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ABBREVIATIONS 

AMEG - Antimicrobial Advice ad hoc Expert Group 

AMR – Antimicrobial resistance 

CFU – Colony forming unit 

CIPARS – Canadian Integrated Program for Antimicrobial Resistance Surveillance 

DCF – Dichloro-dihydro-fluorescein 

DCFH-DA - 2’,7’ dichloro-dihydro-fluorescein diacetate 

DMEM/F12 – Dulbecco’s Modified Eagle’s Medium and Ham’s F-12 Nutrient (1:1) 

ECDC – European Centre for Disease Prevention and Control 

EFSA – European Food Safety Authority 

ELISA – Enzyme-linked immunosorbent assay 

EMA – European Medicines Agency 

ESVAC – European Surveillance of Veterinary Antimicrobial Consumption 

EU – European Union 

GI – Gastrointestinal 

HP-CIA – Highest priority critically important antibiotics 

IC ROS – Intracellular reactive oxygen species 

IL-6 – Interleukin-6 

IL-8 – Interleukin-8 

LPS – Lipopolysaccharides 

MDR – Multi-drug resistance 

MRSA – Methicillin-resistant Staphylococcus aureus 

PACs – Proanthocyanidins 

PBPs – Penicillin-binding proteins 

PBS – Phosphate buffered saline 

PCU – Population correction unit 

PDR – Pandrug-resistance 

TSA – Tryptone soy agar 

UK-VARSS – United Kingdom Veterinary Antimicrobial Resistance and Sales 

Surveillance 

WHO – World Health Organization 

XDR – Extensive drug-resistance 
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1. INTRODUCTION 

Antibiotics have been an essential part of both human and animal medicine for the past 

100 years since the discovery of penicillin by Alexander Fleming in 1928. In recent years, 

however, as a result of excessive and improper use in both fields, antibiotic resistance has 

come to light whereby, the efficacy of antibiotics has decreased against many bacteria 

due to the increasing prevalence of antibiotic resistant microorganisms. Infections caused 

by resistant bacteria are difficult to treat, can relapse and might even lead to treatment 

failure in both human and veterinary medicine. If doctors and veterinarians continue this 

cycle of over-prescribing antibiotics, they may no longer be an option for treatment in the 

future. As a result of the above, it is essential to promote prudent use of these agents and 

to reduce the overall consumption, which can be achieved with the usage of alternative 

therapies for preventing and treating bacterial infections. 

 

The phenomenon of antibiotic resistance can only be overcome with the ‘One Health’ 

concept, meaning the joint effort of human and veterinary healthcare professionals. It has 

already been demonstrated that resistant bacteria and resistance genes developed in food 

producing animals can spread to consumers via the food chain. This is of the highest 

importance in case of zoonotic and frequently multi-resistant bacteria such as Escherichia 

coli, Salmonella spp. and Campylobacter spp. Therefore, decreasing the usage of 

antibiotics in food producing animals has significant public health implications as well. 

 

Flavonoids, a group of polyphenolic plant and fungus secondary metabolites are among 

the alternative therapeutic options that might be used for the prevention and treatment of 

bacterial infections caused by pathogens such as E. coli and Salmonella spp. Flavonoids 

can have several beneficial effects, including antioxidant, anti-inflammatory, and 

antibacterial activities, which make them eligible as potential antibiotic alternatives. 

Proanthocyanidins (PACs) are among these promising candidates that might serve as feed 

additives in food producing species leading to a decreased usage of antibiotics in the food 

chain. 

 

Aims of this study were to test the protective effects of grape seed PACs in a porcine 

intestinal epithelial cell – bacterium (E. coli, S. Typhimurium) co-culture, in order to 

model their potential usage against intestinal bacterial infections of swine.  
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2. LITERATURE REVIEW 

2.1. Antimicrobial resistance  

2.1.1. Definition 

It is the change in the response of microorganisms including bacteria, fungi, viruses and 

parasites, to the use of medicines such as antibiotics, antifungals, antivirals and 

antiparasiticides, which describes the term antimicrobial resistance (AMR). This 

phenomenon represents one of the most important health threats nowadays in both human 

and veterinary medicine [1], especially in case of bacteria resistant to antibiotics. 

Infections caused by antibiotic resistant bacteria can lead to significant morbidity and 

mortality and are predicted to be responsible for 10 million human deaths per year by 

2050. In both the human and veterinary fields of medicine, AMR is associated with the 

widespread use and misuse of antibiotics and should be addressed with the ‘One Health’ 

approach since the health of humans, animals and the ecosystem is strongly connected 

[2]. 

 

Antibiotic resistance can be categorised into three main types: intrinsic, acquired and 

adaptive. Intrinsic, also known as ab ovo or primary resistance is the consequence of 

inherent properties in bacteria [2], meaning that the bacteria have never been and will 

never be susceptible to the concerned drug. Intrinsic resistance is common for example, 

against penicillins and refers to the absence of cell wall in some bacteria, while anaerobic 

bacteria show ab ovo resistance to aminoglycosides since these drugs require oxygen for 

their activity [3]. Acquired resistance is the evolutionary adaptation of microorganisms 

resulting in a previously susceptible bacterium becoming resistant to an antibiotic due to 

acquiring resistance mechanisms either by mutation or horizontal gene transfer [2, 4]. 

Horizontal gene transfer, which can occur via transformations, transduction, and 

conjugation [2], is an important route in the spread of resistance. With these mechanisms, 

resistance can not only be transferred between pathogenic bacteria, but also to commensal 

strains [5]. Adaptive resistance is the transient result of gene expression modulations 

induced by environmental factors (e.g. pH, ion concentrations, nutrient conditions), 

which – in contrast to the previous types – disappears whenever the inducing signal is 

removed [2]. 

 

Resistance appears in several forms such as multi-drug resistance (MDR), extensive drug-

resistance (XDR) and pandrug-resistance (PDR). MDR is defined as “acquired non-
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susceptibility to at least one agent in three or more antimicrobial categories”. XDR is the 

non-susceptibility to at least one agent in all but two or fewer antimicrobial categories. 

PDR is the non-susceptibility to all agents in all antimicrobial categories [6]. A group of 

pathogens with a high rate of antimicrobial resistance has been classified as the ESKAPE 

organisms, which include Enterococcus faecium, Staphylococcus aureus, Klebsiella 

pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacter 

species [7]. These bacteria have also been listed by the World Health Organization 

(WHO) as critical or high priority pathogens based on the need for developing new and 

clinically effective antibiotics against them [8]. 

 

Antibiotic resistance can be the result of different mechanisms, such as destruction or 

modification of the antibiotic (e.g. through beta-lactamase production); protection, 

overproduction or modulation of the antibiotic targets (e.g. gene mutations in penicillin-

binding proteins [PBPs] in methicillin-resistant S. aureus [MRSA]) and reduced 

accumulation of the antibiotic (e.g. through the expression of efflux pumps) [2, 3]. 

 

2.1.2. Prevalence and spread of resistance 

Resistance to antibiotics in the world has now become so extreme that over 70% of 

bacteria are resistant to at least one of the antibiotics used worldwide [9]. According to 

the WHO, in 2016, almost 500,000 people developed multi-drug resistant tuberculosis 

globally, and drug resistance is also having further impacts on the treatment struggle of 

other diseases such as infections caused by E. coli [10].  

 

Worldwide, the dairy and meat industry has contributed greatly to the spread of multi-

resistant bacterial strains due to the increasing demand for food of animal origin. In order 

to increase productivity, antibiotics have been widely used for growth promotion in food 

producing species via mixing them in the feed of animals in subtherapeutic dosage. This 

practice could help in preventing infections and promoting weight gain of animals, 

however, it has also led to an increased number of resistant bacteria in the food chain [11, 

12]. Furthermore, as most farm animals are kept in large groups or herds, individual 

treatment of diseases is rare, most commonly they receive mass or herd treatment. 

Individual treatment parentally is generally considered less on large-scale farms as it has 

higher costs and labour demand [13]. The ease of antibiotic administration mixed in feed 

and drinking water further contributes to the increased risk of resistance [14], due to 
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frequently unprecise dosing in case of these administration routes. Metaphylaxis is also 

used on large-scale farms where, all animals, both sick and healthy are being given the 

same drug, e.g. antibiotic, which can increase the risk of resistance development 

compared to individual antibiotic application to the sick animals only [15].  

 

Even though the use of antibiotics for growth promotion has already been banned in 

several countries (including the European Union (EU), in 2006) [11], and further 

restrictions are being placed on their in-feed use for any purpose [16] and on their 

prophylactic and metaphylactic usage [17], they are still being used worldwide in 

intensive farming for growth promotion, and for the prevention and treatment of diseases 

[11, 18]. As an example, pigs are highly susceptible to respiratory and intestinal disorders, 

and as a result, are most frequently treated with the appropriate antibiotics such as: beta-

lactams, tetracyclines, polymyxins and macrolides [14]. In line with their frequent usage, 

research has shown that in swine, resistance to ampicillin, tetracycline and azithromycin 

in E. coli has been common [5]. Resistance against macrolides in bovine pathogens is 

also frequent [15]. 

 

Resistance development in food producing animals is not only a threat to veterinary 

medicine, but it also has public health implications. Resistant bacteria evolved in animals 

can be transmitted to humans through foods of animal origin, contributing to the spread 

of multi-drug resistant bacteria [19]. The European Food Safety Authority (EFSA) and 

the European Centre for Disease Prevention and Control (ECDC) regularly publish a 

summary report about antibiotic resistance in zoonotic bacteria from humans, animals, 

and food, including Salmonella spp., Campylobacter spp., E. coli and MRSA, based on 

data collected from EU member states. The report shows that resistance is still very 

common in these pathogens, and that their resistance patterns are usually similar 

regardless of their origin, which also supports the role of food chain in the spread of 

resistance. For example, in the period of 2018-2019, high levels of ampicillin, tetracycline 

and sulphonamide resistance could be observed in Salmonella isolates obtained from 

human, animal and food samples as well. In case of Campylobacter strains, ciprofloxacin 

and tetracycline resistance was high, regardless of their origin (animal, food or human) 

[20]. 
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Resistance has a great impact on treatment methods and makes it increasingly difficult to 

treat economically significant, common, and in many cases, zoonotic diseases. The 

importance of finding alternatives to antibiotics are not only financial but also 

environmental, as the spread of resistance could have a detrimental effect on the natural 

world including humans, animals, and the ecosystem. 

 

2.1.3. Solutions 

To conquer the complex problem of resistance, steps must be taken to decrease the use 

and misuse of antibiotics worldwide not only in veterinary, but also in human medicine. 

To support prudent use of these agents in veterinary medicine, antibiotics have been 

grouped into 4 categories (Category A, B, C and D) by the Antimicrobial Advice ad hoc 

Expert Group (AMEG) of the European Medicines Agency (EMA), according to their 

importance in human and veterinary medicine, and the risk of resistance development and 

transfer. Antibiotics belonging to Category A such as vancomycin, are to be avoided in 

veterinary medicine, as they only authorised for the treatment of humans and can only be 

used in small amounts in life-saving situations for non-food-producing animals according 

to the prescribing cascade. The usage of those in Category B – fluroquinolones, colistin, 

third and fourth generation cephalosporins – should be restricted – these can only be used 

for animal treatment if the less valuable antibiotics could not be used effectively or would 

not be effective based on susceptibility testing results. These agents are also known as 

highest priority critically important antibiotics (HP-CIA) according to the WHO, since 

they are essential in human medicine for the treatment of some severe infections. 

Category C antibiotics such as amoxicillin-clavulanic acid, lincosamides and 

pleuromutilins should be used with caution, however, can be more widespread in their 

use as they are less valuable for human treatment. Finally, Category D antibiotics, e.g. 

narrow-spectrum penicillins, tetracyclines and sulphonamides are recommended to be the 

first-line choices for veterinarians, but should also be used prudently [8].  

 

Furthermore, monitoring programs about antibiotic consumption and prevalence of 

resistance have been implemented in several countries. There are monitoring reports, 

including the United Kingdom Veterinary Antimicrobial Resistance and Sales 

Surveillance (UK-VARSS) report, the European Surveillance of Veterinary 

Antimicrobial Consumption (ESVAC) report by the EMA and the Canadian Integrated 

Program for Antimicrobial Resistance Surveillance (CIPARS), which measure antibiotics 
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sold by species weight and thus revealing the overall consumption in different species by 

using a unit known as the population correction unit (PCU) [15]. Furthermore, collecting 

data on the sales and use of antibiotics is an important measure of Regulation (EU) 2019/6 

on veterinary medicinal products entering into force in January 2022. This data is going 

to be used for developing methods to limit the risk of AMR and to monitor the effect of 

previously introduced measures [17]. 

 

Maintaining proper housing conditions and hygiene in large-scale farms also play a 

crucial role in decreasing antimicrobial resistance, as with efficient cleaning and 

disinfection measures, the number of infections can significantly be reduced, leading to 

less need for antibiotic treatment. Studies carried out in poultry and pig farms showed 

that in practice, with proper use of disinfectants, there was no selection for resistance 

against these agents in E. coli. On the other hand, when cleaning and disinfection had not 

been carried out properly, some strains of E. coli were still present as a result of resistance 

[19]. 

 

Besides the above-mentioned measures, it is also of paramount importance to find 

antibiotic alternatives that can be used alone or in synergistic combination with antibiotics 

for the prevention and treatment of bacterial infections in order to increase the chances of 

successfully battling bacterial diseases. The research and use of these agents have become 

significant in recent years. Development of new, conventional antibiotics is a great 

challenge for the industry, which also supports the usage of alternative substances [21]. 

 

2.1.3.1. Antibiotic alternatives 

The group of potential antibiotic alternatives include – without claim for completeness – 

pro-, pre- and synbiotics, organic acids, phytochemicals, enzymes, antimicrobial 

peptides, anti-bacterial virulence agents (e.g. quorum sensing disruptors) and 

bacteriophages [11, 12]. These substances might be used for the prevention and treatment 

of bacterial infections, alone or in synergistic combination with antibiotics, and they can 

also exert growth promoter activities [22]. 

 

One of the most commonly used feed additives from the above-mentioned substances are 

the pro-, pre- and synbiotics. Probiotics are defined as “live microorganisms that, when 

administered in adequate amounts, confer a health benefit on the host” [23]. These non-
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pathogenic microorganisms are added to food supplements or directly into foods such as 

yoghurt, and act in the gastrointestinal (GI) tract of the individual through binding and 

colonizing the intestinal cells. Their activity includes balancing and restoring the 

environment in the GI tract. Most commonly, bacteria included in probiotics are of 

intestinal origin such as Bifidobacterium, Lactobacillus and Enterococcus spp. [24]. 

Prebiotics are defined as “a group of nutrients that are degraded by gut microbiota in the 

colon” [25]. When used together, prebiotics and probiotics are known as synbiotics. Used 

in combination, they exert a synergistic effect that can increase their beneficial effects in 

the body [26]. 

 

Organic acids, such as butyrate, fumaric acid and lactic acid are also known for their 

beneficial effects on the GI tract [11, 27]. Furthermore, growth promoter effects of several 

organic acids (e.g. fumaric, citric, malic and benzoic acid) have been reported as well 

[11]. Other potential antibiotic alternatives, such as enzymes [11], antimicrobial peptides 

[16] and bacteriophages [28] have shown direct antibacterial effect which makes them 

eligible for use against bacterial infections. Antibacterial virulence agents also exert their 

effect directly on bacteria, however, instead of inhibiting bacterial growth or killing them, 

these agents can disarm pathogens through targeting their virulence mechanisms, and 

therefore making them unable to infect host cells [11]. 

 

Natural bioactive compounds derived from plants, also known as phytochemicals, 

phytobiotics or phytogenics, represent perhaps the largest group of antibiotic alternatives. 

They can have various beneficial effects including antioxidant and antibacterial activity, 

protection of barrier integrity in the GI tract, and stabilization of the GI microbiota. The 

main biologically active substances found in phytochemicals are polyphenols, including 

the group of flavonoids [12]. 

 

2.2. Flavonoids 

Flavonoids are found abundantly in our surroundings, and their characteristics could 

potentially provide an alternative to the treatment of bacterial infections. They are 

polyphenols, extractable from tea, grapes, fruits, vegetables, and roots [29]. The group of 

flavonoids is mainly known for their antioxidant properties, however, they can also show 

antibacterial, antiviral, antifungal, antiparasitic, antitumor, anti-inflammatory and 

immunomodulatory activities. Furthermore, they have beneficial effects on the 
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cardiovascular system and the GI microbiota. Used together with antibiotics, they can act 

synergistically, leading to increased efficacy of the drug [30].  

 

In human research, flavonoids have shown to have nutritional benefits, particularly in the 

geriatric population. In vascular diseases, bone health and cancer prevention, flavonoids 

have exhibited protective properties, their intake can reduce the risk of the previously 

mentioned diseases. Through their anti-inflammatory action, flavonoids enhanced bone 

formation and inhibition of bone reabsorption through osteoclasts and osteoblasts [31]. 

In small animals, such as dogs and cats, flavonoids can also be used to decrease blood 

pressure [32]. 

 

As a result of their strong natural antioxidant character, flavonoids might be used to 

reduce oxidative stress caused by bacterial infections. Antibiotics and other antimicrobial 

agents frequently have undesired mild or serious side-effects including for example: 

diarrhoea, vomiting, allergic reactions, dysbacteriosis, nephrotoxicity, ototoxicity, 

teratogenicity, and sometimes carcinogenic effects. In contrast to these, flavonoids, as 

natural compounds are preferred due to generally having much fewer known side-effects 

compared to synthetic antibiotics [33]. Studies have shown that by three mechanisms, 

flavonoids can show antibacterial activity, which are: plasma membrane damage and/or 

reduction of its fluidity, inhibitions of nucleic acid synthesis and inhibition of energy 

metabolism in bacteria [34]. 

 

Several flavonoids found in foods such as fruits, dark chocolate, and teas can occur as 

large polymerous molecules, called tannins. Tannins can be further divided into 

condensed tannins, derived tannins and hydrolysable tannins. Condensed tannins, also 

known as proanthocyanidins (PACs), are found in bark and have monomeric units of 

flavans linked through carbon-carbon and ether linkages. Tannins have health-promoting 

benefits including their bacterial anti-adhesion activity and effectiveness against 

cardiovascular diseases. Tannins are not essential in the diet and so, if the body lacks 

them, it does not lead to deficiency diseases [29]. 

 

2.2.1. Proanthocyanidins 

PACs belong to the group of polyphenols and are classified as condensed tannins. Seeds, 

nuts, vegetables, plants, and berries such as blueberries, blackberries and cranberries 
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abundantly contain these condensed tannins as seen in Figure 1. As a result of their sweet 

taste and beneficial health properties, which include being antioxidant, anticancer, 

antimicrobial, and neuroprotective, they are often researched and used as dietary 

supplements [35]. 

 

 
Figure 1: The basic structure, sources, and properties of proanthocyanidins [35] 

 

Based on the arrangement and linkage between monomers, PACs can be classified into 

A-type (most commonly A1 and A2 compounds), and the more abundant B-type (B1, B2, 

B3 and B4 compounds) [35]. Figure 2 demonstrates the different structures of PACs. 

 
Figure 2: The structures of A and B-type proanthocyanidins [36] 
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These differences in their structures and linkages will also determine their polymerization 

ability. The first, A-type arrangement contains an extra ether linkage between the 

hydroxyl group and carbon-2 on the A-ring, and an interflavan bond. On the other hand, 

B-type PACs only have one interflavan bond between the B-ring carbon-4 with either C-

ring carbon-8 or carbon-6 [36]. PACs with different structure can have diverse biological 

activity. Grape seed oligomeric proanthocyanidins, that were used in the current research, 

belong to the group of B-type proanthocyanidins [37].  

 

2.2.1.1. Specific properties of proanthocyanidins 

PACs can show various beneficial effects on the human and animal health. It has been 

demonstrated that lipid peroxidation, platelet aggregation, and capillary permeability can 

all be decreased by PACs [35]. Studies using oligomeric PACs extracted from grape seeds 

in human patients with chronic obstructive pulmonary disease have shown that, PACs 

could inhibit oxidative damage and apoptosis via exhibiting antioxidant activity. 

Furthermore, studies showed that PACs could have stronger antioxidant effects than those 

found in vitamins C and E [38]. The benefits of using PACs in these studies and as 

antioxidant treatment includes its easy extraction, low cost, and low toxicity levels [39]. 

 

There have been promising studies about PACs exhibiting successful antibacterial 

activity against pathogenic bacteria including E. coli. The high activity was mostly found 

in substances containing oligomeric compounds [40]. Furthermore, it is their inhibitory 

action against β-lactamase and their ability to destabilize the cell membrane of bacteria, 

which represents the most important antibacterial activity of PACs [41]. A further 

important property of PACs found in cranberry juice, is their ability to inhibit bacterial 

adhesion, most evidently through their A-type linkages, which was demonstrated in a 

human study in multi-drug resistant E. coli. Within the uroepithelial cells, PACs blocked 

the adhesion of fimbriae, which hindered the ability of bacteria to take over these cells 

[42].  

 

Besides the above-mentioned abilities, anti-inflammatory, antiviral and antifungal 

properties of PACs have been described [43, 44, 45]. In studies exploring the effect of 

grape seed PACs in the airways of asthmatic patients, results showed that the PACs 

exhibited their anti-inflammatory effects by reducing the number of inflammatory 
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markers [35]. Their beneficial effects on the barrier integrity of the intestinal epithelium 

have also been reported in cell culture and animal models of intestinal dysfunction [46]. 

 

2.3. Porcine intestinal bacterial diseases 

GI infections caused by E. coli and S. enterica are significant health problems worldwide 

in pigs [47]. Furthermore, both bacteria are zoonotic, and can be transmitted to humans 

with pork meat, which leads to a significant number of human infections with these 

microorganisms [48, 49, 50, 51]. This is aggravated by the fact that their strains 

originating from humans, animals and food of animal origin are frequently resistant to 

multiple antibiotics [20]. 

 

Piglet diarrhoea is a common small intestinal, infectious disease, most commonly caused 

by E. coli. For many years, antibiotics have been used to treat diseases such as this, 

however the abundant use and misuse of these agents has resulted in their reduced 

efficacy and an increase in resistance most commonly in case of neomycin, apramycin, 

potentiated sulphonamides and colistin [52]. Salmonella enterica is a zoonotic pathogen 

affecting intestinal epithelial cells via toll-like receptors [53]. It can also cause systemic 

infections with septicaemia, enterocolitis, pneumonia, and hepatitis [54]. It occurs 

frequently as asymptomatic infection in pigs, but even in these cases, it can be transmitted 

to humans through the food-chain, leading to foodborne salmonellosis [55]. 
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3. AIM OF RESEARCH 

The aims of this study were to establish an in vitro model of swine GI bacterial infections 

and to use this system for the evaluation of protective effects of grape seed PACs as 

potential antibiotic alternative substances. 

 

Our model consisted of porcine intestinal epithelial cells (IPEC-J2 cell line) that were 

infected with bacteria of swine enteral origin (E. coli and S. enterica ser. Typhimurium). 

In order to investigate changes in oxidative stress and inflammatory markers of the cells, 

we have initially determined highest tolerable bacterial concentration that could be 

applied on them without causing significant viability decrease. 

 

Afterwards, we investigated the antioxidant and anti-inflammatory effects of B-type 

PACs of grape seeds origin in this model. For this purpose, intracellular reactive oxygen 

species (IC ROS) level and interleukin-6 (IL-6) and interleukin-8 (IL-8) production of 

cells were determined after treatment with bacteria alone and bacteria in combination 

with PACs. PACs were tested at two different concentrations (50 and 100 µg/ml) against 

both bacteria.  
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4. MATERIALS AND METHODS 

4.1. Chemicals and instruments 

Chemicals (grape seed PACs, growth medium of cells, Neutral Red dye, 2’,7’ dichloro-

dihydro-fluorescein diacetate (DCFH-DA) reagent, enzyme-linked immunosorbent assay 

(ELISA) kits) were obtained from Sigma-Aldrich (Darmstadt, Germany), tryptone soy 

agar (TSA) plates were supplied by Biolab Zrt. (Budapest, Hungary), and cell culture 

plates were purchased from Corning Inc. (Corning, NY, USA). For the measurements, 

EZ Read 400 Microplate Reader (Biochrom Ltd., Cambridge, UK) and Victor X2 2030 

fluorometer (Perkin-Elmer Inc., Waltham, MA, USA) were used. The statistical analysis 

was performed with R software 3.3.2 (2016) (R Foundation for Statistical Computing, 

Vienna, Austria). 

 

4.2. IPEC-J2 cell line 

Dr. Jody Gookin (Department of Clinical Sciences, College of Veterinary Medicine, 

North Carolina State University, Raleigh, NC, USA) generously provided IPEC-J2 cells 

for the research. Cells were propagated on 37 ℃, with 5% CO2, in the 1:1 mixture of 

Dulbecco’s Modified Eagle’s Medium and Ham’s F-12 Nutrient (DMEM/F12) until a 

passage number of approximately 50 for all investigations. Cells were provided an 

optimal environment by supplementing DMEM/F12 with fetal bovine serum (5%), 

insulin (5 µg/ml), transferrin (5 µg/ml), selenium (5 ng/ml), epidermal growth factor (5 

ng/ml) and penicillin-streptomycin (1%) for cell culturing (full DMEM/F12). In the 

working solutions, plain DMEM/F12 (without supplementation) was used. The 

experiments were performed with the cells on 96- (Neutral Red) and 6-well (DCFH-DA, 

ELISA) polystyrene cell culture plates after they reached a differentiated, confluent 

monolayer (evaluated under light microscope). 

 

4.3. Bacterial strains 

One-one pathogenic E. coli and S. Typhimurium strains were used for the experiments, 

both of them originating from GI infections of pigs and obtained from the Department of 

Microbiology and Infectious Diseases, University of Veterinary Medicine Budapest. 

Bacteria were kept frozen at -80 ℃, in Microbank tubes until the beginning of 

investigations, when they were propagated in plain DMEM/F12 for 18-24 hours at 37 ℃, 

with 5% CO2. Colony forming unit (CFU) counting was performed on TSA plates, which 

allowed us to determine the concentration of the overnight suspensions.  
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4.4. Cell viability determination (Neutral Red assay) 

To begin with, it was important to determine the highest tolerable bacterial concentration 

level for both E. coli and S. Typhimurium which could be used to co-culture with the 

cells. Effect of bacterial suspensions at 104, 106 and 108 CFU/ml concentrations on IPEC-

J2 cell viability was tested with Neutral Red assay based on the description by Repetto et 

al. [56]. Cells were cultured on 96-well microplates until a confluent monolayer was 

formed and then were washed with phosphate buffered saline (PBS) and plain medium in 

order to eliminate antibiotic residues from full DMEM/F12. This was followed by 

treatment with the different bacterial suspensions (both bacteria in all three 

concentrations) for one hour. Working suspensions of bacteria were prepared with plain 

DMEM/F12, which was also used as a control for the experiment. Neutral Red assay was 

performed 24 hours after the treatments, until which cells were incubated in full 

DMEM/F12. Biochrom EZ Read 400 Microplate Reader was used for the absorbance 

measurement on 540 nm. Based on results of the cell viability assay, bacterial suspensions 

at the concentration of 106 CFU/ml were used in further experiments in case of both 

strains. PACs alone did not cause any cell viability decrease when they were tested 

previously on IPEC-J2 cells [37]. 

 

4.5. IC ROS level determination (DCFH-DA assay) 

For the determination of IC ROS level changes in cells, DCFH-DA assay was used. In 

this experiment, cells were cultured on 6-well microplates and similarly to the Neutral 

Red assay, they were washed with PBS and plain medium before the addition of working 

solution. For the treatments, bacteria were applied on some cells at the concentration of 

106 CFU/ml. Another group of cells was treated with grape seed PACs alone (50 and 100 

µg/ml), while there were cells receiving bacteria and PACs in combination (both bacteria 

with both PACs concentrations). All working solutions were prepared with plain medium 

and were incubated with the cells for one hour. Control cells were only treated with plain 

medium. Treatment groups are summarized in Table 1. 
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Group PACs Bacterium 
Control - - 
E. coli - E. coli 106 CFU/ml 
S. Typhimurium - S. Typhimurium 106 CFU/ml 
P50 50 μg/ml - 
P100 100 μg/ml - 
P50 + Ec 50 μg/ml E. coli 106 CFU/ml 
P100 + Ec 100 μg/ml E. coli 106 CFU/ml 
P50 + ST 50 μg/ml S. Typhimurium 106 CFU/ml 
P100 + ST 100 μg/ml S. Typhimurium 106 CFU/ml 

 

Table 1: Treatment groups and their abbreviation for IC ROS and IL-6, IL-8 determination. 

 

For the detection of IC ROS, 10 µM DCFH-DA reagent was used on the cells 24 hours 

after treatments, until which cells were incubated in full DMEM/F12. IC ROS are able to 

oxidize DCFH-DA into a detectable fluorescent product: dichloro-dihydro-fluorescein 

(DCF) [57].  Using this dye, we were able to determine if there were elevated fluorescein 

values, showing an increased amount of IC ROS. For a total of 60 minutes, the reagent 

was added to the cells, which was followed by rinsing with medium, scraping and 

centrifugation for 10 minutes (at 3000 g). Using a fluorometer (Victor X2 2030) the 

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

wavelength: 530 nm). 

 

4.6. Interleukin level determination (ELISA method) 

IL-6 and IL-8 production levels were investigated in our experiment using porcine-

specific ELISA kits for IL-6 and IL-8 detection. Cells were cultured on 6-well microplates 

with similar experimental design as in the DCFH-DA assay (Table 1). Samples were 

taken from the supernatant of cells 6 hours after treatments [58] and were stored on -80°C 

until analysis. ELISA method was performed with the samples according to instructions 

by the manufacturer. 

 

4.7. Statistical analysis 

R 3.3.2 software was used for statistical analysis of the data obtained from the 

experiments. Mean value differences between the experimental groups were evaluated 

with one-way ANOVA and Tukey post-hoc test. Significance was determined if p value 

was lower than 0.05. 
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5. RESULTS 

5.1. Cell viability of IPEC-J2 cells treated with bacteria (Neutral Red assay) 

Treatment of IPEC-J2 cells with bacterial suspensions at 108 CFU/ml (regardless of the 

bacterial species) caused a significant (p < 0.01 for E. coli and p < 0.001 for S. 

Typhimurium) cell viability decrease compared to the control (Figure 3). The effect of 

108 CFU/ml S. Typhimurium was significantly (p < 0.001) more pronounced compared 

to E. coli at the same concentration. However, lower concentrations (104 and 106 CFU/ml) 

of both bacteria did not alter the amount of viable IPEC-J2 cells. Based on these 

observations, 106 CFU/ml concentration was used in the further experimental steps in 

case of E. coli and S. Typhimurium as well. 

 

 
Figure 3: Viability of IPEC-J2 cells after treatment with different bacterial suspensions (average 

absorbance values with standard deviation, n=6) 

**: p < 0.01; *** p < 0.001 (significant difference compared to control) 

 

5.2. IC ROS level changes (DCFH-DA assay) 

5.2.1. IC ROS levels in IPEC-J2 cells treated with E. coli and PACs 

One hour treatment with E. coli at 10⁶ CFU/ml did not cause significant increase in the 

IC ROS level of IPEC-J2 cells (Figure 4). As seen in Figure 4, significant (p < 0.01) 

decrease in IC ROS compared to the control was found in the IPEC-J2 cells treated with 

50 µg/ml PAC (P50) on its own, where the fluorescence value was only 73.77% of the 

control. PACs alone, at 100 µg/ml concentration did not affect IC ROS production. When 

E. coli was used in combination with PACs at concentrations of 50 and 100 µg/ml (P50 

+ Ec and P100 + Ec, respectively), IC ROS levels decreased significantly (p < 0.001 and 
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p < 0.01, respectively), from 100% to 52.55% and 62.67%. These results suggest 

antioxidant activity of PACs that could alleviate the effects of E. coli treatment on IC 

ROS level of cells. 

 

 
Figure 4: IC ROS amount in IPEC-J2 cells after treatment with E. coli and PACs 

(average fluorescence values with standard deviation, n=6) 

**: p < 0.01; *** p < 0.001 (significant difference compared to control) 

 

5.2.2. IC ROS levels in IPEC-J2 cells treated with S. Typhimurium and PACs 

Compared to the control, there was a large, significant (p < 0.05) increase of 31.21% in 

the fluorescence value when S. Typhimurium was used on its own, which means an 

increase in IC ROS levels of IPEC-J2 cells (Figure 5). As shown in Figure 5, PACs 

treatment (50 and 100 µg/ml) used in combination with S. Typhimurium (P50 + ST and 

P100 + ST, respectively) resulted in a significant (p < 0.001) decrease in fluorescence 

values compared to the control, with the cells exhibiting very low levels of fluorescence 

at 6.19% and 5.52%. These values show that PACs have been able to alleviate the effect 

of S. Typhimurium on IC ROS levels in IPEC-J2 cells. PACs alone (P50 and P100) did 

not alter IC ROS level of cells in this setting. 
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Figure 5: IC ROS amount in IPEC-J2 cells after treatment with S. Typhimurium and PACs (average 

fluorescence values with standard deviation, n=6) 

*: p < 0.05; *** p < 0.001 (significant difference compared to control) 

 

5.3. Interleukin level changes (ELISA method) 

5.3.1 IL-6, IL-8 levels in IPEC-J2 cells treated with E. coli and PACs 

In our experiments, E. coli treatment did not cause any detectable change in interleukin 

production (neither IL-6, nor IL-8) of IPEC-J2 cells. Therefore, it was not possible to test 

anti-inflammatory effect of PACs in this setting. 

 

5.3.2. IL-6 levels in IPEC-J2 cells treated with S. Typhimurium and PACs 

Figure 6 shows that there was a significant (p < 0.05) increase (33.33%) in the absorbance 

value suggesting high IL-6 levels, when using S. Typhimurium on its own compared to 

the control. The increase of IL-6 levels was shown to be alleviated with the usage of PACs 

at 50 and 100 µg/ml when they were applied simultaneously with bacteria (P50 + ST and 

P100 + ST, respectively). In these cases, absorbance values were similar to the control. 

PACs have therefore shown the ability to reduce the concentration of inflammatory 

markers increased by bacteria in IPEC-J2 cells. PACs alone (P50 and P100) did not alter 

IL-6 level of cells. 
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Figure 6: IL-6 amount in IPEC-J2 cells after treatment with S. Typhimurium and PACs (average 

absorbance values with standard deviation, n=6). 

*: p < 0.05 (significant difference compared to control) 

 

5.3.3. IL-8 levels in IPEC-J2 cells treated with S. Typhimurium and PACs 

Similarly to the changes in IL-6 production of cells, there was a significant increase (p < 

0.05) in the IL-8 levels expressed when S. Typhimurium was used on its own (Figure 7). 

An increase of 29.0% was found compared to the control, which could be alleviated when 

PACs was used in combination with the bacteria at concentrations of 50 and 100 µg/ml 

(P50 + ST and P100 + ST, respectively). PACs alone (P50 and P100) did not alter IL-8 

level of cells. 

 

 
Figure 7: IL-8 amount in IPEC-J2 cells after treatment with S. Typhimurium and PACs (average 

absorbance values with standard deviations, n=6). 

*: p < 0.05 (significant difference compared to control) 
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6. DISCUSSION 

GI infections caused by zoonotic bacteria such as E. coli and Salmonella spp. are found 

abundantly in swine populations globally and pose a threat to humans through the 

consumption of their meat and by-products [14]. These bacteria act by destroying the 

primary barrier of the GI tract by causing oxidative stress, inflammation, and 

morphological damage in intestinal epithelial cells. Damage done to the intestinal 

epithelial barrier integrity can worsen the disease by leading to increased permeability 

and consequently, bacterial translocation and absorption of toxins [37]. Antibiotics are 

frequently administered to prevent and treat bacterial infections in swine, however, there 

is an increasing number of strains showing resistance to the applied agents, mainly as a 

result of their inappropriate usage [59]. Application of antibiotics in food-producing 

animals, such as pigs, can not only lead to higher prevalence of resistant strains in 

animals, but in humans as well [60]. Consequently, it is of upmost importance to decrease 

the consumption antibiotics, which includes finding alternative strategies for the 

protection of GI health [55]. It is also supported by regulations implemented in the EU to 

decrease the usage of antibiotics and to aid in the fight against resistance [11, 17]. 

 

Studies on potential antibiotic alternatives originating from plants such as flavonoids, 

including PACs are on-going [38], including our study that has shown promising effects 

and a potential future usage in bacterial infections. Flavonoids are favoured as they are 

cheap, easily obtained through extraction and have low toxicity [39]. PACs are plant-

derived polyphenolic compounds which have a known antioxidant effect, that has already 

been proved in vitro and in vivo as well. Previously, a study at the Department of 

Pharmacology and Toxicology, University of Veterinary Medicine Budapest has 

demonstrated antioxidant effect of grape seeds PACs in IPEC-J2 cells against oxidative 

stress induced by bacterial endotoxins (lipopolysaccharides, LPS) of E. coli and S. 

Typhimurium origin [37]. The current investigation supplements previous findings with 

results in a more representative model of GI infections. 

 

In this research, co-cultures composed of 10⁶ CFU/ml E. coli or S. Typhimurium of swine 

origin with IPEC-J2 porcine intestinal epithelial cells were established using a cell 

viability (Neutral Red) assay. Following this, one-hour treatment with E. coli and S. 

Typhimurium were used in combination with grape seeds PACs to investigate if the latter 

can influence effect of bacteria on IC ROS level of the cells (using DCFH-DA assay). 
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Our results showed that PACs could significantly decrease the level of oxidative stress 

(IC ROS amount) in IPEC-J2 cells, which were otherwise increased by bacteria. These 

findings are in line with previous publications about antioxidant effects of PACs but 

demonstrated it in a new setting that has not been published yet. Based on the 

observations, it can be stated that grape seeds PACs could be beneficial in alleviating 

oxidative stress caused by bacterial infections in the GI tract. 

 

Anti-inflammatory properties have also been exhibited by PACs previously through 

reduction in the concentration of inflammatory markers [35]. In our research, we used E. 

coli and S. Typhimurium to demonstrate the effect of these bacteria on the IL-6 and IL-8 

levels in IPEC-J2 cells (with ELISA method). Unfortunately, treatment with E. coli did 

not cause any measurable change in the IL-6 and IL-8 levels and so, it was not possible 

to test anti-inflammatory effect of PACs against this bacterium. On the other hand, our 

results showed that on its own, S. Typhimurium caused a significant increase in IL-6 and 

IL-8 levels in IPEC-J2 cells, which was decreased when PACs (at concentrations of 50 

and 100 µg/ml) were used simultaneously with the bacterium. We concluded that grape 

seeds PACs could successfully alleviate the effect of S. Typhimurium on the levels of 

both inflammatory markers in IPEC-J2 cells. Similarly to the antioxidant effect, our 

results are in accordance with the literature, and supports them with findings in a special 

experimental setting. 

 

To summarize, based on the results obtained from our experiments, grape seeds PACs are 

promising compounds and have the potential to be used successfully as both antioxidants 

and anti-inflammatories against E. coli and S. Typhimurium caused GI infections in 

swine. The effect of S. Typhimurium on IPEC-J2 cells was more pronounced in our 

investigation than that of E. coli. It could be useful in the future to test the effects of PACs 

in similar experimental settings but with different bacterial strains and species. Also, 

further in vivo studies should be carried out to provide more information about these 

properties and how they could be used in veterinary and human medicine, taking into 

account pharmacokinetic aspects (e.g. bioavailability) of these substances that were not 

examined in the current investigation. 
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7. ABSTRACT   

Nowadays, as a result of the abundant and inappropriate use of antibiotics, resistance in 

bacteria against these agents poses a potentially great risk in both veterinary and human 

medicine. The increasing prevalence of resistant strains can lead to treatment failure, 

which is especially important in case of infections caused by zoonotic bacteria such as 

Escherichia coli and Salmonella enterica ser. Typhimurium. This phenomenon can only 

be overcome with the ‘One Health’ concept, where the veterinary and human fields work 

together in finding solutions to decrease and optimise the usage of antibiotics and to find 

potential antibiotic alternatives that can help in the prevention and treatment of bacterial 

infections. Among many natural substances, flavonoids, including proanthocyanidins 

(PACs), might be used for this purpose due to their antioxidant, anti-inflammatory and 

antibacterial properties.  

 

In this study, our aim was to test protective effects of grape seed PACs in an in vitro 

model of gastrointestinal infections, which consisted of bacteria (E. coli and S. 

Typhimurium) of swine enteral origin and porcine intestinal epithelial cells (IPEC-J2 cell 

line). To establish this co-culture, initially, Neutral Red assay was used to determine the 

highest tolerable bacterial concentration that could be applied on IPEC-J2 cells without 

causing significant viability decrease. Afterwards, cells were treated with either E. coli 

or S. Typhimurium alone or in combination with PACs (50 or 100 µg/ml), and the amount 

of intracellular reactive oxygen species (IC ROS) were measured with 2’,7’ dichloro-

dihydro-fluorescein diacetate (DCFH-DA) reagent, while interleukin-6 (IL-6) and 

interleukin-8 (IL-8) levels were determined with enzyme-linked immunosorbent assay 

(ELISA). 

 

In our experiment, 1 hour treatment with 10⁶ CFU/ml E. coli and S. Typhimurium did not 

affect the viability of IPEC-J2 cells, therefore bacteria were used in this concentration 

during the further steps. PACs in 50 and 100 µg/ml concentrations exhibited the ability 

to reduce IC ROS level of IPEC-J2 cells when they were applied in combination with 

bacteria. Furthermore, S. Typhimurium caused an increase in IL-8 and IL-6 production 

of cells, which could also be alleviated with the application of PACs.  

 

Our results showed that PACs from grape seeds were able to reduce the amount of 

oxidative stress and inflammatory markers in porcine intestinal epithelial cells treated 
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with bacteria. Based on these observations, PACs might be eligible for the prevention and 

treatment of intestinal bacterial infections in swine, but further in vitro and in vivo studies 

are necessary to support their usage. 
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8. ÖSSZEFOGLALÁS 

Az antibiotikumok túlzott, és sok esetben nem megfelelő használata miatt a 

baktériumokban velük szemben kialakult rezisztencia napjaink egyik legjelentősebb 

problémája a humán- és állatgyógyászatban egyaránt. Rezisztens baktériumok nagy 

arányú jelenléte fertőzések során az antibiotikumos kezelések sikertelenségéhez vezethet, 

amely különösen jelentős probléma zoonotikus baktériumok, például Escherichia coli és 

Salmonella enterica ser. Typhimurium által okozott megbetegedések esetén. A jelenség 

leküzdése csak az ‘Egy Egészség’ (‘One Health’) koncepcióval lehet sikeres, amelynek 

lényege, hogy az állat- és humánegészségügy szereplői együttesen keresnek 

megoldásokat az antibiotikumok használatának csökkentésére és optimalizálására, 

valamint bakteriális fertőzések megelőzésére vagy kezelésére használható potenciális 

antibiotikum-alternatívákat. A flavonoidok közé tartozó proantocianidinok (PAC-ok) 

biológiailag aktív növényi vegyületek, amelyek antioxidáns, gyulladáscsökkentő és 

antibakteriális tulajdonságaik alapján alkalmasak lehetnek erre a célra. 

 

Kutatásunk célja az volt, hogy megvizsgáljuk a szőlőmag eredetű PAC-ok védő hatásait 

egy gasztrointesztinális fertőzéseket modellező in vitro rendszerben, amely sertésekből 

izolált bélpatogén baktériumokból (E. coli és S. Typhimurium), valamint sertés eredetű 

bélhámsejtekből (IPEC-J2 sejtvonal) állt. Ezen ko-kultúra létrehozásához elsőként 

Neutral Red festéssel meghatároztuk a legnagyobb tolerálható baktériumkoncentrációt, 

amely a sejteken alkalmazva nem okoz szignifikáns életképesség csökkenést. Ezt 

követően a sejteket E. coli-val és S. Typhimurium-mal kezeltük önállóan, vagy PAC-

okkal kombinálva (50 és 100 µg/ml koncentrációban), majd meghatároztuk a sejtek 

intracelluláris reaktív oxigén származék szintjét (IC ROS) 2’,7’diklór-dihidro-

fluoreszcein-diacetát (DCFH-DA) reagenssel, valamint interleukin-6 (IL-6) és 

interleukin-8 (IL-8) termelését enzimhez kapcsolt immunszorbens vizsgálattal (ELISA). 

 

Egy órás kezelés során az E. coli és S. Typhimurium törzsek 10⁶ CFU/ml koncentrációjú 

szuszpenziója nem befolyásolta az IPEC-J2 sejtek életképességét, így a további 

vizsgálatokhoz ilyen töménységű baktériumszuszpenziót alkalmaztunk. A PAC-ok 50 és 

100 µg/ml koncentrációban, baktériumokkal együtt alkalmazva csökkenteni tudták az 

IPEC-J2 sejtek IC ROS szintjét. Ezen túl a S. Typhimurium-mal történő kezelés a sejtek 

IL-8 és IL-6 termelésének növekedését okozta, amely szintén enyhíthető volt PAC-ok 

alkalmazásával.  
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Eredményeink alapján elmondható, hogy a szőlőmag eredetű PAC-ok képesek 

csökkenteni az oxidatív stressz és a gyulladás markereinek mennyiségét baktériumokkal 

kezelt sertés bélhám sejtkultúrában. Ezen megfigyelések alapján a PAC-ok alkalmasak 

lehetnek sertések bakteriális bélfertőzéseinek megelőzésére és kezelésére, de további in 

vitro és in vivo vizsgálatok szükségesek alkalmazhatóságuk alátámasztására.  
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