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1. List of abbreviations 

AMP   Antimicrobial peptide 

AMR   Antimicrobial resistance 

ATCC   American Type Culture Collection 

BSA   Bovine serum albumin 

CCK-8   Cell-Counting Kit 8 

CD   Cluster of differentiation 

CDX2   Caudal type homebox 2  

CFU   Colony-forming units 

CpG DNA  CpG motif-containing deoxyribonucleic acid 

DMEM   Dulbecco’s Modified Eagle’s Medium 

dsDNA   Double-stranded deoxyribonucleic acid 

dsRNA   Double-stranded ribonucleic acid 

EC   Extracellular 

EGTA   Ethylene glycol-bis(2-aminoethylether)-N,N,N’,N’-tetraacetic acid  

ELISA   Enzyme-linked immunosorbent assay 

ERK   Extracellular signal-regulated kinase  

EU   European Union 

FBS   Fetal bovine serum 

FITC   Fluorescein isothiocyanate  

GALT   Gut-associated lymphoid tissue 

GI   Gastrointestinal 

H2O2   Hydrogen peroxide  

H&E   Hematoxylin and eosin 

HBSS   Hanks’ balanced salt solution 

HDP   Host defense peptide 

HO*   Hydroxyl radical  

HSC   Hepatic stellate cell 

IBD   Inflammatory bowel disease 

IBS   Irritable bowel syndrome 

IBV   Infectious bursitis virus 

IC   Intracellular 

IEL   Intraepithelial lymphocyte 

IFN   Interferon 

ICH   Immunohistochemistry 

IL   Interleukin 

IRI   Ischemia-reperfusion injury 

Keap1   Kelch-like ECH-associated protein 1 

LDH   Lactate dehydrogenase 

LPS   Lipopolysaccharide 

LSEC   Liver sinusoidal endothelial cell 

LTA   Lipoteichoic acid 

MAPK   Mitogen-activated protein kinases  

MIC   Minimum inhibitory concentration 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/haematoxylin
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/eosin
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mRNA   Messenger ribonucleic acid 

MyD88   Myeloid differentiation primary response 88  

NAD   Nicotinamide adenine dinucleotide 

NADP   Nicotinamide adenine dinucleotide phosphate 

NCAIM   National Collection of Agricultural and Industrial Microorganisms 

NF-κB   Nuclear factor kappa B 

NK   Natural killer (cell) 

NLR   Nucleotide-binding oligomerization domain (NOD)-like receptor 

NO   Nitric oxide 

NP   Non-parenchymal 

Nrf2   Nuclear factor erythroid 2-related factor 2 

O2*-   Superoxide anion  

ONOO-   Peroxynitrite 

PAMP   Pathogen-associated molecular pattern 

PBMC   Peripheral blood mononuclear cell 

PBS   Phosphate-buffered saline 

PE   Phycoerythrin 

Pen-Strep  Penicillin-Streptomycin 

PMA   Phorbol myristate acetate 

Poly I:C  Polyinosinic polycytidylic acid 

PRR   Pattern recognition receptor 

RANTES  Regulated on activation, normal T cells expressed and secreted 

RLR   RIG-I-like receptor 

RNS   Reactive nitrogen species 

ROS   Reactive oxygen species 

RSS   Runting-stunting syndrome 

SARA   Subacute ruminal acidosis 

SEAP   Secreted alkaline phosphatase 

SOD   Superoxide dismutase 

sIgA   Secretory immunoglobulin A 

ssRNA   Single-stranded ribonucleic acid 

TBA   Thiobarbituric acid 

TGF   Transforming growth factor 

Th   T helper cell 

TJ   Tight junction 

TLR   Toll-like receptor 

TNF   Tumor necrosis factor 

TRAF   Tumor necrosis factor receptor-associated factor 

Treg   Regulatory T cell 

TRIF   TIR domain-containing adaptor inducing interferon-β 

YPD   Yeast Extract Peptone Dextrose 

ZO   Zonula occludens 
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2. Summary 

Due to the excessive and long-term use of antibiotics, the spread of antimicrobial 

resistance (AMR) has become a serious and growing concern worldwide, including in poultry 

farming. While AMR poses a serious challenge for combating infections, intensive housing 

conditions render animals more susceptible to infections and inflammatory diseases. At the same 

time, economic and safe meat and egg production must also be maintained while ensuring proper 

animal health and well-being. The above circumstances have necessitated research on 

compounds with potential beneficial effects on the host's immune status. In this regard, 

antimicrobial peptides (AMPs) have been identified as promising candidates due to their 

multifaceted effects, specifically their ability to act directly on microbes while also influencing the 

host’s cellular processes, with a particular emphasis on the immune response. Therefore, the 

primary goal of the present doctoral work was to investigate the effects of two AMPs, the natural 

Cecropin A and the synthetic Pap12-6, on chicken-derived cells, thereby aiming to reveal their 

cellular effects on poultry for the first time. 

Since the gastrointestinal (GI) tract is constantly and extremely exposed to environmental 

and microbial stimuli, and the liver ⎯ the first organ that encounters gut-derived microbes and 

their metabolites ⎯ also plays a critical role in the immune response, the peptides’ effects were 

examined in the context of these organs. First, Study I aimed to investigate the impact of Cecropin 

A (Study I.1) and Pap12-6 (Study I.2) on cell viability, cytokine response, and redox homeostasis 

in primary hepatocyte–non-parenchymal cell co-cultures. Thereafter, Study II aimed to examine 

the effects of Cecropin A (Study II.1) and Pap12-6 (Study II.2) on cell viability, cytokine response, 

and tight junction (TJ) protein concentrations in ileal explant cultures. In the above studies, 

different concentrations of the given peptide were applied either alone or under inflammatory 

conditions evoked by polyinosinic polycytidylic acid (Poly I:C, 50 µg/mL), a Toll-like receptor 3 

(TLR3) agonist. In addition, the present doctoral work aimed to determine the direct 

antimicrobial effect of Cecropin A against microbes frequently occurring in poultry farming 

(Study III). 

Study I.1: Cecropin A at its lower concentrations (1-6.25 µg/mL) exerted no effects on the 

viability of hepatic cells; however, its higher concentrations (12.5 and 25 µg/mL) contributed to 

cell membrane damage, as reflected by increased extracellular (EC) lactate dehydrogenase (LDH) 

activity. Additionally, Cecropin A displayed a suppressive effect on the immune response, as it 

decreased the levels of interleukin (IL)-6, interferon (IFN)-γ, and IL-10 both without 

inflammatory stimulus and in Poly I:C-evoked inflammation, and it likewise reduced IL-8 and 

transforming growth factor (TGF)-ß1 production in basal conditions. However, a Cecropin A-
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induced increase in both EC H2O2 and malondialdehyde (MDA) levels was observed, indicating a 

prooxidant action. 

Study I.2: Pap12-6 (at 5, 25, and 50 µg/mL) exerted no harmful effects on the viability of 

hepatic cells, as reflected by unchanged EC LDH activity. Additionally, Pap12-6 was found to 

display an immunomodulatory effect, as it mitigated IL-6, IL-8, and TGF-ß1 production, 

predominantly when applied in Poly I:C-induced inflammation. Moreover, based on reduced EC 

H2O2 and nuclear factor erythroid 2-related factor 2 (Nrf2) concentrations, the peptide is 

suggested to have a potency in alleviating oxidative stress. It is worth highlighting that when 

applied alone, the peptide was not typically found to influence the parameters measured, 

indicating that Pap12-6 treatment under physiological conditions is unlikely to interfere with 

immune and redox processes; however, the peptide can exert beneficial effects to protect the host 

when inflammation is present. 

Study II.1: Cecropin A (at 3.125 and 6.25 µg/mL) displayed no effects on the cellular 

metabolic activity and EC LDH activity, suggesting that these peptide concentrations are not 

cytotoxic to chicken ileal cells. In addition, Cecropin A influenced the cytokine response by 

increasing the levels of IL-2 ⎯ both when used with and without Poly I:C ⎯ and decreasing the 

production of IL-6 in inflammatory conditions. Based on these, Cecropin A is suggested to display 

a complex immunomodulatory rather than an explicitly suppressive effect on the cytokine 

response. Furthermore, Cecropin A appeared to support ileal barrier integrity, as reflected by the 

enhanced intracellular (IC) abundance of the TJ protein claudin-3. 

Study II.2: The application of Pap12-6 (at 25 and 50 µg/mL) resulted in unchanged 

metabolic activity and EC LDH activity, indicating the peptide’s non-cytotoxic nature in the 

context of the chicken ileum. Additionally, Pap12-6 influenced the ileal cytokine response by 

increasing the levels of IL-2 ⎯ both with and without Poly I:C-induced inflammation ⎯ and IL-8 

in basal conditions. Furthermore, the peptide decreased IFN-γ production when applied together 

with Poly I:C. Thus, with particular regard to the stimulated production of the abovementioned 

cytokines, Pap12-6 is suggested to display a markedly complex and distinct immunomodulatory 

effect in the ileum compared with the liver. Furthermore, Pap12-6 applied on its own appeared 

to support ileal barrier integrity, as reflected by the enhanced IC abundance of occludin and 

claudin-3. 

Study III: Minimum inhibitory concentrations (MIC) of Cecropin A were able to be 

determined against different strains of Escherichia coli (12.5-25 µg/mL), Salmonella 

Typhimurium (25 µg/mL), and Salmonella Enteritidis (50 µg/mL). However, the peptide (below 

50 µg/mL) did not inhibit the growth of two commensal microbes, Bacillus subtilis and 

Saccharomyces cerevisiae. Therefore, Cecropin A appeared to act selectively against specific 

Gram-negative strains associated with poultry production while not harming beneficial microbes. 
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In conclusion, both Cecropin A and Pap12-6 were found to have versatile effects on 

chicken hepatic and ileal cells, with notably different impacts in the two experimental settings. 

Based on the abovementioned changes in the production of cytokines and oxidative markers, the 

fact that no changes were observed in IFN-γ/IL-10 and IFN-γ/TGF-ß1 ratios across the studies, 

as well as the apparently tissue-specific activity of the peptides, we suggest that rather than 

categorizing them as pro- or anti-inflammatory compounds, both Cecropin A and Pap12-6 shall 

be referred to as immunomodulatory substances with complex immunological effects on the host. 

Additionally, this is accompanied by the peptides’ beneficial impacts on ileal TJ protein 

concentration, thereby contributing to the maintenance of intestinal epithelial integrity. 

Moreover, Cecropin A also appears to display direct antibacterial effect on specific Gram-negative 

bacteria frequently encountered in poultry farming. Collectively, Cecropin A and Pap12-6 may be 

promising AMPs for future use in the poultry sector; however, additional research is warranted 

to elucidate their mechanisms of action in more detail and to explore their potential in in vivo 

conditions. 

Összefoglalás 

A túlzott mértékű és hosszantartó antibiotikumhasználat következtében az 

antimikrobiális rezisztencia (AMR) terjedése világszerte, így a baromfitartásban is komoly és 

egyre jelentősebb problémává vált. Míg az AMR kifejezett kihívást jelent a fertőzések 

leküzdésében, az intenzív tartási körülmények miatt az állatok fokozottan fogékonnyá váltak a 

fertőzésekre és a gyulladásos betegségekre. Ezzel egyidőben azonban a gazdaságos és 

biztonságos hús- és tojástermelés fenntartása, valamint a megfelelő állategészségügyi és -jóléti 

feltételek biztosítása is kulcsfontosságú. Mindezek okán indokolttá vált olyan vegyületek 

vizsgálata, amelyek potenciálisan kedvező hatással lehetnek a gazdaszervezet immunállapotára. 

E tekintetben az antimikrobiális peptidek (AMP-k) ígéretes jelölteknek bizonyultak, mivel 

többféle hatásmechanizmussal rendelkeznek: egyrészt közvetlenül hatnak a mikrobák ellen, 

másrészt befolyásolni képesek a gazdaszervezet sejtszintű folyamatait, különös tekintettel az 

immunválaszra. A fentiek alapján a jelen doktori munka elsődleges célja az volt, hogy a 

szakirodalomban elsőként vizsgálja két AMP, a természetes eredetű Cecropin A és a szintetikus 

Pap12-6 csirkeeredetű sejtekben kifejtett hatásait. 

Tekintve, hogy a gasztrointesztinális (GI) traktus folyamatosan és jelentősen ki van téve 

a környezeti és mikrobiális ingereknek, valamint a máj – az első szerv, amely a bélből származó 

mikrobákkal és azok metabolitjaival találkozik – szintén kritikus szerepet játszik az 

immunválaszban, a peptidek hatásait e szervek szempontjából térképeztük fel. Az I. kísérletben a 

Cecropin A (I.1. kísérlet) és a Pap12-6 (I.2. kísérlet) a sejtek életképességére, a citokinválaszra és 

a redox homeosztázisra kifejtett hatásait kívántuk vizsgálni primer hepatocita–nem 
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parenchimális sejt ko-kultúrákban. Ezt követően a II. tanulmány során célunk a Cecropin A (II.1. 

kísérlet) és a Pap12-6 (II.2. kísérlet) a sejtek életképességére, a citokinválaszra, valamint a tight 

junction (TJ) fehérjék intracelluláris (IC) koncentrációjára gyakorolt hatásainak feltérképezése 

volt ileális explanttenyészetekben. A fenti kísérletek során az adott peptid különböző 

koncentrációit önmagukban és a Toll-like receptor 3 (TLR3)-agonista a poliinozin-policitidilsav 

(Poly I:C, 50 µg/mL) által kiváltott gyulladás során is alkalmaztuk. Emellett a jelen doktori munka 

célja volt a Cecropin A közvetlen antimikrobiális hatásának meghatározása is egyes, a 

baromfitartásban gyakran előforduló mikrobák ellen (III. kísérlet). 

I.1. kísérlet: A Cecropin A kis koncentrációi (1-6,25 µg/mL) nem befolyásolták a májsejtek 

életképességét, azonban nagyobb koncentrációinak (12,5 és 25 µg/mL) alkalmazása az 

extracelluláris (EC) laktát-dehidrogenáz (LDH) aktivitás emelkedése által jelzett sejtmembrán-

károsodáshoz vezetett. Emellett a Cecropin A szupresszív hatást fejtett ki az immunválaszra, 

mivel csökkentette az interleukin (IL)-6, interferon (IFN)-γ és IL-10 szintjét mind gyulladás 

kiváltása nélkül, mind a Poly I:C által kiváltott gyulladás esetén, továbbá csökkentette az IL-8 és a 

transzformáló növekedési faktor (TGF)-β1 termelését önmagában alkalmazva. Ugyanakkor a 

Cecropin A hatására megnövekedett mind az EC H2O2, mind a malondialdehid (MDA) szintje, ami 

a peptid prooxidáns hatására utal. 

I.2. kísérlet: A Pap12-6 (5, 25 és 50 µg/mL koncentrációban) nem gyakorolt káros hatást 

a májsejtek EC LDH aktivitására, ezáltal a sejtek életképességére. Ezen felül a Pap12-6 

immunmoduláló hatást fejtett ki, mivel – elsősorban Poly I:C által kiváltott gyulladásos 

körülmények között – csökkentette az IL-6, IL-8 és TGF-β1 termelését. Az EC H2O2 és a „nuclear 

factor erythroid 2-related factor 2” (Nrf2) szintjének csökkenése alapján továbbá feltehető, hogy 

a peptid az oxidatív stresszt mérséklő tulajdonsággal rendelkezik. Fontos kiemelni, hogy a Pap12-

6 önmagában történő alkalmazásakor jellemzően nem befolyásolta a vizsgált paraméterek 

szintjét, ami arra utal, hogy a peptid fiziológiás körülmények között valószínűleg kevéssé 

szabályozza az immun- és redox-folyamatokat, míg gyulladásos környezetben kedvező hatást 

fejthet ki a gazdaszervezet védelme érdekében. 

II.1. kísérlet: A Cecropin A (3,125 és 6,25 µg/mL koncentrációban) nem befolyásolta a 

sejtek metabolikus aktivitását és az EC LDH-aktivitást, ami a peptid csirkeeredetű ileális sejtekkel 

szembeni biztonságos alkalmazására enged következtetni. Emellett a Cecropin A modulálta a 

citokinválaszt, mivel növelte az IL-2 szintjét mind Poly I:C jelenlétében, mind anélkül, és 

csökkentette az IL-6 termelését gyulladásos körülmények között. Ezek alapján a Cecropin A 

egyértelmű szupresszív hatás kiváltása helyett a jelen kísérletben komplex immunmoduláló 

tulajdonságot mutatott. Emellett a claudin-3 tight junction fehérje IC koncentrációjának 

fokozódása alapján feltehető, hogy a Cecropin A támogathatja a bélhámbarrier integritását az 

ileumban. 
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II.2. kísérlet: A Pap12-6-kezelés (25 és 50 µg/mL) nem befolyásolta a sejtek metabolikus 

aktivitását és az extracelluláris (EC) LDH-aktivitást, ami arra utal, hogy a peptid nem minősült 

citotoxikusnak a csirke ileális sejtjeivel szemben. A citokinválasz szempontjából a Pap12-6 

növelte az IL-2 szintjét, mind Poly I:C által kiváltott gyulladás mellett, mind anélkül, valamint 

önmagában alkalmazva megemelte az IL-8 szintjét, emellett pedig Poly I:C-vel együtt alkalmazva 

csökkentette az IFN-γ termelését. A fent említett citokinek stimulált termelődése alapján a Pap12-

6 a májhoz képest eltérő, komplex immunmoduláló hatást fejtett ki az ileumban. A peptid 

önmagában való alkalmazása továbbá fokozta az occludin és claudin-3 IC termelődését, ami a 

peptid epiteliális integritást támogató tulajdonságára enged következtetni. 

III. kísérlet: A Cecropin A meghatározható minimális gátló koncentrációval (MIC) 

rendelkezett az Escherichia coli különböző törzseivel (12,5–25 µg/mL), Salmonella 

Typhimuriummal (25 µg/mL) és Salmonella Enteritidisszel (50 µg/mL) szemben, azonban (50 

µg/mL alatt) nem gátolta két kommenzalista mikroba, a Bacillus subtilis és a Saccharomyces 

cerevisiae növekedését. Ennek alapján a Cecropin A szelektív módon hatott bizonyos, a 

baromfiágazatban előforduló Gram-negatív törzsekre, miközben nem károsította a 

kommenzalista mikrobákat. 

Eredményeinket összefoglalva elmondható, hogy mind a Cecropin A, mind a Pap12-6 

sokoldalú, a két kísérleti környezetben jelentősen eltérő hatást gyakorolt a csirke máj- és ileális 

sejtjeire. A citokinek és oxidatív markerek termelésében megfigyelt változások, a változatlan IFN-

γ/IL-10 és IFN-γ/TGF-β1 arány, valamint a peptidek szövet-specifikus hatása alapján a Cecropin 

A és a Pap12-6 összetett immunológiai hatást gyakorolhatnak a gazdaszervezetre, így javasolt 

nem egyszerűen pro- vagy anti-inflammatorikus vegyületekként, hanem immunmoduláló 

anyagokként hivatkozni rájuk. Ezen túlmenően a peptidek kedvező hatást gyakoroltak az ileális 

tight junction fehérjék termelődésére, ezzel hozzájárulva a bélhám integritásának 

fenntartásához. A Cecropin A továbbá közvetlen antibakteriális hatást is mutatott bizonyos, a 

baromfitartásban gyakran előforduló Gram-negatív baktériumokkal szemben. Összességében a 

Cecropin A és a Pap12-6 a jövőben ígéretes AMP-k lehetnek a baromfiágazatban, azonban 

hatásmechanizmusuk részletesebb feltárására, valamint in vivo körülmények között kifejtett 

hatásaik feltérképezésére további kutatások szükségesek. 
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3. Introduction 

Over the past decades, the substantial increase in global meat consumption has prompted 

the maximization of production in poultry farming (Attia et al., 2024; Mulchandani et al., 2023; 

Silveira et al., 2021). To fulfill this demand, one of the most common strategies has been the 

excessive use of conventional antibiotics, which is now recognized as a major contributor to the 

spread of antimicrobial resistance (AMR) (Mulchandani et al., 2023). At the same time, intensive 

farming conditions designed to maximize productivity make infection management challenging 

by increasing animals’ susceptibility to infectious and inflammatory diseases (Nazeer et al., 2021; 

Van Limbergen et al., 2020). Therefore, the identification of new substances that help control 

infections and support the immune status of poultry has become critical. In this field, 

antimicrobial peptides (AMPs) have been regarded as promising candidates (Nazeer et al., 2021). 

AMPs are predominantly cationic peptides composed of fewer than 100 amino acid 

residues. They can be found in every living organism as integral components of the innate 

immune system, contributing to the combat of infections (da Cunha et al., 2017). The efficiency of 

AMPs originates in their dual mode of action; in addition to directly attacking microbes, they can 

also exert remarkable beneficial effects on host cells, including immunomodulatory activity (Sun 

et al., 2018). This latter encompasses a wide range of cellular effects, such as regulating the 

production of various cytokines, stimulating chemotaxis, supporting immune cell differentiation, 

and modulating immune cell function, among others (Hancock and Sahl, 2006; Mahlapuu et al., 

2016). The immunomodulatory activity and the ability to act on multiple targets can be 

considered one of their greatest advantages (Wang et al., 2016), and rather than acting directly 

on microbes, AMPs have been suggested to serve primarily as important signaling molecules that 

influence cellular activities (Hancock et al., 2016). However, this property shows a significant 

diversity among different peptides and is further influenced by specific biological conditions, such 

as distinct cell types, signaling pathways, receptors, and inflammatory environments involved 

(Duarte-Mata and Salinas-Carmona, 2023). Therefore, investigating the effects of AMPs on host 

cells, with particular emphasis on their immunomodulatory activity, is crucial for identifying 

suitable candidates for application in poultry production. 

Despite the promising results regarding AMPs, studies on the immunomodulatory and 

additional beneficial activities of AMPs on poultry cells remain scarce compared with the 

extensive research carried out on human-derived cells and laboratory animals. Therefore, the 

present doctoral work investigated the effects of two AMPs, the natural Cecropin A and the 

synthetic Pap12-6, on chicken-derived cells, thereby aiming to reveal their cellular effects on 

poultry for the first time. Additionally, although increasing emphasis has been placed on the 

impact of AMPs on host cells, examining the peptides’ direct antimicrobial effect may also provide 
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useful insights into their potency as future substances applied to chickens. Thus, the direct 

antimicrobial activity of Cecropin A, the AMP with considerably more extensive literature on its 

antimicrobial effect, was tested against pathogens frequently encountered in poultry production. 
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4. Literature review 

4.1. Antimicrobial resistance and intensive farming in the context of 

poultry disease susceptibility 

The substantial increase in global meat consumption over the past few decades has driven 

the need to maximize production efficiency in livestock farming (Mulchandani et al., 2023; 

Silveira et al., 2021). This trend is particularly evident in the poultry industry, and as of today, 

poultry has become the most-produced meat type globally due to the relatively low production 

costs, short production cycle, and the lack of cultural or religious prohibitions against its 

consumption (Attia et al., 2024; Nhung et al., 2017). In response to this increasing demand for 

meat, two key consequential phenomena are worth highlighting: the evolving trends in the use of 

conventional antibiotics and the characteristics of intensive production systems. 

The use of traditional antibiotics at low, subtherapeutic doses became a widespread 

practice for approximately 60 years to enhance production efficiency (Castanon, 2007). It is 

estimated that such antibiotic use improved growth performance by 3–5% while also enhancing 

feed conversion rates (Gadde et al., 2017). However, despite the growth-promoting benefits, this 

often excessive and indiscriminate use of antibiotics has played a significant role in the 

emergence and spread of antibiotic-resistant microorganisms. This phenomenon has been 

further exacerbated by increasing animal densities commonly observed in intensive farming 

conditions (Nazeer et al., 2021). As the global emergence of AMR has raised serious concerns from 

both animal health and welfare perspectives (Józefiak and Engberg, 2017), as well as in terms of 

public health and food safety, the European Union (EU) banned the use of conventional antibiotics 

as growth promoters in 2006 (Nazeer et al., 2021). Moreover, the EU regulation 2019/6 

strengthened action to fight AMR through specific measures on prudent and responsible 

antimicrobial use in veterinary medicine, and the challenge of AMR has been increasingly 

approached within the One Health framework as well, which emphasizes the interdependence of 

human, animal, and environmental health (Kerek et al., 2025). However, since regulations came 

into effect, livestock and poultry farming have continued to account for 70% of global antibiotic 

use and have remained a continuous and significant source of antibiotic-resistant microbes and 

resistance genes (Hedman et al., 2020; Min et al., 2024). Specifically in Hungary, intensive 

research has been conducted to determine the antimicrobial susceptibility profiles of the most 

abundant bacterial species associated with chicken farming and revealed high resistance levels 

to several widely used conventional antibiotics, aligning with the global trends (Jerzsele et al., 

2025; Kerek et al., 2025, 2024a, 2024b; Szabó et al., 2025). 

In addition to the challenges arising from AMR, intensive farming conditions themselves 

contribute to an increased susceptibility of birds to infectious and inflammatory diseases (Nazeer 
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et al., 2021; Van Limbergen et al., 2020). As such factors, stress induced by inadequate 

management practices, large flock size, and high stocking density, among numerous others, can 

have a serious impact on immunity and therefore, on production performance (Van Limbergen et 

al., 2020). Furthermore, the pursuit of economic efficiency in the poultry industry has driven the 

selection of fast-growing broilers (Gallus gallus), substantially reducing the time needed to reach 

processing weight (Swaggerty et al., 2019). However, prioritizing growth and feed efficiency can 

have adverse effects on the immune competence of chickens, contributing to a higher 

susceptibility to diseases (Swaggerty et al., 2019; Wlaźlak et al., 2023) and oxidative stress 

(Lauridsen, 2019). 

The abovementioned conditions, paired with the growing incidence of diseases and the 

substantially increased need for production efficiency, have created an urgent demand to develop 

novel compounds that can help prevent the emergence of infectious diseases on livestock farms, 

support animal health, and ensure the safe and economical production of animal-derived food 

products (Nazeer et al., 2021; Wickramasuriya et al., 2022). These aims have directed the 

attention of researchers toward immunomodulatory agents, with special emphasis on those 

associated with the host’s natural defense mechanisms (Nazeer et al., 2021). In recent years, 

numerous promising alternatives have been introduced, such as AMPs, probiotics, prebiotics, 

synbiotics, organic acids, bacteriophages, enzymes, phytogenics, and even metals (Gadde et al., 

2017). 

4.2. The immunological role of the gut-liver axis 

Since the gastrointestinal (GI) tract is constantly and extremely exposed to environmental 

and microbial stimuli (Wickramasuriya et al., 2022), and even subclinical disorders of the 

digestive tract can lead to inflammation, oxidative stress, and impaired immune function, 

preserving gut health is essential for efficient production performance (Surai et al., 2021). Its 

significance is underscored by the fact that the most economically devastating infectious diseases 

observed in the poultry industry ⎯ such as necrotic enteritis caused by Clostridium perfringens, 

colibacillosis induced by Escherichia coli, coccidiosis caused by various Eimeria species, infections 

due to Salmonella spp., along with malabsorption syndrome and runting-stunting syndrome 

(RSS) associated with avian reovirus and adenoviruses ⎯ are consistently connected to disorders 

of the GI tract (Daneshmand et al., 2020; Kogut et al., 2013; Y. Lee et al., 2023b; Shen et al., 2023; 

Wang et al., 2020; Wickramasuriya et al., 2022). In addition to these well-defined pathologies, 

increasing evidence suggests the significance of nonspecific enteritis, the main cause of which 

appears to be viral infections such as chicken astrovirus (serotype 2), avian nephritis virus 3, and 

avian rotavirus (ter Veen et al., 2017). Besides causing intestinal damage, viral infection ⎯ 
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especially when caused by reovirus or astrovirus ⎯ poses the risk of developing more severe 

enteric diseases (ter Veen et al., 2017). 

Intestinal infections can impair not only the digestive tract but also the liver, as the latter 

is the first organ to encounter gut-derived pathogens and their metabolites. Moreover, the gut–

liver interplay is bidirectional, as hepatic inflammation markedly alters bile composition, which 

in turn can compromise gut health (Amevor et al., 2025). Therefore, the gut-liver axis plays a 

pivotal role in maintaining poultry productivity, and its pathological disruption can have 

detrimental consequences on chicken growth performance and immune competence, while 

increasing susceptibility to infectious diseases (Amevor et al., 2025). Thus, maintaining enteric 

and hepatic homeostasis has emerged as an unavoidable aspect in the poultry sector (Amevor et 

al., 2025; Ducatelle et al., 2023). 

4.2.1. The lines of defense in the intestines 

Due to continuous exposure to pathogens, the gut establishes a multifaceted barrier 

comprising physical, immunological, chemical, and microbial lines of defense, composed of a 

diverse array of cell types with specific roles (Ducatelle et al., 2023; Wickramasuriya et al., 2022). 

The physical barrier is formed by a tightly connected layer of intestinal epithelial cells linked by 

tight junction (TJ) connections, the integrity of which prevents luminal antigens and metabolites 

from penetrating the mucosa and damaging host cells (Ducatelle et al., 2023; Wickramasuriya et 

al., 2022). These cellular connections established by TJ proteins are localized along the lateral 

sides of enterocytes, close to their apical surfaces. The different TJ proteins identified can be 

divided into two major groups: transmembrane proteins and intracellular (IC) plaque proteins. 

Transmembrane proteins, including occludin and claudins, are responsible for connecting the 

adjacent cells via binding to the adjoining transmembrane protein (González-Mariscal et al., 

2003; Suzuki, 2020). Moreover, they also serve as regulators of paracellular transport 

mechanisms and permeability, and their IC domains interact with the IC plaque proteins, such as 

zonula occludens (ZO) proteins and cingulin, thereby providing a scaffold for the interconnecting 

structure (González-Mariscal et al., 2003; Suzuki, 2020). 

At the same time, the epithelial layer contributes to immunological defense as well, as 

enterocytes can rapidly respond to infection through differentiation and proliferation while 

expressing a wide array of immune receptors on their surface. Furthermore, additional immune 

cells interspersed among the enterocytes ⎯ such as intraepithelial lymphocytes (IELs) and goblet 

cells ⎯ also play a crucial role in host defense (Ducatelle et al., 2023; Wickramasuriya et al., 

2022). Mucosal immunity further includes a diverse immune cell population embedded in the 

lamina propria beneath the epithelial layer, comprising dendritic cells, heterophils, natural killer 

(NK) cells, macrophages, and both T and B lymphocytes (Ayalew et al., 2023; Broom, 2019; 

Wickramasuriya et al., 2022). Another major component of the immunological barrier is made up 
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of gut-associated lymphoid tissues (GALT), including the bursa of Fabricius, the Meckel’s 

diverticulum, Peyer’s patches, and lymphoid follicles (Ayalew et al., 2023). 

Finally, the chemical line of defense is provided by mucus secreted by goblet cells and 

microbes, and the microbial barrier is established by the gut microbiota embedded in the mucous 

layer (Wickramasuriya et al., 2022). It is noteworthy that a growing number of studies into the 

complex role of gut microbiota suggest that this diverse microbial community also acts as a potent 

regulator of host immunity and metabolism, contributing fundamentally to the maturation of the 

immune system and the differentiation of immune cells (Wang et al., 2021). Figure 1 illustrates 

the main cell types of the small intestinal mucosa and their general schematic organization in 

terms of the lines of defense. 

 

Figure 1. The main cell types generally involved in the lines of defense of the small intestine. 

GALT = gut-associated lymphoid tissues. The illustration was created with https://BiorRender.com. 

4.2.2. Innate immune response of the gut 

Following microbial invasion, innate immunity is responsible for recognizing pathogens, 

establishing a rapid-acting immune response, and activating the acquired immune system 

(Hancock and Sahl, 2006; Kogut et al., 2006, 2005). Upon host-pathogen interaction, pathogen-

associated molecular patterns (PAMPs) are detected by pattern recognition receptors (PRRs), 

such as Toll-like receptors (TLRs), RIG-I-like receptors (RLRs), and nucleotide-binding 

oligomerization domain (NOD)-like receptors (NLRs), among which TLRs are considered the 

https://biorrender.com/
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primary sensors and represent the main focus of research (Kumar et al., 2011). Different types of 

TLRs specifically recognize distinct microbial components and initiate signaling pathways that 

enable an effective immune response through the regulated production of cytokines, chemokines, 

and endogenous antimicrobial substances (Keestra et al., 2013). Furthermore, TLR downstream 

signaling also induces co-stimulatory molecules required for antigen presentation and the 

activation of the acquired immune system (Kogut et al., 2006). Among the various TLRs, TLR1A 

and -B, TLR2A and -B, TLR3, TLR4, TLR5, TLR7, TLR15, and TLR21 were found to be expressed 

in chicken (Nawab et al., 2019), with the latter two being absent in mammals (Keestra et al., 

2013). Varying complexes of TLR1 and TLR2 recognize acylated bacterial lipopeptides, TLR3 

interacts with double-stranded RNA (dsRNA), TLR4 responds to bacterial lipopolysaccharide 

(LPS), TLR5 binds bacterial flagellin, TLR7 reacts with single-stranded RNA (ssRNA), TLR15 

detects fungal and bacterial proteases, whereas TLR21 recognizes unmethylated CpG motif-

containing DNA (CpG DNA) (Keestra et al., 2013; Kogut et al., 2005). In the gut, the cell types 

expressing TLRs include epithelial cells, dendritic cells, macrophages, and myofibroblasts 

(Velikova et al., 2016), with macrophages being the first ones to come into contact with pathogens 

(Broom, 2019). 

Ligand binding to the receptor induces dimerization, which subsequently triggers the 

activation of varying adaptor molecules, including myeloid differentiation primary response 88 

(MyD88) protein, TIR domain-containing adaptor inducing interferon-β (TRIF), or tumor 

necrosis factor receptor-associated factors (TRAF) (Kawai et al., 2024). Depending on the specific 

TLR involved, distinct sets of adaptor proteins initiate different signaling pathways that 

ultimately lead to the activation of key inflammatory mediators such as the nuclear factor kappa 

B (NF-κB) transcription factor family and mitogen-activated protein kinases (MAPKs) (Broom, 

2019; Kawai et al., 2024). This cascade subsequently regulates the production of various 

inflammatory cytokines and chemokines required for the effective eradication of the pathogen 

(Keestra et al., 2013). As such mediators, primarily the cytokines interleukin (IL)-1ß, IL-6, IL-18, 

and tumor necrosis factor (TNF)-α, as well as the chemokine IL-8 (known as CXCLi1 or CXCLi2 in 

chicken), are produced by macrophages in response to microbial stimuli (Broom, 2019). The 

production of IL-8 triggers rapid and massive heterophil infiltration immediately following 

pathogen recognition, which subsequently exacerbates the production of inflammatory 

mediators and leads to respiratory burst, monocyte infiltration, and macrophage differentiation 

(Broom, 2019). Despite having complex biological roles intricated by their mutual interactions, it 

can be concluded that most of the cytokines listed generally act to promote and stimulate immune 

responses, chemokines are responsible for recruiting effector cells, whereas IL-10 and 

transforming growth factor (TGF)-β are characterized primarily by their anti-inflammatory 

properties (Akdis et al., 2011). To promote pathogen clearance, Paneth cells of the mucosal 



15 
 

immune system also secrete various AMPs, mostly belonging to the chicken defensin and 

cathelicidin families (Nazeer et al., 2021). 

Additionally, TLR downstream signaling consequently induces co-stimulatory molecules 

required for antigen presentation and the activation of the acquired immune system (Kogut et al., 

2006). As primary antigen-presenting cells, dendritic cells modulate the differentiation of naïve 

T cells to specific lineages depending on the given inflammatory circumstances (Luckheeram et 

al., 2012). This enables a polarized cytokine expression based on the different T cell subsets (T 

helper [Th]1, Th2, Th17, regulatory T cells [Treg], and cytotoxic T cells) (Kaiser, 2010). Thus, 

innate mucosal immunity coordinates a tightly regulated response to pathogens while also 

closely cooperating with adaptive immune cells (Kaiser, 2010). Under physiological conditions, 

this controlled and delicately balanced immune response is beneficial to the host; however, due 

to its extraordinary sensitivity and complexity, it may also give rise to excessive inflammation 

and tissue damage. Cytokines and chemokines, as mediators of intercellular communication, play 

a pivotal role in orchestrating an appropriate immune response (Lauridsen, 2019). 

4.2.3. Innate immune response of the liver 

The liver is constantly exposed to gut-derived microbial metabolites and components 

through the portal vein, which it must tolerate under normal conditions, while remaining 

prepared to mount a response when necessary. This regular exposure to microbial compounds, 

paired with a continuously changing microenvironment, results in a strictly controlled immune 

state (Robinson et al., 2016). 

Hepatic immune homeostasis largely depends on the cells and processes within the 

complex network of sinusoids (Heymann and Tacke, 2016), which receive blood from the portal 

vein and the hepatic artery and forward the flow toward the central vein (Ahmed et al., 2021; 

Zaefarian et al., 2019). The sinusoids are lined by liver sinusoidal endothelial cells (LSECs), which 

form a fenestrated layer, thereby permitting the passage of blood to the hepatocytes (Ahmed et 

al., 2021). In the sinusoidal lumen, resident macrophages (also known as Kupffer cells) reside, 

accounting for around 90% of fixed tissue macrophages within the body (Ahmed et al., 2021; 

Kubes and Jenne, 2018; Racanelli and Rehermann, 2006; Shan and Ju, 2020). In addition, 

lymphocytes are localized throughout the portal tract and the parenchyma (Racanelli and 

Rehermann, 2006), while hepatic stellate cells (HSCs) can be found in the space of Disse, between 

hepatocytes and LSECs (Shan and Ju, 2020). The schematic illustration of the major cell types 

present in the liver sinusoids is shown in Figure 2. 
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Figure 2. The general cellular composition of a liver sinusoid. The illustration was based on the 

articles of Zaefarian et al. (2019) and Ahmed et al. (2021) and created with https://BiorRender.com. 

Resident macrophages play a central role in inducing and modulating hepatic immune 

responses (Heymann and Tacke, 2016; Racanelli and Rehermann, 2006). Within the sinusoidal 

lumen, Kupffer cells express a broad repertoire of immune receptors, including opsonin receptors 

and PRRs, enabling them to effectively distinguish pathogens from host cells and mount 

appropriate responses (Kubes and Jenne, 2018). Under physiological conditions, low levels of 

microbial metabolites are neutralized by Kupffer cells in a manner that prevents the activation of 

adaptive immunity. This is achieved by the constitutive expression of cytokines such as IL-10, 

TGF-ß, and IFN-γ (Racanelli and Rehermann, 2006; Robinson et al., 2016). Since this process is 

responsible for maintaining the tolerogenic nature of the liver (Robinson et al., 2016; Shan and 

Ju, 2020), Kupffer cells also largely determine systemic tolerance to foreign substances (Racanelli 

and Rehermann, 2006). However, resident macrophages can rapidly respond to high microbial 

load by internalizing pathogens, inducing TLR-signaling and cytokine production as described 

previously (Chapter 4.2.2), recruiting immune cells, and presenting antigens to T cells (Kubes and 

Jenne, 2018). Specifically, IL-12 and IL-18 secreted by Kupffer cells contribute to the 

differentiation and local expansion of NK and NKT cells, subsequently leading to enhanced IFN-γ 

production and polarization of the adaptive immune response. At the same time, production of 

pro-inflammatory cytokines IL-1ß, IL-6, and TNF-α, as well as chemokines (e.g., IL-8 and 

“regulated on activation, normal T cells expressed and secreted” [RANTES]), leads to leukocyte 

recruitment, thereby exacerbating the cytokine response. It is worth mentioning that LSECs and 

dendritic cells also play a crucial role in phagocytosis and antigen presentation, therefore, in 

initiating a first-phase reaction to infection (Liaskou et al., 2012; Racanelli and Rehermann, 2006). 

https://biorrender.com/
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In addition to the non-parenchymal (NP) cells mentioned above, hepatocytes can also 

detect PAMPs and extrahepatic inflammatory mediators, even though their primary role is 

regulating metabolic processes and detoxification (Kubes and Jenne, 2018; Robinson et al., 2016). 

Upon detection, hepatocytes initiate the production of acute-phase proteins and IL-6, which 

further support recruitment and activation of leukocytes, as well as fibrotic response of the liver 

(Robinson et al., 2016). In summary, hepatic innate immune cells, supported by the function of 

hepatocytes, coordinate the first-line immune response by producing an extremely diverse array 

of cytokines and chemokines that enable communication between different cell types (Liaskou et 

al., 2012). Thus, alterations in cytokine production substantially influence the function of other 

immune cells and parenchymal cells, as well as the extent to which the inflammatory response is 

associated with hepatic tissue damage (Tacke et al., 2009). 

4.2.4. Interplay between inflammation and oxidative stress 

In poultry farming, bacterial and viral intestinal infections, as well as imbalances in the 

gut microbiome, are often accompanied by oxidative stress (Oke et al., 2024).  In addition, as the 

central organ of detoxification and metabolism, the liver is also highly vulnerable not only to 

inflammation but also to oxidative stress (Surai et al., 2021). In the defense against pathogens, 

the formation of reactive species, such as reactive oxygen species (ROS) and reactive nitrogen 

species (RNS), is an essential mechanism (Surai et al., 2021). These compounds, secreted mainly 

by macrophages and neutrophils (Mishra and Jha, 2019), include superoxide anion (O2*-), 

hydrogen peroxide (H2O2), hydroxyl radical (HO*), nitric oxide (NO), and peroxynitrite (ONOO-) 

(Goetz and Luch, 2008). Even though they play a significant role as mediators, their excessive 

deliberation can impair proteins, nucleic acids, and membrane-building lipids (Li et al., 2016), 

eventually resulting in organ damage, intestinal disorders, immune suppression, and decreased 

production performance of the animals (Li et al., 2016; Mishra and Jha, 2019; Surai et al., 2021). 

In recent years, an increasing number of studies have revealed the cellular interplay 

between inflammatory and oxidative events, describing their mutual influence on each other 

(Mohan and Gupta, 2018; Surai et al., 2021). This tightly regulated interaction is orchestrated 

through the crosstalk between the transcription factors nuclear factor erythroid 2-related factor 

2 (Nrf2) and the previously mentioned NF-κB involved in TLR pathways (Mohan and Gupta, 

2018). Upon activation of TLR signaling, increased nicotinamide adenine dinucleotide phosphate 

(NADPH) oxidase activity initiates ROS production, which subsequently activates Nrf2 either 

directly or through the induction of MAPKs (Mohan and Gupta, 2018). Under physiological 

circumstances, Nrf2 is mainly degraded by Kelch-like ECH-associated protein 1 (Keap1) in the 

proteosome (Magesh et al., 2012). However, upon oxidative stress, Nrf2 escapes from the complex 

and translocates into the nucleus, subsequently activating the gene expression of various 

cytoprotective proteins (Magesh et al., 2012) and suppressing that of pro-inflammatory cytokines 
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(Mohan and Gupta, 2018). As a result, Nrf2 is described as a major regulator of the antioxidant 

defense system (Magesh et al., 2012; Mohan and Gupta, 2018). Studies have revealed that Nrf2 

and NF-κB can influence each other’s expression and activity (Surai et al., 2021), and that TLR 

agonists can also activate Nrf2-signaling, while activators of Nrf2 can suppress TLR-mediated 

inflammation (Mohan and Gupta, 2018). Thus, the complex crosstalk between the two 

transcription factors enables a mutual interaction between inflammatory and oxidative 

responses. 

4.3. In vitro/ex vivo models to investigate hepatic and intestinal 

inflammatory processes 

Since the introduction of the 3R principles (replacement, reduction, refinement) in 1959 

and their inclusion in the European Directive 2010/63 (Cacciamali et al., 2022), two-dimensional 

(monolayer) cell cultures have become the most widely used models for testing drug candidates, 

as well as biological processes and diseases at the cellular level (Juarez-Moreno et al., 2022). 

Despite their widespread use, however, the limitations of these cultures have become 

increasingly evident, thereby intensifying research into the development of 3D models with a 

better ability to recapitulate in vivo conditions (Cacciamali et al., 2022; Juarez-Moreno et al., 

2022). Nonetheless, the broad and standardized implementation of these 3D systems has yet to 

be achieved and necessitates further research (Paradiso et al., 2023). 

Given the central role of the liver in metabolism and physiology, as well as the significance 

of testing potential side effects of drug candidates, in vitro hepatic models have emerged as widely 

used experimental systems in human medicinal research (Paradiso et al., 2023). Among the 

various approaches, primary human hepatocyte cultures are considered the gold standard 

models (Bell et al., 2016; Kvist et al., 2018; Paradiso et al., 2023); however, numerous studies are 

likewise conducted on cancer-derived cell lines (Kvist et al., 2018). At the same time, based on 

the complexity of cellular composition and the pivotal role of NP cells in liver function, attempts 

have been made to develop hepatocyte–NP cell co-cultures, in which NP cells predominantly 

denote macrophages (Rose et al., 2016). Eventually, these co-cultures were found not only to 

recapitulate cellular interactions better but also to enhance the survival of isolated cells and 

extend the duration of culture maintenance (Kaur et al., 2023; Rose et al., 2016). In the field of 

poultry science, far fewer models, namely, the immortal chicken embryo liver-derived cell line 

(CEL-im) (J. Lee et al., 2013), the LMH leghorn male hepatoma cell line (Fodor et al., 2023), and 

primary hepatocyte monocultures (Hou et al., 2001; Zhang et al., 2022), have been used to 

investigate cellular processes in the liver. In order to incorporate NP cells, our research team has 

successfully established a primary hepatocyte–NP cell co-culture with a 6:1 cell ratio, thereby 

enabling the investigation of immunological and oxidative processes (Mackei et al., 2020a). Since 

the introduction of the model, several immunomodulatory agents have been tested in this 
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experimental setting, including plant-derived substances (Tráj et al., 2023, 2022), mycotoxins 

(Mackei et al., 2020b), matriptase inhibitors (Barna et al., 2021), and AMPs (Sebők et al., 2023, 

2022). Nevertheless, it is worth mentioning that due to the limitations of hepatic monolayer 

cultures, since then, our research group has adapted the co-culture for the establishment of a 3D 

model (Vörösházi et al., 2025, 2024). 

Since the GI tract is highly exposed to pathogens and xenobiotics, and oral administration 

represents the most common route of drug delivery, the intestine also represents a common 

target organ for investigations into the cellular effects of specific compounds. Nevertheless, the 

complexity of the gut makes it challenging for researchers to model cellular events reacting to 

different types of stimuli under in vitro conditions (Randall et al., 2011). To investigate these 

mechanisms, intestinal epithelial cell cultures of human origin are commonly used models. In the 

context of poultry, the availability of such cell cultures, including the immortalized chicken 

intestinal epithelial cell line SV40 (Ghiselli et al., 2023) and primary chicken enterocyte cell 

cultures (Ghiselli et al., 2021), is considerably more limited. However, it is challenging to 

recapitulate the intricate connections with other cell types in experimental systems made up 

solely of epithelial cells, as these interactions are crucial for coordinating a proper immune 

response during inflammation and for reinforcing epithelial barrier function (Marks et al., 2022). 

Therefore, as in the case of primary hepatocyte monocultures, the absence of cellular variety in 

solely epithelial cell lines is a significant drawback (Marks et al., 2022). As a solution, the use of 

intestinal tissue explant cultures is a remarkable attempt to counteract this challenge (Randall et 

al., 2011), and they appear to be a valuable model for investigating immunomodulatory agents, 

considering the involvement of different cell types in their complexity (Kallapura et al., 2015). In 

addition, the layered and polarized structure of cells in an ex vivo explant culture also represents 

a significant advantage (Mátis et al., 2025). As a result, after several tissue culture models were 

established for other species (Zhang et al., 2017), chicken-derived intestinal explant cultures have 

also been introduced in recent years (Kallapura et al., 2015; Randall et al., 2011; Zhang et al., 

2017), including the ileal explant culture model developed by our research team (Mátis et al., 

2025). Since its establishment, it has been used to investigate the immunomodulatory effects of 

several substances, such as the AMP chicken Cathelicidin-2 (Mátis et al., 2024) and the probiotic 

Limosilactobacillus reuteri CCM9425 (Karaffová et al., 2024; Kiššová et al., 2025). 

Investigation of hepatic and intestinal immunological processes inevitably requires 

research on suitable agents that mimic inflammatory conditions. In this regard, our research team 

has attempted to examine the ability of selected PAMPs to induce inflammation in both the 

primary chicken hepatic co-culture (Sebők et al., 2021) and ileal explant models (Mátis et al., 

2025). In these studies, several TLR agonists, such as Staphylococcus aureus-derived lipoteichoic 

acid (LTA), Escherichia coli-derived LPS and enterotoxin ETxB, Salmonella Typhimurium-derived 
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flagellin, viral dsRNA analog polyinosinic polycytidylic acid (Poly I:C), and phorbol myristate 

acetate (PMA), were applied to either one or both models at different concentrations. Thereafter, 

cell viability and cytokine response of hepatic cell cultures and ileal explants were analyzed, 

thereby identifying the most appropriate settings to induce an inflammatory response. Based on 

the results, Poly I:C, a TLR3 agonist, was suggested to be a suitable agent at a 50 μg/mL 

concentration for both cultures (Mátis et al., 2025; Sebők et al., 2021). Upon binding to its 

receptor, Poly I:C leads to the recruitment of the adaptor protein TRIF, subsequently activating 

NF-κB and the production of pro-inflammatory mediators (Lundberg et al., 2007). Given that viral 

dsRNA occurs not only in viruses possessing such genetic material but also as a replicative 

intermediate in both ssRNA and dsDNA viruses (Jacobs and Langland, 1996), Poly I:C may 

generally be used to model virus-induced inflammation. Furthermore, although the TLR3 

signaling pathway is stimulated by viral nucleic acids, the immunological consequences are more 

complex and eventually impact additional inflammatory pathways (Teixeira et al., 2020). In fact, 

Poly I:C-triggered cellular events can interact with TLR signaling induced by other bacterial 

components. Moreover, it has been described that apart from viral dsRNA, RNA released from 

necrotic epithelial cells can also trigger TLR3 activation, thereby inducing inflammation (Teixeira 

et al., 2020). Accordingly, Poly I:C-induced inflammation can be associated at several levels with 

cellular processes arising from other inflammatory stimuli. 

4.4. Antimicrobial peptides 

In the fight against the previously described challenges in the livestock sector, paired with 

the demand for alternatives that can beneficially influence the immune status of chickens, AMPs 

have aroused particular interest in the context of poultry farming and appear to be promising 

candidates due to their beneficial effects. 

4.4.1. General properties 

AMPs are produced by all living organisms as an essential part of the innate immune 

system, helping the host overcome infections originating from various pathogens in eukaryotes, 

and supporting the competition strategies against other microorganisms in prokaryotes (Moretta 

et al., 2021). Therefore, AMPs are evolutionarily ancient and conserved molecules with diverse 

structural and functional characteristics (da Cunha et al., 2017). Due to their widespread 

occurrence, more than 3,300 natural AMPs are currently registered in the Antimicrobial Peptide 

Database of the University of Nebraska Medical Center (https://aps.unmc.edu/). 

Despite the diversity and extended number of AMPs, they share some common structural 

properties.  They are generally short molecules consisting of fewer than 100 residues, with the 

vast majority of the peptides containing 12-50 amino acids (Min et al., 2024). In addition, 96% of 

AMPs display a cationic nature with a net charge ranging from +2 to +11 (Moretta et al., 2021) 

https://aps.unmc.edu/


21 
 

due to the high number of lysine, arginine, and histidine residues (da Cunha et al., 2017; Min et 

al., 2024). The above characteristics, together with the notable (at least 30% and typically 40-

60%) proportion of hydrophobic side chains, allow AMPs to fold into an amphiphilic structure 

(Hancock and Sahl, 2006; Min et al., 2024), contributing to their flexibility (Moretta et al., 2021). 

Despite being found in unordered conformation in aqueous solutions, AMPs are generally 

classified into four main categories based on their secondary structure, which is formed upon 

interaction with biological membranes (Min et al., 2024). These classes include α-helical peptides, 

ß-sheet peptides with two or more disulfide bridges, ß-hairpin or loop peptides with a single 

disulfide bridge and/or cyclization, and extended peptides rich in glycine, proline, tryptophan, 

arginine, and histidine (Hancock and Sahl, 2006; Moretta et al., 2021). However, some AMPs lack 

a secondary structure and display a random coil conformation (Mahlapuu et al., 2016). Peptide 

length, cationicity, amphiphilicity, high proportion of hydrophobic residues, and secondary 

structure remarkably determine the biological activity of the given AMP, conferring a high 

diversity in their effects due to the unique structural differences (Sebők et al., 2024). 

As indispensable components of innate immunity, AMPs are predominantly produced by 

leukocytes and epithelial cells of mucous membranes or at the site of inflammation (Coorens et 

al., 2015). Just like peptide hormones, AMPs are synthesized as immature precursors that 

eventually undergo proteolytic cleavage to yield the mature, biologically active form (Brown and 

Hancock, 2006; Linde et al., 2008). Their expression/secretion can either be constitutive or 

inducible, the latter of which requires specific triggers, such as bacterial metabolites or 

inflammatory cytokines (Brown and Hancock, 2006; Linde et al., 2008). 

4.4.2. Mechanisms of action 

While conventional antibiotics exert their activity by acting on a defined bacterial target, 

the efficacy of AMPs originates in their dual role: in addition to directly attacking microbes, they 

can also exert remarkable beneficial effects on host cells, thereby supporting the fight against 

invading pathogens. This multifaceted mechanism of action, particularly the ability to act on host 

targets, offers a significant advantage over conventional antibiotics and greatly reduces the 

propensity for developing bacterial resistance against AMPs (Wang et al., 2016). Given that in 

recent years, increasing importance has been attributed to the immunomodulatory effects of 

AMPs, they are frequently referred to as host defense peptides (HDPs) (Lee et al., 2019). 

4.4.2.1. Direct antimicrobial activity 

Since AMPs first attracted attention for their broad-spectrum direct antimicrobial activity, 

initial studies aimed to investigate this mode of action and the common structural and 

physiological characteristics behind it (Lee et al., 2019). AMPs can exert a direct antibacterial 

effect in two main ways: they either bind to the cell membrane and cause pore formation 
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(membrane-acting peptides) or display their activity by acting on IC targets (Sebők et al., 2024). 

However, their interaction with bacterial cells can be generally described, regardless of the actual 

mode of action. In this term, the cationic nature of AMPs is a key driving force, allowing the 

formation of electrostatic interactions between the peptide and the negatively charged surface of 

the bacterial cell (Jenssen et al., 2006). This negative net charge is established by the high 

proportion of phospholipids such as phosphatidylglycerol, phosphatidylserine, and cardiolipin 

(Andersson et al., 2016). In addition, LPS molecules in the outer membrane of Gram-negative 

bacteria and teichoic acids in the cell wall of Gram-positive ones also contribute to the anionic 

nature (Mahlapuu et al., 2016). In contrast, eukaryotic cells are composed of zwitterionic 

phospholipids ⎯ including phosphatidylethanolamine, -cholamine, and -choline, as well as 

sphingomyelin ⎯ , which confer a neutral net charge to the surface (Islam et al., 2024). Therefore, 

a membrane-related interaction between AMPs and eukaryotic cells can only occur through a 

considerably weaker hydrophobic effect (Islam et al., 2024), enabling the peptides’ selectivity to 

bacterial cells (Mahlapuu et al., 2016). In addition, membrane-forming cholesterol further 

stabilizes the structure of eukaryotic cell membranes, thereby reducing potential cytotoxic effects 

(Islam et al., 2024). Upon contact with bacterial cells, AMPs transform into their amphiphilic 

secondary structure, which is necessary for their bactericidal activity (Hancock and Sahl, 2006). 

After transiting the outer membrane by self-promoted uptake (Hancock and Sahl, 2006), they 

adopt a parallel orientation to the membrane (Jenssen et al., 2006). From this point on, they can 

exert their effects through various mechanisms, and the individual peptides’ mode of action likely 

varies depending on the actual concentration, the targeted bacterial cell and its growth phase, the 

physical properties of the interacting membranes, and tissue localization (Jenssen et al., 2006; 

Mahlapuu et al., 2016). 

In the case of membrane-acting AMPs, bacterial membrane permeabilization has been 

described in different models. However, for permeabilization to occur, peptides must attain a 

certain concentration typically falling within the micromolar range (Sebők et al., 2024). According 

to the “toroidal pore model”, peptides insert perpendicularly into the membrane, bending lipid 

monolayers to create doughnut-shaped pores bordered by both peptides and phospholipid 

headgroups. In the “barrel-stave model”, peptides also insert in a straight orientation but 

assemble into a pore resembling the staves of a barrel, with hydrophobic surfaces facing the lipid 

core and hydrophilic regions lining the pore’s interior (Jenssen et al., 2006). In contrast, the 

“carpet model” describes peptides aligning parallel to the membrane surface, with their 

hydrophobic regions facing the lipid bilayer and extensively covering it. Once the AMPs reach a 

sufficiently high concentration, they exert detergent-like effects, disrupting the bilayer via micelle 

formation and pore generation (Girdhar et al., 2024). Following any of the above interactions, the 

permeability of the bacterial cell membrane changes, leading to the loss of essential ions and 
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metabolites, the subsequent disintegration of the membrane structure, and ultimately, cell lysis 

(Mahlapuu et al., 2016). 

In contrast, non-lytic peptides can pass through the cell membrane without causing 

damage and inhibit essential cell functions intracellularly (Moretta et al., 2021). This 

translocation can be achieved in various ways, including receptor-mediated processes, the 

formation of transient toroidal pores, and the involvement of transporter proteins (Cardoso et al., 

2019). Although this non-lytic mechanism of action has been less frequently studied, it can be 

suggested that the high proportion of proline residues plays a crucial role, acting as a “membrane 

translocation promoter” (Cardoso et al., 2019). After reaching the IC compartment, AMPs can 

inhibit key cellular processes, such as DNA-, RNA-, protein-, and cell wall synthesis, as well as 

protein folding and ion transport (Cardoso et al., 2019; K R et al., 2024). Moreover, it has also 

been described that several peptides can even inhibit those enzymes responsible for 

aminoglycoside resistance (Boehr et al., 2003).  

In the context of livestock farming, several peptides have been shown to inhibit poultry 

pathogens, such as Salmonella spp., Escherichia coli, Staphylococcus aureus, Pseudomonas 

aeruginosa, and Enterococcus faecalis (Hao et al., 2024; Javadmanesh et al., 2021; Xu et al., 2023). 

Moreover, although the majority (approximately 60%) of AMPs possess antibacterial activity, it 

is worth mentioning that 26% of them display antifungal effects, and 2-6% of peptides can inhibit 

certain viruses or protozoa (Islam et al., 2024). In terms of antiviral effects and poultry farming, 

for instance, swine intestine antimicrobial peptides were found to inhibit replication of infectious 

bronchitis virus (IBV) in chicken embryos (Sun et al., 2010). Given that the burden of morbidity 

and mortality caused by viral infections continues to rise (Wang et al., 2016), AMPs may also have 

a considerable role in this context. 

4.4.2.2. Immunomodulatory (indirect antimicrobial) activity 

Although AMPs first aroused interest due to their broad-spectrum direct antimicrobial 

activity, it was found that many peptides tend to lose this effect under physiological 

circumstances. As such, serum proteins and lipoproteins, as well as glycosaminoglycans, along 

with cations and anions at physiological concentrations, can inhibit their microbicidal activity. In 

contrast, immunomodulation is more likely to be observed in in vivo or in vivo-like conditions as 

well. Therefore, research has been increasingly focusing on the immunomodulatory, also known 

as indirect antimicrobial, activity of AMPs in recent decades (Hancock et al., 2016; Hancock and 

Sahl, 2006). As a result of these findings, it has become a widely accepted view that the primary 

function of AMPs is to serve as important signaling molecules that affect cellular activities 

(Hancock et al., 2016). 

The mechanism of action behind AMPs’ immunomodulatory activity can vary depending 

on the immune cell type involved; however, macrophages and mast cells serve as useful models 
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to demonstrate this process. First, AMPs interact either with surface receptors ⎯ including Gi 

protein-coupled receptors ⎯ or the cytoplasmic membrane of host cells. After their translocation, 

peptides bind to IC receptors, such as those of glyceraldehyde 3-phosphate dehydrogenase. This 

subsequently stimulates various signal transduction pathways that are tightly associated with 

innate immunity, including extracellular signal-regulated kinase (ERK)1/2, MAPKs, and NF-kB. 

Consequently, the affected transcription factors translocate into the nucleus and regulate the 

expression of almost 1,000 different genes with immunological roles, thereby allowing an 

incredible diversity of immunomodulatory effects to be exerted. This mechanism of action is 

further complicated in the presence of pathogens, PAMPs, and even the host’s own mediators. 

Apart from the process mentioned above, AMPs can also directly induce chemotaxis without 

being internalized into host cells by acting on specific chemokine receptors (Hilchie et al., 2013). 

Among the diverse immunological effects of AMPs, it is noteworthy that they primarily 

modulate innate immunity, which represents the first line of defense against pathogens and 

establishes a rapidly acting, non-specific immune response (Hancock and Sahl, 2006). The 

previously described complex process of innate immune response can be modulated by AMPs in 

various ways, such as changing the expression of TLRs (Dai et al., 2022), neutralizing endotoxins 

by direct binding (Brown and Hancock, 2006), inhibiting adaptor proteins ⎯ e.g., MyD88 (Hong 

et al., 2020a) ⎯ or key inflammatory mediators of TLR downstream signaling ⎯ including MAPKs 

(Daneshmand et al., 2020; Kim et al., 2017) ⎯ , and influencing gene expression or production of 

cytokines, thereby promoting immune homeostasis (Ali et al., 2022). Moreover, AMPs can 

influence the function and activation of innate immune cells, such as macrophages (Coorens et al., 

2015) and heterophils (Kogut et al., 2007; Xie et al., 2002), as well as the process of phagocytosis 

(Kogut et al., 2007; Kraaij et al., 2020; Peng et al., 2020) and oxidative burst (Kogut et al., 2012, 

2007). 

The activation of the innate immune response simultaneously initiates the long-lasting, 

antigen-specific adaptive immune response, and AMPs have been found to act at this interface as 

well (Brown and Hancock, 2006; Kumar et al., 2011). In this regard, AMPs can promote dendritic 

cell maturation and subsequently activate T and B cells, induce differentiation of certain cell 

lineages, polarize cytokine response, recruit effector cells, increase antibody production, regulate 

the complement system, and upregulate co-stimulatory molecules (Ali et al., 2022; Brown and 

Hancock, 2006; Hancock and Sahl, 2006). Consequently, apart from acting on innate immune cells, 

AMPs can also modulate cells that bridge innate and adaptive immunity (monocytes and dendritic 

cells) (Brown and Hancock, 2006). Moreover, they can even directly regulate T and B cells (Ali et 

al., 2022) and cluster of differentiation (CD) molecules on the surface of immune cells (Kraaij et 

al., 2017; Soman et al., 2009). 
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Based on the tight interaction between inflammatory and oxidative states, AMPs have 

been found to exert immunomodulatory activity by influencing redox processes and are 

suggested to play a crucial role in maintaining a balance between necessary and excessive ROS 

production (Oyinloye et al., 2015). For instance, some AMPs can inhibit free radical production, 

oxidative DNA damage, and lipid peroxidation, while also exerting scavenging activity (Mohseni 

et al., 2014) and modulating the activation of the transcription factor Nrf2 (Yan et al., 2021). 

Moreover, AMPs can also act on the antioxidant defense system by altering the activities of key 

enzymes, such as superoxide dismutase (SOD), catalase, glutathione peroxidase, or heme 

oxygenase (Shreeya et al., 2023; Wickramasuriya et al., 2021; Zhu et al., 2022). Nevertheless, it 

needs to be considered that this property may also involve the induction of ROS formation, as it 

can be an essential mechanism of action in both the antifungal and anticancer effects of the 

peptides (Cho and Lee, 2011; Huang et al., 2011; Su et al., 2019). 

It is worth highlighting that, based on the above, the immunomodulatory effect is not 

uniform but highly varying depending on the specific AMP, its concentration, and the given 

biological environment, including the nature of inflammatory stimulus and cell types, signaling 

pathways, and receptors involved (Duarte-Mata and Salinas-Carmona, 2023). Furthermore, it has 

become evident that rather than acting on a single receptor or signaling pathway, AMPs exert a 

pleiotropic effect that can encompass both pro- and anti-inflammatory activities depending on 

the biological context (Duarte-Mata and Salinas-Carmona, 2023; Hancock et al., 2016), where 

even small differences in experimental conditions can lead to markedly different outcomes 

(Hancock et al., 2016). This complex ability to exert both pro- and anti-inflammatory effects 

makes it particularly challenging to predict the in vivo activity of AMPs; however, it underscores 

their potential to modulate the balance of immune processes in a context-dependent manner 

(Peng et al., 2020). Owing to this considerable variability, it is particularly important to examine 

changes at the cytokine and chemokine level in detail to gain a more accurate understanding of 

AMPs’ immunological activities. 

4.4.3. The impact of AMPs on cellular function and overall health in poultry 

The beneficial effects of AMP treatment on host cells have been widely investigated in 

varying species; however, far fewer studies focus on the chicken or chicken-derived cells. 

Regarding poultry, most studies have been conducted on chicken-derived immune cells or in in 

vivo settings, with the latter mainly focusing on gut health and nutritional performance. 

Among in vitro systems, the HD11 chicken macrophage cell line and peripheral 

mononuclear cells (PBMCs) are the most widely used cell cultures to test AMPs. Nevertheless, 

additional models, including primary cultures of peritoneal macrophages (Liu et al., 2019), 

primary heterophil cell cultures (Kogut et al., 2012, 2007; Xie et al., 2002), spleen-derived cell 

cultures (Mingfu et al., 2023; Soman et al., 2009), as well as the hepatic co-culture and ileal explant 
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model of our research group (Mátis et al., 2024; Sebők et al., 2023, 2022), have also revealed the 

multifaceted immunomodulatory activity of AMPs. Through the application of these cell cultures, 

several peptides have been shown to shape the immune response by various mechanisms, 

ranging from influencing IC signaling pathways (Coorens et al., 2015; Hong et al., 2020b, 2020a; 

Kogut et al., 2012) to activating specific immune cells (Coorens et al., 2015; Kogut et al., 2012; Xie 

et al., 2002) and even inducing the production of the chicken’s own AMPs (Peng et al., 2020). A 

comprehensive overview of the immunomodulatory effects of AMPs on poultry cells reported to 

date is shown in Figure 3. 

 

Figure 3. Immunomodulatory effects of antimicrobial peptides on poultry cells. The figure was 

prepared based on the results published in the following articles: Allan et al., 2012; Coorens et al., 2015; 

Hong et al., 2020b, 2020a; Kim et al., 2017; Kogut et al., 2012, 2007; Kraaij et al., 2020, 2017; Liu et al., 

2019; Mátis et al., 2024; Mingfu et al., 2023; Peng et al., 2020; Sebők et al., 2023, 2022; Soman et al., 2009; 

Xie et al., 2002. The illustration was created with https://BiorRender.com. 

Although a wide array of activities has been identified, the abovementioned effects have 

mainly been attributed to chicken-derived AMPs, such as chicken-NK-lysins, chicken 

cathelicidins, and avian β-defensins. Additionally, it can also be concluded that the cellular effects 

of AMPs on hepatic and intestinal cells remain largely unexplored under in vitro conditions, 

leaving a critical gap in our understanding of their immunomodulatory roles in poultry. 

In in vivo experiments, however, the GI tract has been the primary focus of research into 

the effects of AMPs. It was found that in poultry, AMPs can modulate enteric immune state by 

affecting TLR expression, adaptor molecules of TLR signaling, production/gene expression of 

inflammatory mediators (Dai et al., 2022; Kogut et al., 2013; Wang et al., 2015; X. Zhang et al., 

https://biorrender.com/
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2021), distribution of certain cell types ⎯ such as goblet cells, IELs, and secretory 

immunoglobulin A (sIgA)-producing cells (Bao et al., 2009; Cuperus et al., 2018; Jiang et al., 2009; 

Liu et al., 2008; Osho et al., 2019; Wang et al., 2009) ⎯ , and sIgA production (Kim et al., 2018; Li 

et al., 2023; Liu et al., 2024; Wu et al., 2020). Moreover, their complex role in the poultry gut has 

also been reflected in their ability to support normal intestinal morphology, TJ connections 

(Daneshmand et al., 2020; Y. Lee et al., 2023b, 2023a; Shen et al., 2023; Wang et al., 2020), 

oxidative state (Qin et al., 2023; Shreeya et al., 2023; Wickramasuriya et al., 2023, 2021; Zhu et 

al., 2022), microbiome composition (Cuperus et al., 2018; Daneshmand et al., 2019), digestive 

function (Hu et al., 2017; Karimzadeh et al., 2016; Ma et al., 2020), and absorptive capability (Hu 

et al., 2010; Wu et al., 2020; Zhu et al., 2022). 

Based on the above findings, research has been intensively focusing on the indirect 

antimicrobial effects of AMPs in poultry. However, only a limited number of peptides have been 

investigated in this context, experimental systems vary considerably, and AMPs have been 

reported to exert highly diverse (even opposing) effects. Consequently, investigations at the 

cellular level are of particular importance, with special emphasis on the liver, for which very few 

data are available despite its central role, and to the intestine, which is the first site of contact 

with feed additives and a cornerstone of the animals’ productive performance. 

4.4.4. Cecropin A 

Due to the widespread occurrence, insects represent a significant source of AMPs, as their 

defense mechanisms solely rely on the innate immune system (Brady et al., 2019; Patyra and 

Kwiatek, 2023). Based on their structure, insect AMPs can be divided into four classes: α-helical 

peptides (e.g., cecropins), cysteine-rich peptides (e.g., defensins), proline-rich peptides (e.g., 

apidaecin), and glycine-rich peptides (e.g., attacin) (Yi et al., 2014), with cecropins representing 

the largest group and being at the forefront of research. Apart from them, cecropin-like peptides, 

such as papiliocin, sarcotoxins, stomoxins, spodopsins, enbocins, hyphacin, and ceratotoxin, also 

belong to the same structural class (Brady et al., 2019; Zhou et al., 2024). Their genes are 

constitutively expressed at a low level in the fat bodies, midgut, and reproductive tract, while in 

the case of infection, transcription is highly induced in gut epithelial cells, hemocytes, and fat 

bodies (Brady et al., 2019). So far, cecropins have been isolated from a wide range of insects, 

including the orders Lepidoptera, Hexapoda, Coleoptera, and Diptera, not to mention the 

additional sources regarding cecropin-like peptides with specific host species (Brady et al., 2019). 

Despite showing differences based on the origin, they are generally composed of 35-39 residues 

with a basic-amphiphilic N-terminal region and a C-terminal hydrophobic domain, connected by 

a proline-and glycine-rich flexible hinge (Brady et al., 2019; Lee et al., 2015). 

In terms of direct antimicrobial activity, cecropins have been found to act against a broad 

spectrum of pathogens, including (even multidrug-resistant [MDR]) bacteria, fungi, viruses, and 
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protozoa, among which Gram-negative bacteria are the most susceptible to their effect (Brady et 

al., 2019; Efimova et al., 2018). In this activity, the types of N-terminal residues and amidation at 

the C-terminal region appear to be essential structural prerequisites (Yi et al., 2014). According 

to the model of Efimova et al. (2018), individual cecropin molecules tend to oligomerize upon 

contact with bacterial membranes, enabling pore formation and the subsequent insertion of 

peptide monomers. Thus, cecropins exert their direct activity through bacterial membrane 

permeabilization (Silvestro et al., 2000), while exhibiting selectivity to bacteria and 

demonstrating no or minimal cytotoxicity to eukaryotic cells (Brady et al., 2019). 

Apart from their broad-spectrum antimicrobial effect, cecropins can effectively modulate 

the host’s immune response by inhibiting key molecules of inflammatory signaling pathways such 

as MAPKs or NF-κB proteins (Dai et al., 2020; Oh et al., 2024; Wei et al., 2018, 2017). Therefore, 

they can influence the production of cytokines that are responsible for the inflammatory 

response. Additionally, cecropins are promising in terms of alleviating oxidative stress (Zhang et 

al., 2019; Zhao et al., 2024), enhancing intestinal epithelial integrity and morphology (Li et al., 

2025; Wu et al., 2012; Zhai et al., 2018; Zhang et al., 2019), improving nutritional and production 

performance in livestock farming (Bai et al., 2019; Ouyang et al., 2024; Wen and He, 2012; Wu et 

al., 2012), and beneficially shaping gut microflora (Choi et al., 2013; Dai et al., 2020; Li et al., 2025). 

Consequently, due to their low molecular weight, advantageous structural properties, low 

cytotoxicity against eukaryotic cells, as well as direct and indirect antimicrobial activities (Brady 

et al., 2019; Ouyang et al., 2024; Zhang et al., 2024; Zhou et al., 2024), cecropins account for an 

extensively studied group of AMPs and are widely used in the design of synthetic derivatives. 

Cecropin A (KWKLFKKIEKVGQNIRDGIIKAGPAVAVVGQATQIAK-NH2) is a 37-meric AMP, 

which was first isolated from the pupae of the cecropia moth (Hyalophora cecropia) (Steiner et 

al., 1981) and has become the most frequently investigated member of cecropins since its 

discovery. In aqueous solution, Cecropin A has an unordered structure but adopts a helix-hinge-

helix conformation (Figure 4) upon contact with phospholipid membranes. The peptide was 

found to have a hydrophobicity of -1.37 and a net charge of +7 (Lee et al., 2013). 
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Figure 4. Secondary structure of Cecropin A predicted with the SWISS-MODEL 

(https://swissmodel.expasy.org) server (Waterhouse et al., 2018). Figure 1A highlights the two helical 

regions, while Figure 1B illustrates hydrophobic residues with blue color. Arrowheads indicate the hinge 

region of the peptide chain. 

Regarding direct antimicrobial effects, numerous studies have reported that Cecropin A 

displays potent activity primarily against Gram-negative bacteria (Brady et al., 2019), including 

Pseudomonas aeruginosa, Klebsiella pneumoniae, Escherichia coli, and Acinetobacter baumannii, 

under in vitro conditions (Gholizadeh and Moradi, 2021; Lee et al., 2015; Silvestro et al., 2000). 

Moreover, Cecropin A was also found to exert an anti-biofilm effect against uropathogenic 

Escherichia coli strains (Kalsy et al., 2020). Besides in vitro experiments, in vivo studies conducted 

on mice with Escherichia coli-induced peritonitis revealed that after intraperitoneal 

administration, Cecropin A was able to reduce bacterial count in the abdominal fluid (Giacometti 

et al., 2001). Furthermore, in addition to inhibiting bacteria, Cecropin A has also been found to 

display anti-fungal (DeLucca et al., 1997; Peng et al., 2022; Yun and Lee, 2016), as well as anti-

viral properties (Albiol Matanic and Castilla, 2004; Slocinska et al., 2008). 

Regarding indirect antimicrobial effects, several studies have highlighted the potential of 

Cecropin A in modulating the immune response. In RAW 264.7 murine macrophages (Lee et al., 

2015), IPEC-J2 porcine intestinal epithelial cells (Zhai et al., 2018), bEECS bovine endometrial 

epithelial cells, and bovine uterine tissue (Zhao et al., 2024), Cecropin A was able to inhibit LPS-

induced pro-inflammatory cytokine production, thereby alleviating inflammation. Moreover, in 

the bovine uterus, Cecropin A was also able to regulate the redox state by enhancing the activities 

of antioxidant enzymes (Zhao et al., 2024). In addition, the immunomodulatory effects of the 

peptide have also been demonstrated under in vivo conditions, following intraperitoneal 

administration in mice. In a model of Escherichia coli–induced peritonitis, Cecropin A treatment 

improved survival rates and reduced plasma concentrations of inflammatory cytokines and 

endotoxin (Giacometti et al., 2001). Furthermore, in experimentally induced inflammatory bowel 

https://swissmodel.expasy.org/
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disease (IBD) of mice, Cecropin A administration was able to relieve clinical symptoms and reduce 

tissue levels of certain pro-inflammatory cytokines (Zhai et al., 2019). 

In addition to modulating the immune state, the beneficial effects of Cecropin A on 

intestinal barrier integrity and function have also been revealed. In this regard, the peptide 

contributed to increased expression of TJ proteins and/or improved intestinal morphology in the 

IPEC-J2 cell line (Zhai et al., 2018), mice suffering from IBD (Zhai et al., 2019), and healthy Hainan 

piglets (Ouyang et al., 2024). 

4.4.5. Pap12-6 

Despite the promising results regarding natural AMPs, several drawbacks still need to be 

addressed for future use due to the peptide nature (Biswaro et al., 2018). Among these 

disadvantages are the potential toxicity to host cells, high susceptibility to protease enzymes, and, 

hence, their questionable pharmacokinetics, as well as high production costs on a large scale 

(Biswaro et al., 2018; Boullet et al., 2019; Koo and Seo, 2019). Various approaches have been 

introduced to counteract these obstacles, one of which is the design and application of small, 

synthetic peptides (Ramesh et al., 2016). Compared with naturally occurring AMPs, they offer 

several advantages, including easier and less expensive production, lower immunogenicity, and 

the potential to be tailored to achieve the desired stability, half-life, or specificity (Ramesh et al., 

2016). Based on these findings, the application of small, synthetic AMPs as feed additives has 

aroused great interest in the poultry sector (Nazeer et al., 2021; Wang et al., 2016). 

Pap12-6 (RWKIFKKVVKKW-NH2) is a 12-meric synthetic AMP derived from the N-

terminal end of the cecropin-like natural AMP, Papiliocin, found in swallowtail butterfly (Papilio 

xuthus) larvae (Kim et al., 2019). Although the parent peptide was described to exert potent 

antibacterial and anti-inflammatory activity (Jeon et al., 2017; Kim et al., 2011), the length of 

Papiliocin and the resulting abovementioned drawbacks prompted researchers to design shorter 

derivatives while maintaining or even enhancing its beneficial effects. First, a shorter peptide 

with 12 amino acids (Pap12-1) was synthesized from the N-terminal helix of Papiliocin by Kim et 

al. (2019). This was the shortest peptide length required to retain antibacterial activity against 

Escherichia coli. Thereafter, attempts were made to further improve the effects of Pap12-1 by 

replacing specific amino acids. These derivatives were named Pap12-2, -3, -4, -5, and -6, with 

Pap12-6 (Figure 5) being the most amphiphilic and one of the most cationic (+6). This property 

showed positive correlation with the high potency against Gram-negative bacteria (Escherichia 

coli, Salmonella Typhimurium, Pseudomonas aeruginosa, and Acinetobacter baumannii) and 

certain MDR strains (Kim et al., 2019). Experiments also revealed that this direct antibacterial 

effect was exerted through bacterial membrane permeabilization (Kim et al., 2019; Son et al., 

2019). 
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Figure 5. Helical wheel diagram of Pap12-6 created with the Helical Wheels 

(https://clemlab.github.io/helicalwheel/) server. Different colors indicate distinct amino acids, with 

numbers showing their respective positions (inside the circles) and the corresponding one-letter codes 

(outside the circles). The arrow denotes the hydrophobic moment. 

Regarding immunomodulation, Pap12-6 reduced the production of pro-inflammatory 

cytokines in cell cultures exposed to inflammatory stimuli (Kim et al., 2019; Son et al., 2019), and 

in septic mouse models, Pap12-6 was able to improve survival, relieve symptoms, decrease the 

level of pro-inflammatory cytokines in serum and different organs, prevent the infiltration by 

neutrophils, and, as a consequence, protect the host from inflammation (Kim et al., 2019; Son et 

al., 2019). Therefore, despite the availability of considerably less extensive literature on the 

peptide compared with Cecropin A, Pap12-6 has also been suggested as a promising candidate 

for future use, particularly in terms of structural properties. 

It is worth mentioning that apart from designing Pap12-6, further approaches have also 

been made to synthesize derivatives of Papiliocin. These include Pap12-7 (Son et al., 2019), 

Pap12-6-10 (Kim et al., 2025), PapN with different numbers of N-terminal amino acids retained 

(Durai et al., 2018; Jeon et al., 2017), and PapMA, a hybrid incorporating N-terminal residues 1−8 

of papiliocin and N-terminal residues 4−12 of AMP magainin 2, joined by a proline hinge (Shin et 

al., 2015). 

 

https://clemlab.github.io/helicalwheel/
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5. Significance and aims of the study 

In poultry farming, it has become evident that the global issue of AMR, combined with the 

increased susceptibility of animals to infectious and inflammatory diseases, along with the 

growing incidence of infections and the increasing demand for production efficiency, has created 

an urgent need to identify compounds that can potentially support the host's immune system. In 

this context, AMPs have been regarded as promising candidates; however, there is still much to 

clarify regarding their effects at the cellular level. To begin with, although the indirect 

antimicrobial effects of AMPs on poultry have aroused interest in recent years, studies on the 

immunomodulatory and additional beneficial activities on chickens remain scarce compared with 

the extensive research carried out on human-derived cells and laboratory animals. In addition, 

the general standpoint of literature is that the effect of AMPs is not uniform but remarkably varies 

depending on the specific peptide, its concentration, and the given biological environment. 

Consequently, investigations at the cellular level, with particular regard to the immune response, 

are of paramount importance. 

The GI tract and the liver undoubtedly play central roles in immune processes, as the 

former serves as a primary site of direct contact with pathogens, while the latter, located at the 

“gateway” of substances absorbed from the intestines, plays a critical role in the modulation of 

the systemic immune response. Therefore, maintaining the homeostasis of both organs is a key 

aspect of poultry production. Based on the above, the present doctoral thesis primarily aimed to 

reveal the effects of two promising AMPs, Cecropin A and Pap12-6, in the context of the liver and 

the small intestine. In both settings, different concentrations of the given peptide were aimed to 

be applied either alone or in inflammatory conditions evoked by the TLR3 agonist Poly I:C. 

In Study I, Cecropin A (Study I.1) and Pap12-6 (Study I.2) were aimed to be applied to 

primary hepatocyte–NP-cell co-cultures to determine their impact on cell viability, cytokine 

response, and redox homeostasis, the latter of which is tightly associated with the immunological 

processes. 

Thereafter, the goal of Study II was to investigate the effects of Cecropin A (Study II.1) and 

Pap12-6 (Study II.2) on cell viability, cytokine response, and TJ protein abundance in ileal explant 

cultures. 

Additionally, another aim of the present doctoral work was to determine the direct 

antimicrobial effect of Cecropin A against specific strains of pathogenic bacteria and two 

commensal microbes that frequently occur in poultry farming (Study III). Although the present 

experiments represent only a small portion of the extremely diverse and wide-ranging research 

conducted on AMPs, our studies aimed to contribute to a broader understanding of AMPs in 

relation to poultry health. 
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6. Materials and Methods 

6.1. Ethics statement and experimental animals 

In Studies I.1, I.2, II.1, and II.2, hepatic cells or ileal explants were isolated from a 3-week-

old male Ross-308 broiler chicken, in compliance with institutional regulations, EU animal 

welfare legislation, and the directives of the University of Veterinary Medicine Budapest's Local 

Animal Welfare Committee. The experiments were approved by the Government Office of Zala 

County, Plant Protection, Food Chain Safety, and Soil Conservation Directorate, Zalaegerszeg, 

Hungary (license number: GK-419/2020). 

The animals were reared in Gallus Poultry Farming and Hatching Ltd. (Devecser, 

Hungary), where they were raised and fed in compliance with Ross Technology guidelines. Feed 

and water were provided ad libitum from feeders, the health state of the chickens was regularly 

checked, and all efforts were made to ensure the standards of animal welfare. 

6.2. Study I: Investigation of the effects of AMPs on cell viability, 

cytokine response, and redox homeostasis in primary chicken 

hepatic co-cultures 

Study I aimed to investigate the effects of Cecropin A (Study I.1) and Pap12-6 (Study I.2) 

on cytokine response and redox homeostasis, as well as cell viability, in primary chicken 

hepatocyte–NP cell co-cultures. The two peptides were applied at varying concentrations, either 

on their own or under inflammatory conditions evoked by Poly I:C. 

Unless otherwise indicated, reagents and kits mentioned in the Materials and Methods 

section are products of Merck KGaA, Darmstadt, Germany. 

6.2.1. Isolation of hepatic cells 

In Study I.1. and Study I.2, isolation of the cells was performed according to the previously 

established protocol of our research group (Mackei et al., 2020a). After decapitation, removal of 

the abdominal feathers, and disinfection of the skin on the abdominal region, the body cavity of 

the chicken was opened. Next, the gastropancreaticoduodenal vein was cannulated with a 22G-

size venous cannula (Figure 6), and a three-step perfusion of the liver was performed at a flow 

rate of 30 mL/min, using freshly preheated (40˚C) and oxygenated (Carbogen, 95% Ó2; 5% CO2; 

flow rate of 1 L/min) solutions. To begin with, 150 mL of Hanks’ Balanced Salt Solution (HBSS) 

buffer supplemented with ethylene glycol-bis(2-aminoethylether)-N,N,N’,N’-tetraacetic acid 

(EGTA) was used, followed by flushing with 150 mL EGTA-free HBSS buffer. The third step was 

carried out by applying 100 ml HBSS solution containing 100 mg type IV collagenase, 7 mM CaCl2, 

and 7 mM MgCl2. After gently removing the liver and disrupting the Glisson’s capsule, cells were 

suspended in 50 mL bovine serum albumin (BSA, 2.5%)-containing HBSS buffer and filtered 

through a three-layer sterile gauze sheet. As a next step, the resulting cell suspension was 
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incubated on ice for 45 min. Thereafter, centrifugation (3 min, 100 x g) of the cell suspension was 

performed three times, collecting each supernatant separately and resuspending the resulting 

sediment in Williams’ Medium E (supplemented with 5% fetal bovine serum [FBS], 0.22% 

NaHCO3, 2 mM glutamine, 50 mg/mL gentamycin, 4 µg/L dexamethasone, 20 IU/L insulin and 

0.5 µg/mL amphotericin B) at every step, thereby gaining a hepatocyte-containing cell 

suspension after the third centrifugation. At the same time, the supernatants collected were 

mixed and spun (10 min, 350 x g), and then the resulting supernatants were centrifuged (10 min, 

800 x g). Thereafter, the pellet was resuspended in supplemented Williams’ Medium E, thereby 

collecting a suspension rich in NP cells, which predominantly contained Kupffer cells. 

Hepatocytes and macrophages, respectively, were previously characterized in the two fractions 

by immunofluorescent staining and flow cytometry (Mackei et al., 2020a). The isolation of cells 

was conducted in the same way in the present study, ensuring the presence of the same types of 

cells in the corresponding fractions. To confirm this, the morphology of the isolated cells and that 

of confluent cell cultures was checked after Giemsa staining. To assess cell viability before 

seeding, a trypan blue exclusion test was carried out in Bürker’s chambers for both cell 

suspensions. Before seeding, the two fractions were diluted according to the cell count, and the 

hepatocyte-containing suspension was blended with the NP cell-rich fraction in a 6:1 ratio, 

resulting in a total concentration of 106 cells/mL. Cells were seeded in a volume of 400 μL 

suspension/well into 24-well cell culture plates (Greiner Bio-One Hungary Kft., 

Mosonmagyaróvár, Hungary) previously coated (10 μg/cm2) with type I rat tail collagen (SKU: 

C7661). After incubation (4 h, 37˚C, 5% CO2), the cell culture medium was changed, and the cells 

were cultured for 24 h under the same circumstances. 

 

Figure 6. Perfusion of the liver through the gastropancreaticoduodenal vein. 

Source: own photograph. 
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6.2.2. Application of substances and sampling 

The application of substances was carried out according to Table 1 and Table 2. In both 

Study I.1. and Study I.2., control cell cultures only received supplemented Williams’ Medium E 

without FBS. Cecropin A (SKU: P9582), Pap12-6 (SKU: AM-290, Isca Biochemical Ltd., Exeter, 

Devon, UK), and Poly I:C (SKU: P9582) were reconstituted in supplemented, FBS-free cell culture 

medium, and different concentrations of their treatment solutions were also created with dilution 

in the same medium. To prepare the Poly I:C-containing treatment solutions, the Poly I:C stock 

solution was first placed in a block thermostat (50°C, 3 min) and then cooled before creating the 

appropriate treatment solutions. When cell cultures received a combination of Cecropin A and 

Poly I:C (PI:C+Cec-I, PI:C+Cec-II, PI:C+Cec-III, PI:C+Cec-IV, and PI:C+Cec-V), as well as Pap12-6 

and Poly I:C (PI:C+Pap-I, PI:C+Pap-II and PI:C+Pap-III), the two agents were applied at the same 

time. All groups were treated for 24 h, after which supernatant samples were taken and frozen at 

-80˚C until further measurements. 

Table 1. Treatment groups applied to primary chicken hepatocyte–non-parenchymal (NP) 

cell co-cultures in Study I.1. Poly I:C = polyinosinic-polycytidylic acid. 

Treatment group Cecropin A Poly I:C 

Control — — 

Cec-I 1 µg/mL — 

Cec-II 3.125 µg/mL — 

Cec-III 6.25 µg/mL — 

Cec-IV 12.5 µg/mL — 

Cec-V 25 µg/mL — 

Poly I:C — 50 µg/mL 

PI:C+Cec-I 1 µg/mL 50 µg/mL 

PI:C+Cec-II 3.125 µg/mL 50 µg/mL 

PI:C+Cec-III 6.25 µg/mL 50 µg/mL 

PI:C+Cec-IV 25 µg/mL 50 µg/mL 

PI:C+Cec-V 50 µg/mL 50 µg/mL 
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Table 2. Treatment groups applied to primary chicken hepatocyte–non-parenchymal (NP) cell co-

cultures in Study I.2. Poly I:C = polyinosinic-polycytidylic acid. 

Treatment group Pap12-6 Poly I:C 

Control — — 

Pap-I 5 µg/mL — 

Pap-II 25 µg/mL — 

Pap-III 50 µg/mL — 

Poly I:C — 50 µg/mL 

PI:C+Pap-I 5 µg/mL 50 µg/mL 

PI:C+Pap-II 25 µg/mL 50 µg/mL 

PI:C+Pap-III 50 µg/mL 50 µg/mL 

6.2.3. Measurements 

6.2.3.1. Cell viability 

In both Study I.1 and Study I.2, cell viability was assessed by examining cell membrane 

integrity, using the Lactate Dehydrogenase Activity Assay Kit (SKU: MAK066). In this assay, LDH 

released into the medium after membrane damage reduces nicotinamide adenine dinucleotide 

(NAD) to NADH, which allows a specific colorimetric detection of the latter at 450 nm. According 

to the protocol provided by the manufacturer, a 96-well microplate was loaded with 50 µL/well 

of supernatant samples. Thereafter, 50 µL freshly prepared Master Reaction Mix (containing LDH 

Substrate Mix and LDH Assay Buffer) was added into the wells, followed by incubation (2 min, 

37°C, protected from light). Initial absorbance values were determined at 450 nm, using a 

Multiscan GO 3.2 reader, and measurements were continued every 5 min (37°C, protected from 

light) until the absorbance of the most active sample surpassed that of the highest standard. 

Calculation and determination of enzymatic activity were carried out according to the equation 

provided by the manufacturer. 

6.2.3.2. Cytokine response 

Based on our results regarding cell viability in Study I.1., inflammatory and redox markers 

continued to be examined only in treatment groups containing Cecropin A at concentrations of 1, 

3.125, and 6.25 μg/mL. To investigate the effects of Cecropin A on cytokine production, the levels 

of IL-6, IL-8, IL-10, IFN-γ, and TGF-ß1 were measured in supernatant samples. In the case of 

Pap12-6, the same inflammatory mediators were analyzed, along with the levels of RANTES. 

Concentrations of IL-6, IL-10, IFN-γ, and RANTES were assessed with Luminex xMAP 

technology, using a MILLIPLEX® Chicken Cytokine/Chemokine Panel 1 – Immunology Multiplex 

Assay kit (SKU: GCYT1-16 K). Following the protocol of the manufacturer, 96-well plates provided 
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with the kit were filled with 25 µL of supernatant samples, standards, controls, and assay buffer. 

This was followed by the addition of three or four sets of antibody-coated beads with distinct 

colors (for Study I.1. and Study I.2, respectively). After overnight incubation (2-8°C) and washing, 

each well of the plate was filled with 25 µL of Detection Antibodies Solution. After incubating (1 

h), 25 µL/well of Streptavidin-Phycoerythrin solution was added, followed by incubation (30 

min) and washing. Thereafter, 150 µL of Drive Fluid was pipetted into each well, and the beads 

were reconstituted on a plate shaker. Reading was performed using a Luminex MAGPIX® 

instrument, and data were collected with the xPonent software. Standard curves were depicted 

with the Milliplex Belysa 1.1 software, using bead median fluorescence intensity (MFI). 

IL-8 and TGF-ß1 levels were measured with chicken-specific ELISA kits (MyBioSource 

Inc., San Diego, CA, United States, SKU: MBS289628 and MBS261515, respectively), using a 

sandwich technique for the former and a double antibody sandwich technique for the latter. The 

steps were carried out according to the manufacturer’s instructions, and absorbance values were 

read by a Multiscan GO 3.2 reader at 450 nm. 

6.2.3.3. Redox homeostasis 

In Study I.1, the levels of EC H2O2 and MDA were measured in supernatant samples to 

investigate the effects of Cecropin A on redox homeostasis. To examine the impact of Pap12-6 on 

oxidative status in Study I.2, the levels of EC H2O2 and Nrf2 were determined in supernatant 

samples. 

EC H2O2 concentrations were assessed using the fluorometric Amplex Red method 

(Thermo Fisher Scientific, Waltham, MA, United States, SKU: A21188), according to the protocol 

provided by the manufacturer. A 96-well microplate was loaded with 50 μL of samples, followed 

by the addition of 50 μL of freshly prepared Amplex Red Working solution. After incubation (30 

min), fluorescence values were obtained by a Victor X2 2030 fluorometer (Perkin Elmer Inc., 

Waltham, MA, United States), at wavelengths of 530 nm (excitation) and 590 nm (emission). 

In order to determine the extent of lipid peroxidation, MDA concentrations were 

measured using the Lipid Peroxidation (MDA) Assay Kit (SKU: MAK085-1KT). According to the 

protocol attached by the manufacturer, 150 μL of thiobarbituric acid (TBA) solution and 50 μL of 

each sample were mixed and incubated (1h, 95°C), thereby allowing the formation of MDA-TBA 

complexes. After cooling down to room temperature, a 96-well microplate was loaded with 200 

μL of the mixture. Absorbance values were measured at 532 nm by using a Multiscan GO 3.2 

reader. 

Nrf2 levels were assayed using a Chicken NFE2L2 (Nuclear Factor, Erythroid Derived 2 

Like Protein 2) ELISA Kit (MyBioSource Inc., San Diego, CA, USA, SKU: MBS8807992), following 

the protocol provided by the manufacturer. Absorbance values were determined with a Multiscan 

GO 3.2 reader at 450 nm. 
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6.2.4. Statistical analysis 

The R program (version 4.4.1) was employed for statistical analyses of data. As Shapiro-

Wilk tests indicated non-normal distribution in several treatment groups, the Wilcoxon rank-sum 

test was used for pairwise comparisons. The difference was considered significant if the resulting 

p-value was lower than 0.05. In Study I.1, the treatment groups Cec-I, Cec-II, Cec-III, Cec-IV, Cec-

V, and Poly I:C were compared with Control, whereas the groups PI:C+Cec-I, PI:C+Cec-II, 

PI:C+Cec-III, PI:C+Cec-IV, and PI:C+Cec-V were compared with the group Poly I:C. In Study I.2., 

treatment groups Pap-I, Pap-II, Pap-III, and Poly I:C were compared with Control, whereas the 

groups PI:C+Pap-I, PI:C+Pap-II, and PI:C+Pap-III were compared with the group Poly I:C. Results 

were visualized with Prism 9 (GraphPad Software Inc., San Diego, CA, USA). 

6.3. Study II: Investigation of the effects of AMPs on cell viability, 

cytokine response, and TJ protein concentration in chicken ileal 

explant cultures 

Study II aimed to investigate the effects of Cecropin A (Study II.1) and Pap12-6 (Study II.2) 

on cytokine response and TJ protein concentration, along with cell viability, in ex vivo chicken 

ileal explant cultures. The two peptides were applied at varying concentrations, either on their 

own or under inflammatory conditions evoked by Poly I:C. 

6.3.1. Isolation of ileal explants 

The isolation of explants was conducted according to the same methodology in both Study 

II.1. and Study II.2, based on the previously developed protocol of our research team (Mátis et al., 

2025). Following decapitation and removal of the abdominal feathers, the body cavity of the 

chicken was opened, and an approximately 15 cm-long section of the ileum, 10 cm distal to the 

Meckel’s diverticulum, was excised. After the adipose tissue was detached from the excised 

intestinal section, the luminal and serosal sides of the obtained piece of ileum were thoroughly 

washed with phosphate-buffered saline (PBS) + 1% penicillin-streptomycin (Pen-Strep) solution 

(SKU: 15140122, Thermo Fisher Scientific Inc., Waltham, MA, USA). Next, the ileal section was 

longitudinally cut and washed with PBS+Pen-Strep until the absence of visible debris. For further 

handling, the excised piece of ileum was relocated mucosal side-up onto a sterile glass plate 

cooled with ice from beneath. To obtain the explants, biopsy punches with a diameter of 1.5 mm 

were used, while the removed intestinal fragment was kept on ice and periodically irrigated with 

PBS+Pen-Strep. Explants were individually placed into the wells of a type I collagen (SKU: 

C7661)-precoated 96-well microplate (Greiner Bio-Óne Hungary LLC, Mosonmagyaróvár, 

Hungary). In advance, the wells had been filled with 200 µL/well of cell culture medium 

composed of Dulbecco’s Modified Eagle’s Medium/Nutrient Mixture F-12 Ham (SKU: D6421), 

supplemented with 2.5% FBS, 1% glutamine, 1% Pen-Strep, and the stock doses of the 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/decapitation
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/body-cavities
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/diverticulosis
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/adipose-tissue
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/phosphate-buffered-saline
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/epileptic-absence
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/type-iv-collagen
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ingredients from HCM™ SingleQuots ™ Kit (SKU: CC-4182, Biocenter LLC, Szeged, Hungary). This 

latter consisted of amphotericin B, ascorbic acid, bovine serum albumin, gentamicin, 

human epidermal growth factor, hydrocortisone, insulin, and transferrin. Six treatment groups 

were prepared, each of them containing six replicates. Next, explants were incubated for 1 h 

under 5 % CO2, at 37°C, followed by the exchange of cell culture medium with freshly prepared 

treatment solutions. 

6.3.2. Histological examination of untreated explants 

After 24 h of fixation at room temperature in formaldehyde solution, some of the freshly 

isolated control, untreated explants were trimmed and dehydrated with a series of ethanol and 

xylene in an automatic tissue processor. The dehydrated tissue samples were embedded in 

paraffin blocks, and 4 µm-thick sections were cut manually and mounted onto Superfrost+ 

adhesion slides (Thermo Fisher Scientific Inc., Waltham, MA, USA). The unstained sections were 

deparaffinized and rehydrated in xylene and alcohol, respectively. 

Routine hematoxylin and eosin (H&E) staining (Figure 7) was performed in an automatic staining 

instrument. The slides were digitized with a Pannoramic Midi slide scanner using a 20× objective 

(3D Histech LLC, Budapest, Hungary). 

 

Figure 7. Hematoxylin and eosin (H&E) staining of a chicken ileal explant randomly selected from 

untreated control cultures. The preservation of villous architecture is visible (arrows). Magnification = 

9x, scale bar = 100 µm (A). Intact epithelial lining of the crypts (arrow heads), which, like the 

absorptive enterocytes covering the villi, exhibits a normal, columnar morphology. Magnification = 40x, 

scale bar = 20 µm (B). 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/amphotericin-b
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/ascorbic-acid
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/bovine-serum-albumin
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/gentamicin
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/epidermal-growth-factor
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/hydrocortisone
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/formaldehyde
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/haematoxylin
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/eosin
https://www.sciencedirect.com/science/article/pii/S0032579125006194?via%3Dihub#fig0001
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/haematoxylin
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/eosin
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/enterocyte
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/villi
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In addition, an immunohistochemistry (IHC) assay targeting claudin-3 was performed on 

the formalin-fixed, paraffin-embedded tissue sections (Figure 8). Sections were deparaffinized in 

xylene and rehydrated in a graded ethanol series. Endogenous peroxidase activity was inhibited 

for 5 min employing the EnVision FLEX Peroxidase-Blocking Reagent (EnVision FLEX Mini Kit, 

High pH, Agilent Technologies Inc., Santa Clara, CA, USA), followed by PBS rinsing. Antigen 

retrieval was performed in Tris/EDTA buffer (EnVision FLEX Target Retrieval Solution High pH 

[50×]) using microwave heating (800 Watts for 5 min, then 180 Watts for 10 min). Sections were 

then flushed with PBS. The primary antibody (SKU: 341700, AB_2533158, Thermo Fisher 

Scientific Inc., Waltham, MA, USA) was applied and incubated at a 1:100 dilution at 4°C in a wet 

chamber overnight. The slides were rinsed in PBS before and after the 20-min secondary antibody 

incubation. Immunoreactivity was visualized with diaminobenzidine chromogen (Dako Envision 

Flex DAB + 1 drop Chromogen + 1 mL Envision Flex Substrate Buffer) for 2–3 min. Thereafter, the 

sections were rinsed in PBS. The slides were counterstained with hematoxylin according to GILL 

II for 1 min, and bluing was performed in PBS. After dehydration in ethanol and xylene, the slides 

were covered with BioMount DPX media (BioGnost Ltd., Zagreb, Croatia) and coverslips. Negative 

controls were immunolabeled without adding the primary antibody, whereas chicken ileal and 

dog ileal and colonic biopsies were used as positive controls. 

 

Figure 8. Immunohistochemical staining of claudin-3 in a chicken ileal explant randomly selected 

from untreated control cultures. Villous enterocytes display both membranous and cytoplasmic 

claudin-3 immunoreactivity (indicated by brown color). Magnification = 40x, scale bar = 20 µm. 

6.3.3. Application of substances and sampling 

The application of substances was carried out according to Table 3 and Table 4. For both 

Cecropin A and Pap12-6, two treatment concentrations were selected based on the results 

obtained from the experiments performed on hepatic cell cultures (Study I). To ensure that the 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/immunohistochemistry
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/peroxidase
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/immunoreactivity
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/diaminobenzidine
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/immunoreactivity
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peptide concentrations applied in the explant cultures corresponded to those used in Studies I.1 

and I.2, the treatment groups were named accordingly. In both Studies II.1. and II.2., explants 

belonging to the Control only received supplemented cell culture medium. Cecropin A (SKU: 

P9582), Pap12-6 (SKU: AM-290, Isca Biochemical Ltd., Exeter, Devon, UK), and Poly I:C (SKU: 

P9582) were reconstituted in cell culture medium, and different concentrations of the treating 

solutions were also created with dilution in the same medium. To prepare the Poly I:C-containing 

treatment solutions, the Poly I:C stock solution was first placed in a block thermostat (50°C, 3 

min) and then cooled before creating the appropriate treatment solutions. When explants 

received a combination of Cecropin A and Poly I:C (PI:C+Cec-II and PI:C+Cec-III ), as well as 

Pap12-6 and Poly I:C (PI:C+Pap-II and PI:C+Pap-III), the two agents were applied at the same 

time. 

Table 3. Treatment groups applied to chicken ileal explant cultures in Study II.1. 

Poly I:C = polyinosinic-polycytidylic acid 

Treatment group Cecropin A Poly I:C 

Control — — 

Cec-II 3.125 µg/mL — 

Cec-III 6.25 µg/mL — 

Poly I:C — 50 µg/mL 

PI:C+Cec-II 3.125 µg/mL 50 µg/mL 

PI:C+Cec-III 6.25 µg/mL 50 µg/mL 

Table 4. Treatment groups applied to chicken ileal explant cultures in Study II.2. 

Poly I:C = polyinosinic-polycytidylic acid. 

Treatment group Pap12-6 Poly I:C 

Control — — 

Pap-II 25 µg/mL — 

Pap-III 50 µg/mL — 

Poly I:C — 50 µg/mL 

PI:C+Pap-II 25 µg/mL 50 µg/mL 

PI:C+Pap-III 50 µg/mL 50 µg/mL 

After treating the explants for 12 h, the culture medium of the wells was sampled. In 

addition, explants were lysed by intermittent sonication (3 pulses/sec) in 70 µL of M-PER™ 

Mammalian Protein Extraction Reagent (SKU: 78501, Thermo Fisher Scientific Inc., Waltham, MA, 

USA) for 20 sec/explant using a Bandelin Sonopuls HD 2200 homogenizer (Bandelin Electronic 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/homogenizer
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GmbH & Co. KG, Berlin, Germany). Thereafter, medium and lysate samples were stored at −80°C 

until further measurements. 

6.3.4. Measurements 

6.3.4.1. Cell viability 

Cell viability was assessed by determining cellular metabolic activity and EC LDH activity. 

To investigate the metabolic activity, the Cell Counting Kit-8 (CCK-8) test (SKU: 96992) was 

performed after sampling, in a 96-well microplate. This assay utilizes tetrazolium salt, which can 

be reduced by the dehydrogenase enzymes of the viable cells. Therefore, the amount 

of formazan produced is directly proportional to the number of living cells. According to the 

manufacturer’s instructions, CCK-8 reagent and indicator-free culture medium were directly 

added to the microplate containing the explants, in a 1:10 ratio, with a total volume of 

200 µL/well. After incubation (2 h, 37°C), culture medium was pipetted into the wells of a new 

microplate, and absorbance values were determined by a Multiscan GO 3.2 reader at 450 nm. 

LDH activity was measured using the same Lactate Dehydrogenase Activity Assay Kit 

(SKU: MAK066) described previously (Chapter 6.2.3.1) and following the same protocol of the 

manufacturer. 

6.3.4.2. Cytokine response 

To investigate the effects of Cecropin A and Pap12-6 (Study II.1 and Study II.2, 

respectively) on cytokine production, concentrations of IL-2, IL-6, IFN-γ, and RANTES were 

assessed with Luminex xMAP technology, using the same MILLIPLEX® Chicken 

Cytokine/Chemokine Panel 1 – Immunology Multiplex Assay kit (SKU: GCYT1-16 K) described 

previously (Chapter 6.2.3.2) and following the same protocol of the manufacturer. 

The levels of IL-8 and TGF-ß1 were determined with chicken-specific sandwich ELISA 

assay (SKUs: MBS289628 and MBS261515, MyBioSource Inc., San Diego, CA, USA) according to 

the manufacturer’s protocols. After the required steps were completed, absorbance values were 

immediately determined at 450 nm, using a Multiscan GO 3.2 reader. 

6.3.4.3. TJ protein concentration 

When examining the effects of Cecropin A and Pap12-6 (Study II.1 and Study II.2, 

respectively) on TJ proteins in lysate samples, occludin levels were assayed with a chicken-

specific competitive ELISA kit, and claudin-3 levels were assessed with a chicken-

specific sandwich ELISA technique (SKUs: MBS738326 and MBS085865, MyBioSource Inc., San 

Diego, CA, USA). Following the manufacturer’s instructions, absorbance was measured at 450 nm 

using a Multiscan GO 3.2 reader after applying the required reagents. 

To appropriately adjust and standardize the IC TJ protein concentrations obtained, total 

protein values of the lysate samples were measured with a Thermo Scientific™ Pierce™ BCA 
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Protein Assay Kit (SKU: 23227), using BSA as a standard. After the appropriate steps of the 

manufacturer’s protocol were carried out, absorbance values were measured with a Multiscan 

GO 3.2 reader at 562 nm. 

6.3.5. Statistical analysis 

The statistical analysis was conducted in the same way as described in Chapter 6.2.4. In 

Study II.1, treatment groups Cec-II, Cec-III, and Poly I:C were compared with Control, whereas the 

groups PI:C+Cec-II and PI:C+Cec-III were compared with Poly I:C. In Study II.2., treatment groups 

Pap-II, Pap-III, and Poly I:C were compared with Control, whereas the groups PI:C+Pap-II and 

PI:C+Pap-III were compared with Poly I:C. Results were visualized with Prism 9 (GraphPad 

Software Inc., San Diego, CA, USA). 

6.4. Study III: Investigation of the direct antibacterial activity of 

Cecropin A 

6.4.1. Microbial strains and culturing 

The direct antimicrobial effect of Cecropin A was examined against nine different 

microbial strains in total. Reference strains of Escherichia coli ATCC 25922 and Clostridium 

perfringens ATCC 13124 were purchased from the American Type Culture Collection (ATCC), 

whereas Bacillus subtilis B.01644 and Saccharomyces cerevisiae 001262 were obtained from the 

National Collection of Agricultural and Industrial Microorganisms (NCAIM), Institute of Food 

Science and Technology, Hungarian University of Agriculture and Life Sciences. The Escherichia 

coli bacterial field isolates used in the present study were recovered from chicken small intestines 

(SI isolate) and bone marrow (BM isolate). Salmonella enterica subsp. enterica serovar Enteritidis 

(Salmonella Enteritidis), Salmonella enterica subsp. enterica serovar Typhimurium (Salmonella 

Typhimurium), and Clostridium perfringens field isolates were collected from cloacal swab (CS) 

samples. 

Before the broth microdilution assay, microorganisms were cultivated at 37°C for 24 h on 

Nutrient Agar (Biolab Inc., Budapest, Hungary) for Escherichia coli, Bacillus subtilis, and 

Salmonella strains. Clostridium perfringens strains were grown on Columbia Blood Agar (Biolab 

Inc., Budapest, Hungary), whereas Saccharomyces cerevisiae was propagated on Yeast Extract 

Peptone Dextrose (YPD) Agar (Biolab Inc., Budapest, Hungary). 

6.4.2. Determination of MIC 

For MIC determination, a dilution series was prepared using final concentrations of 50, 

25, 12.5, 6.25, 3.125, 1, 0.5, and 0.25 µg/mL for Cecropin A. Broth microdilution was performed 

in 96-well microplates (Greiner Bio-Óne, Mosonmagyaróvár, Hungary), using duplicates, 

following the guidelines of the European Committee for Antimicrobial Susceptibility Testing 

(Eucast Definitive Document E.Def 3.1, 2000) and the methodology of Molnár-Nagy et al. (2022). 

https://pubmed.ncbi.nlm.nih.gov/?term=European+Committee+for+Antimicrobial+Susceptibility+Testing+%28EUCAST%29+of+the+European+Society+of+Clinical+Microbiology+and+Infectious+Dieases+%28ESCMID%29%5BCorporate+Author%5D
https://pubmed.ncbi.nlm.nih.gov/?term=European+Committee+for+Antimicrobial+Susceptibility+Testing+%28EUCAST%29+of+the+European+Society+of+Clinical+Microbiology+and+Infectious+Dieases+%28ESCMID%29%5BCorporate+Author%5D
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Briefly, each well was filled with 190 µL of microbe-specific nutrient broth (Supplementary Table 

1) containing the required concentration of Cecropin A. Thereafter, the wells were inoculated 

with 10 µL suspension containing the tested microorganism at 106 colony-forming units 

(CFU)/mL. The plates were then incubated at 37°C for 18 hours with linear shaking (130 rpm). 

After incubation, MIC values, defined as “the lowest concentration of the compound that inhibited 

the visible growth of the given microbes” (Eucast Definitive Document E.Def 3.1, 2000), were first 

determined by the unaided eye and then confirmed by measuring absorbance values at 630 nm 

using a Synergy H1 microplate reader (BioTek Inc., Winooski, VTA, USA). Eventually, if the 

absorbance of the wells corresponding to the MIC value evaluated with the naked eye did not 

reach 50% of the positive control’s absorbance, the MIC value was confirmed. Additionally, since 

the absorbance value can also be affected by potential contamination, phase contrast microscopy 

was used to exclude this possibility. 
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7. Results 

7.1. Study I.1: Investigation of the effects of Cecropin A on cell 

viability, cytokine response, and redox homeostasis in primary 

chicken hepatic co-cultures 

7.1.1. Cell viability 

Cells treated with Cecropin A alone exhibited a significant (p=0.016 and p=0.038, 

respectively) increase in LDH activity at the two highest peptide concentrations (12.5 μg/mL 

Cec-IV and 25 μg/mL Cec-V). In contrast, lower peptide concentrations (Cec-I-III) did not 

appear to affect LDH activity. Additionally, treatment with Poly I:C alone significantly increased 

the enzyme activity compared with the control group (p=0.009), and this effect was not 

influenced by any of the tested Cecropin A concentrations (Figure 9). 

 

Figure 9. Bar graphs of extracellular lactate dehydrogenase (LDH) activity. Chicken-derived primary 

hepatocyte–non-parenchymal cell co-cultures were treated with different concentrations of Cecropin A, 

either alone or combined with polyinosinic-polycytidylic acid (Poly I:C). Columns represent means ± SEM 

(n=6/treatment group). Table 1 provides explanations for the abbreviations of the group names. Cells 

receiving none of the treatments are considered Control. The groups Cec-I-V and Poly I:C were compared 

with Control. Combinations of Poly I:C and Cecropin A (PI:C+Cec-I-V) were compared with the group Poly 

I:C. Asterisks indicate significant differences between the specified groups. *p<0.05, **p<0.01 
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7.1.2. Cytokine response 

Based on our results regarding cell viability, cytokines and redox markers continued to be 

examined only in the treatment groups containing Cecropin A at the concentrations of 1, 3.125, 

and 6.25 μg/mL (Cec-I-III and PI:C+Cec-I-III). 

Treatment with Cec-I significantly decreased IL-6 levels compared with the Control 

(p=0.038). Furthermore, treatments with PI:C+Cec-I, PI:C+Cec-II, and PI:C+Cec-III significantly 

attenuated IL-6 production (p=0.002, p=0.041, and p=0.015, respectively) compared with the 

cells exposed only to Poly I:C (Figure 10A). In the case of IL-8, Cec-I treatment resulted in a 

significant decrease (p=0.038), whereas in the groups Cec-II and Cec-III, no significant changes 

were observed. Additionally, the concomitant application of Poly I:C and Cecropin A at any 

concentration did not affect IL-8 levels significantly (Figure 10B). The addition of Cec-III 

significantly decreased TGF-ß1 production (p=0.042), while treatments with Cec-I and Cec-II 

showed no significant effects. Neither Poly I:C alone nor its combination with Cecropin A at any 

concentration altered TGF-β1 levels (Figure 10C). Concerning IFN-γ, Cec-I treatment significantly 

reduced the cytokine’s level compared with Control (p=0.038). In contrast, Poly I:C significantly 

increased IFN-γ levels (p=0.019), an effect that was significantly decreased by PI:C+Cec-I and 

PI:C+Cec-III treatments (p=0.002 and p=0.015, respectively) (Figure 11A). In addition, the Cec-I 

application caused a significant reduction in IL-10 levels compared with the control group 

(p=0.038). The combination of Poly I:C and Cecropin A also significantly decreased IL-10 

production in the groups PI:C+Cec-I and PI:C+Cec-III (p=0.026 and p=0.041, respectively) 

compared with Poly I:C (Figure 11B). Finally, in the case of the IFN-γ/IL-10 ratio, the only 

significant change observed was the elevation caused by Poly I:C compared with Control 

(p=0.010) (Figure 11C). 
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Figure 10. Bar graphs of interleukin (IL)-6 (A), IL-8 (B), and transforming growth factor (TGF)-ß1 

concentrations (C). Chicken-derived primary hepatocyte–non-parenchymal cell co-cultures were treated 

with different concentrations of Cecropin A, either alone or combined with polyinosinic-polycytidylic acid 

(Poly I:C). Columns represent means ± SEM (n=6/treatment group). Table 1 provides explanations for the 

abbreviations of the group names.  The groups Cec-I-III and Poly I:C were compared with Control. 

Combinations of Poly I:C and Cecropin A (PI:C+Cec-I-III) were compared with the group Poly I:C. 

Asterisks indicate significant differences between the specified groups. *p<0.05, **p<0.01 
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Figure 11. Bar graphs of interferon (IFN)-γ levels (A), interleukin (IL)-10 concentrations (B), and 

IFN-γ/IL-10 ratio (C). Chicken-derived primary hepatocyte–non-parenchymal cell co-cultures were 

treated with different concentrations of Cecropin A, either alone or combined with polyinosinic-

polycytidylic acid (Poly I:C). Columns represent means ± SEM (n=6/treatment group). Table 1 provides 

explanations for the abbreviations of the group names.  The groups Cec-I-III and Poly I:C were compared 

with Control. Combinations of Poly I:C and Cecropin A (PI:C+Cec-I-III) were compared with the group 

Poly I:C. Asterisks indicate significant differences between the specified groups. *p<0.05, **p<0.01 
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7.1.3. Redox homeostasis 

At the lowest tested dose (Cec-I), Cecropin A alone significantly increased H₂Ó₂ levels 

(p=0.038), while higher peptide concentrations showed no effect. Treatment with Poly I:C alone 

also significantly elevated H₂Ó₂ levels (p=0.038), and this increase was further enhanced by the 

addition of PI:C+Cec-III (p=0.009) (Figure 12A). Regarding MDA, neither of the solely applied 

concentrations of Cecropin A influenced the marker’s level. Ón the other hand, compared with 

Poly I:C-induced inflammation, Cecropin A contributed to a significant elevation in the group 

PI:C+Cec-II (p=0.012) (Figure 12B). 

 

Figure 12. Bar graphs of extracellular H2O2 (A) and malondialdehyde (MDA) concentrations (B). 

Chicken-derived primary hepatocyte–non-parenchymal cell co-cultures were treated with different 

concentrations of Cecropin A, either alone or combined with polyinosinic-polycytidylic acid (Poly I:C). 

Columns represent means ± SEM (n=6/treatment group). Table 1 provides explanations for the 

abbreviations of the group names.  Combinations of Poly I:C and Cecropin A (PI:C+Cec-I-III) were 

compared with the group Poly I:C. Asterisks indicate significant differences between the specified groups. 

*p<0.05, **p<0.01 
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7.2. Study I.2: Investigation of the effects of Pap12-6 on cell viability, 

cytokine response, and redox homeostasis in primary chicken 

hepatic co-cultures 

7.2.1. Cell viability 

Regarding EC LDH activity, the solely applied highest concentration of Pap12-6 (Pap-III) 

contributed to a significant decrease compared with the control group (p=0.026). In addition, 

Poly I:C-evoked inflammation resulted in a significant elevation of LDH activity (p=0.002), which 

was found to be significantly reduced by PI:C+Pap-III treatment (p=0.002) (Figure 13). 

 

Figure 13. Bar graphs of extracellular lactate dehydrogenase (LDH) activity. Chicken-derived 

primary hepatocyte–non-parenchymal cell co-cultures were treated with different concentrations of 

Pap12-6, either alone or combined with polyinosinic-polycytidylic acid (Poly I:C). Columns represent 

means ± SEM (n=6/treatment group). Table 2 provides explanations for the abbreviations of the group 

names. Cells receiving none of the treatments are considered Control. The groups Pap-I-III and Poly I:C 

were compared with Control. Combinations of Poly I:C and Pap12-6 (PI:C+Pap-I-III) were compared with 

the group Poly I:C. Asterisks indicate significant differences between the specified groups. *p<0.05, 

**p<0.01 
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7.2.2. Cytokine response 

In the case of IL-6, inflammation evoked by Poly I:C significantly increased cytokine 

production compared with Control (p=0.002). This elevation was significantly attenuated by the 

treatment with PI:C+Pap-III (p=0.004) (Figure 14A). Additionally, treatment with Pap-III 

significantly decreased IL-8 levels compared with Control (p=0.004). A similar effect was 

observed for PI:C+Pap-III, which significantly reduced IL-8 levels compared with Poly I:C 

(p=0.030) (Figure 14B). RANTES concentrations were significantly increased by Poly I:C 

compared with the control group (p=0.002), and this elevation was significantly reduced by the 

PI:C+Pap-III treatment (p=0.015) (Figure 14C). Regarding TGF-β1, the only significant change 

observed was a decrease in its level after applying PI:C+Pap-III compared with Poly I:C (p=0.002) 

(Figure 14D). For IFN-γ and IL-10, none of the Pap12-6-containing treatments were found to 

significantly affect cytokine production. In contrast, Poly I:C significantly elevated both IFN-γ and 

IL-10 levels compared with Control (p=0.002 for both) (Figure 15A and Figure 15B). Similarly, 

the IFN-γ/IL-10 ratio remained unchanged across the different treatments containing Pap12-6; 

however, Poly I:C significantly increased the ratio compared with Control (p=0.004) (Figure 15C). 
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Figure 14. Bar graphs of interleukin (IL)-6 (A), IL-8 (B), regulated on activation, normal T 

cells expressed and secreted (RANTES) (C), and transforming growth factor (TGF)-ß1 

concentrations (D). Chicken-derived primary hepatocyte–non-parenchymal cell co-cultures were 

treated with different concentrations of Pap12-6, either alone or combined with polyinosinic-

polycytidylic acid (Poly I:C). Columns represent means ± SEM (n=6/treatment group). Table 2 provides 

explanations for the abbreviations of the group names. Cells receiving none of the treatments are 

considered Control. The groups Pap-I-III and Poly I:C were compared with Control. Combinations of Poly 

I:C and Pap12-6 (PI:C+Pap-I-III) were compared with the group Poly I:C. Asterisks indicate significant 

differences between the specified groups. *p<0.05, **p<0.01 
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Figure 15. Bar graphs of interferon (IFN)-γ levels (A), interleukin (IL)-10 concentrations (B), and 

IFN-γ/IL-10 ratio (C). Chicken-derived primary hepatocyte–non-parenchymal cell co-cultures were 

treated with different concentrations of Pap12-6, either alone or combined with polyinosinic-

polycytidylic acid (Poly I:C). Columns represent means ± SEM (n=6/treatment group). Table 2 provides 

explanations for the abbreviations of the group names. Cells receiving none of the treatments are 

considered Control. The groups Pap-I-III and Poly I:C were compared with Control. Combinations of Poly 

I:C and Pap12-6 (PI:C+Pap-I-III) were compared with the group Poly I:C. Asterisks indicate significant 

differences between the specified groups. **p<0.01 
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7.2.3. Redox homeostasis 

Regarding EC H2O2, Poly I:C exerted a significant increasing effect on the levels compared 

with the control group (p=0.002). This was significantly attenuated by the treatments with 

PI:C+Pap-II and PI:C+Pap-III (p=0.041 and p=0.002, respectively) (Figure 16A). Nrf2 levels were 

significantly reduced following the addition of Pap-III compared with Control (p=0.015). 

Similarly, PI:C+Pap-II and PI:C+Pap-III treatments also decreased Nrf2 levels compared with Poly 

I:C (p=0.015 and p=0.002, respectively) (Figure 16B). 

 

Figure 16. Bar graphs of extracellular H2O2 (A) and nuclear factor erythroid 2-related factor 2 

(Nrf2) concentrations (B). Chicken-derived primary hepatocyte–non-parenchymal cell co-cultures were 

treated with different concentrations of Pap12-6, either alone or combined with polyinosinic-

polycytidylic acid (Poly I:C). Columns represent means ± SEM (n=6/treatment group). Table 2 provides 

explanations for the abbreviations of the group names. Cells receiving none of the treatments are 

considered Control. The groups Pap-I-III and Poly I:C were compared with Control. Combinations of Poly 

I:C and Pap12-6 (PI:C+Pap-I-III) were compared with the group Poly I:C. Asterisks indicate significant 

differences between the specified groups. *p<0.05, **p<0.01 
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7.3. Study II.1: Investigation of the effects of Cecropin A on cell 

viability, cytokine response, and TJ protein concentration in 

chicken ileal explant cultures 

7.3.1. Cell viability 

In the case of cell viability, the only change observed was the significant decrease of 

metabolic activity caused by Poly I:C (p=0.030) compared with Control (Figure 17A). LDH activity 

was not influenced by any of the applied treatments (Figure 17B). 

 

Figure 17. Bar graphs of cellular metabolic activity (A) and extracellular lactate dehydrogenase 

(LDH) activity (B). Chicken-derived ileal explant cultures were treated with different concentrations of 

Cecropin A, either alone or combined with polyinosinic-polycytidylic acid (Poly I:C). Columns represent 

means ± SEM (n=6/treatment group). Table 3 provides explanations for the abbreviations of the group 

names. Cells receiving none of the treatments are considered Control. The groups Cec-II, Cec-III, and Poly 

I:C were compared with Control. Combinations of Poly I:C and Cecropin A (PI:C+Cec-II and -III) were 

compared with the group Poly I:C. Asterisks indicate significant differences between the specified groups. 

*p<0.05 
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7.3.2. Cytokine response 

Cec-III significantly increased the level of IL-2 compared with Control (p=0.018), whereas 

PI:C+Cec-III exerted a similar enhancing effect compared with Poly I:C exposure (p=0.015) 

(Figure 18A). In the case of IL-6, PI:C+Cec-II treatment contributed to a significant decrease in 

concentration compared with Poly I:C (p=0.019) (Figure 18B). None of the treatments altered the 

concentrations of IL-8 (Figure 18C), while RANTES production was significantly raised compared 

with Control after applying Poly I:C (p=0.030) (Figure 18D). Additionally, the levels of IFN-γ 

(Figure 19A) were significantly increased compared with Control after applying Poly I:C 

(p=0.005), while TGF-ß1 production remained unchanged across all treatment groups (Figure 

19B). Last, Poly I:C significantly elevated the IFN-γ/TGF-ß1 ratio compared with Control 

(p=0.005) (Figure 19C). 
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Figure 18. Bar graphs of interleukin (IL)-2 (A), IL-6 (B), IL-8 (C), and regulated on activation, 

normal T cells expressed and secreted (RANTES) (D). Chicken-derived ileal explant cultures were 

treated with different concentrations of Cecropin A, either alone or combined with polyinosinic-

polycytidylic acid (Poly I:C). Columns represent means ± SEM (n=6/treatment group). Table 3 provides 

explanations for the abbreviations of the group names. Cells receiving none of the treatments are 

considered Control. The groups Cec-II, Cec-III, and Poly I:C were compared with Control. Combinations of 

Poly I:C and Cecropin A (PI:C+Cec-II and -III) were compared with the group Poly I:C. Asterisks indicate 

significant differences between the specified groups. *p<0.05 
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Figure 19. Bar graphs of interferon (IFN)-γ concentrations (A), transforming growth factor (TGF)-

ß1 concentrations (B), and IFN-γ/TGF-ß1 ratio (C). Chicken-derived ileal explant cultures were 

treated with different concentrations of Cecropin A, either alone or combined with polyinosinic-

polycytidylic acid (Poly I:C). Columns represent means ± SEM (n=6/treatment group). Table 3 provides 

explanations for the abbreviations of the group names. Cells receiving none of the treatments are 

considered Control. The groups Cec-II, Cec-III, and Poly I:C were compared with Control. Combinations of 

Poly I:C and Cecropin A (PI:C+Cec-II and -III) were compared with the group Poly I:C. Asterisks indicate 

significant differences between the specified groups. **p<0.01 
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7.3.3. TJ protein concentration 

In the case of TJ protein concentration, the only change observed was the significant 

claudin-3 increase caused by Cec-III (p=0.041) compared with Control (Figure 20B). Occludin 

abundance was not influenced by any of the applied treatments (Figure 20A). 

 

Figure 20. Bar graphs of intracellular occludin (A) and claudin-3 concentrations (B). Chicken-

derived ileal explant cultures were treated with different concentrations of Cecropin A, either alone or 

combined with polyinosinic-polycytidylic acid (Poly I:C). Columns represent means ± SEM 

(n=6/treatment group). Table 3 provides explanations for the abbreviations of the group names. Cells 

receiving none of the treatments are considered Control. The groups Cec-II, Cec-III, and Poly I:C were 

compared with Control. Combinations of Poly I:C and Cecropin A (PI:C+Cec-II and -III) were compared 

with the group Poly I:C. Asterisks indicate significant differences between the specified groups. *p<0.05 
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7.4. Study II.2: Investigation of the effects of Pap12-6 on cell viability, 

cytokine response, and TJ protein concentration in chicken ileal 

explant cultures 

7.4.1. Cell viability 

Neither metabolic activity nor LDH activity was influenced by the treatments, except that 

Poly I:C significantly decreased the metabolic activity of the explants (p=0.030) (Figure 21). 

 

Figure 21. Bar graphs of cellular metabolic activity (A) and extracellular lactate dehydrogenase 

(LDH) activity (B). Chicken-derived ileal explant cultures were treated with different concentrations of 

Pap12-6, either alone or combined with polyinosinic-polycytidylic acid (Poly I:C). Columns represent 

means ± SEM (n=6/treatment group). Table 4 provides explanations for the abbreviations of the group 

names. Cells receiving none of the treatments are considered Control. The groups Pap-II, Pap-III, and Poly 

I:C were compared with Control. Combinations of Poly I:C and Cecropin A (PI:C+Pap-II and -III) were 

compared with the group Poly I:C. Asterisks indicate significant differences between the specified groups. 

*p<0.05 
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7.4.2. Cytokine response 

Regarding IL-2, significantly elevated levels were observed in treatment groups Pap-II 

(p=0.027) and Pap-III (p=0.013), compared with Control. Additionally, PI:C+PAP-lI significantly 

enhanced IL-2 production compared with Poly I:C (p=0.028) (Figure 22A). Concentrations of IL-

6 were not influenced significantly by any of the applied treatments (Figure 22B). The 

concentration of IL-8 was significantly raised after PI:C+Pap-II exposure (p=0.022), compared 

with the cultures solely treated with Poly I:C (Figure 22C). For RANTES, a significant increase was 

observed after applying Poly I:C (p=0.030); however, this was not influenced by any of the 

peptide-containing treatments (Figure 22D). In the case of IFN-γ, Poly I:C caused a significant 

increase (p=0.005) compared with Control, which was significantly alleviated after PI:C+Pap-III 

administration (p=0.005) compared with the cells receiving only Poly I:C treatment (Figure 23A). 

Concentrations of TGF-ß1 were not influenced significantly by any of the applied treatments 

(Figure 23B). Last, Poly I:C significantly increased the IFN-γ/TGF-ß1 ratio compared with Control 

(p=0.005) (Figure 23C). 
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Figure 22. Bar graphs of interleukin (IL)-2 (A), IL-6 (B), IL-8 (C), and regulated on activation, 

normal T cells expressed and secreted (RANTES) (D). Chicken-derived ileal explant cultures were 

treated with different concentrations of Pap12-6, either alone or combined with polyinosinic-

polycytidylic acid (Poly I:C). Columns represent means ± SEM (n=6/treatment group). Table 4 provides 

explanations for the abbreviations of the group names. Cells receiving none of the treatments are 

considered Control. The groups Pap-II, Pap-III, and Poly I:C were compared with Control. Combinations of 

Poly I:C and Cecropin A (PI:C+Pap-II and -III) were compared with the group Poly I:C. Asterisks indicate 

significant differences between the specified groups. *p<0.05 
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Figure 23. Bar graphs of interferon (IFN)-γ concentrations (A), transforming growth factor (TGF)-

ß1 concentrations (B), and IFN-γ/TGF-ß1 ratio (C). Chicken-derived ileal explant cultures were 

treated with different concentrations of Pap12-6, either alone or combined with polyinosinic-

polycytidylic acid (Poly I:C). Columns represent means ± SEM (n=6/treatment group). Table 4 provides 

explanations for the abbreviations of the group names. Cells receiving none of the treatments are 

considered Control. The groups Pap-II, Pap-III, and Poly I:C were compared with Control. Combinations of 

Poly I:C and Cecropin A (PI:C+Pap-II and -III) were compared with the group Poly I:C. Asterisks indicate 

significant differences between the specified groups. **p<0.01 
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7.4.3. TJ protein concentration 

In the case of occludin, Pap-II exposure contributed to a significant increase in the 

concentration (p=0.010) (Figure 24A), whereas treatment with Pap-III resulted in a significant 

elevation of claudin-3 abundance (p=0.009) (Figure 24B). 

 

Figure 24. Bar graphs of intracellular occludin (A) and claudin-3 concentrations (B). Chicken-

derived ileal explant cultures were treated with different concentrations of Pap12-6, either alone or 

combined with polyinosinic-polycytidylic acid (Poly I:C). Columns represent means ± SEM 

(n=6/treatment group). Table 4 provides explanations for the abbreviations of the group names. Cells 

receiving none of the treatments are considered Control. The groups Pap-II, Pap-III, and Poly I:C were 

compared with Control. Combinations of Poly I:C and Cecropin A (PI:C+Pap-II and -III) were compared 

with the group Poly I:C. Asterisks indicate significant differences between the specified groups. **p<0.01 
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7.5. Study III: Investigation of the direct antibacterial activity of 

Cecropin A 

The results of broth microdilution assays are presented in Table 5. The lowest MIC, 

12.5 µg/mL, was determined against the applied Escherichia coli BM isolate. Furthermore, a 

25 µg/mL MIC value was observed against Escherichia coli ATCC 25922 and the SI isolate, as well 

as against the tested Salmonella Typhimurium CS isolate. For Salmonella Enteritidis, a MIC value 

of 50 µg/mL was described. No MIC values were determined for Cecropin A against the applied 

Clostridium perfringens, Bacillus subtilis, and Saccharomyces cerevisiae strains. 

Table 5. Minimal inhibitory concentration (MIC) values of Cecropin A against different microbes. 

BM = bone marrow, CS = cloacal swab, ND = not determined, SI = small intestinal 

Microorganism Strain 
Minimum inhibitory concentration 

determined for Cecropin A 

Escherichia coli 
ATCC 25922 25 µg/mL 
SI isolate 25 µg/mL 
BM isolate 12.5 µg/mL 

Clostridium perfringens 
ATCC 13124  ND 
CS isolate ND 

Salmonella Enteritidis CS isolate 50 µg/mL 
Salmonella Typhimurium CS isolate 25 µg/mL 
Bacillus subtilis NCAIM B.01644 ND 
Saccharomyces cerevisiae NCAIM 001262 ND 
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8. Discussion 

8.1. Study I.1: Investigation of the effects of Cecropin A on cell 

viability, cytokine response, and redox homeostasis in primary 

chicken hepatic co-cultures 

Given the urgent demand to search for novel antimicrobial and immunomodulatory 

agents in poultry farming and the versatile activity of AMPs on host cells, the goal of Study I.1 was 

to examine the impact of Cecropin A on cytokine response and redox homeostasis of primary 

chicken hepatocyte–NP cell co-cultures, after applying the peptide solely and in inflammatory 

conditions induced by Poly I:C. Based on the widespread occurrence and significance of avian 

viral diseases (Gimeno and Schat, 2018; Nuñez and Piantino Ferreira, 2013), the involvement of 

the key adaptor protein NF-κB in TLR3-signaling (Matsumoto and Seya, 2008), and the previously 

showcased potency of the viral analog in chicken hepatic cells, Poly I:C was suggested to be an 

adequate candidate to evoke inflammation in our co-culture (Sebők et al., 2021). In the present 

study, Poly I:C contributed to increased IFN-γ and H2O2 production, as well as elevated IFN-γ/IL-

10 ratio, indicating a triggered inflammatory state. 

In order to enable the future use of AMPs, it is crucial to examine their potential toxicity 

towards eukaryotic cells (Huang et al., 2010). However, most studies assessing their cytotoxic 

effects have been conducted on mammalian red blood cells or cancerous cell lines (Bacalum and 

Radu, 2015), and far fewer data are available regarding the viability of poultry cells. As cationic 

AMPs are generally described as having high selectivity to bacteria (Bacalum and Radu, 2015), it 

has also been highlighted that cecropins exhibit low cytotoxicity against mammalian cells (Brady 

et al., 2019). Even so, these findings have not been confirmed in the case of poultry. According to 

our results, Cecropin A at lower concentrations (Cec-I-III) did not alter cell membrane integrity, 

suggesting a safe application. In agreement with this, Cecropin A was not found to be cytotoxic in 

the RAW 264.7 mouse macrophage cell line (Lee et al., 2015), the IPEC-J2 porcine intestinal 

epithelial cell line (Zhai et al., 2018), and in human peripheral mononuclear cell cultures 

(Bacalum and Radu, 2015). However, in our study, the higher concentrations of the peptide (Cec-

IV and Cec-V) caused increased EC LDH activity, indicating cell membrane leakage and a decrease 

in cell viability. In line with this, Cecropin A decreased cellular metabolic activity in bovine 

endometrial epithelial cells at higher concentrations while not impairing cell viability at lower 

concentrations (Zhao et al., 2024). In addition, higher administered doses of Cecropin A 

derivatives have also been associated with cytotoxicity (Cerón et al., 2010; Kalsy et al., 2020; 

López-Rojas et al., 2011; Velasco et al., 1997); however, the involvement of membrane damage in 

this process remains uncertain. Nevertheless, Cecropin A’s contribution to cell death was 

described to occur via a caspase-independent apoptotic effect rather than causing necrosis 
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(Bacalum and Radu, 2015; Cerón et al., 2010). Since even the same concentrations of the peptide 

displayed diverse effects on the viability of different cell types in the literature, the cytotoxicity of 

Cecropin A may also depend on the examined cell type and the origin of the cell culture used. 

Collectively, the administration of Cecropin A still appears to be harmless to host cells at low 

concentrations; however, from a hepatic perspective, avoiding its higher concentrations may 

be advisable to consider in poultry. 

To investigate the immunomodulatory activity of Cecropin A, the production of IL-6, IFN-

γ, IL-8, IL-10, and TGF-ß1 was examined. In the liver, IL-6 is primarily synthesized by Kupffer 

cells in response to stimulation of TLRs or tissue injury, subsequently inducing an acute phase 

response (Schmidt-Arras and Rose-John, 2016) and hence, early protection against infection 

(Kogut, 2000). Under physiological conditions, IL-6 has a crucial role in maintaining hepatic 

defense mechanisms and homeostasis; however, its exaggerated activation can lead to harmful 

consequences (Kogut, 2000; Schmidt-Arras and Rose-John, 2016). In the present study, the 

application of Cecropin A alone (Cec-I) and in Poly I:C-induced inflammation (PI:C+Cec-I-III) 

resulted in a decrease of IL-6. This is in accordance with previous findings, as Cecropin A was able 

to inhibit IL-6 mRNA expression in the IPEC-J2 cell line co-cultured with Escherichia coli, thereby 

alleviating inflammation (Zhai et al., 2018). Moreover, in experimentally induced IBD of mice, 

Cecropin A has been shown to relieve symptoms and reduce the colonic level of IL-6 (Zhai et al., 

2019). Other natural cecropins, such as Simulium bannaense cecropin (SibaCec) (Wu et al., 2015), 

Musca domestica cecropin (Mdc) (Zhang et al., 2019), Tabanus yao cecropin (Cecropin-TY1) (Wei 

et al., 2015; Yang et al., 2025), Trichoplusia ni cecropin (H. Lee et al., 2023), and Aedes egypti 

cecropins (Wei et al., 2018), were also found to exert the same effect in different cell cultures. 

In response to TLR agonists and pro-inflammatory interleukins, the production of IL-8 by 

hepatocytes, macrophages, monocytes, and other immune cells is likewise stimulated, primarily 

resulting in the recruitment of neutrophils/heterophils but also that of T cells, NK cells, and 

basophils, thereby enhancing the immune response (Akdis et al., 2011). In our study, Cec-I 

displayed a reducing effect on IL-8 levels, which aligns with previous findings, as similar 

observations were made in the IPEC-J2 cell line (Zhai et al., 2018), as well as in bovine 

endometrial epithelial cell cultures and uterine tissue samples (Zhao et al., 2024), albeit at the 

mRNA expression level rather than the protein level. Another natural cecropin, Cecropin P1, was 

found to influence IL-8 in a versatile way when applied to the RT-gill-W1 rainbow trout 

(Oncorhynchus mykiss) epithelial-like cell line. Specifically, most of the concentrations of the 

peptide used did not influence the mRNA expression of IL-8 when applied alone. However, in LPS- 

or Poly I:C-induced inflammation, the expression levels were heightened (Han and Shepherd, 

2023). These findings demonstrate that the same peptide displayed a wide range of activities, 
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depending on the given experimental setting, highlighting the need to investigate AMPs in varying 

experimental conditions. 

TGF-ß is a less frequently examined cytokine associated with cecropins; however, it 

displays multifaceted activities on the cells, often described as a pleiotropic molecule (Kogut and 

Arsenault, 2015; Opal and DePalo, 2000). Besides exerting a mainly anti-inflammatory effect 

(Leshchinsky and Klasing, 2001), TGF-ß plays an essential role in the regulation of cell 

proliferation and differentiation, cytokine production, fibrotic processes, repair mechanisms, and 

the formation of the EC matrix (Bissell, 2001; Kogut and Arsenault, 2015; Opal and DePalo, 2000). 

In addition, TGF-ß can be produced by various cell types in the liver, with the main sources being 

HSCs, macrophages, and lymphocytes (Bissell, 2001). In our study, the release of TGF-ß1, an 

isoform of TGF-ß, was decreased by Cec-III but not affected by the addition of the peptide under 

inflammatory conditions. To the best of the authors’ knowledge, the effect of Cecropin A on TGF-

ß production has not been previously investigated; however, Han and Shepherd made the same 

observation when treating a rainbow trout epithelial-like cell line (RTgill-W1) with another 

natural cecropin, Cecropin P1 (Han and Shepherd, 2023). Nonetheless, it has been suggested that 

TGF-ß plays distinct roles in the hepatic context, as murine and human hepatocytes appear to 

be particularly responsive to this cytokine, and elevated levels of TGF-ß may exert an apoptotic 

effect (Abnaof et al., 2014; Bissell, 2001). Therefore, inhibition of TGF-ß1 may result in the 

preservation and protection of hepatic function; moreover, it could also support the apoptosis of 

HSCs with pathological phenotype (Nakamura et al., 2000). Thus, according to our results, 

Cecropin A may have exerted similar beneficial effects by reducing the amount of TGF-ß1 in 

healthy hepatic cells. 

IFN-γ, a type II interferon synthesized by macrophages, dendritic cells, and activated 

lymphocytes (Burke and Young, 2019), was initially thought to have a key role primarily in the 

anti-viral response; however, it is now well-known to be crucial for protecting the host against a 

wide range of pathogens and inflammatory stimuli (Kak et al., 2018). Nevertheless, over-

activation of IFN-γ can lead to tissue damage, necrotic events, and immunopathology by 

promoting the production of additional pro-inflammatory mediators, ROS, and RNS, among 

others (Kak et al., 2018). In the present study, a significant reduction in IFN-γ levels was measured 

after the addition of Cecropin A alone (Cec-I) and in the case of Poly I:C-evoked inflammation 

(PI:C+Cec-I and PI:C+Cec-III). Although, to the best of the author’s knowledge, the effect of 

Cecropin A on IFN-γ production has not been previously investigated, our findings are in line with 

the results of other cecropins. Namely, Mdc (Zhang et al., 2019) and Cecropin AD (Dai et al., 2020) 

were also able to reduce the level of IFN-γ in Salmonella Typhimurium-challenged mice and in 

soybean meal-induced intestinal inflammation of turbot fish (Scophthalmus maximus), 

respectively. 
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IL-10, an anti-inflammatory cytokine primarily originating from macrophages and 

dendritic cells (Howes et al., 2014), acts as a suppressor of the TLR-agonist-induced production 

of pro-inflammatory cytokines (Akdis et al., 2011). Therefore, IL-10 plays a key role in protecting 

the host from excessive inflammation and immunopathology (Howes et al., 2014). In our 

experiment, the levels of IL-10 were diminished by Cec-I, as well as PI:C+Cec-I and PI:C+Cec-III. 

This aligns with the findings of Zhao et al., as Cecropin A decreased uterine IL-10 mRNA 

expression after application to cows suffering from subacute ruminal acidosis (SARA) (Zhao et 

al., 2024). In addition, this observation is also in line with the findings of Zhang et al., as another 

cecropin (Mdc) was shown to mitigate IL-10 mRNA expression when administered to mice 

infected with Salmonella Typhimurium (Zhang et al., 2019). 

As both IFN-γ and IL-10 production were diminished by Cecropin A, we aimed to 

determine whether IFN-γ/IL-10 ratio was influenced, as relative cytokine levels may reflect the 

overall inflammatory milieu, showing the shift in the net balance between pro- and anti-

inflammatory mediators (Dhabhar et al., 2009). In addition, while IFN-γ plays a key role in 

initiating downstream signaling that leads to the development of Th1 cells, IL-10 favors the 

differentiation toward the Th2 subset (Chae, 2018; Luckheeram et al., 2012). Therefore, changes 

in IFN-γ/IL-10 ratio can give useful insights into the ability to shape adaptive immunity as well. 

When evoking inflammation, Poly I:C increased the ratio in our study, confirming the 

predominance of pro-inflammatory response. However, this was not influenced by Cecropin A, 

indicating that the peptide did not explicitly affect either the net “direction” of the immune 

response or T cell differentiation. 

Taking our results on cytokine production together, Cecropin A exhibited, on the one 

hand, an anti-inflammatory effect, as it contributed to decreased production of the pro-

inflammatory mediators IL-6, IL-8, and IFN-γ. This effect of Cecropin A has previously been shown 

to occur via the inhibition of key signaling proteins of inflammation, such as COX-2 and MAPKs 

(Lee et al., 2015). On the other hand, Cecropin A also reduced the levels of the anti-inflammatory 

cytokines IL-10 and TGF-ß1, and it did not alleviate the Poly I:C-induced elevated IFN-γ/IL-10 

ratio, indicating that a purely anti-inflammatory role for Cecropin A cannot be established under 

our experimental conditions. Since IL-10 and TGF-ß production requires, among others, the 

activation of MAPKs, such as p38 and ERK (Howes et al., 2014; Kogut and Arsenault, 2015), and 

Cecropin A is known to inhibit these proteins (Lee et al., 2015), the observed decrease in anti-

inflammatory cytokine levels could result from this mechanism. However, it would have been 

needed to address these signaling pathways to confirm this; the lack of which is a limitation of 

the study. Furthermore, this finding may also indicate that immune cells did not require 

substantial amounts of anti-inflammatory cytokines to counterbalance inflammation, given the 

marked reduction in pro-inflammatory mediators induced by Cecropin A (Feng et al., 2020). 
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Although Cecropin A has generally been characterized as an anti-inflammatory peptide (Lee et 

al., 2015; Zhai et al., 2019, 2018), it is worth noting that AMPs are broadly described as 

immunomodulatory molecules with pleiotropic effects, capable of exerting pro-inflammatory 

activities as well (Hancock and Sahl, 2006), for instance, as observed with Cecropin P1 (Han and 

Shepherd, 2023). Similar simultaneous reduction of IL-6 and IL-10 has been reported by Zhao et 

al. in bovine uterine tissue samples after Cecropin A treatment (Zhao et al., 2024), as well as by 

Hansen et al. when examining the immunomodulatory effects of another AMP, GKY25, on RAW 

264.7 macrophages (Hansen et al., 2015). Collectively, these findings underscore that the effects 

of AMPs are not universal and cannot be predicted for a given peptide (Lee et al., 2019); rather, 

they are highly complex and dependent on the specific biological context, cell type, and 

inflammatory stimulus (Hancock et al., 2016; Lee et al., 2019). 

As an increasing number of evidence suggests that inflammation and redox state are 

tightly connected (Li et al., 2016), and several cecropins have been described to influence the 

oxidative conditions of the host cells (Bylund et al., 2001; Lin et al., 2015; Pavón et al., 2014; L. 

Zhang et al., 2021; Zhang et al., 2019), the effects of Cecropin A on redox homeostasis were also 

examined in the present study. According to our results, Cec-I and PI:C+Cec-III enhanced the level 

of EC H2O2. Since the excessive formation of ROS contributes to lipid peroxidation (Li et al., 2016), 

levels of MDA were also measured. Neither of the solely added concentrations of CecA was found 

to increase the production of MDA, which indicates that even though enhanced production of H2O2 

was detected, it did not lead to oxidative damage of membrane-forming phospholipids. However, 

PI:C+Cec-II elevated MDA levels, which may result from unknown oxidative events different from 

the formation of H2O2, as it was not detected to elevate. Interestingly, similar observations were 

made in the case of the AMP LRR11, as it enhanced the generation of ROS when applied 

simultaneously with a pro-inflammatory agent; however, it did not display a prooxidant effect 

when administered alone (Viryasova et al., 2021). Although our findings are contrary to the 

previously proven antioxidant activity of other cecropins (Dong et al., 2015; Lin et al., 2015; L. 

Zhang et al., 2021; Zhang et al., 2019), it was also found that Cecropin 3 (Pavón et al., 2014) and 

the cecropin-like peptide Hp(2–20) (Bylund et al., 2001) contributed to oxidative stress which 

was initially exerted as a host defense response against pathogens but ended up displaying a 

detrimental impact on host cells (Bylund et al., 2001). In addition, when investigating the anti-

tumor activity of Cecropin A, it was observed that the peptide’s higher concentrations led to ROS 

accumulation in a human promyelocytic leukemia cell line (Cerón et al., 2010). Moreover, 

Cecropin A was also found to promote excessive ROS formation in Candida albicans, which was 

considered an essential part of the antifungal activity of the peptide (Peng et al., 2022; Yun and 

Lee, 2016). Taking our results together, it is challenging to evaluate the impact of Cecropin A on 

redox homeostasis, and it may have required the investigation of further parameters, the lack of 
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which is a limitation of our study. Therefore, further in vitro and in vivo studies are needed to 

examine the detailed effects of Cecropin A on the cellular oxidative status, which our study may 

provide useful insights into. 

Based on our results, Cecropin A appeared to exert no harmful effects on the viability of 

hepatic cells when applied at its lower concentrations; however, the use of its higher 

concentrations resulted in cell membrane damage. Additionally, Cecropin A displayed a 

multifaceted impact on the host cells’ immune response, as it influenced the levels of IL-6, IL-8, 

IFN-γ, IL-10, and TGF-ß1. Although Cecropin A cannot be considered purely anti-inflammatory 

based on our results, it may maintain hepatic immune homeostasis through an 

immunomodulatory activity. Furthermore, the mechanism of action regarding Cecropin A’s anti-

cancer and anti-fungal properties may be associated with the peptide’s impact on cellular redox 

status, thereby raising difficulties in the evaluation of our observations and necessitating further 

studies to fully elucidate its action. 

8.2. Study I.2: Investigation of the effects of Pap12-6 on cell viability, 

cytokine response, and redox homeostasis in primary chicken 

hepatic co-cultures 

The goal of Study I.2 was to examine the impact of Pap12-6 on cytokine response and 

redox homeostasis of primary chicken hepatocyte–NP cell co-cultures, after applying the peptide 

both solely and in inflammatory conditions induced by Poly I:C. In the present study, Poly I:C 

contributed to increased IL-6, IL-10, RANTES, IFN-γ, and H2O2 production, as well as IFN-γ/IL-10 

ratio, indicating a triggered inflammatory state. 

First, the EC LDH activity was determined to assess changes in the cell membrane 

integrity and, hence, cellular viability. According to our results, none of the administered peptide 

concentrations displayed cytotoxic effects. Moreover, the highest concentration of Pap12-6 was 

able to restore the membrane damage caused by Poly I:C. The observed effects of Pap12-6 on 

cellular viability align with previous reports, as the peptide was found to exert no cytotoxic effects 

in the RAW 264.7 mouse macrophage cell line, HaCaT human keratinocyte cell line (Kim et al., 

2019; Son et al., 2019), and HEK-293 human embryonic kidney cell line (Son et al., 2019). Based 

on these findings, the administration of Pap12-6 on eukaryotic cells is suggested to be harmless. 

Moreover, it could even improve the viability of the hepatic cells in Poly I:C-induced inflammation. 

In order to investigate the putative immunomodulatory effects of Pap12-6, the levels of 

IL-6, IL-8, RANTES, IFN-γ, IL-10, and TGF-ß1 were determined, the functions of almost all of which 

have already been discussed in Chapter 8.1. Regarding IL-6, Pap12-6 was able to decrease the Poly 

I:C-induced increased production, thereby alleviating inflammation. This aligns with previous 

findings, as Pap12-6 was able to restore the LPS-induced elevation of IL-6 concentrations in RAW 
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264.7 mouse macrophage cell lines (Kim et al., 2019; Son et al., 2019). Under in vivo conditions, 

serum IL-6 levels of Escherichia coli K1-challenged mice were also diminished by the 

administration of Pap12-6 (Kim et al., 2019; Son et al., 2019). Moreover, Papiliocin (Kim et al., 

2011), Pap12-7 (Son et al., 2019), PapMA (Shin et al., 2015), and Pap12-6-10 (Kim et al., 2025) 

were also found to exert the same effect, suggesting the potent immunomodulatory nature of 

papiliocins. In LPS-induced inflammation, the capability of Pap12-6 to alleviate IL-6 production 

was found to be achieved by the peptide’s inhibitory effect on the secreted alkaline phosphatase 

(SEAP) reporter gene located downstream from the promoter of NF-κB, thereby hindering its 

activation and the subsequent release of pro-inflammatory cytokines (Kim et al., 2019). 

Regarding the chemokine IL-8, the highest concentration of Pap12-6, both alone (Pap-III) 

and combined with Poly I:C (PI:C+Pap-III), elicited a decreasing effect, indicating its contribution 

to alleviating inflammation. Even though there is no data available on the impacts of papiliocins 

on IL-8, other insect-derived synthetic peptides, including CopA3 and AMP P5, have been 

observed to display the same effect in ethanol-induced liver cell damage of mice and in 

Propionibacterium acnes-treated primary human keratinocytes, respectively (Kim, 2022; Ryu et 

al., 2015). 

RANTES, another chemokine examined in the present study, is produced by HSCs, 

macrophages, and LSECs in the liver, contributing to the recruitment of peripheral macrophages 

and activation of tissue macrophages (Chen et al., 2020). In addition, the chemokine promotes the 

polarization of macrophages to the M1 phenotype (Chen et al., 2020), which is responsible for the 

production of pro-inflammatory cytokines, whereas the conversion to the anti-inflammatory M2 

phenotype is inhibited by its action (Chen et al., 2020; Dixon et al., 2013; Liaskou et al., 2012). 

There has been increasing evidence suggesting the frequent involvement of RANTES in different 

liver diseases, describing it as a mediator of hepatic cell injury; however, its mechanism of action 

is not fully elucidated (Chen et al., 2020). In the present study, Poly I:C-induced inflammation 

resulted in elevated levels of RANTES, which were alleviated by Pap12-6 (PI:C+Pap-III), 

suggesting its protective effect on the liver. As RANTES has been relatively rarely researched in 

the context of AMPs, to the best of the author’s knowledge, it has never been investigated either 

in connection with Pap12-6 or any derivatives of papiliocin. However, other AMPs of different 

origins, such as Magainin and Chrysophsin-1, also decreased the production of RANTES in 

inflammatory stimuli, thereby alleviating inflammation (Anupa et al., 2015; Tripathi et al., 2017). 

In the case of IFN-γ, IL-10, and IFN-γ/IL-10 ratio, Poly I:C-evoked inflammation resulted 

in elevated values, which Pap12-6 did not significantly influence. This indicates that the peptide 

did not affect either the net “direction” of the immune response or the polarization of the Th 

response. Although to date, there is no bibliographic data available on the effects of papiliocins 

on the parameters mentioned above, several other cationic AMPs of insect origin have been 
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reported to affect the production of IFN-γ (Dai et al., 2020; Kim, 2022; Zhu et al., 2022) and IL-10 

(Xiaoyan et al., 2023; Zhang et al., 2019; Zhao et al., 2024). Nevertheless, since a numeric 

concentration-dependent decrease was observed for both cytokines after applying Pap12-6 in 

Poly I:C-induced inflammation, it raises the possibility that concentrations higher than those of 

the present experiment may exert a significant impact on IFN-γ and IL-10 levels. However, further 

studies are required to confirm this hypothesis. 

When examining TGF-ß1, the highest concentration of Pap12-6 contributed to decreased 

levels when applied together with Poly I:C (PI:C+Pap-III). Based on the previously discussed role 

of TGF-ß1 from the hepatic perspective, Pap12-6 is suggested to exert a preservative and 

protective effect on hepatic function (Nakamura et al., 2000). To the best of the authors' 

knowledge, papiliocins have never been examined in the context of TGF-ß; however, the AMPs 

Lactoferrin and Hepcidin displayed the same activity in a rodent nonalcoholic steatohepatitis 

model and in a murine fibrotic liver model, respectively (Aoyama et al., 2021; Han et al., 2016). 

These experiments demonstrated that decreased mRNA expression of TGF-ß1 correlated with 

the prevention of hepatic fibrosis and, interestingly, the study on Lactoferrin also showcased 

simultaneously reduced IL-6 and unchanged IFN-γ gene expressions (exactly as we found in our 

study) (Aoyama et al., 2021). 

Regarding redox homeostasis, the two highest concentrations of Pap12-6 (Pap-II and Pap-

III) were able to restore the elevated levels of EC H2O2 caused by Poly I:C, suggesting the 

antioxidant nature of the peptide. Even though the impact of papiliocins on the oxidative state 

has not been frequently examined, our findings align with the observations on the parent peptide 

Papiliocin, which decreased IC H2O2 levels in the CaCo-2 human colorectal adenocarcinoma cell 

line (Kim and Park, 2021). In the case of the antioxidant transcription factor Nrf2, Pap12-6 

contributed to a decrease both alone (Pap-III) and when combined with Poly I:C (PI:C+Pap-II and 

-III). As it has already been showcased that activation of the Nrf2-signaling pathway in 

inflammation reflects the cellular efforts to enhance the expression of antioxidant molecules 

(Mohan and Gupta, 2018), reduced levels caused by Pap12-6 in inflammatory conditions suggest 

that, owing to the beneficial effects of the peptide on the immune response, the cells were not 

forced to augment the antioxidant processes anymore. Thus, it indicates that the antioxidant 

system was regulated depending on the current oxidative state. Interestingly, treatment with 

Pap12-6 alone also resulted in lower Nrf2 levels, and this effect was accompanied by a reduction 

in IL-8 concentrations. Since it has been demonstrated that IL-8 can promote the compensatory 

elevation of the Nrf2 level (Jiang et al., 2013; Yang et al., 2007), it can be suggested that the 

reduced cytokine level contributed to the mild presence of Nrf2. Although correlation analysis is 

beyond the scope of this thesis due to space limitations, a high positive correlation (r=0.701, 

p<0.001) was observed between IL-8 and Nrf2, supporting the aforementioned hypothesis. 
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Nevertheless, to elucidate these events, additional research is required. In addition, there are only 

a few studies available about the effects of AMPs on the Nrf2-signaling pathway, describing both 

the activation (Yan et al., 2021) and suppression (Sebők et al., 2023) of the transcription factor in 

hepatic cells; therefore, their exact mechanism of action remains unclear. 

Based on our results, Pap12-6 appeared to exert no harmful effects on the viability of 

hepatic cells, suggesting that it can be safely applied to poultry. Additionally, Pap12-6 was found 

to display an immunomodulatory effect, as it altered IL-6, IL-8, and TGF-ß1 levels. Moreover, 

based on the reduced EC H2O2 and Nrf2 concentrations, the peptide demonstrated its promising 

nature in terms of alleviating oxidative stress. It is worth highlighting that when applied alone, 

the peptide was not characteristically found to influence the parameters measured. This 

observation suggests that Pap12-6 treatment under physiological conditions is unlikely to 

interfere with immune and redox processes, whereas, in the presence of inflammation, Pap12-6 

can exert beneficial effects to protect the host. 

8.3. Study II.1: Investigation of the effects of Cecropin A on cell 

viability, cytokine response, and TJ protein concentration in 

chicken ileal explant cultures 

Based on the relevance of gut health in broiler farming, Study II.1 aimed to investigate the 

effects of Cecropin A on the cytokine response and TJ protein concentration of chicken ileal 

explant cultures, after applying the peptide solely and in inflammatory conditions induced by Poly 

I:C. In the present experiment, Poly I:C contributed to increased production of IFN-γ and RANTES, 

as well as IFN-γ/TGF-ß1 ratio, indicating a triggered inflammatory state. 

In our previous study conducted on chicken hepatic cell cultures, it was observed that at 

higher concentrations, Cecropin A decreased cell viability by impairing cell membrane integrity. 

Therefore, in the present experiment, only the two highest concentrations without previously 

observed cytotoxic effects (Cec-II and Cec-III) were applied. While inflammation exerted by Poly 

I:C slightly decreased metabolic activity, none of the Cecropin A-containing treatments were 

found to influence either metabolic activity or EC LDH activity of the cultures, suggesting the safe 

application of the peptide in this setting. In agreement with this, Cecropin A was not found to be 

cytotoxic in the following cell lines previously mentioned: RAW 264.7 (Lee et al., 2015),  IPEC-J2 

(Zhai et al., 2018), and human PBMCs (Bacalum and Radu, 2015), albeit contributing to decreased 

cellular metabolic activity at higher concentrations on bovine endometrial epithelial cells (Zhao 

et al., 2024). Based on this, Cecropin A can mainly be considered safe for eukaryotic cells; 

however, the application requires careful consideration in terms of the concentration used. 

To investigate the immunomodulatory activity of Cecropin A in ileal explants, the 

productions of IL-2, IL-6, IFN-γ, IL-8, RANTES, and TGF-ß1 were examined. In the intestinal 
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immune system, the main effects of IL-2 are exerted through regulating the function, 

differentiation, and activation of T cells. This modulatory activity is primarily achieved by 

promoting the differentiation of Th1 cells, Th2 cells, and regulatory T cells while inhibiting the 

Th17 subtype (Zhou and Sonnenberg, 2018). Based on these effects, insufficient IL-2 signaling 

renders cells more susceptible to autoimmune and other inflammatory disorders, indicating that 

IL-2 plays a crucial role in maintaining immune homeostasis (Boyman and Sprent, 2012). In our 

study, the higher concentration of Cecropin A elevated the levels of IL-2, both on its own (Cec-III) 

and under inflammatory conditions evoked by Poly I:C (PI:C+Cec-III), suggesting a stimulatory 

activity on the enteric adaptive immunity. To the best of the author’s knowledge, cecropins have 

not been investigated before regarding IL-2 production; however, other AMPs displayed the same 

effect in the context of the poultry gut. For instance, Melittin, a natural peptide from the honeybee 

(Apis mellifera), increased duodenal IL-2 mRNA expression in an in vivo experiment on laying 

quails (Li et al., 2023). In addition, chicken Cathelicidin-2 also elevated IL-2 concentrations of 

chicken-derived ileal explant cultures in a previous experiment of our research group (Mátis et 

al., 2024). On the other hand, it needs to be mentioned that opposite outcomes were also observed 

in chicken intestines (Daneshmand et al., 2019; Wickramasuriya et al., 2023), even when the same 

peptides mentioned above were used but under slightly different experimental conditions (Li et 

al., 2023; Mátis et al., 2024). These findings highlight the versatile impact of AMPs on cytokine 

production and the need for future research on the peptides’ immunomodulatory activity. 

Similar to its role in the liver, IL-6 represents another crucial mediator of enteric immune 

processes. By contributing to a shift from maintaining gut homeostasis to exaggerating 

inflammation, overproduction of the cytokine has been linked to different intestinal pathologies, 

such as IBD (Alhendi and Naser, 2023). In the present study, Cecropin A suppressed IL-6 levels 

when applied in Poly I:C-induced inflammation, suggesting its potential as a reliever of the 

inflammatory response. This finding is in agreement with Study I.1., in which Cecropin A was 

applied to primary chicken hepatic co-cultures and mitigated IL-6 production. Moreover, 

Cecropin A was also reported to exert the same effect in the IPEC-J2 porcine intestinal epithelial 

cell line challenged with Escherichia coli, as well as under in vivo conditions, in experimentally 

induced IBD of mice (Zhai et al., 2019, 2018). In addition, this ability of Cecropin A is in line with 

those of other natural cecropins, such as cecropin-TY1 (Wei et al., 2015; Yang et al., 2025), Aedes 

egypti cecropins (Wei et al., 2018), Trichoplusia ni cecropin (H. Lee et al., 2023), SibaCec (Wu et 

al., 2015), and Mdc (Zhang et al., 2019). 

Based on the previously described pro-inflammatory and chemoattractant function of IL-

8, it was described that many GI diseases, such as IBD (Cotton et al., 2016; Williams et al., 2000), 

gastric and colonic carcinomas (Maheshwari et al., 2002), or ulcerative colitis (Williams et al., 

2000), were accompanied by elevated intestinal IL-8 production. In this study, Cecropin A did not 
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alter IL-8 concentrations, which agrees with Study I.1, in which Cec-II and Cec-III left hepatic IL-

8 levels unchanged. However, Cecropin A was able to exert a decreasing effect in the porcine IPEC-

J2 cell line (Zhai et al., 2018), as well as in bovine endometrial epithelial cell cultures (Zhao et al., 

2024), albeit at the mRNA expression level rather than the protein level. As previously mentioned, 

Cecropin P1, another natural cecropin, affected IL-8 in a complex manner when applied to the RT-

gill-W1 rainbow trout (Oncorhynchus mykiss) epithelial-like cell line, as it stimulated IL-8 mRNA 

expression only under LPS- or Poly I:C-induced inflammatory conditions (Han and Shepherd, 

2023). These findings demonstrate again that the same peptide displayed a wide range of 

activities, depending on the given experimental setting. This confirms the importance of 

investigating the cellular effects of AMPs under as many different conditions as possible. 

In the context of the GI tract, RANTES, another chemokine previously mentioned, is 

primarily produced by macrophages, T lymphocytes, and endothelial cells of the inflamed gut 

tissue (Grimm and Doe, 1996). Even though the exact action of RANTES in the intestines is still 

under investigation, it was confirmed that the chemokine played a role in the development of IBD 

(Grimm and Doe, 1996), irritable bowel syndrome (IBS) (Berg et al., 2020), enteric 

ischemia reperfusion injury (IRI) (Chen et al., 2004), allergic reactions to food components (Lee 

et al., 2004), and chronic colitis (Ajuebor et al., 2001). In the present experiment, Poly I:C induced 

the production of RANTES, but this elevation was not significantly influenced by Cecropin A. To 

the best of the authors’ knowledge, the effect of cecropins on RANTES has not yet been published 

before. However, in the literature, certain AMPs have been described to influence the chemokine’s 

gene expression or concentration in various ways, providing results of both increasing (Sebők et 

al., 2023; van der Does et al., 2010) and decreasing activities (Anupa et al., 2015; Tripathi et al., 

2017; Yan et al., 2018). Nevertheless, apart from involving completely different AMPs, these 

studies have typically been conducted on cell cultures different from poultry origin, limiting the 

extent to which our findings should be directly compared with the results of the referenced 

studies and underpinning the significance of investigating the impact of AMPs on a wide range of 

cytokines in poultry cells. 

In addition to its previously mentioned effects, IFN-γ has a paramount role in immune cell 

activation, AMP and mucus production, promotion of cellular cytotoxic effects, and apoptosis of 

mucosal epithelial cells in the intestinal context (Cardoso Dal Pont et al., 2023; Li et al., 2023). In 

this study, Poly I:C induced a peak in IFN-γ production, which was not attenuated by Cecropin A, 

despite the peptide exhibiting a reducing effect in chicken hepatic co-cultures. In agreement with 

this former finding, other cecropins, such as Mdc (Zhang et al., 2019) and Cecropin AD (Dai et al., 

2020), were able to reduce intestinal IFN-γ gene expression when applied to mice infected with 

Salmonella Typhimurium and to turbot fish (Scophthalmus maximus) with soybean meal-induced 

IBD, respectively. However, the abovementioned Cecropin AD was also reported to exert opposite 
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effects, as it induced IFN-γ production when administered to chickens challenged with H9N2 

avian influenza virus (Zhang et al., 2024). These findings highlight that AMPs, including cecropins, 

can have a versatile impact on the same immunological parameter, depending on the specific 

experimental circumstances. Therefore, the absence of the effect observed in our previous 

experiment may have resulted from differences between the experimental settings ⎯ such as the 

distinct immune cell compositions of hepatic and intestinal tissues ⎯ and may suggest the tissue-

specific effects of Cecropin A on IFN-γ production. 

Another important contributor to gut homeostasis is TGF-ß, the most abundant 

intestinal isoform of which is TGF-ß1 (Tanigawa et al., 2005). This pleiotropic cytokine regulates 

the proliferation, apoptosis, and differentiation of intestinal cells and mucosal barrier function; 

moreover, it serves as a key suppressor of the immune response (Howe et al., 2005; Ihara et al., 

2017; Tanigawa et al., 2005). In the present study, Cecropin A did not influence the TGF-ß1 levels 

of explants, which is contrary to the finding of our previous experiment, in which Cec-III displayed 

a decreasing effect on chicken hepatic TGF-ß1 production. However, it was also reported that the 

activity of Cecropin P1 on TGF-ß1 mRNA expression varied depending on the given experimental 

condition (Han and Shepherd, 2023), whereas Cecropin AD was not able to influence the cytokine 

in juvenile turbot fish (Dai et al., 2020). Based on these, the observed discrepancies are likely in 

correlation with the distinct immunological environments of hepatic and intestinal tissues. Thus, 

this suggestion also reinforces the possibility that the immunomodulatory properties of Cecropin 

A are highly organ-dependent rather than uniform across different biological systems. 

Since IL-10 levels were not measurable from explant-derived supernatant samples, the 

IFN-γ/TGF-ß1 ratio was determined instead of IFN-γ/IL-10 ratio to gain insights into the net 

inflammatory response. Although the IFN-γ/TGF-ß1 ratio is not commonly used for this purpose, 

it was found to be a valuable marker that not only reflected shifts toward the pro- or anti-

inflammatory direction, but also indicated the polarization of adaptive immune response by 

correlating with the Th1/Th3 ratio and, therefore, with the Th1/Th2 balance (Myint et al., 2005). 

In the present experiment, Poly I:C-induced inflammation increased the IFN-γ/TGF-ß1 ratio, but 

Cecropin A did not affect it, suggesting that the peptide’s effect did not induce a net shift toward 

either an immunosuppressive or immunostimulatory response. 

Although a crucial function of an animal’s intestinal epithelial cells is to allow the intake 

of nutrients into the bloodstream, preventing the entry of harmful substances, such as pathogens, 

is an equally important role held by them (Ding et al., 2022). TJ proteins are essential in this 

regard, as they regulate the paracellular permeability between the epithelial cells and maintain 

gut homeostasis (Turner, 2009). They help determine whether the TJs are “tight” (serving a 

barrier function) or whether they are “leaky” (allowing selective permeability) (Turner, 2009). 

Any disruption to their integrity, which can be caused by various factors, such as heat stress or 
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infections in poultry and livestock, can result in increased intestinal permeability, allowing the 

entry of pathogens from the lumen and thus triggering inflammation (Awad et al., 2017). As TJ 

proteins have been found to have a significant influence on various aspects of gut health, their 

levels are a useful indicator for assessing the overall condition of the intestinal epithelium. In the 

present experiment, claudin-3 levels were upregulated by Cecropin A, which agrees with previous 

findings. Specifically, Cecropin A was able to stimulate intestinal claudin-1 mRNA expression of 

mice challenged with IBD (Zhai et al., 2019), as well as in the IPEC-J2 cell line co-cultured with 

Escherichia coli (Zhai et al., 2018). On the other hand, the level of occludin was not altered by 

Cecropin A in our study, even though the peptide increased the gene expression of the TJ protein 

in dextran sulfate sodium-induced IBD of mice (Zhai et al., 2019), in the IPEC-J2 cell line infected 

with Escherichia coli (Zhai et al., 2018), and in healthy Hainan piglets (Ouyang et al., 2024). It has 

been specifically described that Cecropin A can inhibit the phosphorylation of the MEK/ERK 

signaling pathway, thus its activity, leading to reduced function of the transcription factor caudal 

type homebox 2 (CDX2). As a result, the expression and polymerization of TJ proteins are 

enhanced, contributing to the formation of proper cell junction structures and intestinal epithelial 

integrity (Zhai et al., 2018). Therefore, the ability of Cecropin A to enhance claudin-3 

concentration in our experiment is suggested to occur via the above-described pathway. 

Furthermore, although a detailed correlation analysis is beyond the scope of this thesis due to 

space limitations, a high positive correlation (r=0.814, p<0.001) was observed between claudin-

3 and occludin, which suggests their parallelly regulated formation, albeit not being able to detect 

a significant elevation in occludin levels. 

Collectively, our results demonstrate that Cecropin A displayed no cytotoxic effects on 

ileal cells, suggesting that preferring its lower concentrations is indeed advisable in the context 

of poultry cells. In addition, Cecropin A influenced the ileal cytokine response by increasing the 

levels of IL-2 and decreasing those of IL-6. Based on these and the unchanged IFN-γ/TGF-ß1 ratio, 

Cecropin A is suggested to display a complex immunomodulatory rather than an explicitly anti-

inflammatory activity, which aligns with the general standpoint of the literature. Furthermore, 

Cecropin A appeared to support ileal barrier integrity, as reflected by the enhanced IC abundance 

of claudin-3. Therefore, Cecropin A can have a beneficial influence on chicken gut health; 

however, based on the complexity of mucosal immunity and the diverse effects inherent in AMPs, 

further investigation is required, particularly in terms of the peptide’s tissue-specific activities. 
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8.4. Study II.2: Investigation of the effects of Pap12-6 on cell viability, 

cytokine response, and TJ protein concentration in chicken ileal 

explant cultures 

Study II.2 aimed to investigate the effects of Pap12-6 on the cytokine response and TJ 

protein concentration of chicken ileal explant cultures, after applying the peptide solely and in 

inflammatory conditions induced by Poly I:C. In the present experiment, Poly I:C contributed to 

increased production of IFN-γ and RANTES, as well as elevated IFN-γ/TGF-ß1 ratio, indicating a 

triggered inflammatory state. 

In the present study, neither of the applied concentrations of Pap12-6 influenced the 

metabolic activity or cell membrane integrity, hence the viability of the ileal cells, suggesting the 

harmless nature of the peptide. This observation is in accordance with the results of Study I.2, in 

which Pap12-6 displayed no cytotoxic effects on a primary hepatocyte–NP cell co-culture of 

chicken origin. Moreover, our findings are consistent with other studies conducted on cell 

cultures, as Pap12-6 exerted no harmful effects on the RAW 264.7 mouse macrophage cell line, 

HaCaT human keratinocyte cell line (Kim et al., 2019; Son et al., 2019), and HEK-293 human 

embryonic kidney cell line (Son et al., 2019). In the present study, it can also be observed that 

Poly I:C slightly reduced metabolic activity, which, while not considered a cytotoxic effect due to 

the unchanged LDH activity, indicates a mild metabolic depression in the cells. Unlike in Study I.2, 

the decrease in cell viability caused by the inflammation was not restored by the addition of 

Pap12-6. 

To investigate the immunomodulatory activity of Pap12-6 in ileal explants, the production 

of IL-2, IL-6, IFN-γ, IL-8, RANTES, and TGF-ß1 was examined, the functions of all of which in the 

intestines have already been discussed in Chapter 8.3. Although the available literature on Pap12-

6 is considerably limited, the effects of a few other AMPs on the parameters investigated in this 

study have already been examined in the poultry intestinal system. Therefore, it should be noted 

that, in cases where no previous findings were available regarding the effects of Pap12-6 or other 

papiliocins on a certain parameter, studies assessing the impact of another AMP on the same 

cytokine in the poultry intestine were referenced. 

In the present experiment, Pap12-6 increased the production of IL-2 both alone (Pap-II 

and Pap-III) and in Poly I:C-induced inflammation (PI:C+Pap-II), suggesting the peptide’s 

protective and immunostimulatory effects by regulating cell-mediated immunity. While this 

finding is not comparable to literature data on Pap12-6 due to the lack of previous research in 

this regard, it is worth noting again that Melittin and chicken Cathelicidin-2 exerted the same 

effect on IL-2 in laying quails (Li et al., 2023) and in chicken-derived ileal explant cultures, 

respectively (Mátis et al., 2024). However, in the literature, the immunomodulatory effects of 

AMPs on the poultry intestine have also shown opposing outcomes concerning IL-2 production. 
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Namely, in broiler chickens, cLF36 (Daneshmand et al., 2019) and chicken NK-lysin expressed by 

Bacillus subtilis (Wickramasuriya et al., 2023) contributed to an IL-2 decrease in the intestines. 

Furthermore, Melittin, when tested at a different concentration in another section of the small 

intestine (Li et al., 2023), and chicken Cathelicidin-2, in LTA-induced inflammation (Mátis et al., 

2024), displayed similar IL-2-reducing effects, despite demonstrating opposing activities under 

previously described conditions. Based on these observations and as described in the previous 

chapters, it is evident that AMPs can exhibit highly diverse effects, even in the case of the same 

peptide, making it challenging to evaluate their overall contribution to the host immune state. 

Regarding IL-6, many AMPs have been reported to modulate its intestinal expression in 

poultry, with various effects observed. While the AMPs cLF36 (Daneshmand et al., 2019), 

Brevibacillus texaporus-derived (BT) peptides (Kogut et al., 2013), and chicken Cathelicidin-2 

increased IL-6 gene expression/production (Mátis et al., 2024), chicken NK-lysin (Y. Lee et al., 

2023a), Plectasin (X. Zhang et al., 2021), and Mastoparan X decreased it (Zhu et al., 2022). 

Although previous studies demonstrated that Pap-12-6 alleviated IL-6 release in the RAW 264.7 

murine macrophage cell line (Kim et al., 2019; Son et al., 2019) and primary chicken-derived 

hepatic co-cultures (Study I.2), the present experiment did not reproduce these results. Notably, 

the immunomodulatory effects of Pap12-6 on intestinal cell cultures have not been previously 

examined, leaving open the possibility that the lack of an IL-6-modulating effect observed here 

may be due to the peptide acting differently at the same concentrations in a different tissue type. 

However, to gain a deeper understanding of the above, investigating additional concentrations of 

Pap12-6 and further studies involving chicken-derived intestinal cells are advisable, and their 

absence represents a limitation in the present study. 

In the case of IL-8, Pap-12-6 raised the chemokine levels when applied together with Poly 

I:C (PI:C+Pap-II), suggesting that the peptide stimulated the immune response in inflammatory 

conditions. This finding is contrary to the reducing effect exerted on chicken hepatic co-cultures 

in Study I.2. Given these conflicting results, the putative tissue-specific activity of Pap12-6 should 

be reconsidered and further examined. Nevertheless, BT peptides also contributed to an 

intestinal IL-8 increase in broiler chickens after Salmonella Enteritidis challenge (Kogut et al., 

2013). According to the observations in that experiment, Kogut et al. suggested that BT peptides 

may contribute to a so-called priming effect, thereby strengthening the activation of phagocytes 

and enhancing the sensitivity of the tissues to microbial stimulus (Kogut et al., 2013). Moreover, 

in addition to the pro-inflammatory role of IL-8, the beneficial effects of the chemokine in the GI 

tract ⎯ namely, its involvement in GI tissue remodeling, angiogenesis, and epithelialization ⎯ 

have also been described (Maheshwari et al., 2002). Based on this, the increased production of 

IL-8 caused by Pap12-6 may suggest a gut-protective function of the peptide. However, as the 

investigation of the immunomodulatory effects of AMPs in the poultry gut is still in its infancy, 
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more research is required to fully understand the underlying mechanisms and consequences of 

the altered IL-8 level. 

The production of the other chemokine, RANTES, was increased by Poly I:C, but this 

elevation was not significantly altered by Pap12-6 in the present experiment. This observation is 

contrary to the decreasing effect exerted on chicken hepatic co-cultures (Study I.2). The absence 

of reduced chemokine production in the present study may suggest again that the concentrations 

of Pap12-6 applied to hepatic cell cultures do not exert the same effect on ileal explant cultures. 

In light of the divergent results obtained for other cytokines as well, this observation not only 

raises the possibility of a concentration-dependent effect of the peptide but also indicates that 

ileal explants exhibit a markedly different sensitivity and susceptibility to the same treatment. 

Notably, considering that RANTES is a relatively rarely investigated inflammatory parameter in 

connection with AMPs, even among studies performed on chicken-derived cells, reference can 

only be made to a previous experiment of our research group, in which chicken Cathelicidin-2 

increased RANTES production in hepatic cells (Sebők et al., 2023). Furthermore, as mentioned in 

Chapter 8.3, AMPs tested under entirely different experimental conditions were also found to 

influence RANTES in various ways, providing results of both increasing (van der Does et al., 2010) 

and decreasing activities (Anupa et al., 2015; Tripathi et al., 2017; Yan et al., 2018). 

Regarding the previously described pro-inflammatory cytokine IFN-γ, Pap12-6 exerted a 

decreasing effect on its concentration compared with the increase caused by Poly I:C, suggesting 

that the peptide was able to alleviate inflammation. In contrast, when Pap12-6 was previously 

applied to chicken hepatic co-cultures in Study I.2, the same peptide concentrations did not 

influence IFN-γ levels significantly in Poly I:C-triggered inflammation. This could indicate the 

previously mentioned tissue-specific immunomodulatory effects of Pap12-6. At the same time, it 

is worth mentioning that in the chicken intestine, chicken NK-lysin was able to exert the same 

reducing effect on IFN-γ gene expression when administered to enhance vaccination efficacy in 

Eimeria infection (Lee et al., 2022; Y. Lee et al., 2023b). On the other hand, the opposite effect was 

also documented after treating broiler chickens with BT peptides in Salmonella Enteritidis-

induced inflammation (Kogut et al., 2013). Since both outcomes were associated with a beneficial 

effect on the overall health of chickens, an unequivocal evaluation of altered cytokine levels 

remains challenging, highlighting the need for further research. 

Unchanged TGF-ß1 levels in the present experiment suggest that the immune status was 

not altered through the modulation of this cytokine. This is contrary to the observation in Study 

I.2, when the highest concentration of Pap12-6 decreased TGF-ß1 levels in Poly I:C-induced 

inflammation. The role of TGF-β in the liver and the intestine was discussed in Chapters 8.1 and 

8.3. Considering the specific hepatic function of TGF-β and the presumed protective effect of its 

reduced production in the liver, the lack of decreased production in the present experiment (and 
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Study II.1) may be explained by the fact that a reduction in TGF-β1 levels would not have been 

beneficial for the ileal cells. Even though the authors are not aware of any other experiments that 

have investigated the impact of Pap12-6 or further papiliocins on TGF-ß1 production, it was 

described that a few other AMPs regulated the cytokine’s intestinal expression in chicken. While 

Soybean bioactive peptides reduced it in the jejunum of Eimeria-challenged broiler chickens 

(Osho et al., 2019), Avian ß-defensin-2 and Plectasin combined with plant oils elevated TGF-ß1 

production of the intestines in healthy chickens (Shreeya et al., 2023; Xie et al., 2020). Regarding 

the IFN-γ/TGF-ß1 ratio, the Poly I:C-induced increase was not alleviated by Pap12-6, suggesting 

that even though it decreased IFN-γ production itself, the peptide did not cause a net shift toward 

either the pro- or anti-inflammatory response. This aligns with the findings of Study I.2, where 

Pap12-6 did not alter the IFN-γ/IL-10 ratio. 

Alongside the influence of Pap12-6 on cell viability and cytokine response, its effects on 

TJ protein concentration were also investigated. To the best of our knowledge, the effects of 

Pap12-6 or papiliocins on gut barrier function have never been examined; however, it has been 

demonstrated that TJ protein concentration/abundance may be upregulated by the application 

of AMPs in healthy or infected poultry. In the present study, Pap-II elevated the abundance of 

occludin, and Pap-III increased the concentration of claudin-3. This suggests that the peptide 

contributed to enhanced TJ connectivity and barrier integrity, which is consistent with former 

findings on other AMPs. For instance, cLF36 (Daneshmand et al., 2019), cLFchimera 

(Daneshmand et al., 2020), chicken NK-lysin (Wickramasuriya et al., 2021), Microcin C7 (Dai et 

al., 2022), and Mastoparan X (Zhu et al., 2022) were able to increase the gene expression or 

concentration of occludin in broiler chickens, whereas Melittin exerted a similar effect in laying 

quails (Li et al., 2023). In addition, it was described that the AMPs Melittin (Li et al., 2023), 

Plectasin (X. Zhang et al., 2021), cLF36 (Daneshmand et al., 2019), cLFchimera (Daneshmand et 

al., 2020), and Mastoparan X (Zhu et al., 2022) likewise stimulated the expression of different 

isoforms of claudin in in vivo poultry experiments. Notably, no effect of Pap12-6 on TJ proteins 

was observed when inflammation was evoked, suggesting that the presence of Poly I:C may 

influence the peptide’s activity. This observation highlights the need for further investigation, 

particularly regarding the application of higher peptide concentrations. Nevertheless, the effects 

of Pap12-6 observed under non-inflammatory conditions can be considered beneficial from the 

perspective of poultry gut health. 

Collectively, our experiment showed that Pap12-6 displayed no cytotoxic effects on ileal 

cells, suggesting its safe application to chicken. Additionally, Pap12-6 was able to influence the 

ileal cytokine response by increasing the levels of IL-2 and IL-8 and decreasing those of IFN-γ. 

Thus, with particular regard to the stimulated production of the abovementioned cytokines, 

Pap12-6 is suggested to display a markedly complex immunomodulatory effect in the ileum 
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compared with the liver. Furthermore, Pap12-6 appeared to support ileal barrier integrity, as 

reflected by the enhanced abundance of occludin and claudin-3. Therefore, Pap12-6 can have a 

beneficial influence on chicken gut health; however, as in the case of Study II.1, the peptide’s 

tissue-specific activity needs to be elucidated, and the distinct sensitivity of ileal explants to 

specific exposures needs to be considered in the future. 

8.5. Study III: Investigation of the direct antibacterial activity of 

Cecropin A 

In Study III., the direct antimicrobial effects of Cecropin A were examined with the broth 

microdilution assay, and MIC values were determined against pathogenic bacteria typically 

associated with and causing economic losses in poultry farming. These include colibacillosis-

causing Escherichia coli, necrotic enteritis-causing Clostridium perfringens, and Salmonella 

enterica species, which contribute to the development of salmonellosis. 

According to our results, detectable MIC values were observed for Cecropin A against the 

Escherichia coli and Salmonella strains used, with values aligning with the broad MIC ranges 

reported in the literature (Gholizadeh and Moradi, 2021). However, the inhibitory concentrations 

in the literature show no uniformity, with both notably lower and higher MIC values observed for 

the microorganisms under investigation (Gholizadeh and Moradi, 2021; Sun et al., 2024; Zhai et 

al., 2018), which may be attributable to differences between the tested bacterial strains. This may 

also explain why no MIC value could be determined against certain microorganisms in the present 

experiment. Additionally, Gram-negative pathogens were generally more susceptible to Cecropin 

A in our study, which is consistent with previous findings showing that cecropins primarily exert 

their activity against Gram-negative bacteria (Brady et al., 2019; Gholizadeh and Moradi, 2021). 

Specifically for Cecropin A, the amino acids tryptophan and phenylalanine, located at the second 

and fifth positions, respectively, have been reported to be essential for interaction with the 

bacterial membrane and, consequently, for the peptide’s antibacterial effect (Yi et al., 2014). The 

predominant efficacy against Gram-negative species may be attributed to structural differences 

between Gram-negative and Gram-positive bacteria, particularly the presence or absence of the 

outer membrane (Moore et al., 1996; Mandel et al., 2021). 

In Study III, the direct antimicrobial effects of Cecropin A were also evaluated against two 

commensal microorganisms, Bacillus subtilis and Saccharomyces cerevisiae. These species are 

commonly used in the probiotic supplementation of poultry feed (Halder et al., 2024) and the 

recombinant production of AMPs (Deo et al., 2022; Jiang et al., 2021). Therefore, a beneficial 

characteristic of Cecropin A observed in the present study is its lack of inhibitory activity against 

these commensal microbes. This is consistent with previous findings on Aedes egypti cecropin 

and Drosophila cecropin, which exhibited either no inhibitory activity against Bacillus subtilis and 
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Saccharomyces cerevisiae or only at substantially higher concentrations (Lowenberger et al., 

1999), while Cecropin AD did not inhibit Bacillus subtilis (Chen et al., 2009), and Cecropin P1 did 

not inhibit Saccharomyces cerevisiae in recombinant AMP production systems (Jiang et al., 2021). 

8.6. Conclusion 

In conclusion, the present doctoral thesis demonstrated that both Cecropin A and Pap12-

6 exerted multifaceted effects on chicken-derived hepatic cell cultures and ileal explant cultures. 

While Cecropin A decreased hepatic cell viability at higher (12.5 and 25 µg/mL) concentrations, 

its lower (1, 3.125, and 6.25 µg/mL) concentrations appear to be safe for both chicken hepatic 

and ileal cells. In contrast, all three concentrations (5, 25, and 50 µg/mL) of Pap12-6 tested can 

be considered non-cytotoxic from the hepatic and ileal perspectives in poultry. Regarding their 

impact on cytokine response, it can be concluded that neither the effect of Cecropin A nor that of 

Pap12-6 is suggested to be described as clearly pro- or anti-inflammatory. This is based on the 

observations that first, the peptides did not alter either the IFN-γ/IL-10 or the IFN-γ/TGF-ß1 

ratio. Second, they mitigated the production of both pro- and anti-inflammatory cytokines in 

hepatic co-cultures, and despite alleviating the production of IL-6 (Cecropin A) or IFN-γ (Pap12-

6) in ileal explant cultures, they simultaneously enhanced that of IL-2 (Cecropin A and Pap12-6) 

and IL-8 (Pap12-6). Therefore, their effect is suggested to be described as a complex 

immunomodulatory activity, which markedly depends on the tissue type they act on. Based on 

our results regarding hepatic redox homeostasis, Cecropin A appears to display a prooxidant 

effect on the chicken liver, which may be associated with the peptide’s anti-cancer and anti-fungal 

activity. In contrast, Pap12-6 can be suggested to elicit a potent antioxidant effect. Regarding the 

peptide’s influence on TJ proteins, both Cecropin A and Pap12-6 can contribute to the 

reinforcement of epithelial barrier integrity, as reflected by the increased IC formation of claudin-

3 (Cecropin A and Pap12-6) and occludin (Pap12-6). 

Additionally, Cecropin A was found to directly inhibit pathogens of key significance in 

poultry farming, such as Escherichia coli, Salmonella Typhimurium, and Salmonella Enteritidis, 

which confirms the general standpoint that cecropins are preferably effective against Gram-

negative bacteria and further supports the peptide’s potential as a future compound for poultry 

production. 

Collectively, Cecropin A and Pap12-6 were found to have versatile and mostly beneficial 

effects on chicken hepatic and ileal cells, paired with the direct antibacterial activity of Cecropin 

A against specific poultry pathogens. While the peptides’ impact on cellular processes and their 

mechanism of action still need to be elucidated in more detail, the present doctoral thesis may 

provide useful information for further in vivo experiments. In conclusion, Cecropin A and Pap12-

6 may be suggested as promising candidates for future application in poultry production. 
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9. New scientific results 

Ad 1, 

Cecropin A did not exert cytotoxic effects on chicken hepatocyte–non-parenchymal cell 

co-cultures and ileal explant cultures at 1-6.25 µg/mL concentrations; however, it decreased cell 

viability at 12.5 and 25 µg/mL concentrations when applied on its own to the chicken hepatic co-

culture. Pap12-6 at 5-50 µg/mL was not found to be cytotoxic in chicken-derived hepatocyte–

non-parenchymal cell co-cultures and ileal explant cultures. 

Ad 2, 

Cecropin A displayed a complex immunomodulatory effect depending on the culture’s 

tissue origin. In chicken hepatocyte–non-parenchymal cell co-cultures, it generally suppressed 

the cytokine response both on its own and under Poly I:C-induced inflammation, while also 

exerting a pro-oxidant effect. In contrast, Cecropin A influenced the production of fewer cytokines 

in chicken ileal explant cultures, showing a selective decreasing action on IL-6 and an increasing 

effect on IL-2. 

Ad 3, 

Pap12-6 exerted a tissue-specific and complex immunomodulatory effect. In chicken 

hepatocyte–non-parenchymal cell co-cultures, it generally mitigated the cytokine response, 

which was more profound in Poly I:C-induced inflammation, and it also displayed an antioxidant 

activity. However, Pap12-6 influenced the production of fewer cytokines in chicken ileal explant 

cultures, showing a selective reducing effect on IFN-γ and an increasing effect on IL-2 and IL-8. 

Ad 4, 

In chicken ileal explant cultures, Cecropin A enhanced claudin-3 abundance, while Pap12-

6 increased the concentrations of both occludin and claudin-3, thereby exerting a supportive 

impact on epithelial barrier integrity. 

Ad 5, 

Cecropin A exhibited a direct antibacterial effect with the following MIC values: 12.5-25 

µg/mL against different strains of Escherichia coli, 25 µg/mL against Salmonella Typhimurium, 

and 50 µg/mL against Salmonella Enteritidis. At the same time, Cecropin A did not inhibit the 

growth of the commensal microbes Bacillus subtilis and Saccharomyces cerevisiae. 
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12. Supplementary Material 

Supplementary Table 1. The composition of the nutrient broths for each microbe. 

The indicated nutrient broths were used in Study III (and mentioned in Chapter 6.4.2). 

Microbe 
Bacillus subtilis, 

Salmonella enterica ssp., 
and Escherichia coli 

Saccharomyc
es cerevisiae 

Clostridium perfringens 

Composition 

⎯ Beef extract (1 g/L) 
⎯ Yeast extract (2,3 g/L) 
⎯ Peptone (5 g/L) 
⎯ Sodium chloride (5 g/L) 
⎯ Glucose (5 g/L) 
⎯ Sucrose (5 g/L) 

 

⎯ Yeast 
extract 
(10 g/L) 

⎯ Peptone 
(20 g/L) 

⎯ Tryptone (10 g/L) 
⎯ Beef extract (10 g/L) 
⎯ Yeast extract (10 g/L) 
⎯ Sodium chloride (5 g/L) 
⎯ L-Cysteine hydrochloric 

acid (0.5 g/L) 
⎯ Soluble starch (1 g/L) 
⎯ Sodium acetate (3 g/L) 
⎯ 50% Glucose solution 

(1%): added directly 
before preparing the 
inoculum 
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