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1. List of abbreviations 

 

AFB1: Aflatoxin B1 

ANOVA: Analysis of variance  

AP-1: Activator protein 1  

BLAST: Basic local alignment search tool 

C7G: Chrysin-7-glucuronide  

C7S: Chrysin-7-sulfate 

CaCo-2: Human colorectal adenocarcinoma cells 

CAT: Catalase  

CCK-8: Cell counting kit 8 

CHR: Chrysin 

COX-2: Cyclooxygenase-2  

DCF: Dichloro-fluorescein 

DCFH-DA: 2’-7’dichlorodihydrofluorescein diacetate  

DMEM: Dulbecco’s modified Eagle’s medium  

DNA: Deoxyribonucleic acid 

EC: Extracellular 

EGF: Epidermal growth factor 

ELISA: Enzyme-linked immunosorbent assay 

E. coli: Escherichia coli  

FBS: Fetal bovine serum 

FFA: Free fatty acids 

FHs74: Human fetal small intestinal epithelial  

GSH: Glutathione  

GSH-Px: Glutathione-peroxidase 

HIF-1α: Hypoxia-inducible factor 1-alpha 

HT29-MTX: Human colorectal adenocarcinoma cells (differentiated using methotrexate) 

H2O2: Hydrogen-peroxide 

IC: Intracellular 

IgA: Immunoglobulin A  

IL-1β: Interleukin-1 beta  
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IL-6: Interleukin-6 

IL-8: Interleukin-8 

IFN-γ: Interferon gamma  

iNOS: Inducible nitric oxide synthase  

IPEC-J2: Porcine intestinal jejunal epithelial cells 

JAK-STAT: Janus kinases -signal transducer and activator of transcription proteins  

LDH: Lactate dehydrogenase 

LPS: Lipopolysaccharide 

LUT: Luteolin 

MAPK: Mitogen-activated protein kinase  

MDA: Malondialdehyde  

MLCK: Myosin light chain kinase 

MPO: Myeloperoxidase  

mRNA: Messenger ribonucleic acid 

MTT/MTS: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide  

NF-κB: Nuclear factor kappa-light-chain-enhancer of activated B cells  

NOX: NADPH oxidase  

Nrf 2: Nuclear factor erythroid 2-related factor 2 

NRK-52E: Rat renal proximal tubular cell line 

OTA: Ochratoxin A 

PLA2: Phospholipase A2 

PTEN: Phosphatase and tensin homolog  

PUFA: Polyunsaturated fatty acids  

RNS: Reactive nitrogen species  

ROS: Reactive oxygen species 

RT-PCR: Real-time polymerase chain reaction 

SEM: Standard error of mean 

SOD: Superoxide dismutase  

TJ: Tight junctions  

TLR4: Toll like receptor 4  

TNF-α: Tumor necrosis factor-alpha  
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2. Introduction 

 
One of the recent major worldwide issues has been the extensive global climate 

change, which has a significant impact on the production of good-quality agricultural feeds 

and thus on maintenance of appropriate conditions for the livestock. Mycotoxins, as 

secondary metabolites of fungi, can contaminate crops and cereals during the vegetative 

period or during storage. These plant parts can be present in the cereal-based foods for human 

consumption and in feeds for farm animals. Fungal infestation can lead to deterioration of 

the crops and mycotoxins such as ochratoxin A (OTA) can confer acute and chronic safety 

risk upon oral intake [1,2]. Grain-based products consumed by the population of poorer 

countries are mostly contaminated with mycotoxins [3]. Poisoning with mycotoxins usually 

occurs through the gastrointestinal system. The extent of this adverse mycotoxin effect 

depends on the frequency and the dose as well as on the type of mycotoxin and on the 

species. The synergistic effect of other mycotoxins and other chemicals cannot be neglected 

either [4]. Among monogastric animals, poultry and pigs are particularly sensitive to 

contamination caused by certain mycotoxins. They can cause an unpleasant taste, thereby 

reduce feed intake and growth, and consequently the performance of farm animals [5]. 

The consumption of animal-deriving products raises yearly. This can lead to 

extensive spread of bacterial infections within the livestock. Small farm numbers are getting 

less every year while large scale farms keep growing leading to more stress and population 

density and to potential danger of spreading diseases faster. Gram negative bacteria 

containing lipopolysaccharides (LPS) can result in damage and dysfunction of enterocytes. 

The intestinal system has a critical role in the uptake of LPS thus needs to be protected [6]. 

One of the most common bacteria within a pig livestock is Escherichia coli (E.coli) which 

in case of infection commonly leads to damage to the enterocytes. The induced intestinal 

epithelium barrier integrity impairment can cause secondary infections and as well lowers 

performance of the animals overall such as growth rate [7]. Antibiotics can be used to 

regulate E.coli-caused infection, but antibiotic resistances within bacteria are developing 

even faster thus regulations considering safety of food production are getting stricter every 

year. Multi-resistant bacteria in human medicine often need treatment with antibiotics 

belonging to the restrictive class (AMEG A) of antibiotics, which are preserved for mainly 

human use and companion animals in special circumstances. The EU government decided 

on new regulations (Regulation (EU) 2019/4 and EU Regulation (EU) 2019/6) to act against 

resistant bacteria from the 28th of January 2022 [8–10]. Alternatives to antibiotics such as 
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pre- and probiotics, feed supplements and additives, vitamins and flavonoids have recently 

been investigated more intensely to maintain animal health and to reduce application of 

antibiotics. Moreover, the utilization of these bioactive compounds can lead to less economic 

loss, less or no withdrawal period, safer and stress-free application and better overall herd 

health.  

Plant-derived extracts containing polyphenols have been shown to have beneficial 

effects on the intestinal epithelium in vitro and in animal experiments exposed to various 

xenobiotics [11–15]. Among the flavonoids, luteolin (LUT) and chrysin (CHR) can be found 

in honey, nuts, grains, propolis, blue passionflower and in various fruits such as bitter lemon 

[12,16,17]. Polyphenols are rarely found in the form of aglycones, mostly they are 

conjugated with sugar components in plants and can gain their active forms only in the 

digestive tract after enzymatic degradation. In vitro research on plant antioxidants might 

contribute to prevention of intestinal diseases caused by harmful xenobiotics such as OTA 

and bacterial LPS.  

The aim of our work was to create a porcine intestinal jejunal epithelial (IPEC-J2) 

cell model and to work on minipig hepatocytes, on which we can study the effects of OTA 

and LPS on the viability of intestinal epithelial cells, redox and inflammatory processes, and 

study the effects of LUT and CHR in preventing the harmful effects caused by harmful 

xenobiotics. During our research, we sought an answer to whether LUT or CHR can mitigate 

the negative effects of OTA and LPS or their combinations, and based on the data of in vitro 

tests, whether they are suitable for being an alternative feed supplement to prevent the 

adverse effects of mycotoxicosis and LPS exposure. 

 

3. Literature overview 

3.1 Characterization of IPEC-J2 cell line and minipig hepatocytes 

 
The IPEC-J2 cell line is a non-tumorigenic cell line of neonatal porcine small 

intestinal epithelial origin, which was isolated from the jejunum of newborn pigs, even 

before colostral milk intake. The cells are characterized by a rapid proliferation and 

colonization ability [18,19] which makes them appropriate model for in vitro investigation 

of crosstalks between xenobiotics such as LPS [6,7,20–24] and mycotoxins such as OTA 

[25–28] and swine enterocytes. During differentiation, tight junction (TJ) is formed between 

the cells with the help of the cell junction proteins claudin-1, -3, -4, -5, -7, -8, -12, tricellulin, 
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occludin, E-cadherin and zonula occludens-1 [19,29], as well as microvilli [30]. Their 

mucosal production in vitro depends on the serum added to the medium [30,31]. Messenger 

ribonucleic acids (mRNAs) of several interleukins such as IL-1, -1, -6, -7, -8, -10, -12A, -

12B, -15, -18 were detected [32] and the production of IL-6, -8 by IPEC-J2 cells was also 

demonstrated at the protein level [33,34]. IPEC-J2 cells are widely used in vitro studies 

because they can survive and differentiate under suitable culturing conditions. In addition, 

they can mimic the human gut physiology due to the fact that pig intestine is the closest to 

the human one [35–37]. The interactions between the intestinal epithelium and bacteria 

[38,39], viruses [40], mycotoxins [41,42] or other xenobiotics such as flavonoids 

[12,13,24,43,44] are shown in several studies (Figure 1). 

 

 

Figure 1: Schematic representation of the IPEC-J2 cell population by [45] modified by Annelie Wohlert 

 

 

The Göttingen minipig is a crossbred of three breeds: the Minnesota minipig, the 

German landrace pig and the Vietnamese potbelly pig. This breed is raised under pathogen-

free conditions for investigative purposes [46]. The liver of minipigs morphologically differ 

from that of human, as there are more prominent lobes and fibrinous connective tissue 

between portal triads [47]. CYP450 may be the most important enzyme within the 

hepatocytes and it is found that minipig hepatocytes are very much alike the human ones 

[48,49]. In particular the enzymes CYP1A2, CAP2A6, CYP2E1, CYP2C9, CYP3A4 have 

very minor differences in activity compared to human and only medium differences where 

detected in CYP2C19, CYP2D6 and CYP3A4 activity [50]. Immunoblotting showed that 

minipig CYP3A29 is 60% similar to human CYP3A4, while minipig CYP2A showed even 

70% similarity to human CYP2A6 [51].  
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Studies showed that investigations with basic local alignment search tool (BLAST) 

lead to recognition that minipig hepatocyte transporters such as ABC-efflux-transporter and 

SLC influx-transporter systems are very homologous to human hepatocytes in a range of 72-

90% [50].  

 

3.2 Reactive oxygen species and oxidative stress 
 

In animals and plants, as well as in fungi, the oxidative (or redox) state plays a central 

role in biological processes. Redox homeostasis in animal cells is highly conserved, but there 

may be significant differences between taxa and in the amount of prooxidant and antioxidant 

compounds [52]. The redox reactions take part in important signaling mechanisms in cellular 

metabolism. Free radicals have one or more unpaired electrons in the outermost electron 

shell, and they can be divided into two main groups: reactive oxygen species (ROS) and 

reactive nitrogen species (RNS). They have been identified in the literature as key players in 

the cellular and oxidative stress in initiating, mediating and regulating biochemical processes 

[53].  

The group of ROS molecules includes the superoxide anion (O2˙−) and the hydroxyl 

radical (OH-), which have unpaired electrons and are therefore highly reactive and they can 

react with the proteins, lipids and deoxyribonucleic acid (DNA) of the cell. Hydrogen 

peroxide (H2O2) is a non-radical two-electron reduction product of oxygen, which can 

function as a signaling molecule [54]. ROS play a role in the modification of several 

signaling pathways [55,56]. They can modulate division and are linked to viability pathways, 

such as mitogen-activated protein kinase (MAPK) [57] and phosphatase and tensin homolog 

(PTEN) routes.  

ROS species are produced in mitochondria under physiological conditions [58], and 

through the NADPH oxidase (NOX) enzyme family [59]. However, under the influence of 

cell-damaging agents, intracellular (IC) production of free radicals can increase rapidly and 

cause oxidative stress [60].  
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Oxidative stress occurs when the concentration of ROS exceeds cellular antioxidant 

capacity. Among the free radicals, hydroxyl radicals can react with polyunsaturated fatty 

acids (PUFA) present in high concentrations in cell membranes as part of the lipid 

peroxidation. As a result of lipid peroxidation membrane proteins adopt a cross-linked 

structure, based on the decrease in rotational and lateral mobility [61]. Amount of 

malondialdehyde (MDA) also increases thus ultimately the integrity of the membrane is 

damaged.  

 

3.3 Production of inflammatory cytokines IL-6 and IL-8 
 

Cytokines, such as IL-6 and IL-8, mainly give responses in case of infection or 

inflammation. But IL-6 additionally regulates regenerative, neural and metabolic processes 

[62,63]. The most important function of IL-6 is the accumulation of neutrophiles 24-48 hrs 

after infection. Although it is mainly considered as pro-inflammatory cytokine, IL-6 also has 

anti-inflammatory activity thus also helps regeneration [62].  IL-6 supports liver 

regeneration as well as stimulates the hepatic acute phase proteins [63], thus mice missing 

IL-6 showed liver impairment after a 2/3 hepatectomy [62]. IL-8 can be found in different 

tissue types as well as in blood cells. It is very specifically targeting neutrophiles thus IL-8 

is a major cytokine in pro- and inflammatory processes [64,65]. The prominent role of IL-8 

is to attract neutrophiles into misfunctioning tissues. IL-8 gets activated by LPS, living 

bacteria, tumor necrosis factor alpha (TNF-α) and IL-1 [66,67] within 24 hrs [65].   

  

3.4 The effects of OTA in the intestine 
 

Ochratoxin A (OTA) is a toxin derived from Aspergillus ochraceus and Penicillium 

verrucosum fungi and they are found mostly in the food chain and the feedstuff of animals 

[68,69]. Chemically OTA is L-phenylalanine-coupled chlorophenolic group containing a 

dihydroisocoumarin moiety [70] (Figure 2). OTA is proven to be nephrotoxic, teratogenic, 

neurotoxic as well as immunotoxic and possibly carcinogenic to humans [69,70].  

The most important port of entry for OTA is the intestinal cell barrier and this toxin 

will destroy the intestinal barrier function and thus can have access to the circulation [28]. 

Upon entering the body circulation, it will bind to the blood serum and start accumulating 

different organ systems with different affinities. The highest affinity to OTA is known to 

have the liver, kidney and the blood system [71]. OTA levels were found to be significantly 
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elevated in the blood serum and kidneys of porcine [72]. Consumption of contaminated pork 

meat-related products may lead to chronic toxicosis with OTA in humans. In addition, OTA 

is proven to have a much longer half-life in the blood of the humans and pigs in comparison 

to any other animal species, which indicates a higher sensitivity to OTA of these species 

[69]. OTA has shown to affect the cell proliferation of the gut in vitro models and moreover 

influences the cell variability on human colorectal adenocarcinoma (Caco-2) cells as well as 

on  human colorectal adenocarcinoma (differentiated using methotrexate) (HT29-MTX) cell 

lines which are tumor cell lines [28]. It can cause ROS on IPEC-J2 cells through apoptosis 

of these and inhibition of mitochondrial respiration chain [68]. OTA is known to elevate 

ROS by increasing the IC calcium-level as well as the myosin light chain kinase (MLCK) 

activity [27]. Furthermore, it elevated ROS production in concentration-dependent manner 

detected by MitoSOX Red staining via increasing the IC calcium-level thus the significant 

MLCK activity [27].  

The first line of defense within the body is known to be the intestinal epithelial 

barrier. Moreover, it is apoptotic to more organs in addition to the intestinal system including 

the kidney, the liver, the immune system as well as even lymphocytes and single-stranded 

DNA [73]. OTA has shown to elevate lipid peroxidation and producing free radicals [74]. 

Another important factor in decreasing oxidative stress in the body is the glutathione system 

[74]. A significant elevation of ROS-levels and lowering of antioxidants such as superoxide 

dismutase (SOD), catalase (CAT), glutathione (GSH) and glutathione-peroxidase (GSH-Px) 

by an OTA+ aflatoxin B1 (AFB1) combination was found in the serum, in the kidney and in 

the liver of chicken after 42-days of feeding the mycotoxins in a concentration of 101.41 

µg/kg OTA and 20.10 µg/kg AFB1 in the diet [75]. Furthermore, OTA is proven to show 

significant ROS elevation in human fetal small intestinal epithelial (FHs74) cells in vitro in 

a concentration of 2 µM after 48 hrs of incubation and measurement with 2’-

7’dichlorodihydrofluorescein diacetate (DCFH-DA) method [76].  

The inflammatory response in the form of cytokines as well as interleukins and 

immunoglobulin A (IgA) is one of the first reactions of the body to get rid of the mycotoxins. 

The intestinal epithelium produces mucin containing antimicrobial peptides in order to 

protect the epithelial layer [28]. These toxins have shown to be capable of elevating the pro-

inflammatory cytokines, such as IL-6, IL-8, interleukin-1 beta (IL-1β), cyclooxygenase-2 

(COX-2) as well as TNF-α in IPEC-J2 cell lines [28,73]. It was also evaluated by enzyme-

linked immunosorbent assay (ELISA) that OTA+ AFB1 in the diet can cause elevation in 

IL-6 and IL-8 levels as well as a reduction of IL-10 in vivo in chicken serum, liver and kidney 
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when the treatment lasted 42 days [75]. It was also found that OTA did not increase pro-

inflammatory IL-8 secretion in Caco-2 cells directly, however, it can facilitate the impact of 

IL-1β -induced cytokine production in lower concentrations and it enhances transepithelial 

passage of non-invasive commensal E. coli. In this case IL-8 secretion was measured 

indirectly through IL-1β and evaluated by real-time polymerase chain reaction (RT-PCR) 

showing significant elevation of IL-8 secretion after treatment of 12 hrs in concentrations 1 

µM, 10 µM and 100 µM OTA in Caco-2 cells after seeded basolaterally [77]. IL-6 values 

were significantly increased after 24 hrs in FHs74 cells exposed to 4 µM OTA [76].  

Mycotoxins showed to be cytotoxic mainly on the intestinal cells leading to apoptosis 

and destroying the intestinal barrier so OTA can possibly cause a disbalance of the 

microbiome as well as leading to a secondary infection [27]. Cell viability investigated by 

cell counting kit-8 (CCK-8) was found to be significantly decreased in FHs74 cells by 

aflatoxin M1 or OTA (0.05 µM-4 µM) or with their combination after 48 hrs of treatment 

[76]. OTA is reported to affect IPEC-J2 cell viability using both 3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide (MTT) assay and Lactate dehydrogenase (LDH) 

method, and it also caused barrier dysfunction such as damage to the integrity of IPEC-J2 

monolayers [27]. Cell viability assay, MTT showed significant cytotoxic effects of OTA (in 

a range of 1 µM to 180 µM) in Caco-2 (from 80.6 to 53.8%) /HepG2 (from 87.8 to 66.3%) 

cell lines after 24 hrs [78]. 

 

 

Figure 2: OTA chemical structure 
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3.5 The impact of bacterial lipopolysaccharide 
 

LPS is an endotoxin deriving from Gram-negative bacteria such as E.coli. LPS is 

characterized by a hydrophobic part called lipid A [79,80]. This endotoxin can cause 

oxidative stress by alteration in the metabolism and as well leading to inflammatory 

processes and morphological damage within the body [12] as well as septic shock [79].  

IC ROS showed a significant increase based on DCFH-DA after 24 hrs treatment 

with LPS deriving from E.coli in addition to endotoxin-induced cytotoxicity examined by 

Neutral red assay [11,14]. Extracellular (EC) H2O2 levels measured by Amplex red method  

in IPEC-J2 cell line did not seem to be elevated significantly upon the administration of 10 

μg/ml LPS for 24 hrs [14]. Other studies showed a significant enhancement in IC ROS in 

DCFH-DA evaluation after 24 hrs treatment of IPEC-J2 cells with LPS of E.coli (strain 

O127:B8 or O111:B4) [12,14].  

LPS as a component of Gram-negative bacteria cell wall can release pro-

inflammatory cytokines mostly in macrophages, such as TNF-α, IL-6, IL-8 [7,12,79], which 

can lead to a septic shock. IL-6 [7,81] and IL-8 [81] were elevated significantly in IPEC-J2 

cells after treatment with 10 μg/mL LPS for 12 hours and measured with ELISA assay. A 

different study showed the same significant elevation of IL-6 and IL-8 in IPEC-J2 cells after 

1 hr incubation with LPS deriving from E.coli [11].  

 

3.6 Characterization of chrysin and luteolin  
 

Chrysin (also called 5,7-dihydroxy-2-phenyl-4H-chromen-4-on) is a flavonoid of the 

class of flavones which is mainly plant- and honey-derived and occurs naturally in fruits and 

vegetables (Figure 3). CHR contains two benzene rings and a heterocyclic ring containing 

oxygen and has 2 or 3 double bond carbon and a carbonyl group linked to the fourth carbon 

[82]. Studies showed that chrysin has many positive effects on different diseases and 

includes to be anti-inflammatory, antiviral, antibacterial, anticancer and antioxidant 

[16,17,83]. 

CHR can improve the lipid peroxidation thus lower the oxidative stress [82] and 

shows to be neuro protective. CHR is hepatoprotective via tumor necrosis factor-alpha 

(TNF-α) and lowers free fatty acids (FFA), cholesterol and triglyceride [16,17,82]. It has 

anti-inflammatory properties due to inhibition of phospholipase A2 (PLA2) and more 

specifically the COX-2 binding site as well as blocker of the inducible nitric oxide synthase 
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(iNOS) and myeloperoxidase (MPO). CHR can also decrease inflammatory cytokines such 

as interferon gamma (IFN-γ), TNF-α, IL-1β, IL-6 and IL-12 and inhibit prostaglandin 

production. IL-6 was successfully quenched by CHR after 72 hrs of incubation in rats after 

16 days of treatment [84]. In vivo investigation showed a reducing in oxidative stress by 

CHR in mice by elevating SOD and CAT as well as GSH-Px and intervening Na-K-ATP-

ase [82].   

However, it has a relatively poor oral bioavailability and needs suitable carriers to 

reach the effective dose [16]. Through the metabolism CHR is mainly broken down to the 

active metabolites chrysin-7-sulfate (C7S) and chrysin-7-glucuronide (C7G) within humans 

and mice [17]. 

 

 

Figure 3: Chemical structure of CHR  

 

Luteolin is a 3´,4´,5,7-tetrahydroxy flavone and polyphenolic compound (Figure 4), 

and it can be found in plants and fruits such as pepper, carrots, rooibos tea or broccoli. The 

properties of LUT include neuroprotective, anti-inflammatory, antioxidant, cardioprotective 

and anticancer effects [12,85] as well as antimicrobial, chemo preventive and antidiabetic 

effects [15].  

Although the oral bioavailability is thought to be very low in flavonoids overall, LUT 

seems to be more absorbed by specific parts of the intestines such as colon and ileum [85] 

and is non-toxic [15]. The anti-inflammatory properties are exerted via inhibition of 

inflammatory cytokines such as IL-1β, IL-2, IL-6, IL-8, IL-12, IL-17 and TNF-α [14,15] as 

well as by regulating nuclear factor kappa-light-chain-enhancer of activated B cells (NF-

κB), Activator protein 1 (AP-1) and Janus kinases -signal transducer, activator of 

transcription proteins (JAK-STAT) and through increasing anti-inflammatory cytokine IL-

10. LUT is also able to modulate the MAPK [15] pathway, which produces ROS. Moreover, 

LUT has proven effects against various pathogens [14]. In injured cells, damaged by TNF-

α, LUT can elevate the GSH level, which is an effective system against ROS [15]. In vivo 
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LUT can inhibit LPS-induced TNF-α production in rats and IL-6 and TNF-α expression in 

kidney of mice and is proven to show positive effects on inflammatory diseases in both in 

vivo and in vitro models [15].  

 

 

Figure 4: LUT chemical structure  

 

4. Aim of study 
 

OTA and LPS affect the physiological function of the intestine and the liver negatively 

thus in vitro investigation of damaging effects of these toxins applied either individually or 

in combination in porcine IPEC-J2 cells and minipig hepatocytes is of crucial importance 

from the point of developing strategies in the treatment of enterohepatic disorders. Our main 

goal was to investigate if naturally occurring, plant-derived flavonoids such as LUT and 

CHR can exert positive anti-inflammatory and antioxidant effects in porcine intestinal cells 

and hepatocytes exposed to 24 hrs-lasting OTA and LPS administration. In our study we 

planned to carry out the following experiments: 

 

• In our study cytotoxicity of individually applied and co- administered OTA and E. 

coli LPS and the potential beneficial effects of LUT or CHR were assessed measuring 

cell viability rates in IPEC-J2 cells and in minipig hepatocytes.  

• In addition, markers of oxidative stress such as EC hydrogen-peroxide production 

and IC ROS levels were monitored after 24 hrs exposure of IPEC-J2 cells to OTA or 

LPS alone or to their combinations either in the presence or in the absence of LUT 

and CHR.  
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• In minipig hepatocytes the impact of OTA exposure on EC peroxide secretion was 

monitored and the effects of CHR on OTA-mediated oxidative stress was evaluated 

in three different concentrations (100 nM, 500 nM, 1000 nM).  

• In addition, changes in secretion of proinflammatory cytokines such as IL-6 and IL-

8 were followed upon LPS/OTA treatment at protein level. Furthermore, potential 

beneficial effects of LUT and CHR were also elucidated in the restoration of 

upregulated IL-6 and IL-8 production. 

 
 

There have been several studies about the efficiency of flavonoids in bacterial and viral 

infections, but little is known about the potential of flavonoids to alleviate adverse effects of 

co-occurred bacterial LPS and OTA. This in vitro study was designed to predict properties 

of flavonoids to counteract intestinal and hepatic damage produced by the mycotoxin OTA 

and E. coli LPS.  

 

5. Material and methods 
 

5.1 Reagents 
 

Chemicals used in this study such as LUT, LPS solution originated from Escherichia 

coli O111:B4, fluorimetric hydrogen peroxide assay, and porcine IL-6 and IL-8 ELISA kits 

were obtained from Merck (Darmstadt, Germany). OTA and the flavonoid CHR were kindly 

provided by Dr. Miklós Poór, (University of Pécs, Pécs, Hungary). Amplex red hydrogen 

peroxide assay kit was purchased from Invitrogen (Thermo Fisher Scientific, Waltham, MA, 

USA) and CellTiter96 Aqueous One Solution reagent was from Promega (Bioscience, 

Budapest, Hungary). 

 

5.2 Cells and culturing conditions 
 

The cell line used for the experiments was the IPEC-J2 from the jejunum of porcines. 

The IPEC-J2 epithelial cell line was a kind gift from Dr. Jody Gookin (Department of 

Clinical Sciences, College of Veterinary Medicine, North Carolina State University, 

Raleigh, NC, USA). The cell monolayers were maintained in 75 cm2 cell culture flasks with 

filtered caps (Orange Scientific, Braine-l’Alleud, Belgium) at 37°C in a humidified 

atmosphere of 5% CO2. The culture medium contained 50% Dulbecco’s modified Eagle’s 
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medium (DMEM) and 50% Ham’s F12 Nutrient Mixture (Merck, Darmstadt, Germany) 

supplemented with 1.5 mmol/L HEPES, 5% fetal bovine serum (FBS) (Biocenter, Budapest, 

Hungary), 1% insulin/transferrin/sodium selenite medium supplement, 5 ng/mL epidermal 

growth factor (EGF), and 1% penicillin/streptomycin (all purchased from Invitrogen, 

Thermo Fisher Scientific, Waltham, MA, USA). Cells were used between passages 42 and 

45 (Figure 5). The media were changed every second day. 

 

 

Figure 5: Microscopic picture of IPEC-J2 cells (100x magnitude). The scale bar indicates 50 µM. 

 
Hepatocytes originating from minipigs were used as an additional cell line. 

Cryopreserved Göttingen minipig hepatocytes (Figure 6) were purchased from Primacyt Cell 

Culture Technology GmbH (Schwerin, Germany). Hepatocytes were thawed using minipigs 

hepatocyte recovery medium (Lonza, Biocenter Ltd., Szeged, Hungary) and cells were 

centrifuged (10 min, 100 g, 20 °C) to remove supernatants. Cells were incubated with 5% 

FBS-containing plating medium for 6 hrs, then with FBS-free medium (both media were 

obtained from Lonza, Biocenter Ltd., Szeged, Hungary) on collagen-coated membrane 

inserts (Costar Transwell-COL PTFE permeable supports, 6.5 mm inserts, 0.4 µm pore size, 

24-well plate, Corning Incorpo-rated, Kennebunk ME, US) for CCK-8 investigations. 

Maintenance medium without FBS was replaced every 24 hrs and the cells were incubated 

at 37 °C with 5% CO2. 
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Figure 6: Göttingen minipig hepatocytes (40x magnitude) 

 

5.3 Treatments of IPEC-J2 cells with OTA, LPS and flavonoids LUT and 
CHR 
 

The stock solutions were freshly made with phenol red-free DMEM/F12 (Merck, 

Darmstadt, Germany). OTA were used at concentrations of 1 µM, 5 µM, 20 µM. CHR was 

applied at 1 µM, LUT was at 2.5 µg/ml and LPS was used at 10 µg/ml. Cell cultures were 

exposed to the treatments for an incubation time of 24 hrs. After the treatment cell-free 

supernatants were collected for subsequent procedures such as IL-6/IL-8 and EC H2O2 

determination.  DCFH-DA and MTS assays were completed with cells seeded on 24-well 

and 96-well plates, respectively. 

 

5.4 Cell viability evaluations 
 

Cytotoxicity was examined with a 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTS) reagent (CellTiter96 Aqueous One Solution, Promega, 

Bioscience, Budapest, Hungary) in IPEC-2 cells. This test measures the rate of viable cells 

by determining the soluble tetrazolium salt conversion in the metabolically active cells to a 

colored formazan product with the advantage over MTT that the solubilization step is not 

required for avoiding formazan precipitation in the aqueous medium. 
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IPEC-J2 cells were seeded on 96-well culture plates and allowed 24 hrs to reach 

confluence. OTA in the range of 1 µM to 20 µM, 10 µg/ml LPS, 2.5 µg/ml LUT, 1 µM CHR 

solutions as well as their combinations were added to the cells using a multichannel pipette 

and were incubated for 24 hrs at 37°C, 5% CO2. After the incubation time, the solutions were 

removed, and each well received 100 µl of fresh phenol red-free medium containing 20 µl 

of MTS solution. After an incubation time of 2 hrs at 37°C, the absorbance values were 

measured at 490 nm using the SpectraMax iD3 (Figure 7). 

 

 

Figure 7: MTS on a 96-well plate after 2 hrs of incubation time with the dye 

 
For the measurement of cell viability in the hepatocytes on collagen-coated 

membrane inserts CCK-8 assay was used (Dojindo Molecular Technologies, Rockville, MD, 

USA) to detect the amount of NADH+H+ gained in the catabolic pathways. The test was 

performed according to the manufacturer’s protocol. First, 10 µl CCK-8 reagent and 100 µl 

fresh Williams’ Medium E were added to the cultured cells, and after a 2 hrs incubation, the 

absorbance was then measured at 450 nm using the SpectraMax iD3. 

 

5.5 Detection of changes in redox status of IPEC-J2 cells and minipig 
hepatocytes 
 

Effects of E. coli LPS (10 µg/ml), OTA (in the concentration range of 1 µM and 20 

µM), the flavonoids (1 µM CHR and 2.5 µg/ml LUT) alone or in combinations were tested 

on redox status of IPEC-J2 cells. In minipig hepatocytes OTA (20 µM) and CHR (in the 

range of 100 nM to 1000 nM) were administered alone or in combinations. All chemicals 

were dissolved in plain medium and were incubated with the cells for 24 hrs on 24-well 
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plates. EC H2O2 production was monitored in IPEC-J2 cells by using the Amplex red 

hydrogen peroxide assay kit. The Amplex red reagent reacts with H2O2 (in 1: 1 

stoichiometry) to produce a red fluorescent product called resorufin in the presence of 

horseradish peroxidase. After 24 hrs incubation time, 50 µl of the cell-free supernatants was 

collected and was mixed with the Amplex red working solution according to the 

manufacturer’s instructions. The fluorescence intensity was measured with Victor X2 2030 

fluorometer (excitation and emission wavelengths were 530 nm and 590 nm, respectively) 

(Figure 8). Cells treated only with plain medium served as control.  

To detect the amount of IC ROS, 10 µM DCFH-DA dye (Merck, Budapest, Hungary) 

was used. IC ROS can oxidize DCFH-DA to a detectable fluorescent product, dichloro-

fluorescein (DCF); therefore, elevated fluorescence values show an increased amount of IC 

ROS. The dye was added to the cells for 60 min, followed by rinsing with medium, scraping 

and centrifugation for 10 min (at 3000×g). A Victor X2 2030 fluorometer was used to 

determine fluorescence of the samples (excitation wavelength: 480 nm, emission 

wavelength: 530 nm). 

 

 

Figure 8: Amplex red assay on 96-well-plate after 30 min of incubation with dye 

 

5.6 Determination of proinflammatory cytokine IL-6 and IL-8 expression 
 

The cell free supernatants of IPEC-J2 were collected after 24 hrs incubation time. 

Porcine sandwich ELISA kits were used to monitor the changes in IL-6 and IL-8 levels in 

IPEC-J2 cells exposed to LPS, OTA, different flavonoids and their combinations. The 

supernatants were treated according to the instructions of the manufacturer and measured by 

SpectraMax iD3 at 450 nm. 
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5.7 Statistic analysis 
 

The statistical analysis of the results was performed by using R Core Team (version 

of 2016). Differences between groups were analyzed by one-way ANOVA coupled with the 

post hoc Tukey test for multiple comparisons. p<0.05, p<0.01 and p<0.001 were considered 

to be statistically significant. 

 

6. Results 
 

6.1 Cell viability assay on the IPEC-J2 cell line 
 

After 24 hrs of incubation, viability of IPEC-J2 cells was measured with MTS (Figure 

9) on the IPEC-J2 cell line. CHR (1 µM) and LUT (2.5 µg/ml) alone did not show any 

negative effect on the viability of cells. LPS (10 µg/ml) alone could reduce cell viability 

(p=0.0486), and in combination with OTA (1 µM, 5 µM, 20 µM) a significant worsening of 

the viability was seen (p<0.001). OTA alone had shown to be capable of inducing cell death 

(1 µM, 5 µM, 20 µM p<0.001 in each case). As seen in Figure 9 a significant reduction of 

cell viability had been detected in case of all the combinations of LPS+OTA+CHR (10 

µg/ml+ 1 µM / 5 µM / 20 µM + 1 µM) as well as LPS+OTA+CHR+LUT (10 µg/ml+ 1 µM 

/ 5 µM / 20 µM + 1 µM+ 2.5 µg/ml) and LPS+OTA+LUT (10 µg/ml+ 1 µM / 5 µM / 20 µM 

+ 2.5 µg/ml) (p<0.001). After our investigation it can be stated that significant cytotoxic 

effects of OTA and LPS+OTA could not be quenched by the application of flavonoids LUT 

and CHR. 
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Figure 9: Cell viability determination. Changes in IPEC-J2 cell viabilities were detected upon 24 hrs 
administration of 10 µg/ml LPS, 1 µM OTA, 5 µM OTA, 20 µM OTA and their combinations even in the 

presence of 1 µM CHR and 2.5 µg/ml LUT. Data are shown as means of absorbances expressed in control % 
with standard errors of mean (SEM); n= 3-4 samples per group; * indicates p<0.05, *** indicates p<0.001 

compared to controls 

 

6.2 Detection of extracellular hydrogen-peroxide production 
 

No significant elevation in hydrogen-peroxide secretion could be seen in IPEC-J2 

cells exposed to LPS (10 µg/ml) or to OTA (1 µM, 5 µM, 20 µM) or to their combination 

(p>0.05). CHR at 1 µM did not cause significantly lower H2O2 production, however, LUT 

(2.5 µg/ml) could decrease significantly the peroxide levels (p<0.001). A combination of 

LPS (10 µg/ml) + OTA (1 µM, 5 µM, 20 µM) with LUT (2.5 µg/ml) or LUT+CHR (2.5 

µg/ml + 1 µM) has shown to be capable of lowering the EC H2O2 (p<0.001). CHR alone 

however as an additive to LPS+ OTA (1 µM, 5 µM, 20 µM) was not capable of reducing the 

H2O2 level. Based on our results after 24 hrs of incubation LPS and OTA cannot significantly 

elevate the EC H2O2 level, but LUT alone could reduce the hydrogen-peroxide level 

effectively, while CHR cannot enhance the antioxidant effect of LUT. CHR alone was not 

able to affect the hydrogen-peroxide level (Figure 10). 
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Figure 10:  Relative fluorescence intensity in control% using Amplex red method. Changes in fluorescence 
intensities can be seen after 24 hrs of treatment with 1 µM OTA, 5 µM OTA, 20 µM OTA, 1 µM CHR, 2.5 

µg/ml LUT, 10 µg/ml LPS and their combinations; data are shown as means of relative fluorescence 
intensities with SEM; n= 4 samples per group; *** indicates p<0.001; λexc=530 nm, λem=590 nm. Asterisks 

alone indicate significant differences between control and treated groups, asterisks with line shows 
significant changes between the designated groups. 

 

6.3 IC ROS determination  
 

OTA alone (1 µM, 5 µM, 20 µM) did not cause significantly higher IC ROS 

production in the IPEC-J2 cells (Figure 11). CHR (1 µM) alone did not seem to influence 

the IC redox status. Cells exposed to LPS (10 µg/ml) alone had a significantly higher level 

of ROS (p=0.0443) similarly to those in IPEC-J2 cells challenged with coadministration of 

LPS+ OTA (10 µg/ml+ 1 µM) (p=0.0109). LUT (2.5 µg/ml) alone as well as CHR (1 µM) 

alone and their combination LUT+CHR (2.5 µg/ml + 1 µM) have shown to be capable of 

lowering IC ROS induced by LPS+ OTA (10 µg/ml+ 1 µM) (all p<0.001). LUT (2.5 µg/ml) 

could significantly decrease the oxidative stress within the cells (p<0.001) and seems to be 

significantly more effective than CHR (1 µM) alone (p<0.01). Based on our 24 hrs findings 

it can be stated that LPS alone as well as LPS+ OTA resulted in a higher level of ROS in the 

cells which has been successfully prevented by LUT and CHR alone as well as by their 

combination (Figure 11). 
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Figure 11: Relative fluorescence intensity in control% using DCFH-DA method. Measurement of IC ROS 
levels after 24 hrs treatment of IPEC-J2 cells with 1 µM OTA, 5 µM OTA, 20 µM OTA, 1 µM CHR, 2.5 

µg/ml LUT, 10 µg/ml LPS and their combinations; data are shown as means of relative fluorescence 
intensities with SEM; n= 3 samples per group, * indicates p<0.05, ** indicates p<0.01, *** indicates 

p<0.001; λexc=480 nm, λem=530 nm. Asterisks alone indicate significant differences between control and 
treated groups, asterisks with line shows significant changes between the designated groups. 

 

6.4 The changes in IL-6 and IL-8 levels after exposure to OTA, LPS and 
the selected flavonoids in IPEC-J2 cells 
 

Different concentrations of OTA (1 µM, 5 µM and 20 µM) were used in cells for IL-

6/IL-8 examinations. 10 µg/ml LPS alone, LPS+OTA combination (10 µg/ml+ 1 µM), 

flavonoids 1 µM CHR, 2.5 µg/ml LUT alone and these in combinations with LPS+OTA 

were also used to see their inflammatory effects (Figure 12). Based on our 24 hrs findings 

IL- 6 production was not increased in IPEC-J2 cells exposed to OTA 1 µM, 5 µM and 20 

µM compared to untreated controls. LUT and CHR did not influence the basal IL-6 secretion 

of the cells. However, when LPS (10 µg/ml) or LPS+OTA combination was used (10 µg/ml 

LPS+ 1 µM OTA) significant increase in IL-6 levels was detected (p=0.04431 and p<0.001, 

respectively). LUT (2.5 µg/ml) and LUT+CHR (2.5 µg/ml+1 µM CHR) could efficiently 

reduce IL-6 production to the control level when these flavonoids were administered 

simultaneously with LPS+OTA for 24 hrs (both p<0.001). It was also found that there were 

no significant differences between LUT and LUT+CHR promoted IL-6 reduction in cells 

exposed to OTA and LPS (1 µM + 10 µg/ml) together (Figure 12). 
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Figure 12: Measurements of IL-6 levels after 24 hrs treatment of IPEC-J2 cells with 1 µM OTA, 5 µM OTA, 
20 µM OTA, 1 µM CHR, 2.5 µg/ml LUT, 10 µg/ml LPS and their combinations; data are shown as means of 
absorbance values with SEM; n= 3 samples per group; * indicates p<0.05, ** indicates p<0.01, *** indicates 
p<0.001; Asterisks alone indicate significant differences between control and treated groups, asterisks with 

line shows significant changes between the designated groups. 

 

LPS at 10 µg/ml could elevate proinflammatory IL-8 levels significantly (p=0.0489) 

after 24 hrs treatment. OTA alone at very high concentration (at 20 µM) could not promote 

IL-8-mediated inflammation (p>0.05). Beneficial effects could be seen with application of 

LUT and CHR at 2.5 µg/ml and 1 µM when they were administered simultaneously, 

however, LUT alone could suppress LPS+OTA-caused IL-8 production in very similar 

manner as it could be observed in case of administration for LUT+CHR combination (both 

p<0.001). No significant changes in IL-8 secretion were found between LPS+OTA+LUT 

and LPS+OTA+CHR+LUT thus CHR alone did not exert beneficial effect on decreasing 

upregulated IL-8 levels (Figure 13). 

 

 

Figure 13: Measurements of IL-8 levels after 24 hrs treatment of IPEC-J2 cells with 1 µM OTA, 5 µM OTA, 
20 µM OTA, 1 µM CHR, 2.5 µg/ml LUT, 10 µg/ml LPS and their combinations; data are shown as means 

with SEM; n= 3 samples per group, * indicates p<0.05, *** indicates p<0.001; Asterisks alone indicate 
significant differences between control and treated groups, asterisks with line shows significant changes 

between the designated groups. 
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In accordance with our 24 hrs results treatment of IPEC-J2 cells with OTA and LPS 

lead to significant elevation of proinflammatory IL-6 and IL-8 cytokine productions which 

were successfully alleviated by LUT alone. CHR addition did not improve the efficacy of 

LUT in restoring LPS+OTA -facilitated inflammatory processes. 

 

6.5 Cell viability of minipig hepatocytes 
 

20 µM OTA and CHR (100 nM, 500 nM, 1000 nM) were used either alone or in 

combination. CHR (100 nM, 500 nM, 1000 nM) did not exert significant effects on the 

viability of the cells (p>0.05). In contrast, OTA (20 µM) promoted cell death to great extent 

(p<0.001). The flavonoid CHR (100 nM, 500 nM) in the combination with OTA (20 µM) 

did not completely restore cell viability to control level (100 nM p=0.00474; 500 nM 

p=0.00939). OTA (20 µM) in combination with a higher concentration of CHR (1000 nM) 

showed a lower negative, but still significant effect on cell viability (p=0.04682). Cytotoxic 

effects of OTA (at 20 µM) could not be quenched by combining OTA with CHR (100 nM, 

500 nM, 1000 nM) as there were no significant differences between OTA and OTA+CHR 

combinations in all three cases (p>0.05). Our results had shown that the treatment of 

hepatocytes with OTA at 20 µM for 24 hrs significantly led to cell death which could not be 

completely alleviated by CHR (p>0.05) (Figure 14). 

 

 

Figure 14: CCK-8 measurement in minipig hepatocytes after 24 hrs of treatment with 20 µM OTA, 100 nM 
CHR, 500 nM CHR, 1000 nM CHR and their combinations; data are shown as means of absorbances in 

control % with SEM; n= 3 samples per group, * indicates p<0.05, ** indicates p<0.01, *** indicates 
p<0.001. 
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The effects of OTA (20 µM), OTA+ CHR (20 µM + 1 µM) and CHR (1 µM) could 

also be seen morphologically on microscopic pictures of minipig hepatocytes in direct 

comparison to control (Figure 15). OTA treatment induced cell floating due to cell death, 

which can be observed based on the excessive presence of rounded cells and cell islands. 

 

 

Figure 15: Microscopic pictures of the minipig hepatocytes on collagen-coated membrane inserts; top left: 
control group; top right: after treatment with 20 µM OTA; bottom left: 20 µM OTA+ 1 µM CHR; bottom 

right: 1 µM CHR. 40x magnification. Duration of the treatment was 24 hrs. 

 

6.6 Extracellular hydrogen-peroxide evaluation in minipig hepatocytes 
 

CHR (100 nM, 500 nM, 1000 nM) did not exert significant effects on the EC 

hydrogen-peroxide production (p>0.05). OTA (20 µM) could elevate H2O2 production 

(p=0.00411). CHR (100 nM, 500 nM, 1000 nM) in combination with OTA (20 µM) could 

successfully decrease hydrogen-peroxide levels (100 nM p=0.00132; 500 nM p=0.00279; 

1000 nM p=0.00506). Based on our results after 24 hrs treatment OTA could elevate 

hydrogen-peroxide levels significantly which was successfully counteracted by CHR (100 

nM, 500 nM, 1000 nM) (Figure 16). 



26 
 

 

Figure 16: Fluorescence intensities expressed in control% using Amplex red method. Treatment of minipig 
hepatocytes were completed with 20 µM OTA, 100 nM CHR, 500 nM CHR, 1000 nM CHR and their 

combinations; data are shown as means of absorbances in control % with SEM; n= 3 samples per group, ** 
indicates p<0.01; λexc=530 nm, λem=590 nm. Asterisks alone indicate significant differences between 
control and treated groups, asterisks with line shows significant changes between the designated groups. 

 

7. Discussion and conclusion 
 

Antibiotic resistances are one of the most recent dangers and challenges nowadays 

and EU guidelines concerning the prudent antibiotic use in veterinary medicine were formed 

to tackle these (2019/6 EU) [10]. Farmers of large-scale facilities try to lower environmental 

stress, improve husbandry and feed as well as using alternatives such as natural bioactive 

substances to improve herd health. A positive side effect of alternative products is the lack 

of a withdrawal period because of the missing maximum residue limit thus they are mostly 

defined safe. Flavonoids are present in a lot of food sources, such as fruits, and are known 

to have beneficial effects, but in animals the ways of action and effects are still not well 

investigated thus need to be studied further [86]. 

Balance of the microbiome is a key role in resisting environmental stressors, 

maintaining balance and preventing dysbiosis [87]. Oxidative stress, inflammation and 

reduced intestinal barrier function thus can lead to the increased entry of toxins and antigens. 

These negative phenomena can be caused by bacterial overgrowth [88]. Cell viability and 

division is critically influenced by an insufficient redox status which is leading to harmful 

changes in the DNA, structural proteins and lipids and ultimately impairing organ function. 

These effects can get potentiated by environmental stressors. 
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Mycotoxins such as OTA and LPS deriving from Gram negative bacteria are capable 

of reducing viability of enterocytes. To administer flavonoids, which may have a beneficial 

function, duration of treatment and concentration have to be investigated further to exclude 

any potential unsafe effect. Studies showed that luteolin (100 µM) did not decrease cell 

viability in IPEC-J2 cells after 24 hrs of treatment [12]. Similar result can be seen in our 

study, as LUT did not exert any cytotoxic effect. Effects of CHR on cell toxicity was not 

investigated in IPEC-J2 cells and minipig hepatocytes to our best knowledge. We observed 

that CHR (in a range of 100 nM-1000 nM) did not exert any negative effect on minipig 

hepatocytes viability after 24 hrs treatment. In our study we have shown that after 24 hrs of 

treatment CHR (1 µM) had no negative effect on the viability in IPEC-J2 cells and therefore 

can be considered safe. Cell death was reported to happen after 48 hrs of treatment in case 

of OTA in combination with aflatoxin M1 treatment (0.05 µM-4 µM) in FHs74 cells 

measured with CCK-8 method [76]. Other studies showed significant cytotoxic effects of 

OTA (in a range of 1 µM to 180 µM) in Caco-2 cell lines after 24 hrs treatment [78]. Our 

study confirmed that 24 hrs of treatment with OTA (in the range of 1 µM to 20 µM) in IPEC-

J2 cells lead to a significant cytotoxic effect, as well as the combination of LPS with OTA 

(10 µg/ml+ 1 µM / 5 µM / 20 µM). In primary rat hepatocytes cell death was described after 

treatment with OTA (12.5 µM) [89]. This agreed with our results that treatment with OTA 

(20 µM) in minipig hepatocytes for 24 hrs could cause decreased cell viability. Wang et al. 

investigated the cytotoxicity after 12 hrs in IPEC-J2 cells treated with LPS from E.coli [90]. 

In our studies we came to the same conclusion considering the toxic effect of 24 hrs LPS 

treatment in IPEC-J2 cells. In IPEC-J2 cells LUT and CHR were not able to prevent cell 

death, this is consistent with the fact that CHR was not able to elevate cell viability in minipig 

hepatocytes. 

Flavonoids such as CHR and LUT have potent effect on oxidative stress because of 

their chemical structure having hydroxyl groups on the rings as well as a double bound on 

2-3 positions at the C ring [91]. The catechol group on the B ring even accelerates the 

antioxidant effect and LUT showed to be effective in lowering ROS in rat serum and human 

leukocytes leading to the prevention of lipid peroxidation [92]. The antioxidant properties 

of LUT (25-100 µM) were able to counteract the ROS induction of Salmonella enterica, and 
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E. coli endotoxins in IPEC-J2 cells without concentration dependency [12]. Our results 

confirmed that LUT (even at 2.5 µg/ml) was able to successfully quench the LPS-induced 

oxidative stress. We showed here first, that CHR has similar antioxidant properties as it 

positively influenced the oxidative stress induced by OTA and LPS in IPEC-J2 cells and 

minipig hepatocytes as well.  

Oxidative stress-inducing effects of OTA have been investigated in in vitro studies. 

In FHs74 cells it was found that OTA in a concentration of 2 µM after 48 hrs of treatment 

lead to an increase in ROS investigated by DCFH-DA method [76]. In another study OTA 

(10 µM) treatment of Vero cells for different time intervals resulted in increased IC ROS 

levels [93]. In vitro LUT (100 µM) was able to elevate OTA-induced (50 µM) oxidative 

stress after 24 hrs treatment in rat renal proximal tubular cell line (NRK-52E) by regulating 

nuclear factor erythroid 2-related factor 2 (Nrf2) and hypoxia-inducible factor 1-alpha (HIF-

1α) [94]. Wang et al. investigated the oxidative stress induced by OTA (in a range of 2 µM- 

8 µM) with DCFH-DA after 12 hrs treatment and had shown a concentration-dependent 

effect in IPEC-J2 cells [25]. We did not see this phenomenon in our study as OTA did not 

increase IC ROS levels after 24 hrs which is maybe to the fact that mycotoxin resulted in a 

viable cell number reduction as a compensatory effect. In case of LPS deriving from E.coli 

studies showed that this endotoxin was able to exaggerate IC ROS levels using DCFH-DA 

method in a concentration of 10 μg/ml in IPEC-J2 cells after 24 hrs of treatment [12,14] 

which was also proven by our experiments by using the same concentration, method, time 

and cell model. EC H2O2 by Amplex red method showed no significant elevation in response 

to 24 hrs 10 μg/ml LPS exposure in IPEC-J2 cells [14] in agreement to our studies. LPS of 

different origins could not elevate EC H2O2 [95]. Mycotoxins like T-2 and DON alone and 

in combination could increase EC H2O2 in IPEC-J2 cells [96]. To our best knowledge we 

were the first ones to investigate EC H2O2 levels in minipig hepatocytes. We have seen that 

OTA (20 µM) increased EC H2O2 level after 24 hrs which was successfully counteracted by 

CHR (100 nM, 500 nM, 1000 nM). 

For Gram-negative bacteria the activation of the innate immune system by binding 

to toll like receptor 4 (TLR4) is an important factor with which the bacteria can bind to the 

host cell and activate the immune response [97]. ROS production induced by LPS leads to 

apoptosis [98] in those cells thus ultimately higher vulnerability of the cell barrier [99] and 

elevated secretion of cytokines in the blood and intestinal system [100]. Epithelial cells play 

a key role in the regulation of cytokine overproduction against adverse effects [101,102]. As 
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far as we know there are very few data concerning interleukin production in IPEC-J2 cells. 

After treatment of chicken with OTA at 101.41 µg/kg in combination with 20.10 µg/kg 

AFB1 for 42 days, it was found that IL-6 and IL-8 levels were increased in their serum, liver 

and kidney measured by ELISA [75]. In another study IL-6 levels were elevated by OTA (4 

µM) after 24 hrs treatment in FHs74 cells measured by ELISA [76]. According to Maresca 

et al. IL-8 level were indirectly elevated by OTA (1 µM, 10 µM, 100 µM) after 12 hrs 

treatment in Caco-2 cells evaluated by RT-PCR [77]. According to literature data, after a 12-

hour treatment period, the LPS used at a concentration of 10 μg/ml increased the IL-6 and 

IL-8 levels in IPEC-J2 cell line in ELISA test [7,81]. Studies showed that chrysin (50 mg/kg 

body weight/day) given to Lewis rats for 16 days lowered IL-6 levels significantly [84]. We 

have proven that LPS (10 µg/ml) could elevate the IL-8 levels after 24 hrs of treatment in 

IPEC-J2 cells measured with ELISA. In our experiments LPS (10 µg/ml) alone and in 

combination with OTA (1 µM) elevated IL-6 and IL-8 levels in IPEC-J2 cells after 24 hrs 

incubation. The secretion of these inflammatory cytokines was successfully quenched by 

LUT.  

In conclusion, we showed that LUT and CHR could counteract some of the negative 

effects of the combined effects of LPS and OTA, but further in vivo tests are needed. The 

co-administration of OTA and LPS in IPEC-J2 cells models the complexity of exposure of 

enterocytes to environmental stressors. As the intestinal system is one of the first barriers 

exposed to potentially harmful substances and the liver is the main organ of detoxification, 

it is very important to investigate possibilities to protect these organs (Figure 16-17). The 

bioactive substances such as flavonoids can counteract some of the negative effects exerted 

by harmful substances and therefore possibly can reduce the usage of antibiotics in the 

future. This investigation of combined effects of LPS and OTA are resembling the 

multifactorial origin of infections and their effects on oxidative and inflammatory processes 

which have not been examined in vitro yet. 
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Figure 16: Schematic diagram of beneficial effects of LUT and CHR on intestinal epithelial damage caused 
by LPS, OTA and their combinatorial treatment. LUT reduced the expression of the investigated 
inflammatory cytokines. LUT and CHR decreased the IC ROS level significantly. EC stands for 

extracellular. 

 

 

Figure 17: Schematic diagram of beneficial effects of CHR on minipig hepatocyte damage caused by OTA 
treatment. CHR successfully reduced the EC H2O2 overproduction of IPEC-J2 cells. EC means extracellular. 
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8. Summary 
 

Ochratoxin A (OTA) produced by Aspergillus and Penicillium spp. can contaminate 

cereal-based foods and feedstuffs and their oral consumption can cause severe 

gastrointestinal, kidney and liver disorders both in humans and in the livestock. Gram-

negative bacterial lipopolysaccharide (LPS) is also reported to cause chronic inflammation 

of the gut and is capable of stimulating liver injury. However, plant-derived flavonoids such 

as chrysin (CHR) and luteolin (LUT) display many positive aspects, such as anti-

inflammatory and antioxidant properties.  

In this study, not cancerous IPEC-J2 cells from neonatal piglets as well as minipig 

hepatocytes were used to study on the 24 hrs lasting impact of OTA/LPS and for screening 

beneficial effects of the applied flavonoids. The cells were treated with OTA (1 µM, 5 µM 

and 20 µM), LPS (10 µg/ml), CHR (1 µM) and LUT (2.5 µg/ml) alone and in combinations 

in IPEC-J2. The minipig hepatocytes were exposed to OTA (20 µM) in the absence or in the 

presence of CHR (100 nM, 500 nM, 1000 nM). To determine the cell viabilities MTS assay 

(in IPEC-J2 cells) and CCK-8 test (minipig hepatocytes) were performed and to evaluate 

extracellular (EC) hydrogen-peroxide (H2O2) Amplex red assay was applied. Intracellular 

(IC) reactive oxygen species (ROS) were assessed using 2’-7’dichlorodihydrofluorescein 

diacetate (DCFH-DA) method. ELISA kit assay was used to assess IL-6 and IL-8 secretion 

in IPEC-J2 cells.  

It was found that OTA decreased cell viabilities both in IPEC-J2 cells and in minipig 

hepatocytes (p<0.001), while LPS reduced viability in IPEC-J2 cells (p<0.01). This effect 

could not be alleviated by LUT or CHR (p>0.05), however EC H2O2 was successfully 

suppressed by LUT in IPEC-J2 cells (p<0.001) and CHR in minipig hepatocytes (p<0.01). 

OTA in combination with LPS would significantly elevate the IC ROS which was 

successfully counteracted by CHR and LUT (p<0.001). Inflammatory cytokines IL-6 and 

IL-8 secretion was elevated by LPS (p<0.01) and LPS+ OTA (p<0.001) and could be 

successfully quenched by LUT (IL-6 p<0.01; IL-8 p<0.001).  

Based on our results flavonoids (CHR and LUT) exert beneficial effects on IC ROS 

levels as well as on cytokine secretion (LUT) in vitro. These flavonoids might be used as 

dietary and feed supplements in the future to avoid OTA and LPS- related health risks in 

humans and in farm animals after further in vivo safety studies. 
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9. Összefoglaló 
 

Az Aspergillus és Penicillium spp. által termelt ochratoxin A (OTA) a gabonaalapú 

élelmiszereket és takarmányokat szennyezheti, szájon át történő fogyasztása súlyos gyomor-

bélrendszeri, vese- és májbetegségeket okozhat mind az emberekben, mind a 

haszonállatokban. A Gram-negatív baktériumokban található lipopoliszacharidok (LPS-ok) 

szintén krónikus bélgyulladást és májkárosodást képesek előidézni. A növényi eredetű 

flavonoidok, mint a krizin (CHR) és a luteolin (LUT) azonban gyulladáscsökkentő és 

antioxidáns hatásúak.  

Ebben a tanulmányban újszülött malacokból származó IPEC-J2 sejteket, valamint 

minisertés hepatocitákat használtunk az OTA/LPS 24 órás hatásának vizsgálatára és az 

alkalmazott flavonoidok jótékony hatásainak szűrésére. Az IPEC-J2 sejteket OTA-val (1 

µM, 5 µM és 20 µM), LPS-sel (10 µg/ml), CHR-nel (1 µM) vagy LUT-nal (2,5 µg/ml) 

kezeltük önmagukban vagy kombinációkban. A minisertés májsejtekhez OTA-t (20 µM) 

adtunk CHR (100 nM, 500 nM, 1000 nM) hiányában és annak jelenlétében is. A sejtek 

életképességének meghatározására MTS tesztet (IPEC-J2 sejtekben) és CCK-8 tesztet 

(minisertés májsejtekkel) végeztünk, az extracelluláris (EC) hidrogén-peroxid (H2O2) szint 

változásának nyomonkövetésére Amplex red technikát alkalmaztunk. Az intracelluláris (IC) 

reaktív oxigénfajtákat (ROS) a 2'-7'-dikloro-dihidrofluoreszcein-diacetát (DCFH-DA) 

módszerrel vizsgáltuk. Az IPEC-J2 sejtek IL-6 és IL-8 termelésének értékelésére ELISA 

kitet használtunk.  

Kísérleti eredményeink szerint megállapítható, hogy az OTA csökkentette a sejtek 

életképességét mind az IPEC-J2 sejtekben, mind a minisertés hepatocitákban (p<0.001), 

amit nem tudott kompenzálni sem a LUT, sem a CHR (p>0.05), azonban az EC H2O2 

termelést hatékonyan mérsékelte a LUT az IPEC-J2 sejtekben (p<0.001) és a CHR a 

minisertés májsejtekben (p<0.01). Az OTA LPS-sel kombinálva jelentősen megemelte az IC 

ROS-t, amit a CHR és az LUT sikeresen ellensúlyozott (p<0.001). Az IL-6 és IL-8 

gyulladásos citokinek szekrécióját az LPS+ OTA megemelte (p<0.001), amit a LUT 

sikeresen csökkentett (IL-6 p<0.01; IL-8 p<0.001).  

Kutatási adataink alapján a CHR és a LUT jótékony hatást gyakoroltak az IC ROS 

szintjére, valamint a vizsgált citokinek termelődésére (LUT) in vitro. Ezeket a flavonoidokat 

a jövőben étrend- és takarmánykiegészítőként lehetne használni az OTA és az LPS által 

okozott egészségügyi károsodások elkerülése érdekében az emberekben és a 

haszonállatokban egyaránt további in vivo biztonsági vizsgálatok elvégzését követően. 
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