrophages (PAM) to activate NF-κB and induce IL-1β
overexpression [18,19]. Another study showed that the expression of IL-1β and IL-6 mRNA
in piglets suffering from postweaning multisystemic wasting syndrome (PMWS), caused
by PCV2, was significantly up-regulated [20]. However, the reasons why PCV2 infection
causes the production and/or secretion of cytokines and the imbalance of cytokines are not
completely clear, and the regulatory mechanism involved is still unclear.

As an important signal pathway that transfers signals from the cell surface to the
nucleus, the mitogen-activated protein kinase (MAPK) pathway includes extracellular
signal regulated protein kinase 1 and 2 (ERK 1/2), p54 and p46 c-Jun N-terminal kinase 1
and 2 (JNK 1/2), and p38 [21]. After being subjected to extracellular stimuli such as toxins
and pathogens, MAPK can be sequentially activated and contribute to various pathological
and physiological processes such as inflammatory response, stress adaptation, cell growth
and differentiation [22]. The MAPK pathway is also closely related to DON poisoning and
PCV2 infection [23,24]. However, the role of MAPK signaling pathway in the induction
of proinflammatory cytokines such as IL-1β and IL-6 by DON and PCV2 in PK-15 cell
remains unclear and requires further study.

In this study, we evaluated the effect of MAPK on the expression of IL-1β and IL-6
cytokines that mRNA induced by DON and PCV2. We found that the MAPK pathway
can up-regulate mRNA levels of relative cytokine in PK-15 cells after DON and/or PCV2
treatment, leading to changes in inflammation and immune function. Our findings will
provide a new perspective to advance the understanding of the mechanisms of DON
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poisoning and PCV2 infection, as well as providing new ideas for the prevention and
control of both DON and PCV2.

2. Results

2.1. DON Exposure Induces Elevations in IL-1β and IL-6 mRNA

DON-induced PK-15 cells IL-1β mRNA were elevated at 2 h, reached peak concentra-
tions at 12 h and returned to basal level at 24 h post-exposure (Figure 1A). IL-6 mRNA was
upregulated and reached peak concentrations at 6 h, and were still markedly raised at 24 h,
but returned to basal level at 48 h post-exposure (Figure 1B).

Figure 1. DON-induced cytokine IL-1β and IL-6 mRNA upregulation in PK-15 cells. qRT-PCR were
performed to analyze the mRNA expression of IL-1β (A) and IL-6 (B). Data are mean ± SEM (n = 3).
Symbol ** p < 0.01.
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DON in 0.5, 1, 1.5 and 2 μg/mL upregulation PK-15 cells IL-1β mRNA by 3-, 5-, 10-
and 13-fold at 12 h, respectively (Figure 2A). IL-6 mRNA expression was elevated by 6-,
17-, 22- and 28-fold (Figure 2B).

Figure 2. Different concentrations of DON-induced cytokine IL-1β and IL-6 mRNA upregulation in
PK-15 cells. qRT-PCR were performed to analyze the mRNA expression of IL-1β (A) and IL-6 (B).
Data are mean ± SEM (n = 3). Symbol ** p < 0.01.
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2.2. PCV2 Infection Induces Elevations in IL-1β and IL-6 mRNA

PCV2-induced PK-15 cells IL-1β mRNA were elevated at 6 h, reached peak concentra-
tions at 12 h, and were still markedly raised at 48 h post-exposure (Figure 3A). IL-6 mRNA
was upregulated at 12 h, reached peak concentrations at 24 h, and was still markedly raised
at 48 h post-exposure (Figure 3B).

Figure 3. PCV2-induced cytokine IL-1β and IL-6 mRNA upregulation in PK-15 Cells. qRT-PCR were
performed to analyze the mRNA expression of IL-1β (A) and IL-6 (B). Data are mean ± SEM (n = 3).
Symbol ** p < 0.01.
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PCV2 in 0.1, 0.5 and 1 MOI upregulation PK-15 cells IL-1β mRNA by 6-, 14-, and 19-
fold at 12h, respectively, while 0.05 MOI had no effect (Figure 4A). IL-6 mRNA expression
was elevated by 3-, 6-, 9- and 14-fold, respectively (Figure 4B).

Figure 4. Different MOI of PCV2 induced cytokine IL-1β and IL-6 mRNA upregulation in PK-15
Cells. qRT-PCR were performed to analyze the mRNA expression of IL-1β (A) and IL-6 (B). Data are
mean ± SEM (n = 3). Symbol ** p < 0.01.

2.3. Combined Effect of DON and PCV2 Induces the Expression of IL-1β and IL-6 mRNA

IL-1β mRNA expression was elevated by DON (10-fold), PCV2 (20-fold) and the
combined effect of DON and PCV2 (45-fold) (Figure 5A). As for IL-6, the mRNA expression
was markedly increased by DON (28-fold), PCV2 (10-fold) and the combined effect of DON
and PCV2 (56-fold) (Figure 5B).
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Figure 5. Combined effect of DON and PCV2 induced cytokine IL-1β and IL-6 mRNA upregulation
in PK-15 Cells. qRT-PCR were performed to analyze the mRNA expression of IL-1β (A) and IL-6 (B).
Data are mean ± SEM (n = 3). Symbol ** p < 0.01.

2.4. DON and PCV2 Induce the Expression of IL-1β and IL-6 mRNA via ERK Signaling Pathway

To explore whether the ERK signaling pathway participated in the DON and PCV2-
induced IL-1β and IL-6 mRNA expression, the inhibitor of p-ERK, U0126, was supplied.
The data showed that U0126 decreased IL-1β mRNA expression in the DON group from 12-
fold to 5-fold, in the PCV2 group from 20-fold to 10-fold, and in the DON+PCV2 group from
41-fold to 22-fold (Figure 6A). U0126 decreased IL-6 mRNA expression in the DON group
from 25-fold to 10-fold, in the PCV2 group from 13-fold to 8-fold, and in the DON+PCV2
group from 52-fold to 22-fold (Figure 6B).
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Figure 6. ERK participated in DON and PCV2-induced cytokine IL-1β and IL-6 mRNA upregulation
in PK-15 cells. qRT-PCR were performed to analyze the mRNA expression of IL-1β (A) and IL-6 (B).
Data are mean ± SEM (n = 3). Symbol ** p < 0.01.

2.5. PCV2 Induces the Expression of IL-1β and IL-6 mRNA via JNK Signaling Pathway

To explore whether JNK signaling pathway participated in the DON and PCV2-
induced IL-1β and IL-6 mRNA expression, the inhibitor of p-JNK, SP600125, was supplied.
The data showed that SP600125 decreased IL-1β mRNA expression in the PCV2 group
from 20-fold to 11-fold and in the DON+PCV2 group from 41-fold to 28-fold, while the
DON group had no effect (Figure 7A). SP600125 decreased IL-6 mRNA expression in the
PCV2 group from 12-fold to 7-fold and in the DON+PCV2 group from 52-fold to 30-fold,
while the DON group had no effect (Figure 7B).
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Figure 7. JNK participated in PCV2-induced cytokine IL-1β and IL-6 mRNA upregulation in PK-15
Cells. qRT-PCR were performed to analyze the mRNA expression of IL-1β (A) and IL-6 (B). Data are
mean ± SEM (n = 3). Symbol ** p < 0.01.

2.6. DON and PCV2 Induce the Expression of IL-1β and IL-6 mRNA via p38 Signaling Pathway

To explore whether ERK signaling pathway participated in the DON and PCV2-
induced IL-1β and IL-6 mRNA expression, the inhibitor of p-p38, SB203580, was supplied.
The data showed that SB203580 decreased IL-1β mRNA expression in the DON group
from 13-fold to 5-fold, in the PCV2 group from 19-fold to 9-fold, and in the DON+PCV2
group from 41-fold to 18-fold (Figure 8A). SB203580 decreased IL-6 mRNA expression in
the DON group from 24-fold to 11-fold, in the PCV2 group from 12-fold to 5-fold, and in
the DON+PCV2 group from 52-fold to 20-fold (Figure 8B).
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Figure 8. p38 participated in DON and PCV2-induced cytokine IL-1β and IL-6 mRNA upregulation
in PK-15 cells. qRT-PCR were performed to analyze the mRNA expression of IL-1β (A) and IL-6 (B).
Data are mean ± SEM (n = 3). Symbol ** p < 0.01.

3. Discussion

Mycotoxins are widespread in the environment and coexist alongside other pathogens
such as virus and bacteria. To a certain extent, mycotoxins enhance the pathogenicity
of other pathogens [25–28]. DON has the potential to evoke a wide spectrum of patho-
physiological effects that are partly attributable to a ribo-toxic stress-mediated cytokine
storm [29]. With respect to PCV2 infection, the immune injury is always accompanied by
a change in proinflammatory cytokine expression, including IL-1β and IL-6 [30]. In this
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study, we focused on the role of the MAPK signaling pathway in the mRNA expression
of IL-1β and IL-6, induced by DON and PCV2. Several key findings were evident and
demonstrate that (1) DON and PCV2 induced the mRNA expression of IL-1β and IL-6 in a
time- and dose-dependent manner, respectively. (2) The combination of DON and PCV2
has an additive effect on the induction of the mRNA expression of IL-1β and IL-6 in the
PK-15 cell. (3) DON induced the mRNA expression of IL-1β and IL-6 via the ERK and p38
MAPK signaling pathways and (4) PCV2 induced the mRNA expression of IL-1β and IL-6
via the ERK, JNK and p38 MAPK signaling pathways.

The dose response of DON-induced IL-1β and IL-6 mRNA expression suggested that
the mRNA expression of these two cytokines increased after PK-15 cells were challenged
with different concentrations of DON at 0.5, 1, 1.5, and 2 μg/mL. Furthermore, the kinetics
of IL-1β and IL-6 mRNA responses to DON indicated that upregulation of these genes was
maximal at 12 h and 6 h, respectively. These findings are consistent with several in vitro
studies by Pestka and co-workers [31,32]. For instance, from 100 to 1000 ng/mL of DON
significantly increased production of IL-6 from 3 h to 24 h in U-937 cells [31]. Robustly
elevated IL-1β and IL-6 intracellular protein and mRNA expression was also observed in
peripheral blood mono-nuclear cells treated with DON at 500 ng/mL [32]. DON’s in vitro
effects on IL-1β and IL-6 can be reproduced in a mouse, a commonly used model of the
human immune system. DON has the capacity to induce IL-1β and IL-6 mRNAs not only
in the plasma, but also in organs such as the spleen, liver, lung, kidney, small intestine
and brain [33,34]. Eventually, both cytokines were returned to basal levels in this study. A
possible reason for the decreased cytokines response might be mRNA degradation caused
by reduced MAPK activation [35,36].

Similarly, PCV2 was shown to induce the expression of IL-1β and IL-6 at the tran-
scriptional level in PK-15 cells through time- and dose-dependent manners. Consistent
with this finding, PCV2 was reported to increase IL-1β production in porcine alveolar
macrophages, and the changes in cytokine expression are related to the TLR-MyD88-NF-κB
signaling pathway [19]. In PK-15 cells, PCV2 was reported to elevate IL-6 production via
suppressor of cytokine signaling 3 [37]. In addition to in vitro studies, the levels of IL-1β
and IL-6 in both serum and spleen were significantly upregulated after PCV2 infection in
the mouse [30]. Proinflammatory cytokines are important factors for the elimination of
invading pathogens [38]. Excessive release of proinflammatory cytokines can lead to unde-
sired tissue lesions and decrease the body’s immunity to other pathogen infections [39].
Therefore, controlling the inflammatory response is crucial. However, environmental
factors, such as toxins, can interfere with this control.

This is the first report to demonstrate that co-treatment with DON and PCV2 in PK-
15 cells can enhance the up-regulation effect of IL-1β and IL-6 mRNA with an additive
effect. The possible reason may be related to the ability of the mycotoxin to promote
virus replication, leading to an increase in cytokines expression. Qian et al indicated
that mycotoxin ochratoxin A had the capacity to induce PCV2 replication promotion in
PK-15 cells [40]. The molecular mechanisms of this effect are associated with ochratoxin A-
induced autophagy involving in AKT/mTOR and ERK1/2 MAPK signaling pathway [41].
DON significantly promoted the replication of porcine epidemic diarrhea virus in IPEC-J2
cells, along with the induction of a complete autophagy triggered by p38 MAPK signaling
pathway [42]. Our preliminary data also indicate that DON promotes PCV2 infection by
activating the MAPK signaling pathway. However, the underlying mechanism of this effect
still requires further research to substantiate such findings.

The results presented here demonstrate that ERK and p38 MAPK participate in DON-
induced IL-1β and IL-6 mRNA up-regulation in PK-15 cells. PCV2, however, induced
IL-1β and IL-6 mRNA up-regulation via the ERK, JNK and p38 MAPK signaling pathways.
Some studies have found that the expression of cytokine genes is caused by DON-mediated
rRNA perforation and the induction of damage-related molecular patterns (DAMPs) by
ribosomal-related stress kinases [43,44]. The latter can activate members of the MAPK
family, which mediate transcription factor activation and mRNA stabilization, and lead to
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an increased expression of the pro-inflammatory gene mRNA and ultimately, protein [14].
He and co-workers found that the ability of DON to change the translation and expression
of inflammation-related genes is mainly driven by selective transcription and mRNA
stabilization through ERK and p38 MAPK signaling pathways [13]. On the other hand,
studies have also shown that activation of the ERK, JNK and p38 MAPK signaling pathways
contribute to the promotion PCV2 infection [30,37]. These viewpoints are consistent with
the findings in our study.

4. Conclusions

Treatment of PK-15 cells with DON or PCV2 can induce the expression of IL-1β and
IL-6 mRNA; this is both time-dependent and dose-dependent. Furthermore, the combined
effect of DON and PCV2 could increase the expression of IL-1β and IL-6 mRNA. The
expression of IL-1β and IL-6 mRNA induced by DON is dependent on the ERK and p38
MAPK signaling pathways, while the expression of IL-1β and IL-6 mRNA induced by
PCV2 depends on the ERK, JNK, and p38 MAPK signaling pathways.

5. Materials and Methods

5.1. Toxin and Virus

Deoxynivalenol (DON) were purchased from Sigma-Aldrich (Shanghai, China). PCV2
strains were kindly donated by the Laboratory of Infectious Disease, Department of Preven-
tion Veterinary Medicine, Nanjing Agricultural University. It was isolated and sequenced
from the kidneys of piglets, naturally infected with multiple system failure syndrome of
weaned piglets, and stored at −80 ◦C.

5.2. Cell Cultures and Virus Cultures

Porcine kidney cell (PK-15) cell line (without PCV contamination) was kindly donated
by the Laboratory of Internal Veterinary Medicine, Department of Clinical Veterinary
Medicine, Nanjing Agricultural University. All cells were cultured in DMEM (Gibco,
Shanghai, China) medium with 10% newborn calf serum (Gibco, Shanghai, China) and 1%
penicillin, at 37 ◦C and 5% carbon dioxide.

PCV2 was amplified using PK-15 cells. The cytopathic effect (CPE) was observed and
PCV2 was detected by the indirect immunofluorescence assay in inoculated PK-15 cells.
The viral titers were determined to be 106.1 TCID50/0.1 mL, using the Reed–Muench assay.

5.3. Experimental Design

Three specific inhibitors U0126, SP600125 and SB203580 (MedChemExpress, Shang-
hai, China) were added in the PK-15 cells to block ERK, JNK and p38 MAPK signaling
pathways, respectively. Then, PK-15 cells were treated with DON or PCV2. Total cell RNA
was extracted, then an ultra-micro nucleic acid protein analyzer was used to determine
OD260/OD280 value and detect RNA quality. qRT-PCR was used to detect the expression
of IL-1β and IL-6 mRNA.

5.4. Quantative Real-Time PCR (qRT-PCR) Analysis

Total RNA was isolated from PK-15 cells using TRIzol Reagent (Takara, Dalian, China).
cDNA was obtained by reverse transcription using a cDNA transcription kit (Takara, Dalian,
China). qRT-PCR was performed using SYBR Premix Ex Taq™ (Takara, Dalian, China)
and the primers are shown as IL-1β (F: 5′-TACCTCTTGGAGGCACAAAGG-3′ and R:5′-
CTTCCTTGGCAGGTTCAGGT A-3′), IL-6 (F: 5′-AGCAAGGAGGTACTGGCAGA-3′ and R:
5′-CAGGGTCTGGATCAGTGCTT-3′) and GAPDH (F: 5′-CGTCAAGCTCATTTCCTGGT-3′
and R: 5′-TGGGATGGAAACTGGAAGTC-3′). Fold changes in cytokines were determined
using 2(−ΔΔCt) method and gene expression levels were normalized to GAPDH [45]. qRT-
PCR was performed using the ABI PRISM 7900HT Real-Time PCR System.
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5.5. Statistical Analyses

Statistical analyses were performed using GraphPad Prism 8.0 Software (GraphPad
Software, Inc., San Diego, CA, USA). Data for each assay were analyzed with one-way
analysis of variance (ANOVA) or two-way ANOVA. Data were expressed as the mean ±
SEM. Statistical significance was set at p < 0.05.

Author Contributions: Conceptualization, W.W. and K.K.; methodology, W.W.; software, X.G. and
Q.W.; validation, C.G., W.W. and X.G.; formal analysis, W.W.; investigation, C.G.; re-sources, C.G.;
data curation, C.G.; writing—original draft preparation, C.G.; writing—review and editing, X.G.
and D.G.; visu-alization, J.W. and E.N.; supervision, W.W.; project administration, W.W. and K.K.;
funding acquisition, W.W. and K.K. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by China-CEEC Joint University Education Project (202010), the
long-term organization development plan (University Hospital, Hradec Kralove, Czech Re-public),
National Key R & D Program (2016YFD0501207, 2016YFD0501009), NSFC (31972741, 31572576), China
Postdoctoral Science Foundation (2016T90477), PAPD. The authors would like also to acknowledge
the funding received from UHK VT2019-2012 and from the Ministry of Health of the Czech Republic
(FN HK 00179906).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available upon request to the
corresponding author.

Acknowledgments: We would like to acknowledge the donations in kind from Ping Jiang.

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

References
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Abstract: Zearalenone (ZEA) is a mycotoxin that has several adverse effects on most mammalian
species. However, the effects of ZEA on macrophage-mediated innate immunity during infection
have not been examined. In the present study, bacterial lipopolysaccharides (LPS) were used
to induce the activation of macrophages and evaluate the effects of ZEA on the inflammatory
responses and inflammation-associated signaling pathways. The experimental results indicated that
ZEA suppressed LPS-activated inflammatory responses by macrophages including attenuating the
production of proinflammatory mediators (nitric oxide (NO) and prostaglandin E2 (PGE2)), decreased
the secretion of proinflammatory cytokines (tumor necrosis factor (TNF)-α, interleukin (IL)-1β and
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IL-6), inhibited the activation of c-Jun amino-terminal kinase (JNK), p38 and nuclear factor-κB (NF-
κB) signaling pathways, and repressed the nucleotide-binding and oligomerization domain (NOD)-,
leucine-rich repeat (LRR)- and pyrin domain-containing protein 3 (NLRP3) inflammasome activation.
These results indicated that mycotoxin ZEA attenuates macrophage-mediated innate immunity upon
LPS stimulation, suggesting that the intake of mycotoxin ZEA-contaminated food might result in
decreasing innate immunity, which has a higher risk of adverse effects during infection.

Keywords: zearalenone; mycotoxin; innate immunity; NLRP3 inflammasome; macrophages

Key Contribution: The present study determined that ZEA attenuates innate immune responses,
inhibits the activation of JNK, p38 and NF-κB signaling pathways, and suppresses NLRP3 inflamma-
some activation in LPS-activated macrophages.

1. Introduction

Zearalenone (ZEA), a non-steroidal estrogenic mycotoxin, is produced by several
species of Fusarium fungi that widely contaminate many cereal crops including wheat,
corn, sorghum, oats, and barley, and subsequently produce ZEA at low temperatures and
high humidity environments [1]. The European Food Safety Authority (EFSA) established
a tolerable daily intake (TDI) for ZEA at 0.25 μg/kg body weight in 2011 [2]. While ZEA
exhibits low acute toxicity (oral LD50 > 2000 mg/kg body weight [3]), long-term exposure
to ZEA has several harmful effects due to its toxicity and high estrogenic activity including
immunotoxic [4], hepatotoxic [5], and genotoxic [6] effects; however, the effect of ZEA on
regulation of immune responses has not been well evaluated.

The innate immunity acts as the first line of defense against pathogen infection,
and macrophages are antigen-presenting cells in the innate immune system that can
phagocytose bacteria and produce both proinflammatory cytokines (e.g., tumor necrosis
factor-α (TNF-α), interleukin (IL)-1β and IL-6), and mediators (e.g., nitric oxide (NO) and
cyclooxygenase-2 (COX-2, a key enzyme in the synthesis of prostaglandins)) [7]. Moreover,
macrophages can also present antigens to T cells and act as effectors for the induction
of adaptive immune responses. Macrophages recognize pathogen-associated molecular
patterns (e.g., lipopolysaccharide (LPS)) and damage-associated molecular patterns (e.g.,
adenosine triphosphate (ATP) and nigericin) by pathogen recognition receptors (e.g., toll-
like receptors (TLRs)) and subsequently activate the downstream mitogen-activated protein
kinases (MAPKs, such as the c-Jun amino-terminal kinase (JNK), the extracellular signal-
regulated protein kinase (ERK), the p38 MAP kinase (p38)) and transcription factors (e.g.,
nuclear factor-κB (NF-κB)) to regulate immune responses against pathogen infection [8,9].

Inflammasomes are cytosolic protein complexes that modulate caspase-1 activation
in innate immune responses and subsequently process both IL-1β and IL-18 maturation
and secretion [10]. Nucleotide-binding and oligomerization domain (NOD)-, leucine-rich
repeat (LRR)- and pyrin domain-containing protein 3 (NLRP3) inflammasome, the best-
characterized inflammasome, can be activated by many stimuli, including extracellular
adenosine triphosphate (ATP), pore-forming toxins, mitochondrial reactive oxygen species
(ROS), potassium efflux, and destabilized lysosomes [11]. The activation of NLRP3 inflam-
masomes are central to elicit innate immune responses and are crucial for host immune
response to bacterial [12], fungal [13], and viral infections [14,15]. Defects of inflammasome
activation have been demonstrated to increased bacterial burden in systemic organs like
the liver, lung, and spleen [16].

Although several reports have indicated that ZEA has either stimulating or sup-
pressing effects on innate immunity [17,18], the cellular mechanisms activated by ZEA in
triggering innate immune responses in macrophages during pathogen infection are not
yet well understood. The present study investigated the effects of ZEA on the activities of
innate immune responses during pathogen infection by macrophages in vitro and ex vivo.
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LPS was used as stimulus to mimic bacterial infection, which can trigger innate immune
responses by macrophages. The secretions of proinflammatory cytokines and mediators,
NLRP3 inflammasome activation, and the activities of both MAPKs and NF-κB signaling
pathways were examined.

2. Results

2.1. ZEA Attenuates Inducible Nitric Oxide Synthase (iNOS) and COX-2 Expressions of and
Inhibits NO and Prostaglandin E2 (PGE2) Productions by LPS-Activated Macrophages

In response to pathogen infection, NO is an important proinflammatory mediator
secreted by activated macrophages, which are produced by enzyme iNOS [19]. The levels of
NO and iNOS are associated with COX-2 expression, which is an essential enzyme convert-
ing arachidonic acid to PGE2, one of the main pro-inflammatory factors [20,21]. LPS was
used as a stimulus to mimic bacterial infection for macrophage activation. The effect of
mycotoxin ZEA on the secretion of NO and PGE2 was determined using Griess reaction
and enzyme-linked immunosorbent assay (ELISA) respectively, while the expression of
iNOS and COX-2 was determined by quantitative polymerase chain reaction (qPCR) and
Western blot. The experimental results pointed out that ZEA suppressed the iNOS and
COX-2 expressions in both mRNA and protein levels (Figure 1A–E), inhibited the produc-
tion of NO (Figure 1F), and reduced the secretion of PGE2 (Figure 1G) in LPS-activated
J774A.1 cells. To exclude the potential cytotoxic effect of ZEA on LPS-activated inflam-
matory responses by macrophages, the effect of ZEA on the cell viability was detected by
3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide (MTT) assay. The results
pointed out that the doses of ZEA ≤ 50 μM did not affect the viability of LPS-activated
J774.1 cells (Figure 1H), indicating that ZEA exhibited inhibitory effects on LPS-activated
inflammatory responses by macrophages.

Figure 1. The effect of ZEA on the inflammatory mediator productions by LPS-activated macrophages. J774A.1 cells were
pre-treated with ZEA for 1 h, and then treated with 1 μg/mL LPS for 6 (for qPCR) and 24 h (for Griess reaction, Western blot,
ELISA and MTT assay). (A,B) The gene expression of NOS2 and COX-2 was measured using qPCR (n = 5). The expression of
iNOS and COX-2 was detected by Western blot. The representative images are shown in (C), and the quantified results from
three independent experiments in (D,E). (F) The levels of NO production were analyzed using Griess reaction (G) The secretion
of PGE2 was analyzed by ELISA. (H) Cell viability was examined using MTT assay. Data from three separate experiments are
presented as mean ± standard deviation (SD). Statistical significances are presented as * p < 0.05; ** p < 0.01; *** p < 0.001.
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2.2. ZEA Suppresses the Expression and Production of TNF-α and IL-6 by
LPS-Activated Macrophages

Both TNF-α and IL-6 are critical proinflammatory cytokines against pathogen infec-
tion, and a lack of TNF-α and IL-6 results in higher mortality and more susceptibility to
bacterial infection [22,23]. To examine whether ZEA affects LPS-activated TNF-α and IL-6
production by macrophages, J774A.1 cells were pretreated with ZEA for 1 h, and then
treated with 1 μg/mL LPS for 6 or 24 h. The secretion of TNF-α and IL-6 was analyzed by
ELISA and the gene expression of TNF-α and IL-6 was measured by qPCR. The experimen-
tal results indicated that ZEA significantly attenuated the secretion of TNF-α and IL-6 by
LPS-activated macrophages (Figure 2A,B). In addition, ZEA also suppressed the expression
of TNF-α and IL-6 by LPS-activated J774A.1 cells (Figure 2C,D).

Figure 2. The effect of ZEA on the secretion of proinflammatory cytokines by LPS-activated macrophages. J774A.1 cells were
pre-treated with ZEA for 1 h, and then treated with 1 μg/mL LPS for 6 (for qPCR) and 24 h (for ELISA). (A,B) The secretion
of TNF-α and IL-6 was determined using ELISA. Data from three separate experiments are presented as mean ± SD.
(C,D) The gene expression of TNF-α and IL-6 was measured by qPCR (n = 5). Statistical significances are presented as
* p < 0.05; ** p < 0.01; *** p < 0.001.

2.3. ZEA Inhibits the Activation of MAPKs and NF-κB Signaling Pathways by
LPS-Activated Macrophages

MAPKs and NF-κB signaling are two critical pathways downstream of TLRs that
drive inflammatory responses during infection [24]. To examine whether ZEA affects
LPS-activated MAPKs and NF-κB signaling pathways by macrophages, J774A.1 cells were
pretreated with ZEA for 1 h, and then treated with 1 μg/mL LPS for 2 or 24 h. These activa-
tions were measured by Western blot and promoter reporter assay respectively. As shown
in Figure 3A–D, ZEA significantly attenuated the phosphorylation of JNK and p38 by LPS-
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activated macrophages, but not ERK. Moreover, ZEA was found to significantly decrease
the promoter reporter activity of NF-κB by LPS-activated macrophages (Figure 3E).

Figure 3. The effect of ZEA on the expression of MAPK signaling cascades-associated protein and the promoter activity of
NF-κB by LPS-activated macrophages. J774A.1 cells were pretreated with ZEA for 1 h, and then treated with 1 μg/mL LPS
for 2 h. The phosphorylation and expression of ERK, JNK and p38 were detected by Western blot. The expression of β-actin
was used as loading control. The representative images are shown in (A), and the quantified results from three independent
experiments shown in (B–D). (E) J-blue cells were pretreated with ZEA for 1 h, and then treated with 1 μg/mL LPS for 24 h.
The level of secreted embryonic alkaline phosphatase (SEAP) was examined. Data from three separate experiments are
presented as mean ± SD. Statistical significances are presented as * p < 0.05; ** p < 0.01; *** p < 0.001.

2.4. ZEA Inhibits IL-1β Secretion and Suppresses NLRP3 Inflammasome Activation by
LPS/ATP- and LPS/nigericin-Activated Macrophages

The activation of NLRP3 inflammasome by microbial stimuli plays a critical role
in regulating IL-1β and IL-18 secretion during infection [25]. To examine whether ZEA
affects the activation of NLRP3 inflammasome by LPS/ATP- and LPS/nigericin-activated
macrophages, J774A.1 cells were pretreated with ZEA for 1 h, and then treated with 1 μg/mL
LPS for 5 h following 5 mM ATP or 10 μM nigericin treatments for 30 min. IL-1β secretion,
NLRP3 inflammasome-associated protein expressions, and ASC and caspase-1 colocalization
were analyzed by ELISA, Western blot, and immunofluorescence staining. Our experimental
results showed that ZEA significantly suppressed IL-1β secretion of by LPS/ATP- and
LPS/nigericin-activated macrophages (Figure 4A,B). ZEA also inhibited the expression of
NLRP3, the cleavage of pro-caspase-1 to cleaved caspase-1 and the cleavage of pro-IL-1β to
cleaved IL-1β by LPS/ATP-activated macrophages (Figure 4C). Moreover, ZEA inhibited
ASC and caspase-1 colocalization in LPS/ATP- and LPS/nigericin-activated macrophages
(Figure 5), indicating the ZEA inhibited the NLRP3 inflammasome assembly.
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Figure 4. The effect of ZEA on the activation of NLRP3 inflammasome by LPS-activated macrophages. J774A.1 cells were
pretreated with ZEA for 1 h, and then treated with 1 μg/mL LPS for 5 h following 5 mM ATP or 10 μM nigericin treatments
for 30 min. (A,B) The secretion of IL-1β was analyzed by ELISA. Data from three separate experiments are presented as
mean ± SD. NLRP3 inflammasome-associated protein expressions were determined by Western blot. A representative
image of three independent experiments is shown in (C). Statistical significances are presented as *** p < 0.001.

2.5. ZEA Suppresses Proinflammatory Cytokine Secretions by LPS-Activated
Human Macrophages

To examine whether ZEA affects LPS-activated proinflammatory cytokine secretions
by human macrophages, THP-1 cells were induced to undergo macrophage differenti-
ation by phorbol 12-myristate 13-acetate (PMA) for 24 h and then pretreated with ZEA
for 1 h following 1 μg/mL LPS treatment for 24 h. The secretion of TNF-α and IL-6 was
analyzed by ELISA. Cell viability was measured by MTT assay. As shown in Figure 6A,B,
ZEA suppressed LPS-activated TNF-α and IL-6 secretions by human macrophages. In ad-
dition, the doses of ZEA ≤ 50 μM did not affect cell viability in LPS-activated human
macrophages, indicating that inhibitory effects of ZEA on the production of TNF-α and
IL-6 by LPS-activated human macrophages were not caused by dying effects (Figure 6C).
For the NLRP3 inflammasome-derived IL-1β secretion, the cells were pretreated with ZEA
for 1 h, and then treated with 1 μg/mL LPS for 5 h following ATP (5 mM) or nigericin
(10 μM) treatments for 30 min. The secretion of IL-1β was detected using ELISA. Our ex-
perimental results indicated that ZEA decreased LPS/ATP- and LPS/nigericin-activated
IL-1β secretion by human macrophages (Figure 6D,E).
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Figure 5. The effect of ZEA on the formation of NLRP3 inflammasome by LPS-activated macrophages. J774A.1 cells were
pretreated with ZEA for 1 h, and then treated with 1 μg/mL LPS for 5 h following ATP (5 mM) or nigericin (10 μM) treatments
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for 30 min. (A,C) Representative images of colocalization of caspase-1 (green) with ASC (red) were shown. DAPI was used
as a nuclear counterstain. (B,D) The formation of ASC speck was quantified using the colocalization of caspase-1 and ASC
signals in the threshold of 2D histogram (in the panel A,C) by Mander’s coefficient. Data from three separate experiments
are presented as mean ± SD. Statistical significances are presented as ** p < 0.01; *** p < 0.001.

Figure 6. The effect of ZEA on the proinflammatory cytokine production by LPS-activated human monocyte-derived
macrophages. THP-1 cells were stimulated with 50 ng/mL PMA for 24 h to induce macrophage differentiation. Afterwards,
cells were pretreated with ZEA for 1 h following 1 μg/mL LPS treatment for 24 h. The secretion of (A) TNF-α and (B) IL-6
was detected by ELISA. (C) Cell viability was measured using MTT assay. (D,E) Human monocyte-derived macrophages
were pretreated with ZEA for 1 h, and then treated with 1 μg/mL LPS for 5 h following ATP (5 mM) or nigericin (10 μM)
treatments for 30 min. The secretion of IL-1β was examined using ELISA. Data from three separate experiments are
presented as mean ± SD. Statistical significances are presented as * p < 0.05; ** p < 0.01; *** p < 0.001.

2.6. ZEA Reduces the Secretion of Proinflammatory Mediator and Cytokines by LPS-Activated
Murine Peritoneal and Bone Marrow-Derived Macrophages (BMDMs)

To validate the above cell line results, the inhibitory effects of ZEA on LPS-activated
inflammatory responses were further tested using primary cells. Both murine peritoneal
macrophages and BMDMs were pretreated with ZEA for 1 h, and then treated with
1 μg/mL LPS for 24 h. The level of NO production was detected using Griess reaction and
the secretions of TNF-α and IL-6 were analyzed by ELISA. Cell viability was measured
by MTT assay. For the detection of IL-1β secretion, the cells were pretreated with ZEA
for 1 h, and then treated with 1 μg/mL LPS for 5 h following ATP (5 mM) or nigericin
(10 μM) treatments for 30 min. The levels of IL-1β production were detected using ELISA.
As shown in Figure 7, ZEA suppressed LPS-induced NO, TNF-α, IL-6, IL-1β in murine
peritoneal macrophages, while the inhibitory doses of ZEA ≤ 40 μM had no cytotoxic effect
but 50 μM ZEA revealed cell toxicity. On the other hand, the results also demonstrated that
ZEA decreased LPS-induced NO, TNF-α, IL-6, IL-1β in BMDMs. The inhibitory doses of
ZEA ≤ 40 μM had no cytotoxic effect but 50 μM ZEA also revealed cell toxicity (Figure 8).
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Figure 7. The effect of ZEA on the production of NO and proinflammatory cytokines by LPS-activated murine peritoneal
macrophages. The cells were pretreated with ZEA for 1 h, and then treated with 1 μg/mL LPS for 24 h. (A) The levels of
NO production were analyzed using Griess reaction. Secretions of (B) TNF-α and (C) IL-6 were detected by ELISA. (D,E)
Murine peritoneal macrophages were pretreated with ZEA for 1 h, and then treated with 1 μg/mL LPS for 5 h following
5 mM ATP or 10 μM nigericin treatments for 30 min. The secretion of IL-1β was examined by ELISA. (F) Cell viability was
detected using MTT assay. Data from three separate experiments are presented as mean ± SD. Statistical significances are
presented as ** p < 0.01; *** p < 0.001.

Figure 8. Cont.

117



Toxins 2021, 13, 593

Figure 8. The effect of ZEA on the production of NO and proinflammatory cytokines by LPS-activated BMDMs. The cells
were pretreated with ZEA for 1 h, and then treated with 1 μg/mL LPS for 24 h. (A) The levels of NO production were
analyzed using Griess reaction. Secretions of (B) TNF-α and (C) IL-6 were detected by ELISA. (D) BMDMs were pretreated
with ZEA Figure 1. h, and then treated with 1 μg/mL LPS for 5 h following 5 mM ATP for 30 min. The secretion of IL-1β was
examined by ELISA. (E) Cell viability was detected using MTT assay. Data from three separate experiments are presented
as mean ± SD. Statistical significances are presented as * p < 0.05; *** p < 0.001.

3. Discussion

The innate immune system has evolved to protect the host from pathogen infection and
macrophages are effector cells of the innate immunity that respond to pathogen infection
by initiating phagocytosis and the synthesis and release of pro-inflammatory cytokines [26].
People with a weak immunity have a higher risk of experiencing frequent infections and
high mortality rate [27]. Mycotoxins are toxic secondary metabolites produced by fungi
and found in many agricultural commodities that have unlike toxic effects according to
the toxin and concentration and result in immunostimulatory or immunosuppressive
effects [18]. ZEA has been known to have toxic effects on reproduction and fertility [28]
and induce an estrogenic activity [4], but the effect of ZEA on immunoregulation has not
been well investigated. In the present study, the immunoregulatory effects of ZEA on
macrophages under LPS stimulation were examined.

During infection, activated macrophages secrete proinflammatory cytokines (e.g.,
TNF-α, IL-1β and IL-6) and inflammatory mediators (e.g., NO and PGE2) to regulate in-
flammatory responses against pathogens. A previous study showed that ZEA decreases the
iNOS expression and NO production by bovine aortic endothelial cells, resulting in vessel
dysfunction [29]. Marin et al. also pointed out that ZEA reveals antagonistic effects on
inflammation by decreasing IL-1β and TNF-α expressions in a human hepatocellular carci-
noma cell line, HepG2 [30]; additionally, daily intake of ZEA also decreases the serum level
of TNF-α in mice [31]. Our experimental results indicated that ZEA attenuates the activities
of macrophage upon LPS stimulation, including decreasing NO and PGE2 productions
and suppressing TNF-α and IL-6 secretions by LPS-activated macrophages. Taken to-
gether, these results indicate that ZEA suppresses the LPS-activated immune response in
macrophages by decreasing proinflammatory mediator and cytokine productions.

TLR4 stimulation by LPS triggers downstream signaling cascades including MAPKs
and NF-κB pathways that are critical in the development of the immune system and
regulation of inflammatory and acute immune responses [9]. A previous study indicated
that the administration of a ZEA-contaminated diet in weaned pigs for 18 days affects the
gene expression of immune regulators, MAPKs, and NF-κB in spleen cells [32]. They found
that ZEA increases pro-inflammatory cytokine expression and synthesis, including TNF-
α, IL-1β, IL-6 and IL-8, and promotes JNK pathway activation, whereas the activation
of p-38MAPK and NF-κB is decreased [32]. In addition, Pistol et al. pointed out that
ZEA is a potential hepatotoxin, which reduces NF-κB1 and TAK1/p38α MAPK gene
expressions and decreases the production of TNF-α, IL-1β, IL-6, IL-8, and IFN-γ in the
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liver of the experimentally intoxicated piglets [33]. In the present study, the experimental
results indicated that ZEA inhibited the phosphorylation of JNK and p38 and attenuated
the activation of NF-κB by LPS-activated macrophages, suggesting that ZEA suppresses
the LPS-activated immune response in macrophages through attenuating the JNK, p38,
and NF-κB signaling pathways.

NLRP3 is a critical intracellular Nod-like receptor that is involved in the recognition
of microbial or danger signals and mediates NLRP3 inflammasome assembly, resulting
in the maturation and secretion of the pro-inflammatory cytokines, IL-1β and IL-18 [11].
In the present study, the NLRP3 inflammasome activation in macrophages was induced by
LPS/ATP and LPS/nigericin, thereby inducing the secretion of IL-1β, enhancing the expres-
sion of cleaved caspase-1 and cleaved IL-1β, and increasing the colocalization of ASC and
caspase-1, whereas ZEA significantly attenuated the activation of NLRP3 inflammasome
by LPS/ATP- and LPS/nigericin-activated macrophages through decreasing the secretion
of IL-1β, suppressing the expression of cleaved caspase-1 and cleaved IL-1β, and reducing
the colocalization of ASC and caspase-1. These results suggest that ZEA might diminish
the activation of NLRP3 inflammasome in macrophages during bacterial infection.

4. Conclusions

These experimental results demonstrated that mycotoxin ZEA attenuates innate im-
mune responses by decreasing the production of proinflammatory mediators (NO and
PGE2) and cytokines (TNF-α, IL-1β and IL-6) by LPS-activated macrophages and inhibiting
LPS-activated signaling cascades, including JNK, p38 and NF-κB signaling pathways. More-
over, mycotoxin ZEA also suppresses NLRP3 inflammasome activation by LPS-activated
macrophages. Since people with a weak immunity have a higher risk of experiencing
frequent infections and severe symptoms, these results suggest that an intake of mycotoxin
ZEA-contaminated food might result in decreasing innate immunity, which poses a higher
risk of adverse effects during infection.

5. Materials and Methods

5.1. Animals

Female C57BL/6 mice (six- to eight-week-old) were obtained from National Lab
Animal Center (Taipei, Taiwan) and were kept in pathogen-free facility. All animal handling
and experiments were permitted by the Institutional Animal Care and Use Committee at
Kaohsiung Medical University (Permit Number: 108101; Period of Protocol: Valid from
1 August 2020 to 31 July 2023).

5.2. Cell Culture

The murine macrophage cell line (J774A.1), murine fibroblast cell line (L-929), and hu-
man THP-1 monocytic cell line were purchased from Bioresource Collection and Research
Center (Hsinchu, Taiwan) and cultured in the complete RPMI-1640 medium (Corning,
Corning, NY, USA), contained with heat-inactivated fetal bovine serum (10%, Corning),
penicillin (100 U/mL, Corning), and streptomycin (100 U/mL, Corning) in a humidified
chamber (Binder, Tuttlingen, Germany) at 37 ◦C. For the differentiation of the THP-1 mono-
cyte into macrophage, the cells were treated with phorbol 12-myristate 13-acetate (PMA,
50 ng/mL) for 24 h at 37 ◦C in 5% CO2.

5.3. Peritoneal Macrophags and BMDMs Preparation

The isolation of thioglycollate-elicited peritoneal macrophages was done following the
method of Hung et al. [34] as described previously. Murine bone marrow cells were isolated
by the method of Liu et al. [35] as described previously and macrophage differentiation was
induced by treating L929 cell-conditioned medium (contained granulocyte-macrophage
colony-stimulating factor) for a week following previous studies [36,37].
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5.4. Cell Viability Assay

The cells (1 × 105) was seeded on a 96-well plate with 200 μL RPMI-1640 medium
in each well, and the plate was incubated overnight. Afterwards, cells were pre-treated
with 0 ~ 50 μM ZEA (purity ≥ 98%, ChemFaces, Wuhan, Hubei, China) for 1 h following
1 μg/mL LPS treatment (from E. coli O111:B4, Sigma Aldrich, St. Louis, MO, USA) for 24 h.
Afterwards, the cells were incubated with MTT reagent (5 mg/mL, Sigma Aldrich) for 4 h
at 37 ◦C, followed by 10 min of incubation with stop solution (100 μL isopropanol/0.04 M
HCl). The absorbance at 570 nm was detected using a microplate reader (Epoch 2, BioTek
Instruments Inc., Winoosky, VT, USA).

5.5. NO Production Assay

The NO assay was followed previously with slight modification [34]. The cells (1 × 105)
was seeded on a 96-well plate with 200 μL RPMI-1640 medium overnight. Afterwards,
the cells were pre-treated with 0 ~ 50 μM ZEA for 1 h following 1 μg/mL LPS treatment
for 24 h. The cell supernatant was harvested and analyzed using Griess reagent (Sigma
Aldrich). The absorbance at 540 nm was detected using a microplate reader. The quantity
of nitrite was calculated from a sodium nitrite standard curve.

5.6. Western Blot Analysis

J774 A.1 macrophage cells (5 × 105 cells/well) were seeded in 6-well plates overnight.
Afterwards, the cells were pre-treated with 0 ~ 50 μM ZEA for 1 h following 1 μg/mL
LPS treatment for 2 or 24 h. For the detection of NLRP3 inflammasome-associated protein
expression, the cells were pre-treated with different doses (25 and 50 μM) of ZEA for 1 h,
and then treated with 1 μg/mL LPS for 5 h following 5 mM ATP treatment for 30 min. Af-
ter treatments, the cells were washed twice with cold PBS and harvested using RIPA buffer,
contained with protease inhibitors (Sigma Aldrich) and phosphatase inhibitors (Fivephoton
Biochemicals, San Diego, CA, USA). The protein concentration was quantified by BCA pro-
tein assay (Thermo Scientific, Rockford, IL, USA), and equal amounts of proteins were sepa-
rated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and then
transferred onto a polyvinylidene fluoride (PVDF) membrane. Afterwards, the PVDF mem-
brane was blocked by 5% non-fat milk/Tris-buffered saline containing 0.05% Tween-20
(TBST), incubated with primary antibodies (Supplemental Table S1), washed by TBST for
three times, and then incubated with horseradish-conjugated secondary antibody (Santa
Cruz). Then, the PVDF membrane was incubated with ECL chemiluminescence sub-
strate (Thermo Fisher Scientific), and the signals were captured and quantified using a gel
imaging system (Bio-Rad Laboratories Inc., Hercules, CA, USA).

5.7. qPCR

The total RNA of J774A.1 cells was extracted using TRIzol reagent and cDNA was
generated by SuperScript VILO cDNA synthesis kit (Thermo Fisher Scientific, Rock-
ford, IL, USA). Afterwards, qPCR was performed using SYBR Green PCR Master Mix
(Thermo Fisher Scientific) by StepOne Plus Real-Time PCR system (Thermo Fisher Scien-
tific). The primer sequences used in the present study were as follows: NOS2 forward (F), 5′-
GTTCTCAGCCCAACAATACAAGA-3′ and reverse (R), 5′-GTGGACGGGTCGATGTCAC-
3′; COX2 F, 5′-CAAATCCTTGCTGTTCCCACCCAT-3′ and R, 5′-GTGCACTGTGTTTGGA-
GTGGGTTT-3′; TNF-α F, 5′-CAGGCGGTGCCTATGTCTC-3′ and R, 5′-CGATCACCCCGA-
AGTTCAGTAG-3′; IL-6 F, 5′-CTGCAAGAGACTTCCATCCAG-3′ and R, 5′-GTGGTATAGA-
CAGGTCTGTTGG-3′; 18S rRNA F, 5′-CGACGACCCATTCGAACGTCT-3′ and R, 5′-CTCT-
CCGGAATCGAACCCTGA-3′. Experimental Ct values were normalized to 18S rRNA and
relative mRNA expression calculated versus untreated control sample.

5.8. ELISA

The cells (1 × 105) were seeded on 96-well plates and incubated overnight. Subse-
quently, the cells were pre-treated with 0 ~ 50 μM of ZEA for 1 h following 1 μg/mL LPS
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treatment for 24 h. The levels of the TNF-α, IL-6 and PGE2 secreted in the cell culture
supernatants were analyzed by ELISA kits (Thermo Fisher Scientific) following the manu-
facturer’s instructions. For the IL-1β secretion, were pretreated with ZEA for 1 h, and then
treated with 1 μg/mL LPS for 5 h following 5 mM ATP or 10 μM nigericin treatments
for 30 min.

5.9. NF-κB Promoter Reporter Assay

J-blue is a J774A.1 subline that stably expresses an NF-kB-inducible SEAP as described
previously [34]. The cells were grown in a 96-well plate at a density of 1 × 105 cells/well and
incubated overnight. Subsequently, the cells were pre-treated with 0 ~ 50 μM ZEA for 1 h
following 1 μg/mL LPS treatment for 24 h. Briefly, Culture supernatant (20 μL) was mixed
with QUANTI-blue medium (200 μL, InvivoGen, San Diego, CA, USA), incubated for
45 min at 37 ◦C, and then the absorbance at 655 nm was detected using a microplate reader.

5.10. Immunofluorescence Staining

J774A.1 cells (1 × 105 cells/well) were seeded on 8-well μ-Slide overnight (ibidi GmbH,
Munich, Germany). Afterwards, the cells were pre-treated with various concentrations (25
and 50 μM) of ZEA for 1 h, and then treated with 1 μg/mL LPS for 5 h following 5 mM
ATP or 10 μM nigericin treatments for 30 min. The cells were washed briefly with PBS
and fixed by 4% paraformaldehyde, permeabilized by 0.1% Triton-X 100, incubated with
primary antibodies (Supplemental Table S1), washed by PBS, incubated with the secondary
antibodies, and then stained nuclei by DAPI (Invitrogen, Carlsbad, CA, USA). The cells
were examined using a confocal laser microscope (Leica, Exton, PA, USA) and the images
were further analyzed by the Imaris 8 Image Analysis Software (Oxford Instruments,
Oxford, UK).

5.11. Statistical Analysis

Data from three separate experiments were presented as mean ± SD and the significant
differences were evaluated by one-way ANOVA followed by Tukey post-hoc test using
GraphPad Prism software version 9 (GraphPad Software, San Diego, CA). Statistical
significances are presented as * p < 0.05; ** p < 0.01; *** p < 0.001.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/toxins13090593/s1, Table S1: List of primary antibodies used in this study.
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Abstract: The purpose of this study was to investigate the combined effects of aflatoxin B1 and
ochratoxin A on protein expression and catalytic activities of CYP1A2, CYP2E1, CYP3A29 and
GSTA1 and the preventive effect of dietary byproduct antioxidants administration against these
mycotoxin damage. Three experimental groups (E1, E2, E3) and one control group (C) of piglets after
weaning (TOPIGS-40 hybrid) were fed with experimental diets for 30 days. A basal diet containing
normal compound feed for starter piglets was used as a control treatment and free of mycotoxin.
The experimental groups were fed as follows: E1—basal diet plus a mixture (1:1) of two byprod-
ucts (grapeseed and sea buckthorn meal), E2—the basal diet experimentally contaminated with
mycotoxins (479 ppb OTA and 62ppb AFB1) and E3—basal diet containing 5% of the mixture (1:1)
of grapeseed and sea buckthorn meal and contaminated with the mix of OTA and AFB1. After
4 weeks, the animals were slaughtered, and tissue samples were taken from liver and kidney in order
to perform microsomal fraction isolation, followed by protein expression and enzymatic analyses.
The protein expressions of CYP2E1 and CYP3A29 were up-regulated in an insignificant man-
ner in liver, whereas in kidney, those of CYP1A2, CYP2E1 and CYP3A29 were down-regulated.
The enzymatic activities of CYP1A2, CYP2E1 and CYP3A29 decreased in liver, in a significant man-
ner, whereas in kidney, these increased significantly. The co-presence of the two mycotoxins and
the mixture of grape seed and sea buckthorn meal generated a tendency to return to the control
values, which suggest that grapeseed and sea buckthorn meal waste represent a promising source in
counteracting the harmful effect of ochratoxin A and aflatoxin B.

Keywords: piglets; mycotoxins; CYPs protein expression; CYPs enzyme activity; feed additives;
antioxidant effect

Key Contribution: Understanding the combined effects of aflatoxin B1 and ochratoxin A in feed
could be a better solution to diminish the deleterious effects of mycotoxins on piglets after weaning.

1. Introduction

Mycotoxin contamination is a major concern with great impact on human and animal
health [1], as mycotoxin may be tumorigenic, mutagenic, estrogen mimetic and immuno-
suppressive. They are absorbed through the gastrointestinal tract [2–5], distributed to
different body parts and metabolized especially at the hepatic and renal level [6]. Hu-
mans and animals are exposed to these natural contaminants due to consumption of
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contaminated food and feed components, such as cereals, cereal products, fruits for direct
consumption or their derived products [7,8]. Additionally, humans can be exposed to my-
cotoxin contaminated animal foodstuffs such as milk, eggs and meat, even fish meat [9,10].
One of the main difficulties encountered in controlling mycotoxins incidence and preva-
lence is that more than one type of mycotoxin is present in a batch of feed or cereal at the
same time. Thus, ingestion of contaminated feed with several types of mycotoxins, even
if they are at minimum concentrations, can cause numerous negative effects due to their
additive, synergic or antagonist effects [11,12].

In general, the metabolism of xenobiotics, respectively the biotransformation pro-
cess of toxic compounds, into compounds suitable for excretion depends on the struc-
ture and physical-chemical properties of parental compound and enzymes available in
the exposed tissue [13,14]. Therefore, reactions of xenobiotic metabolism take place in
three phases: phase I—modification, by adding a functional group, phase II—conjugation
of the functional group with a compound in order to increase the hydrophily of the conju-
gate and phase III—excretion of the phase II metabolites [15]. As a result of these, changes
in protein expression, ROS production and oxidative stress in affected cells or tissues [16–19]
could occur. During the biotransformation process, beyond the increased hydrophilicity of
xenobiotics, reactive intermediates could be formed, increasing toxicity [20].

Cytochrome P450s play an important role in Phase I of biotransformation of xenobi-
otics, especially those of the CYP1, CYP2, CYP3 and CYP4 families, which mainly catalyze
the reactions of oxidation, reduction or hydrolysis [19]. Phase II metabolism involves
glutathione S-transferase, sulfotransferases, N-acetyltransferases and uridine 5′-diphospho-
(UDP)-glucuronosyltransferases [21–23]. In the end, Phase III transporters from liver,
kidney and intestine remove the produced metabolites in the cells in an active manner.
In pigs, such transporters involved in the elimination of mycotoxins’ metabolites conju-
gated with glucuronic acid, reduced glutathione and sulfate are represented by members
of transporter family located in the basement membrane of polarized cells, such as MRP2,
MRP4, Bcrp, Oat and Oct [19,23–28].

Studies regarding the mycotoxin toxicity in swine are numerous, but solutions for the
reduction of these adverse effects are few. For example, the most used method to counteract
the negative impact of mycotoxins in animals is adding “mycotoxin binders” or “mycotoxin
modifiers”, which are very effective for aflatoxins [29] but have limited efficiency against
other types of mycotoxins [30] and could bind also vitamins and trace elements [31],
generating deficiencies. Adding different plant derived antioxidants in feed could be a
better solution to diminish the deleterious effects of mycotoxins on animal health.

To our knowledge, studies regarding cytochromes P450 protein expressions corelated
with enzyme activities have not been performed up to now. Previous studies demonstrated
that for humans and pigs CYP1A protein expression of liver were decreased whereas
CYP3A increased in mycotoxicosis [32,33]. Moreover, in pigs, after a 14-day exposure to
T-2 mycotoxin, an inhibition of hepatic CYP3A activity was observed [34].

A number of studies have shown that plant compounds can modulate cytochrome
P450s protein expressions and activities [35,36]. For example, in a group of pigs fed for
16 days with a basal diet supplemented with 10% dried chicory root, an important upregula-
tion of CYP1A2 and CYP2A19 mRNA and a small increase in CYP2E1 mRNA increase was
noticed, followed by a subsequent increase in the CYP1A2 and 2A19 protein expressions
and activities [37]. Therefore, examining the tissue-specific patterns of cytochrome P450s
protein expression levels and specific activities provides valuable information toward
understanding mycotoxins metabolism and benefits of therapeutic compounds from plants
to mitigate the harmful damage produced by the co-presence of mycotoxin in feed.

The aim of our study was to investigate the combined effects of aflatoxin B1 and
ochratoxin A in the piglet’s liver and kidney on protein expression and catalytic activities
of CYP1A2, CYP2E1, CYP3A29 and GSTA1 and the preventive effect of dietary byproduct
antioxidants administration against these mycotoxins.
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2. Results

2.1. Relative Protein Expression

In liver, the relative protein expression for CYP1A2 increased by 58% in the E1 group,
fed with a basal diet supplemented with a mixture of grape seeds and sea buckthorn
meal and decreased by 7% for the E2 group. The addition of a mixture of grape seed and
sea buckthorn meal to weaned piglets diet contaminated with the mix of AFB1 and OTA
(E3 group) has determined an upregulation by 30% of the expression of CYP1A2, compared
to control group. At renal level, the CYP1A2 relative protein expression decreased by 18%
for the E1 group and 36% for the E2 group, respectively, and increased by 28% for the E3
group compared to control one. These results were basically consistent with our previous
data regarding to the relative mRNA expression for CYP1A2 [38].

As for the protein expression of CYP2E1 in liver, it was practically unchanged in
E1 group, and an up-regulation of 22% in E2 group and a significant one of 40% in E3
group (p < 0.001) compared to the control group were noticed. In contrast, in the kidney
samples, protein expression of CYP2E1 decreased in E2 (p < 0.01) and E3 (p < 0.05) groups
compared to liver ones. In the case of group E3, it was increased by 15% compared to the
E2 group and significantly decreased by 39% compared to the E1 group (Figure 1), while
for the E2 group, CYP2E1 expression level decreased significantly by 35%, compared to the
control one.

For CYP3A29 protein expression, in the case of liver, administration of the basal diet
enriched with a mixture of grape seed and sea buckthorn meal (group E1) increased the
relative protein expression by 29% for the E1 group, by 47% for the E2 group and by 52%
for the E3 group, compared to the control group level. Relative protein expression for
CYP3A29 in the kidney increased by 27% for the E1 group and decreased by 20% for E2
and by 1.6% for E3 compared to the control group (Figure 1).

Interestingly, in liver samples, GSTA1 relative protein expression showed a decrease
of 3.2% for the E1 group, 23% for the E2 group and 17% for the E3 group, compared to
the control group. In kidney, the relative protein expression for GSTA1 showed increases
of 19% and 11% for the E1 and E2 groups, respectively, and a decrease of 2.5% for the E3
group compared to the control one.

2.2. Enzymatic Activities

In liver, introduction in the diet of a mixture of grape seed and sea buckthorn meal
diminished the activities of CYP1A2, CYP3A29 and GSTA1 in a significant (CYP1A2
and CYP3A29) or insignificant way (GSTA1), whereas CYP2E1 one increased insignifi-
cantly. The presence of OTA and AFB1 diminished significantly the CYP1A2, CYP2E1 and
CYP3A29 specific activities and insignificantly the GSTA1 one. The concomitant adminis-
tration of mixture of grape seed and sea buckthorn meal and AFB1 and OTA generated a
decrease of all CYPs specific activities except the GSTA1 one compared to control.

In kidney, the mixture of grape seed and sea buckthorn meal added to feed determined
an increase of enzymatic activities of CYP1A2, CYP2E1 and GSTA1 and a very significant
decrease of CYP3A29 one compared to control (p < 0.001). The presence of AFB1 and OTA
in piglets’ feed increased all four enzymatic activities, whereas the co-presence of the two
mycotoxins and the mixture of grape seed and sea buckthorn meal generated a tendency
to decrease in all enzymatic activities toward the control values.

The hepatic CYP1A2 activity decreased significantly (p < 0.001) by 85% for the E2
group (1.88 U/mg) compared to control (12.35 U/mg) (Figure 2). In the kidney samples,
CYP1A2 activity increased significantly (p < 0.001) by 2.7 times in the case of the E2 group
(0.98 U/mg) compared to the control one (0.36 U/mg).

The specific activity of hepatic CYP2E1 decreased by 27% and 36% for the E2 group and
E3 group (p < 0.001), respectively, compared to the E1 group. In contrast, the administration
of basal diet supplemented with a mixture of AFB1 and OTA resulted in an increase of 56%
in the specific activity of renal CYP2E1 compared to the E1 group level.
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Figure 1. Relative protein expression and the corresponding quantification of Western blot images for CYP1A2, CYP2E1,
CYP3A4 and GSTA1 in the hepatic and renal microsomal fractions of weaned piglets subjected to experimental diets.
Calnexin band (70 kDa) was used as reference protein. The control group (C) were fed a basal diet. The experimental groups
were fed as follows: the basal diet plus a mixture (1:1) of two byproducts (grapeseed and sea buckthorn meal) (E1 group),
the basal diet artificially contaminated with AFB1 and OTA (E2 group), and the basal diet containing the mixture (1:1)
of grapeseed and sea buckthorn meal and contaminated with the mix of AFB1 and OTA (E3 group). The data are illustrated
as average values of the groups (n = 4) ± standard deviation of the mean (SE) and statistical significance related to the
control group level. * E1/E2/E3 vs. C; # E2/E3 vs. E1; *, # p < 0.05; **, ## p < 0.01; *** p < 0.001.

The administration of basal diet enriched with a mixture of grape seed and sea
buckthorn meal (E1 group) increased significantly (p < 0.001) the CYP3A29 specific activity
in the liver by 15% compared to the E2 group level. Another contrast was observed in
the renal CYP3A29 specific activity with a significant decrease of 57% (p < 0.001) in the E1
group and 31% in the E3 group (p < 0.001), compared to the E2 group level (Figure 2).

In the case of hepatic GSTA1, the specific activity showed decreases of 6% and 23% for
the E1 and E2 groups, respectively, and an increase of 7% in the E3 group, compared to the
control level. The renal GSTA1 specific activity showed an increase in experimental groups,
compared to the control level.

Analyzing Figure 2, it can be noticed that mixture of grape seed and sea buckthorn
meal decreased the CYP1A2 and CYP3A29 specific activities at hepatic level in a significant
way, whereas at renal level, the CYP1A2 specific activity was significantly increased
(p < 0.01). Moreover, the presence of OTA and AFB1 in piglet’s feed decreased significantly
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the hepatic CYP1A2, CYP2E1 and CYP3A29 specific activities (p < 0.001), whereas in the
kidney, the CYP1A2, CYP2E1 and CYP3A29 specific activities were increased significantly
(p < 0.01). The concomitant administration of the mixture of grape seed and sea buckthorn
meal and OTA and AFB1 determined the restauration of specific activity levels to control
ones only in the kidney samples.

Figure 2. Enzymatic specific activity in the hepatic and renal microsomal fractions for CYP1A2, CYP2E1, CYP3A29 and
GSTA1 of weaned piglets subjected to experimental diets. The control group (C) were fed a basal diet. The experimental
groups were fed as follows: the basal diet plus a mixture (1:1) of two byproducts (grapeseed and sea buckthorn meal)
(E1 group), the basal diet artificially contaminated with AFB1 and OTA (E2 group) and the basal diet containing the mixture
(1:1) of grapeseed and sea buckthorn meal and contaminated with the mix of AFB1 and OTA (E3 group). The data are
illustrated as average values of the groups (n = 4) ± standard deviation of the mean (SE) and statistical significance related
to the control group level. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.

3. Discussion

Pigs are important non- rodent models in toxicology as well as in biomedical re-
search [39] due to the fact that they have genetic and physiological traits similar to hu-
mans [40]. Pigs’ liver presents the highest constitutive protein expressions and enzymatic
activities of CYP1A1, CYP 1A2, CYP2E1 and CYP3A compared to other organs such as
muscle, adipose tissue and intestine. Their kidney is also metabolically active. The me-
tabolizing enzymes are primarily CYPs and are presented at the highest level in the renal
proximal convoluted tubules. In pigs, they have not been studied extensively [39].

The CYP450 enzyme expressions and activities can be regulated by many different fac-
tors, including genetic polymorphism, epigenetic influences on xenobiotic metabolism, non-
genetic host factors and depend on gene expression, mRNA translation, post-translational
processes, protein expression level and inhibition or activation process of the catalytic
activity of enzymes [41].

Regulation of porcine CYP450s expression in renal tissue has received less attention.
In our study, changes in the renal tissue, compared to the liver samples in the expression
level of cytochromes P450 can be observed.
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The use of phenolic antioxidants as a feed supplement to pigs has recently attracted
considerable attention because of their positive impact on meat quality, particularly by the
reduction of skatole levels, which together with androsterone contributes to the develop-
ment of boar taint [42]. However, there are a number of bioactive secondary metabolites in
vegetal by-products, such as sesquiterpene lactones [43], one of these being artemisinin
(a sesquiterpene lactone from Artemisia sp.) that has been shown to up-regulate CYP3A4
and CYP2B6 expression in humans and mice by binding to the nuclear receptors PXR
and CAR [44]. A study of our group has demonstrated that feeding grapeseed and sea
buckthorn meal, containing ferulic acid, p-coumaric acid, caffeic acid, vanillic acid, lu-
teolin, quercetin, rutin, epicatechin, catechin in the diet of OTA and AFB1-intoxicated
pigs decreased the CYP1A2, CYP1A19, CYP2E1, CYP3A29 and CYP4A24 gene expres-
sion, suggesting the decrease of bioactivation of these mycotoxins, probably resulting in a
diminished toxicity in both organs, as the histological studies have revealed [38].

Previously, direct effects of phytochemicals on CYP450 dependent activity have been
shown [45–47]. Scott et al. [48] demonstrated that CYP3A4, CYP19 and CYP2C19 activities
in vitro could be modified by various plant constituents, and the magnitude of inhibition
is dependent on concentration of the bioactive constituents in extract. Thus, to further
investigate the impact of grapeseed and sea buckthorn meal on CYP450s activity, the direct
effect of by-products in the diet of pigs was investigated.

In humans, CYP1A2 enzyme plays an important role in the metabolism of several
clinically used drugs. It is one of the major P450 enzymes and accounts for approximately
13% of the total content of this enzyme group in the human liver [49]. CYP1A2 mRNA
content shows an up to 40-fold variability between individuals [50] and corresponding
variability of enzyme activity and drug metabolism [51,52]. The genetic variation in
CYP1A2 activity is estimated to be up to 75% depending on environmental factors [53].
According to Klein et al. [54], the genetic variation of CYP1A2 activity might only account
for 42%, 38% and 33% of the catalytic activity, protein expression and mRNA levels,
respectively, in human liver samples. Taking into account the predominant role of CYP1A2
in activation of toxic xenobiotics compared to its metabolism of prescription drugs, there
are many epidemiological reports examining the role of CYP1A2 variants, metabolism of
procarcinogens and cancer risk.

In liver, both AFB1 and OTA are metabolized in reactions catalyzed by CYP1A2 and
CYP3A4 [55,56]. AFB1 metabolization requires oxidation of the 8,9 double bond to yield
the biologically active AFB1-8,9-epoxide that can react with DNA. At high concentrations
of AFB1, the major producer of this metabolite is CYP3A4 [55], whereas at lower concen-
trations, the main enzymatic player is CYP1A2 [57]. Recent studies revealed that, a high
dose of OTA, i.e., 3 mg per kg body weight given to ICR-type mice, diminished the protein
expression of CYP1A2 [56]. This could be the reason for which CYP1A2 protein expression
decreased slightly in the E2 group compared to the control one. AFB1 is also metabolized
into a number of hydroxylation products, such as aflatoxin Q1 (AFQ1), aflatoxin P1 (AFP1),
aflatoxin B2a (AFB2a), aflatoxin M1 (AFM1), aflatoxicol (AFL) and aflatoxicol H1 (AFH1).
These could exert an inhibition of CYP1A2 activity as previously it was proved for other
natural compounds [58]. The lower protein expression together with the inhibitory action
of hydroxylated compounds could cooperate for the decrease of CYP1A2 specific activity in
E2 group. The addition of several flavonoids and phenolic acids present in the byproducts
mixed in feed [38] could explain the lower specific activity of CYP1A2 in the liver of the
E3 group.

Taking into account that the kidney is implicated in the removal of metabolic wastes
and xenobiotics from the circulatory system, a relatively high level of toxic substances
can be formed during the urine concentration process [59]. In our experiment, probably
the concentration of AFB1 and OTA increased in kidney and induced CYP1A2 biosyn-
thesis. This enzyme catalyzes the oxidation of the xenobiotics and generates superoxide
and hydrogen peroxide. Recent data revealed that exposure to OTA and AFB1 increased
ROS level in HK-2 human proximal tubule epithelial cells [59] in chickens’ kidneys [60].
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If these overwhelmed the capacity of antioxidant system [61], hydrogen peroxide could ac-
cumulate and operate as a negative feedback loop for CYP1A transcription [62].
On the other hand, advanced oxidation protein products that formed due to the ROS
attack on proteins down-regulated the expression of CYP1A2 and CYP3A4 in the kidneys
of rats’ models for chronic kidney disease [63]. Moreover, probably, antioxidants present
in the by-products diminished ROS level, and the protein expression of CYP1A2 was
up-regulated in the kidneys of E3 group individuals.

In our opinion, in the kidneys of the E1 group, the increase of CYP1A2 activity might
be due to the influence of oleic and linoleic acids, beyond other unsaturated fatty acids
and polyphenols present in the byproducts added to piglets’ feed [38]. Taking in account
that CYP1A2 is located in the endoplasmic reticulum (ER) membrane, its activity could
be dependent on this membrane’s fluidity. The ER membrane contains high quantities of
phosphatidylcholines, phosphatidylethanolamines and phosphatidylinositol and low ones
of sphingolipids and cholesterol, and as a result, the lipid packing is tight and ordered [64].
The cis-unsaturated fatty acids such as oleic and linoleic ones supplied by diet could be
used for de novo synthesis of these phospholipids in ER, and once existing, could decrease
the packing compactness of acyl chains, rising membrane fluidity [65]. Furthermore,
flavonoids and iso-flavonoids might enter the hydrophobic core of membrane, causing an
important decrease of lipid fluidity [66].

The active site of CYPs is present on the cytosolic side of ER membrane, is buried in
the enzyme structure and contains the hem cofactor. It could adopt several conformations,
and the substrates would bind to its most suitable conformation [67]. The increased
fluidity of ER membrane could facilitate adopting such a suitable conformation, and the
catalytic activity would be increased in E3 kidneys compared to control. For the E2 group,
the high concentration of AFB1 and OTA due to the urine concentration process could
increase specific activities of CYP1A2 and CYP3A4, compared to the control one. Moreover,
it appears that the co-administration of by-products and mycotoxins (E3 group) decreased
these two specific activities compared to those of the E2 group, still remaining higher in
comparison with E1 and control groups.

CYP2E1 is an enzyme responsible for the metabolism of a large number of xenobiotics,
such as aliphatic, aromatic and halogenated hydrocarbons, many of which are solvents
and industrial monomers, mycotoxins and other drugs [68,69]. CYP2E1 is localized in the
centrilobular region of the liver, but has also been detected in lung, bronchial tissue, kidneys,
nasal mucosa, intestine and lymphocytes [70]. The regulation of CYP2E1 expression
depends on transcriptional, post-transcriptional and post-translational factors. Increased
hepatic CYP2E1 protein expression for the E2 group might be due to mycotoxins binding
to CYP2E1 that stabilize the protein and thus increase CYP2E1 content [70,71]. As shown
in Figure 1, renal CYP2E1 protein expression was down-regulated in E2 group. However,
inclusion of by-products in mycotoxins contaminated diet effectively restored this decrease
in E3 group.

In contrast, the decrease in enzyme activity in liver could be due to poorer transcription
or stability of CYP2E1 gene product rather than a functional change in the enzyme [72],
which is in agreement with those reported in our previous study by Popescu et al. [38],
when comparing CYP2E1 mRNA levels to the levels of enzyme activities found for all
experimental groups. Moreover, in the liver of E2 group individuals, possibly as response
to the increased oxidative stress caused by induction of CYP2E1 activity in hepatocytes,
glutathione S-transferase activity was found to be up-regulated, in agreement with the
study of Mari and Cederbaum, [73]. The catalytic activity of CYP2E1 has been associated
with susceptibility to toxicity under industrial exposure to chemicals such as benzene [68].
Therefore, probably, in the present study, renal CYP2E1 activity increased for the E2 group
and was restored for the E3 group, compared to the control level.

It should be noted that our study did not fully cover the entire CYP450s enzyme
families with respect to mRNA expression and that this may partially explain the dis-
crepancies between mRNA expression, protein expression and activity measurements.
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The discrepancies between mRNA expression and activity between experimental groups
and the contradictory results on CYP2E1 need to be addressed in further studies.

In general, the studies regarding porcine CYP450s enzymes have focused on the impact
of xenobiotics or antioxidant compounds only at molecular level and for a single type
of tissue [38,74–78], while investigations regarding correlation between enzyme activity,
protein level and mRNA transcript are few.

The pig is a relevant animal model for xenobiotics metabolic studies due to simi-
larity to humans [79], therefore, studies on porcine CYP3A29 are important for a better
understanding of mycotoxins co-exposure in vivo and metabolism studies [80].

Previous works have demonstrated that CYP3A constitutive expression is regulated
by nuclear transcription factor Y; specificity protein 1 [81,82]; hepatocyte nuclear fac-
tors 1α, 3γ and 4 [83–85]; upstream stimulatory factor 1 [86]; activator protein 1 [87]
and CCAAT/enhancer-binding proteins α and β [85,86]. In the presence of xenobi-
otics, induced expression of CYP3A is mediated by Pregnane X Receptor [80], consti-
tutive androstane receptor (CAR), glucocorticoid receptor (GR) and vitamin D receptor
(VDR) [81,88,89].

We demonstrated that by-products addition increased CYP3A29 protein expression in
liver and kidney, while CYP3A29 activity was decreased, and only in kidneys, the tendency
was opposite in the case of AFB1 and OTA co-contamination of the feed. The restoration
of CYP3A29 relative protein expression level in kidney for the E3 group compared to
the control one showed that the addition of a mixture of grapeseed and sea buckthorn
meal by-products in mycotoxins contaminated diets favored the elimination processes
and generated an adaptive response to the perturbation of hepatic and renal metabolism.
The results for renal CYP3A29 activity were according with those reported in our previous
study by Popescu et al. [38], when comparing CYP3A29 mRNA levels to the levels of
enzyme activities found for the E1 and E2 groups. Although, correlation of enzymatic
activity from transcriptomic data was observed in a study [90], based on our results, we
would argue that the differences between protein expression and specific activity are
due to protein ability to bind specifically substrates and the way in which the enzyme is
regulated [91].

Phase-I enzymes catalyze the primary reactions of xenobiotic detoxification [92]. Due
to their electrophilic nature, phase-I metabolites have a potential to form stable adducts
with nucleic acids and proteins, which act as cell-toxic and carcinogenic compounds [93,94].
The cytotoxic intermediates metabolites generated from Phase I are conjugated with hy-
drophilic moieties to form more readily excreted metabolites [95] by phase II enzymes, such
as UDP–glucuronosyltransferases (UGTs), sulfotransferases, glutathione S-transferases,
N–acetyltransferases, N–methyltransferases, phenol and catechol O–methyltransferase,
Thiol methyltransferase and amino acid N–acyltransferase [96,97].

Glutathione S-transferases (GSTs) are dimeric enzymes (EC 2.5.1.18) that catalyze
the conjugation of the reduced form of glutathione (GSH) to a broad variety of xenobi-
otic substrates including arene oxides, mycotoxins, lipoperoxidation-derived aldehydes,
highly reactive aldehydes and other substrates [97–99]. GSTA1 is a cytosolic isoenzyme
containing 222 amino acids from class alpha (A), based on amino acid sequence and sub-
strate specificity of GSTs, with expression in liver and kidney. It is encoded by GSTA1
gene [100]. The mycotoxins present in the feed and food chain such as AFB1 that are con-
verted to AFB1-8,9-exo-epoxide (AFBO) via P450 metabolism are substrates for GSTs [101].
The ability of AFBO to conjugate with GSH reflects the expected sensitivity to AFB1-
induced carcinogenesis since the pig is prone to develop hepatic tumors in vivo in the
presence of xenobiotics [102,103].

Due to the lack of data about GSTs protein expression and catalytic activity in hepatic
and renal tissue of pigs, we focused in our study on GSTA1 expression level. In the present
study, the variation of GSTA1 protein expression and specific activity were decreased in
liver and increased in kidney for the E2 group and restored for the E3 group, compared
to the control level. The difference between liver and kidney could possibly be due to
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the physiological features of these pigs’ organs [101], which correlates with the antagonist
actions by addition of phenolic antioxidants [104] such as a mixture of grapeseed and sea
buckthorn meal by-products (E1 group). The restoration of GSTA1 protein expressions and
specific activities post-addition of phenolic antioxidants could be due to the counteracting
effect on reactive oxygen species generated by mycotoxins metabolism that might decrease
the GSH content [104]. Moreover, recent studies revealed that, in rats, phase I metabolites
from OTA react with GSH to produce GSH-conjugates. In kidney, OTB-GSH is the major
metabolite, and therefore, higher levels of GSH conjugates suggest a greater level of OTA
bioactivation and greater sensitivity of the kidney to OTA [105,106]. Moreover, Gekle
et al. [107] demonstrated that kidney is the target organ of OTA toxicity, probably because
this mycotoxin is actively accumulated in kidney cells, due to unfavorable kinetics of renal
elimination [106].

4. Conclusions

As far as we know, this is the first study analyzing the protein expressions of CYP1A2,
CYP2E1, CYP3A29 and GSTA1 in comparison with their specific enzymatic activities in
piglets’ livers and kidney under combined exposure to AFB1 and OTA. A tissue-dependent
response was noticed. Taking in account that CYP1A2, CYP2E1 and CYP3A29 activities
were raised in the kidney of the E2 group individuals and decreased in those of the E3 group,
it appears that the kidney was more affected compared to liver, and addition of by-products
in the piglets’ feed was beneficial. These findings along with those of gene expression
suggest that grapeseed and sea buckthorn meal waste represent a promising source for
counteracting the harmful effect of ochratoxin A and aflatoxin B. The discrepancies between
protein expression and activity between experimental groups and the mechanisms involved
need to be addressed in further studies.

5. Materials and Methods

5.1. Animals, Treatment and Sampling

Three experimental groups (E1, E2, E3) and one control group (C) of piglets after
weaning (TOPIGS-40 hybrid, n = 10 per group, housed in pen two replicates of 5 pigs
per pen) with an average body weight of 9.11 ± 0.03 kg were fed with experimental diets
for 30 days. They fed on a basal diet which was served as a control (control group—C)
with normal compound feed for starter piglets (corn 68.46%, soya meal 19%, corn gluten
4%, milk replacer 5%, L-lysine 0.3%, DL-methionine 0.1%, limestone 1.57%, monocalcium
phosphate 0.35%, salt 0.1%, choline premixes 0.1% and 1% vitamin-mineral premixes).
The feeding treatments for the experimental groups were as follows: group E1 received
basal diet including a mixture (1:1) of two meal by-products (grape seed and sea buck-
thorn) in a percentage of 5% which replace corn and soya bean meal; group E2 received
the basal diet artificially contaminated with a mixture of 62 ppb aflatoxin B1- AFB1 and
479 ppb ochratoxin A-OTA (E2 group) and group E3 get the basal diet with 5% by-product
meal mixture and contaminated with AFB1 and OTA mycotoxins (62 and 479 ppb respec-
tively). The AFB1 and OTA contaminated material was kindly provided by Dr. Boudra and
Dr. Morgavi (I.N.R.A. Clermont Ferrand, Clermont-Ferrand, France) and was produced by
the cultivation of Aspergillus flavus and Aspergillus ochraceus, respectively, on wheat as
already described by Boudra et al. [108] resulting in a AFB1 concentration of 30 mg/kg and
OTA 230 mg/kg. The grape seed meal and sea buckthorn meal were provided by two local
commercials S.C. OLEOMET-S.R.L. and BIOCATINA, Bucharest, Romania. The mixture of
mycotoxins was kindly provided by I.N.R.A, Centre of Clermont Ferrand. Data regarding
diet composition, fatty acid composition of grapeseed and sea buckthorn, flavonoids and
phenolic acids composition of byproducts, mineral composition of byproducts, animal
performance and biomarkers of liver and kidney function in plasma were published previ-
ously by Popescu et al. 2021. Assigned diet and water were provided ad libitum during
the experiment. At the end of the experiment (day 30), animals were slaughtered with
the approval of the Ethical Committee of the National Research-Development Institute for
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Animal Nutrition and Biology, Balotes, ti, Romania (Ethical Committee no. 118/2 December
2019) and in accordance with the Romanian Law 206/2004 and the EU Council Direc-
tive 98/58/EC for handling and protection of animals used for experimental purposes.
From four animals per group, the liver and kidney were collected and perfused with
ice-cold saline solution to remove blood. Right liver lobe and renal cortex samples
were collected on ice from all animals and were stored at −80 ◦C until the microsomal
fraction isolation.

5.2. Isolation of the Microsome Fraction

The microsome fraction was isolated according to Rasmussen et al., [37], with slight
modifications. Briefly, 6 g liver/kidney tissue were minced with sharp scissors and placed
into a pre-chilled Dounce glass tube and added 4–5 volumes (4–5 mL of buffer per g
of tissue) of ice-cold Tris–sucrose buffer (10 mM Tris–HCl, 250 mM sucrose, pH 7.4)
and homogenized on ice using a thigh-fitting Teflon pestle attached to a Glas-Col Tissue
Homogenizing System (Cole-Parmer, setting 70) for 3 min with a 30 s break at each 1 min.
After 10 min centrifugation at 10,000× g, 4 ◦C, the supernatant (crude homogenate)
was used for microsome isolation. Therefore, crude homogenate was diluted in Tris–
sucrose buffer to a final volume of approximately 18 mL and centrifuged (Beckman Coulter
Optima™L-80 XP Ultracentrifuge) with a fixed-angle rotor (Beckman 90 Ti) in OptiSeal
tubes (Beckman, Ref 361623) at 100,000× g for 60 min at 4 ◦C. After ultracentrifugation,
the supernatant obtained was collected as cytosolic fractions and the microsomal pellet
were suspended in a buffer containing 50 mM Tris–HCl, 10 mM KH2PO4, 0.1 mM EDTA,
20% glycerol (pH 7.4) and stored at −80 ◦C in aliquots of 200 μL for later western blot
and enzymatic assays. The purity of the microsomal and cytosolic fractions obtained after
ultracentrifugation was assessed by immunoblotting for CYP1A2, CYP2E1, CYP3A29 and
GSTA1. All steps were carried out on ice.

5.3. Western Blot Analysis

The obtained microsomes were used to evaluate protein expression for CYP1A2.
CYP2E1, CYP3A29 and GSTA1 with Western blotting technique. Quantities of 30 μg
microsomal protein from each sample were denatured by heating in the presence of a
5× Laemmlli buffer for 5 min at 95 ◦C. After cooling, the denatured proteins samples were
separated by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE,
10% separating gel) under reducing conditions in TRIS-glycine-SDS buffer at 90 V for 2 h.
Proteins were transferred onto 0.4 μm poly-(vinylidene difluoride) membrane (Millipore,
Billerica, MA, USA) in a wet transfer system (Bio-Rad, Hercules, CA, USA). Membrane
blocking, and the incubations of primary and secondary antibodies were performed us-
ing the Western Breeze Chromogenic kit (Invitrogen, Themo Fischer Scientific, Waltham,
MA, USA), and the membranes were processed according to manufacturer’s instructions.
Primary antibodies used were rabbit polyclonal antibodies anti-CYP1A2 (MyBioSource,
San Diego, CA, USA, MBS9605022, 1:750), anti-CYP2E1 (MyBioSource, San Diego, CA, USA,
MBS9605034, 1:750), anti-Cytochrome P450 Enzyme CYP3A4 (Merck, Temecula, CA, USA,
AB1254, 1:1000) and anti-GSTA1 (NovusBiologicals, NBP1-33586, Centennial, CO, USA,
1:1000). The obtained bands were visualized with the ChemiDoc MP system (Bio-Rad, Her-
cules, CA, USA) and quantified using ImageLab software 5.1 (Bio-Rad, Hercules, CA, USA).
Each sample analyzed was normalized to the expression corresponding to the calnexin
band (Merck, Temecula, CA, USA, AB2301, 1:750) used as a control of protein loading.

5.4. Enzymatic Activity Assays

In accordance with protein expression evaluation from microsome fraction, enzymatic
activity was also evaluated for: CYP1A2, CYP2E1, CYP3A29 and GSTA1.

134



Toxins 2021, 13, 648

5.4.1. CYP1A2

The activity of CYP1A2 was measured according to Hanioka et al. [109], with mod-
ifications. Therefore, a quantity of 200 μg microsomal protein was preincubated with
2 μM methoxy resorufin (MROD) (Sigma, Saint Louis, MO, USA, M1544-1MG) in 50 mM
K2HPO4/KH2PO4 buffer (pH 7.4) in a final volume of 425 μL at 37 ◦C for 1 min.
After preincubation, the reaction was started by adding 75 μL of 6.666 mM NADPH
(final concentration of NADPH: 1 mM), incubated at 37 ◦C for 5 min and stopped with
500 μL of 100% ice-cold methanol with vortexing. After cooling on ice for 5 min, the sam-
ples were centrifuged at 10,000× g for 10 min at 4 ◦C, and the supernatant was collected
and added into amber vials for HPLC analysis. The production of resorufin was analyzed
by a HPLC method according to Wanwimolruk et al. [110] using a Varian HPLC system,
Prostar 410 solvent delivery pumps, Prostar 350 autosampler, and column oven, equipped
with a Pack Pro C18 150 × 4.6 mm I.D. S-3 μm, 12 nm column (YMC). The column was
kept at 40 ◦C. A volume of 20 μL of sample was injected, and the metabolite resorufin was
eluted isocratically with 20 mM K2HPO4/KH2PO4 buffer (pH 6.8), methanol and acetoni-
trile (30:35:35 v/v) at a flow rate of 0.5 mL/min (Supplementary Materials Figure S1B).
The eluent was monitored by a fluorescence detector ProStar 363 with excitation and emis-
sion wavelengths of 560 and 586 nm, respectively. The obtained data were analyzed using
Varian Workstation 6.3 software (Santa Clara, CA, USA). For quantification of resorufin,
a standard calibration curve of resorufin (Sigma, Saint Louis, MO, USA, 73144-20MG) from
1 to 200 nM was prepared (Supplementary Materials Figure S1A). The enzyme activity
was calculated by relating the amount of produced resorufin to blank incubations and was
expressed as specific activity (units per mg of protein). One unit of activity represented the
amount of enzyme that released one pmole of resorufin in one minute at 37 ◦C.

5.4.2. CYP2E1

The activity of CYP2E1 was measured according to Zamaratskaia et al. [111], with
slight modifications. Briefly, 500 μg microsomal protein was preincubated with 0.2 mM
p-nitrophenol (Sigma, Bellefonte, PA, USA, 48549) in 100 mM K2HPO4/KH2PO4 buffer
(pH 6.8) in a final volume of 475 μL at 37 ◦C for 5 min. The reaction was started by
adding 25 μL of 20 mM NADPH (final concentration of NADPH: 1 mM), incubated at
37 ◦C for 120 min, and immediately, a volume of 20 μL was injected into the HPLC
system. The production of p-nitrocathechol was analyzed by High-Performance Liquid
Chromatography with Diode-Array Detection (HPLC-DAD), using a High-Performance
Liquid Chromatography Systems L-3000 from RIGOL Technologies, Inc. (Beijing, China),
equipped with a Kinetex EVO C18 column (150 × 4.6 mm, 5 μm). The mobile phase
consisted of 0.1% trifluoroacetic acid in water as solvent A and 0.1% trifluoroacetic acid
in acetonitrile as solvent B. The gradient profile was as follows: 0–10 min 85% solvent A;
10–12 min 85% solvent B; 12–15 min 100% solvent A. The flow rate of the mobile phase was
1 mL/min, and the UV detector was set to 345 nm (Supplementary Materials Figure S2B).
For quantification of produced metabolite, p-nitrocatechol, a standard calibration curve of
p-nitrocatechol (Sigma, Saint Louis, MO, USA, N15553-1G) from5 to 400 μM was prepared
(Supplementary Materials Figure S2A). One unit of CYP2E1 activity represented the amount
of enzyme that produces one pmole of p-nitrocatechol in one minute at 37 ◦C. The Enzyme
activity was calculated by relating the amount of produced p-nitrocatechol/minute/mg
protein to blank incubations and was expressed as specific activity (units per mg of protein).

5.4.3. CYP3A29

The activity of CYP3A29 was measured using the specific substrate nifedipine,
as previously described by Sohl et al. [112] and Cheng et al. [113], with the following
modifications: 500 μg microsomal protein and 200 μM nifedipine were preincubated in
100 mM K2HPO4/KH2PO4 buffer (pH 7.85) in a final volume of 425 μL at 37 ◦C for 3–5 min.
The enzymatic reactions were initiated by addition of the 75 μL NADPH-generating system
(50 parts 100 mM glucose 6-phosphate with 25 parts of NADP+ 10 mg/mL and with
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1 part of glucose 6-phosphate dehydrogenase from Leuconostoc mesenteriodes at 1 mg/mL).
After incubation at 37 ◦C for 10 min, the reaction was terminated by addition of 1.5 mL
of ice-cold acetonitrile, followed by centrifugation for 10 min at 15,000× g to precip-
itate the proteins. The supernatants were collected in amber vials and subjected to
HPLC analysis, using a High-Performance Liquid Chromatography Systems L-3000 from
RIGOL Technologies, Inc. (Beijing, China). The column was Kinetex EVO C18 column
(150 × 4.6 mm, 5 μm) with the isocratic mobile phase of 0.1% trifluoroacetic acid in wa-
ter/acetonitrile/methanol (40:30:30) at a flow rate of 1 mL/min at 30 ◦C. The consumption
of nifedipine in the reaction mixture for each of the samples was determined based on
calibration curves (Supplementary Materials Figure S3B) constructed from a series of stan-
dards of 2.5–250 μM nifedipine (Sigma, Saint Louis, MO, USA, N7634-1G). The remaining
substrate was detected as the absorbance at 235 nm (Supplementary Materials Figure S3A).
One unit of CYP3A29 activity represented the amount of enzyme that consumes one nmole
of nifedipine in one minute at 37 ◦C. The enzyme activity was calculated by relating
the amount of consumed nifedipine/minute/mg protein to blank incubations and was
expressed as specific.

5.4.4. GSTA1

Glutathione S-transferase (GST; EC 2.5.1.18) activity was determined by measuring
the conjugation rate of GSH with 1-chloro-2,4-dinitrobenzene (CDNB) substrate at 340 nm,
according to the method described by Habig et al. [114] and adapted for 96 well plates
with a 200 μL final volume per well. One unit of GSTA1 represented the amount of enzyme
that releases one μmole of GS-CDNB product in one minute at 25 ◦C. Enzyme activity was
expressed as specific activity (units per mg of protein).

5.4.5. Protein Determination

Each time after thawing a sample aliquot of microsomal fraction for Western blot
and enzymatic activity assays, the protein concentration was determined by Bradford
method [115] using bovine serum albumin as standard.

5.5. Statistical Analysis

Statistical analyses to identify differences in protein expression and enzyme activities
were evaluated by one-way ANOVA method performed with GraphPad Prism 3.03 soft-
ware (GraphPad Software, La Jolla, CA, USA). Post hoc comparisons between all groups
were run using the Bonferroni test. The statistical significance (p value) was presented
for all groups in contrast to the Control group (C). For each analysis, each of biological
replicate was run in three technical replicates.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/toxins13090648/s1, Figure S1: Quantification and separation of resorufin using reversed-phase
HPLC (C18). Figure S2: Quantification and separation of 4-nitrocatechol using reversed-phase HPLC
(C18), Figure S3: Quantification and separation of nifedipine using reversed-phase HPLC (C18).
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