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Abstract

In the fight against antimicrobial resistance, host defense peptides (HDPs) are increasingly
referred to as promising molecules for the design of new antimicrobial agents. In terms of
their future clinical use, particularly small, synthetic HDPs offer several advantages, based
on which their application as feed additives has aroused great interest in the poultry sector.
However, given their complex mechanism of action and the limited data about the cellular
effects in production animals, their investigation is of great importance in these species. The
present study aimed to examine the immunomodulatory activity of the synthetic HDP
Pap12-6 (PAP) solely and in inflammatory environments evoked by lipoteichoic acid (LTA)
and polyinosinic-polycytidylic acid (Poly I:C), in a primary chicken hepatocyte—non-paren-
chymal cell co-culture. Based on the investigation of the extracellular lactate dehydrogenase
(LDH) activity, PAP seemed to exert no cytotoxicity on hepatic cells, suggesting its safe
application. Moreover, PAP was able to influence the immune response, reflected by the
decreased production of interleukin (IL)-6, IL-8, and “regulated on activation, normal T cell
expressed and secreted”(RANTES), as well as the reduced IL-6/IL-10 ratio in Poly I:C-
induced inflammation. PAP also diminished the levels of extracellular H,O, and nuclear fac-
tor erythroid 2-related factor 2 (Nrf2) when applied together with Poly I:C and in both inflam-
matory conditions, respectively. Consequently, PAP appeared to display potent
immunomodulatory activity, preferring to act towards the cellular anti-inflammatory and anti-
oxidant processes. These findings confirm that PAP might be a promising alternative for
designing novel antimicrobial immunomodulatory agents for chickens, thereby contributing
to the reduction of the use of conventional antibiotics.
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Introduction

Opver the past decades, the increased consumption of meat has prompted the maximization of
production in the livestock sector [1, 2]. To fulfill this demand, one of the most common
methods was the excessive use of conventional antibiotics (ABs), which can be considered a
major contributor to the spread of antimicrobial resistance (AMR) [1]. Besides being a serious
concern in the field of veterinary medicine due to treatment failures, AMR poses a severe
threat to global public health as well [1]. Therefore, the need to search for novel candidates
with antimicrobial activity has been increasingly highlighted [3]. In this context, host defense
peptides (HDPs)-also known as antimicrobial peptides (AMPs)-are particularly studied and
promising molecules, thereby reducing the use of ABs, and promoting the fight against AMR
[3].

HDPs are small, usually less than 50 amino acid residues containing, cationic peptides [4],
naturally produced in every living organism as crucial components of their innate immune
system [5]. Although they first attracted attention for their broad-spectrum direct antimicro-
bial activity, in recent years, great importance has been attached to their immunomodulatory
effects which, in contrast to the former, are more likely to be observed in in vivo or in vivo-like
conditions as well [6]. Immunomodulation by HDPs can be exerted in a variety of ways, such
as promoting the recruitment of leukocytes, stimulating chemotaxis, inducing the production
of pro- and anti-inflammatory cytokines, supporting the activation or differentiation of
immune cells, and neutralizing endotoxins [7]. Hence, their mode of action is pleiotropic and
shows high complexity [8]; therefore, it may depend on specific biological circumstances [7].
Based on these characteristics, in contrast to the ABs, HDPs offer a multiple and versatile anti-
microbial nature, which makes them suitable for designing new antimicrobial agents [2].

However, due to their peptide nature, there are still some drawbacks that need to be
addressed for future clinical use [9]. Among these disadvantages are the potential toxicity to
the host cells, the high susceptibility to protease enzymes and hence, their questionable phar-
macokinetics, as well as high production costs on a large scale [9-11]. There are various
approaches to counteract these obstacles, one of which is the design and application of small,
synthetic peptides [12]. Compared to naturally occurring HDPs, they offer several advantages,
such as easier and less expensive production, lower immunogenicity, and the possibility to be
tuned according to the desired stability, half-life, or specificity [12]. Based on these, the appli-
cation of small, synthetic HDPs as feed additives aroused great interest in the poultry sector, as
they are suggested to provide various benefits, including immunomodulation, inhibition of
the spread of foodborne pathogens, minimization of carcass contamination, reduction of the
prevalence of AMR [13], or growth-promoting effects [3].

Pap12-6 (PAP) is a 12-meric synthetic HDP, derived from the N-terminal end of the natu-
ral papiliocin found in swallowtail butterfly (Papilio xuthus) larvae [14]. Even though its parent
peptide was described to exert potent antibacterial and anti-inflammatory activity [15, 16], the
length of papiliocin and the resulting above-mentioned drawbacks prompted the researchers
to design shorter derivatives while maintaining or even enhancing its beneficial effects.
Among them, the development of PAP contributed to a significantly shorter peptide with high
host cell selectivity, broad-spectrum antibacterial effect, and efficient anti-inflammatory activ-
ity [14]. From the latter aspect, PAP reduced the production of pro-inflammatory cytokines,
such as interleukin (IL)-6, IL-1a, and tumor necrosis factor (TNF)-a in different cell cultures
exposed to inflammatory stimuli [14, 17]. Moreover, in septic mouse models, it 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, pro-
tect the host from inflammation [14, 17].
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Despite the promising results, only a few studies have been implemented to investigate the
immunomodulatory effects of PAP; therefore, additional research is needed to fully elucidate
its mechanism of action. For example, to the best of the authors’ knowledge, neither PAP nor
any other derivatives of papiliocin were investigated in hepatic cells. However, the liver plays a
key role in regulating inflammatory processes as it is constantly and directly exposed to harm-
less as well as harmful antigenic load and metabolites originating from the gastrointestinal
tract [18]. This requires a highly orchestrated local immune system, coordinated by liver
innate cells, such as monocyte-derived macrophages, resident macrophages (also known as
Kupfter-cells [KCs]), or dendritic cells (DCs), and various antimicrobial components like
inflammatory cytokines and chemokines, acute phase proteins, or the complement system
[19]. Briefly, upon microbial stimulation, the pattern recognition receptors (PRRs)-such as
Toll-like receptors (TLRs)—of KCs and DCs detect the pathogen-associated molecular patterns
(PAMPs) [19]. Subsequently, PRR activation induces downstream signaling that leads to an
inflammatory response [19], characterized by the production of pro-inflammatory cytokines
and chemokines, the recruitment of neutrophils and monocytes, and the formation of reactive
oxygen species (ROS) [20].

Another limitation of the currently available research data about papiliocins is that the dif-
ferent, previously tested derivatives were investigated only in mouse- or human-derived cell
lines. However, as production animals, like chickens, are particularly challenged by pathogens
and the presence of AMR [21], the examination of HDPs at their cellular level is of great
importance. Therefore, the goal of the present study was to investigate the putative immuno-
modulatory effects of PAP in a primary hepatocyte-non-parenchymal cell co-culture of
chicken origin. To evoke inflammation, lipoteichoic acid (LTA), as a TLR2-agonist from the
cell wall of Gram-positive bacteria [22], and polyinosinic-polycytidylic acid (Poly I:C), a
TLR3-agonist synthetic double-stranded RNA (dsRNA) analog [23] were used.

Materials and methods
Isolation of the cells

For the isolation of the cells, a 3-week-old male Ross-308 broiler chicken was used, which was
kept in the animal house of the Department of Physiology and Biochemistry, University of
Veterinary Medicine Budapest, Hungary. Water was provided ad libitum, the chicken was fed
according to the instructions of the breeder, and all efforts were taken to maintain animal
well-being and health. The present experiment was in line with the European Union’s laws,
approved by the Local Animal Welfare Committee, and allowed by the Government Office
(permission number: GK-419/2020; date of approval: 11 May 2020). Unless stated by the
authors otherwise, the compounds and chemicals described below were purchased from
Merck KGaA (Darmstadt, Germany).

Isolation of the cells was carried out according to the protocol of our research group [24].
After decapitation under CO, narcosis, removing the abdominal feathers, and disinfecting the
skin of the abdominal region, the body cavity was opened. Next, the gastropancreaticoduodenal
vein was cannulated with a 22G-size venous cannula, 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% O,; 5% CO,; flow rate of 1 1/min) solutions. To begin with, 150 ml of Hanks’s
Balanced Salt Solution (HBSS) buffer supplemented with ethylene glycol-bis(2-aminoethyl
ether)-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 the application of 100 ml HBSS solution,
containing 100 mg type IV collagenase, 7 mM CaCl, and 7 mM MgCl,. After removing the
liver and the Glisson’s capsule, cells were suspended in 50 ml bovine serum albumin (BSA,
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2.5%)-containing HBSS buffer, and filtered through a three-layer sterile gauze sheet. As a next
step, the resulting suspension of the cells was incubated for 45 minutes on ice. Thereafter, cen-
trifugation (3 minutes, 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 g/l dexamethasone, 20 IU/l insulin and 0.5 g/ml amphotericin B) at every
step, thereby gaining a hepatocyte-containing cell suspension after the third centrifugation.
On the other hand, the supernatants collected were mixed and spun (10 minutes, 350 x g), and
centrifugation (10 minutes, 800 x g) was anew performed with the resulting supernatant.
Thereafter, the pellet was resuspended in Williams’ Medium E, thereby collecting a suspension
rich in non-parenchymal cells. Hepatocytes and macrophages, respectively, were previously
characterized in the two fractions by immunofluorescent staining and flow cytometry [24]. In
the above, former experiment of our research group, chicken-specific, fluorescein isothiocya-
nate (FITC)-coupled anti-albumin was used to detect the isolated and cultured hepatocytes,
whereas macrophages in the non-parenchymal cell-rich fraction were labeled by chicken mac-
rophage-specific phycoerythrin (PE)-conjugated antibodies. The isolation of the cells was con-
ducted 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 cellular viability before
seeding, a trypan blue exclusion test was carried out in Biirker’s chambers for both cell suspen-
sions. Prior to seeding, the two fractions were diluted according to the cell count, and the
hepatocyte-containing suspension was blended with the non-parenchymal cell-rich fraction in
a 6 to 1 ratio, receiving a total concentration of 10° cells/ml. Cells were seeded in a volume of
400 pl suspension/well into 24-well cell culture plates (Greiner Bio-One Hungary Kft., Moson-
magyarévar, Hungary) previously coated with type I rat tail collagen (10 pg / cm?). After 4
hours of incubation at 37°C and 5% CO2, the cell culture media were changed, and the cells
were incubated again for 24 hours under the same circumstances.

Treatments

Chicken hepatocyte-non-parenchymal cell co-cultures were treated according to Table 1.,
using the previously mentioned supplemented Williams” Medium E culture media, however,
without the use of FBS. Two different inflammatory conditions were evoked by the addition of
LTA (50 pg/ml) or Poly I:C (50 ug/ml). PAP (Isca Biochemicals Ltd., Exeter, UK) was applied
in three different concentrations (5, 25, and 50 pg/ml) solely and together with LTA and Poly
I:C respectively. Cells receiving only Williams’ Medium E were considered as Control. After
24 hours of treatment, cell culture media samples were taken and frozen at -80°C until further
measurements. Thereafter, to gain lysate samples, culture plates were washed first with 300 ul/
well of phosphate-buffered saline (PBS) solution, followed by the addition of 50 pl/well of
M-PER™ Mammalian Protein Extraction Reagent (Thermo Fisher Scientific Inc., Waltham,
MA, USA). Thereafter, the cells were scraped from the bottom of the wells and frozen to -80°C
until further processing.

Measurements

Cellular viability. For the investigation of the cellular viability, the colorimetric Lactate
Dehydrogenase Activity Assay Kit was utilized. In case of membrane damage, the cells release
lactate dehydrogenase (LDH) into the culture media, leading to the production of NADH?,
the amount of which can be specifically detected. According to the manufacturer’s instruc-
tions, 50 ul of culture media samples were applied on a 96-well microplate, followed by the
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Table 1. Treatment groups applied on primary hepatocyte-non-parenchymal cell co-cultures of chicken origin.

Treatment group PAP LTA PolyI: C
Control — — —
PAP-1 5 pg/ml — —
PAP-2 25 pg/ml — —
PAP-3 50 pg/ml — —
LTA — 50 pg/ml —
LTA+PAP-1 5 pg/ml 50 pg/ml —
LTA+PAP-2 25 pg/ml 50 pg/ml —
LTA+PAP-3 50 pug/ml 50 pg/ml —
PI:C — — 50 pg/ml
PI:C+PAP-1 5 ug/ml — 50 pg/ml
PI:C+PAP-2 25 pg/ml — 50 pg/ml
PI:C+PAP-3 50 pg/ml — 50 pg/ml

PAP-1-3 = different concentrations of Pap12-6 (PAP); LTA = addition of 50 ug/ml lipoteichoic acid (LTA); PI:
C = addition of 50 pg/ml polyinosinic-polycytidylic acid (Poly I:C).

https://doi.org/10.1371/journal.pone.0302913.t001

addition of 50 pl of NAD"-containing freshly prepared Master Reaction Mix. Absorbance val-
ues were measured with a Multiscan GO 3.2 reader (Thermo Fisher Scientific Inc., Waltham,
MA, USA) at 450 nm, after 2 minutes of incubation at 37°C, protected from light. Readings
were continued every 5 minutes until the absorbance of the most active sample became higher
than the value of the most concentrated standard.

Inflammatory markers. To investigate the influence of PAP on the immune response, the
levels of IL-6, IL-8, IL-10, interferon (IFN)-y and regulated upon activation, normal T cell
expressed and secreted (RANTES) were measured in the cell culture media. IL-8 was examined
with chicken-specific ELISA (MyBioSource Inc., San Diego, CA, USA, Cat. Nr.: MBS289628),
using a sandwich technique, following the manufacturer’s instructions. Absorbance values
were measured with a Multiscan GO 3.2 reader, at 450 nm.

The concentrations of IL-6, IL-10, IFN-y, and RANTES were determined by Luminex
xMAP Technology, using Milliplex Chicken Cytokine/Chemokine Panel 1 -Immunology
Multiplex Assay (Cat. Nr.: GCYT1-16K). A 96-well microplate belonging to the kit was filled
with duplicates of 25 ul culture media samples. Thereafter, each well was loaded with 25 pl of
four sets of colored capture antibody-coated beads, followed by overnight incubation and
washing. As a next step, biotinylated detection antibody and streptavidin phycoerythrin solu-
tions were applied. Thereupon, the plate was treated with 150 ml of drive fluid, and the beads
were resuspended for 5 minutes on a plate shaker. As a last step, reading was executed using a
Luminex MAGPIX "™ instrument, and data were assembled by the Luminex xPonent 4.2 pro-
gram. According to the median fluorescence intensity of the beads, standard curves were gen-
erated by Belysa Immunoassay Curve Fitting software for all analytes.

Redox markers. For the examination of the oxidative state, the levels of extracellular (EC)
H,0, and nuclear factor erythroid 2-related factor 2 (Nrf2) (also known as nuclear factor ery-
throid-derived 2-like 2 [NFE2L2]) were assayed. The EC H,O, concentrations were deter-
mined using the fluorometric Amplex Red method (Thermo Fisher Scientific, Waltham, MA,
USA), according to the instructions of the manufacturer. A 96-well microplate was loaded
with 50 pl of culture media samples, supplemented with 50 pl of prior-to-use prepared Amplex
Red Working Solution, containing Amplex Red Stock Solution, HRP Stock Solution, and 1X
Reaction Buffer. After incubating for 30 minutes at room temperature (24°C), protected from
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light, a Victor X2 2030 fluorometer (Perkin Elmer Inc., Waltham, MA, USA) was used to read
the fluorescence values at 530 nm (excitation) and 590 nm (emission).

Levels of Nrf2 were assayed using a Chicken NFE2L2 (Nuclear Factor, Erythroid Derived 2
Like Protein 2) ELISA Kit (MyBioSource Inc., San Diego, CA, USA, Cat. Nr.: MBS8807992),
following the protocol provided by the manufacturer. Absorbance values were determined
with a Multiscan GO 3.2 reader, at 450 nm.

Total protein concentrations were determined by utilizing the Pierce™ Bicinchoninic Acid
(BCA) Protein Assay (Thermo Fisher Scientific, Waltham, MA, USA, Cat. Nr.:23227), using
BSA as standard. According to the manufacturer’s instructions, 25 pl of cell lysate samples
were added to a 96-well microplate, followed by the administration of 200 pl freshly prepared
Reagent A+B Solution. After shaking for 30 seconds, the plate was incubated for 30 minutes at
37°C, protected from light. Absorbance values were measured with a Multiscan GO 3.2 reader,
at 562 nm. Total protein values were used to standardize the results of each cellular
measurement.

Statistical analysis

Statistical analysis of data was performed by using R v. 4.0.3 (R Core Team, 2020). Based on
Shapiro-Wilk tests, data from treatment groups showed non-normal distribution; therefore,
the Wilcoxon signed-rank test was utilized for pairwise comparisons. The difference was con-
sidered significant if the resulting p-value was lower than 0.05. Treatment groups solely receiv-
ing PAP, LTA, or Poly I:C were compared to Control, whereas the cells treated with the
combinations of PAP and LTA, as well as PAP and Poly I:C were compared to groups exposed
to only LTA and Poly, respectively. Correlations were examined by MetaboAnalyst 5.0 soft-
ware, using Pearson’s correlation test. According to Mukaka, 2009 [25], correlations were
described as “very high”, “high”, “moderate”, “low” or “negligible”, based on the correlation
coefficients (r) being £0.90-1.00, +0.70-0.90, £0.50-0.70, +0.30-0.50 and 0.00-+0.30, respec-
tively. Graphs were created by using Prism 9 (GraphPad Software Inc., San Diego, CA, V
9.2.1). Heat map of correlations was prepared by PyCharm v. 2023.3.4. (JetBrains s.r.o, Prague,
Czech Republic).

Results
Cellular viability

With regard to the EC LDH activity, the solely applied highest concentration of PAP (50 pg/
ml) contributed to a significant decrease (p = 0.026). In addition, Poly I:C-evoked inflamma-
tion led to a significant elevation (p = 0.002), which was significantly reduced by PAP at its
concentration of 50 pg/ml (p = 0.002) (Fig 1).

Inflammatory markers

When measuring IL-6 concentrations, Poly I:C was found to exert a significant increasing
effect (p = 0.002), which was significantly reduced by the concomitant application of PAP at its
50 ug/ml concentration (p = 0.004) (Fig 2A).

In the case of IL-10, the level of the cytokine was changed only by the sole Poly I:C expo-
sure, causing a significant increase (p = 0.002) (Fig 2B).

IL-6/IL-10 ratio was found to be heightened in the case of inflammation evoked by Poly I.C
(p = 0.002), which elevation was decreased by the addition of PAP at its concentrations of 25
and 50 pg/ml (p = 0.002 in both cases) (Fig 2C).
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Fig 1. Bar graph showing extracellular lactate dehydrogenase (LDH) activity. Chicken hepatocyte-non-parenchymal
cell co-cultures were treated with three different concentrations of Pap12-6 (PAP) solely and in combination with
lipoteichoic acid (LTA) or polyinosinic-polycytidylic acid (Poly I:C). Grey color refers to treatment groups without the
addition of LTA or Poly I:C, whereas blue color refers to treatment with LTA, and yellow color refers to treatment with
Poly I:C. Columns represent means + SEM (n = 6 / treatment group). PAP-1 = 5 ug/ml PAP, PAP-2 = 25 ug/ml PAP,
PAP-3 = 50 pug/ml PAP, LTA = 50 pg/ml LTA, PI:C = 50 pg/ml Poly I:C. Cells receiving none of the treatments are
considered as Control. Groups PAP-1, PAP-2, PAP-3, LTA and PI:C were compared to Control. Combinations of LTA
and PAP (LTA+PAP-1, LTA+PAP-2 and LTA+PAP-3) were compared to the group LTA. Combinations of Poly I:C and
PAP (PI:C+PAP-1, PI:C+PAP-2 and PI:C+PAP-3) were compared to the group PI:C. Asterisks indicate significant
differences between the above-mentioned treatment groups. *p < 0.05, **p < 0.01.

https://doi.org/10.1371/journal.pone.0302913.g001

In the case of IL-8 (syn. CXCLi2 in chickens), the levels were found to decrease by the sole
and Poly I:C-combined application of PAP at its 50 ug/ml concentration (p = 0.004 and
p = 0.030, respectively), whereas LTA exerted a significant increasing effect (p = 0.026) (Fig
2D).

Concentrations of RANTES were elevated by both LTA (p = 0.002) and Poly I:.C
(p = 0.002), the latter of which was significantly decreased by the highest concentration (50 pg/
ml) of PAP (p = 0.015) (Fig 2E).

Regarding the production of IFN-y, the only change observed was the significant elevation
caused by Poly I:C (p = 0.002) (Fig 2F).

Redox markers

When measuring EC H,0, levels, Poly I:C alone contributed to a significant increase
(p = 0.002), which was lessened by the addition of PAP at its 25 and 50 pug/ml concentrations
(p =0.041 and p = 0.002, respectively) (Fig 3A).

In the case of Nrf2, PAP at 50 pg/ml alone resulted in a significantly decreased level
(p =0.015). Furthermore, LTA was found to exert a significant elevating effect (p = 0.009),
whereas the change caused by LTA was significantly reduced by PAP treatment at its 25 pg/ml
concentration (p = 0.015). In addition, at its concentrations of 25 and 50 pg/ml, PAP was able
to reduce the Nrf2 level, when applied together with Poly I:C (p = 0.015 and p = 0.002, respec-
tively) (Fig 3B).
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Fig 2. Bar graphs showing the concentrations of different inflammatory markers examined. (A) IL-6 levels. (B) IL-10 levels. (C) IL-6/IL-10
ratio. (D) IL-8 levels. (E) RANTES levels. (F) IFN-y levels. Chicken hepatocyte-non-parenchymal cell co-cultures were treated with three different
concentrations of Pap12-6 (PAP) solely and in combination with lipoteichoic acid (LTA) or polyinosinic-polycytidylic acid (Poly I:C). Grey color
refers to treatment groups without the addition of LTA or Poly I:C, whereas blue color refers to treatment with LTA, and yellow color refers to
treatment with Poly I:C. Columns represent means + SEM (n = 6 / treatment group). PAP-1 = 5 ug/ml PAP, PAP-2 = 25 ug/ml PAP, PAP-

3 =50 pug/ml PAP, LTA = 50 pug/ml LTA, PI:C = 50 pg/ml Poly I:C. Cells receiving none of the treatments are considered as Control. Groups PAP-
1, PAP-2, PAP-3, LTA and PI:C were compared to Control. Combinations of LTA and PAP (LTA+PAP-1, LTA+PAP-2 and LTA+PAP-3) were
compared to the group LTA. Combinations of Poly I:C and PAP (PI1:C+PAP-1, PI.C+PAP-2 and PI:C+PAP-3) were compared to the group PI:C.
Asterisks indicate significant differences between the above-mentioned treatment groups.*p < 0.05, **p < 0.01.

https://doi.org/10.1371/journal.pone.0302913.9002
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Fig 3. Bar graphs showing the concentrations of different redox markers examined. (A) EC H,0, levels. (B) Nrf2 levels. Chicken hepatocyte-non-parenchymal
cell co-cultures were treated with three different concentrations of Pap12-6 (PAP) solely and in combination with lipoteichoic acid (LTA) or polyinosinic-
polycytidylic acid (Poly I:C). Grey color refers to treatment groups without the addition of LTA or Poly I:C, whereas blue color refers to treatment with LTA, and
yellow color refers to treatment with Poly I:C. Columns represent means + SEM (n = 6 / treatment group). PAP-1 = 5 ug/ml PAP, PAP-2 = 25 ug/ml PAP, PAP-

3 =50 pg/ml PAP, LTA = 50 pg/ml LTA, PI:C = 50 pg/ml Poly I:C. Cells receiving none of the treatments are considered as Control. The treatment groups were
compared to one another using Wilcoxon sign-ranked tests. Groups PAP-1, PAP-2, PAP-3, LTA and PI:C were compared to Control. Combinations of LTA and PAP
(LTA+PAP-1, LTA+PAP-2 and LTA+PAP-3) were compared to the group LTA. Combinations of Poly I.C and PAP (PI:C+PAP-1, PI:C+PAP-2 and PI1:C+PAP-3)
were compared to the group PI:C. Asterisks indicate significant differences between the above-mentioned treatment groups. *p < 0.05, **p < 0.01.

https://doi.org/10.1371/journal.pone.0302913.g003

Correlations

Regarding the correlations, very high positive correlations were found between IFN-y and IL-
10 (r = 0.961; p<0.001), IFN-y and IL-6 (r = 0.951; p<0.001), as well as IL-6 and IL-10

(r =0.950; p<0.001) (Fig 4). High positive correlations were observed between LDH and each
of EC H,O, (r = 0.882; p<0.001), RANTES (r = 0.761; p<0.001), and IL-6 (r = 0.712;
p<0.001), as well as between IL-8 and Nrf2 (r = 0.701; p<0.001). In addition, moderate but
significant positive correlations were revealed between EC H,O, and each of IL-6 (r = 0.580,
p<0.001), IL-10 (r = 0.500; p<0.001), IFN-y (r = 0.563, p<0.001), RANTES (r = 0.686;
p<0.001), and Nrf2 (r = 0.561, p<0.001). Moreover, moderate and significant positive correla-
tions were found between LDH and each of IFN-y (r = 0.670, p<0.001) and IL-10 (r = 0.616,
p<0.001), as well as between RANTES and each of IL-10 (r = 0.527; p<0.001), IL-6 (r = 0.632;
P<0.001), and IFN-y (r = 0.662; p<<0.001). Detailed results of correlations can be found in Fig
4 and S1 Table.

Discussion

The widespread occurrence of AMR poses a serious risk to the control of infectious diseases in
veterinary and human medicine. In livestock farming, the reduction of the use of ABs, and
meanwhile, the maintenance of animal welfare, health, and production efficiency requires an
urgent search for new antimicrobial agents [26]. In this field, HDPs are considered outstand-
ing candidates as they provide various advantageous features besides their broad-spectrum
antimicrobial activity, such as their potent immunomodulatory effects [27]. Therefore, they
aroused great interest from the poultry sector, and there have already been studies revealing
the beneficial impact of certain HDPs on the chicken immune response in in vitro [28-31] and
in vivo conditions [32-37]. However, the capability of HDPs to modulate immunological pro-
cesses is not universal and greatly affected by certain biological environment, such as the cell
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types, signaling pathways and receptors involved, the current inflammatory stimulus, or the
concentration of the peptide [7]. For this reason, and to better predict the in vivo effects of
HDPs, the examination of their mechanism of action at a cellular level is of great importance
[11].

The present study aimed to investigate the putative immunomodulatory activity of PAP in
a chicken primary hepatocyte-non-parenchymal cell co-culture solely, and in different inflam-
matory conditions evoked by LTA and Poly I:C. Both of the applied TLR-agonists contribute
to the activation of transcription factor nuclear factor-xB (NF-kB), and subsequently, the pro-
duction of pro-inflammatory mediators; however, it is achieved via different downstream
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signaling pathways. While LTA-induced triggering of TLR2 recruits myeloid differentiation
primary response 88 protein (MyD88) [38-40], the stimulation of TLR3 by Poly I:C leads to
the recruitment of Toll-interleukin-1 receptor (TIR)-domain-containing adaptor-inducing
interferon-f (TRIF) [41]. The activation of NF-kB is an evolutionary conserved defense mech-
anism against infection; however, its exaggerated stimulation can cause detrimental conse-
quences to production animals, such as the impairment of their reproductive and production
efficiency and the risk of developing chronic inflammatory conditions [42]. NF-xB also has a
crucial role in reacting to oxidative stress which is increasingly suggested to be tightly con-
nected to the inflammatory state [43]. Since the presence and significance of both TLR3 and
TLR2 have been identified in chickens [40], and the regulatory role of NF-«B is also suggested
in them [42], LTA and Poly I:C are potent agents to induce inflammation in poultry cells and
have already been applied by our research group successfully in former studies for this purpose
[30, 31, 44, 45]. In the present study, Poly I:C caused a significant increase in the production of
IL-6, IFN-v, RANTES, and EC H,0,, and it contributed to a higher IL-6/IL-10 ratio, suggest-
ing the induced inflammatory state. In addition, reflected by the increased levels of RANTES
and IL-8, LTA also evoked inflammation in the cell cultures.

Cellular viability

In order to enable the future use of HDPs, the examination of their possible toxicity towards
eukaryotic cells is of great importance [46]. However, most of the studies assaying their cyto-
toxic effects were conducted on mammalian red blood cells or cancerous cell lines [47], and
far fewer data are available about the impact of HDPs on the viability of poultry cells. In the
present study, the EC LDH activity was determined to assess the integrity changes in the cell
membrane and hence, the cellular viability. According to our results, none of the administered
peptide concentrations displayed cytotoxic effects. Moreover, the highest concentration of
PAP was able to enhance the cellular membrane integrity when applied alone and restore the
membrane damage caused by Poly I:C. Due to the high positive correlations found between
LDH and each of the pro-inflammatory RANTES and IL-6, the membrane damage caused by
Poly I:C is hypothesized to befall primarily through pyroptosis, the mechanism of which
results in transcellular pore formation [45]. This inflammatory cell death, leading to the fast
leakage of LDH and inflammatory mediators, has already been suggested by our research
group to occur after Poly I:C-treatment of the same type of cell culture [45], and demonstrated
by Lian et al., 2012 to be elicited in human neonatal primary keratinocytes [48]. The observed
effects of PAP on cellular viability are in agreement with previous reports, as the peptide was
found to exert no cytotoxic effects in RAW 264.7 mouse macrophage cell line, HaCaT human
keratinocyte cell line [14, 17], and HEK-293 human embryonic kidney cell line [14]. Based on
these findings, the administration of PAP 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.

Inflammatory markers

To investigate the putative effects of PAP on the immune response, the levels of IL-6, IL-8, IL-
10, RANTES, and IFN-y were determined. In the liver, IL-6 is synthesized mainly by KCs
upon stimulation of TLRs or tissue injury, providing the induction of acute phase response
[49] and hence, early protection against infection [50]. Under physiological circumstances, IL-
6 has a crucial role in maintaining the liver defense mechanisms and homeostasis; however, its
exaggerated activation can contribute to harmful consequences [49, 50]. In our study, PAP
was able to decrease the Poly I:C-induced increase in IL-6 production and the IL-6/IL-10 ratio
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at its highest concentration, thereby alleviating inflammation. It is in line with former findings,
as PAP was able to restore the LPS-induced elevation of IL-6 concentrations in RAW 264.7
mouse macrophage cell lines [14, 17]. Under in vivo conditions, serum IL-6 levels of Escheri-
chia coli-challenged mice were also diminished by the administration of PAP [14, 17]. More-
over, native papiliocin [16] and its other derivatives [17, 51, 52] were also found to exert the
same effect in different cell cultures, suggesting the potent immunomodulatory nature of this
promising group of HDPs. In LPS-induced inflammation, the capability of PAP to alleviate the
production of IL-6 (and other mediators) was found to be achieved by the peptide’s decreasing
effect on the secreted alkaline phosphatase (SEAP) reporter gene located downstream from the
promoter of NF-kB, thereby inhibiting its activation and the subsequent release of pro-inflam-
matory cytokines [14].

IL-10, an anti-inflammatory cytokine originating mainly from macrophages and DCs [53],
acts primarily as a suppressor of the TLR-agonist-induced production of different pro-inflam-
matory cytokines [54]. Therefore, IL-10 plays a key role in protecting the host from excessive
inflammation and immunopathology [53]. In the present study, as a response to Poly I:C-
induced inflammation, elevated production of the cytokine was observed, which was not influ-
enced by the application of PAP. However, considering the IL-6/IL-10 ratio, the two higher
concentrations of PAP exerted a decreasing effect on the elevation caused by Poly I:C. The IL-
6/IL-10 ratio is increasingly referred to as a reliable marker of the inflammatory state [55] and
has been observed to positively correlate with severe outcomes in patients with systemic
inflammatory response [56] and neutrophil counts [57]. Consequently, besides their absolute
concentrations, the relative levels of IL-6 and IL-10 might reflect the overall inflammatory
milieu, showing the shift in the net balance between the pro- and anti-inflammatory cytokines
[58]. Therefore, the decreasing effect of PAP on the ratio suggests the contribution of the HDP
to the host’s anti-inflammatory efforts. In the present study, the strong positive correlations
found between IL-6 and IL-10, as well as between IFN-y and IL-10, also provide a useful
insight into the immune response, suggesting the induction of IL-10 release driven by the pro-
inflammatory mediators [58]. However, investigating further key elements of the downstream
signaling pathways related to TLR2- and -3 could contribute to a better understanding of the
overall inflammatory events, the lack of which is a limitation of our study.

As a response to different TLR-agonists and pro-inflammatory interleukins, the production
of IL-8 by hepatocytes, macrophages, monocytes, and other immune cells is also stimulated,
resulting in the recruitment of neutrophils, T cells, NK cells, and basophils, thereby stimulating
inflammation [54]. In the present study, the highest concentration of PAP, alone and com-
bined with Poly I.C, elicited a decreasing effect on the production of IL-8, indicating its contri-
bution to alleviating inflammation. Even though there are no data available about the effects of
papiliocins on IL-8, numerous insect-derived cationic HDPs have been observed to display the
same decreasing effect [59-61]. Regarding LTA-induced inflammation, PAP was not able to
restore the elevation of IL-8 release caused by LTA. Although the exact interaction between
HDPs and LTA is an unanswered question yet, recent evidence suggests that certain cationic
HDPs can show considerably high affinity to the anionic LTA molecule [39]. The resulting
strong attachment might entrap the peptide, thereby lowering its local concentration near the
cell membrane and inhibiting its direct effect [39]. On the other hand, this mechanism also
“masks” the LTA’s binding sites necessary for evoking inflammation [39]. As it is suggested
that HDPs that are likely to bind LPS tend to interact also with LTA [22], and PAP has been
reported to show high affinity to LPS [14], it can be assumed that PAP might be entrapped by
LTA in the present study also. As a consequence, the peptide could not reach a concentration
high enough to exert its decreasing effect on the IL-8 levels, as PAP molecules were partly used
up to bind LTA molecules. The same results found in the case of RANTES might also indicate
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a similar entrapment of PAP by LTA. Even so, the investigation of this event would have
required further specific examinations, the lack of which is a limitation of our study.

RANTES, another inflammatory mediator examined in the present study, is produced by
hepatic stellate cells, macrophages, and endothelial cells in the liver, contributing to the
recruitment of peripheral macrophages and activation of tissue macrophages [62]. In addition,
the chemokine promotes the polarization of macrophages to the M1 phenotype [62], which is
responsible for the production of pro-inflammatory cytokines [19, 63], whereas the conversion
to the anti-inflammatory M2 phenotype is inhibited by its action [19, 62, 63]. There has been
increasing evidence suggesting the frequent involvement of RANTES in different liver dis-
eases, describing it as a mediator of hepatic cell injury; however, its particular mechanism of
action is not fully elucidated [62]. In the present study, both LTA- and Poly I:C-induced
inflammatory conditions resulted in elevated levels of RANTES, the latter of which was allevi-
ated by PAP at its highest concentration, suggesting its protective effect on the liver. To the
best of the authors’ knowledge, this chemokine has never been investigated either in connec-
tion with PAP or any other derivatives of papiliocin. However, other HDPs of different origins
were also described to decrease the production of RANTES in inflammatory stimuli, thereby
alleviating inflammation [64-66].

Henceforth, the impact of PAP on the immune response was investigated by determining
the changing in the levels of IFN-v, a type II interferon synthesized by macrophages, DCs, and
activated lymphocytes [67]. Initially, it was thought to have a key role primarily in the anti-
viral response; however, it is now well-known that IFN-y is crucial for protecting the host
against a wide range of pathogens and inflammatory stimuli [68]. Nevertheless, its over-activa-
tion can lead to tissue damage, necrotic events, and immunopathology by promoting, among
others, the production of other pro-inflammatory mediators, ROS, and reactive nitrogen spe-
cies (RNS) [68]. In the present study, only Poly I:C-evoked inflammation resulted in an ele-
vated level of IFN-vy, which increase was not significantly influenced by PAP. In contrast,
according to bibliographic data, several other cationic HDPs of insect origin have been
reported to affect the production of IEN-y [37, 60, 69]. Still, it is of great importance to high-
light that different HDPs display highly varied immunomodulatory activities, also depending
on the specific experimental circumstances [7]. Therefore, the further investigation of PAP’s
influence on the interferon-response involving type I interferons could provide useful insights
to evaluate this result of the present study.

Redox markers

In recent years, an increasing number of studies has revealed the cellular interplay between
inflammatory and oxidative events, describing their mutual influence on each other [42, 70];
therefore, the present study aimed to determine the levels of EC H,0, and Nrf2. This tightly
regulated connection of the redox and immune state is suggested to befall, among others,
through the interaction between the transcription factors NF-kB and Nrf2 [70]. Being able to
conversely regulate the expression and activation of the two molecules, this crosstalk allows a
highly coordinated immune response [42]. This interplay is suggested to be confirmed by the
present study, as high or moderate positive correlations were found between all the measured
inflammatory markers and at least one of the redox parameters. Regarding the levels of EC
H,O0,, the two highest concentrations of PAP were able to restore the elevation caused by Poly
L:C, suggesting the antioxidant nature of the HDP. Even though the impact of papiliocins on
the oxidative state has not been frequently examined, our findings are in agreement with the
observations on the parent peptide papiliocin, which was able to decrease the intracellular
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H,O0, levels caused by oxidative stress in CaCo-2 human colorectal adenocarcinoma cell line
[71].

In the case of Nrf2, LTA-induced inflammation contributed to an elevated level of the tran-
scription factor, whereas in both inflammatory conditions, the addition of PAP resulted in a
decrease. Under physiologic circumstances, Nrf2 is mainly degraded by Kelch-like ECH-asso-
ciated protein 1 (Keapl) in the proteosome [72]. However, upon oxidative stress, Nrf2 escapes
from the complex and translocates into the nucleus, thereby activating the gene expression of
various cytoprotective proteins [72] and suppressing the pro-inflammatory ones [70]. As a
result, Nrf2 is described as a major regulator of the antioxidant defense system [70, 72]. It has
already been described that TLR2-agonists can act as activators of the Nrf2-signaling pathway,
reflecting the cellular efforts to enhance the expression of antioxidant molecules and hence,
support survival [70]. Based on these, the reduced levels after applying PAP 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. The positive correla-
tion found between EC H,0, and Nrf2 also confirms this explanation, suggesting that the anti-
oxidant system was activated according to the current oxidative state. Interestingly, when
applied alone, PAP exerted a decreasing effect on Nrf2 concentration, moreover, IL-8 concen-
tration was also decreased by the same treatment. Since it has been recorded that IL-8 can pro-
mote the compensatory elevation of the Nrf2 level [73, 74], and in the present study, the two
parameters highly positively correlated with each other, it can be suggested that the reduced
cytokine level contributed to the mild presence of Nrf2. Nevertheless, additional research is
required to better explain these events. In addition, there are only a few studies available about
the effects of HDPs on the Nrf2-signaling pathway, describing both the activation [75] and
suppression [30] of the transcription factor in hepatic cells; therefore, their exact mechanism
of action still remains unclear.

Taking the results together, PAP was found to influence the production of most of the mea-
sured parameters, indicating its potent immunomodulatory capability in inflammatory condi-
tions; however, when applied alone, the peptide was not characteristically found to result in
changes. These observations suggest that the treatment of PAP under physiological conditions
is unlikely to interfere with immune processes, whereas, in the presence of inflammation, the
HDP is able to exert immunomodulatory activity to protect the host, preferring to act towards
the anti-inflammatory processes. Nonetheless, given the varying impacts of PAP on the inflam-
matory environments evoked by the different TLR-agonists used in this study, further investi-
gation is required to better understand the peptide’s particular mechanism of action.

Conclusion

The goal of the present study was to investigate the effects of PAP on the inflammatory
response and oxidative state of a primary hepatocyte-non-parenchymal cell co-culture of
chicken origin. Based on our results, PAP seemed to exert no cytotoxic effects on chicken
hepatic cells, suggesting its safe application in poultry. Moreover, PAP displayed a robust mod-
ulatory activity on the immune response as it was able to decrease the levels of IL-6, IL-8, and
RANTES, as well as the IL-6/IL-10 ratio. Therefore, the peptide is suggested to provide benefi-
cial effects to the host in Poly I:C-triggered and LTA-induced inflammatory conditions. Fur-
thermore, the examination of the activity of PAP on EC H,0, and Nrf2 levels showed that the
HDP might act as an antioxidant and promote the elimination of ROS. Based on our results,
PAP possesses a highly potent immunomodulatory property, and it might be a promising can-
didate for replacing ABs, thereby contributing to the reduction of AMR in the future.

PLOS ONE | https://doi.org/10.1371/journal.pone.0302913 May 10, 2024 14/19


https://doi.org/10.1371/journal.pone.0302913

PLOS ONE

In vitro immunomodulation by Pap12-6 in chicken hepatic cells

Supporting information

S1 Table. Showing correlation coefficients (r), p values and descriptions of correlations
between the tested parameters. Correlations were described as “very high”, “high”, “moder-
ate”, “low”, or “negligible”, based on the r value being +0.90-1.00, £0.70-0.90, +0.50-0.70,
+0.30-0.50, and 0.00-+0.30, respectively.

(XLSX)

Acknowledgments

Special thanks are granted to Krisztian Dobos for his professional help in visualizing the data
presented.

Author Contributions

Conceptualization: Rege Anna Marton, Gabor Matis.

Data curation: Rege Anna Marton.

Formal analysis: Rege Anna Marton, Maté Mackei, Gabor Matis.

Investigation: Rege Anna Marton, Csilla Sebék, Maté Mackei, Patrik Traj, Julia Voroshazi,
Zsuzsanna Neogrady, Gabor Matis.

Methodology: Rege Anna Marton, Csilla Seb6k, Maté Mackei, Patrik Traj, Julia Voroshazi,
Agnes Kemény, Zsuzsanna Neogrady, Gabor Matis.

Software: Rege Anna Mérton, Agnes Kemény.
Validation: Mété Mackei, Agnes Kemény, Gabor Matis.
Writing - original draft: Rege Anna Marton.

Writing - review & editing: Csilla Sebék, Maté Mackei, Patrik Tréj, Jilia Voroshazi, Agnes
Kemény, Zsuzsanna Neogrady, Gabor Matis.

References

1.  Mulchandani R, Wang Y, Gilbert M, V Boeckel TP. Global trends in antimicrobial use in food-producing
animals: 2020 to 2030. PLOS Global Public Health. 2023 Feb 1; 3(2):e0001305. https://doi.org/10.
1371/journal.pgph.0001305 PMID: 36963007

2. Silveira RF, Roque-Borda CA, Vicente EF. Antimicrobial peptides as a feed additive alternative to ani-
mal production, food safety and public health implications: An overview. Animal Nutrition. 2021 Sep 1; 7
(3):896—904. https://doi.org/10.1016/j.aninu.2021.01.004 PMID: 34632120

3. WangJ, Dou X, Song J, Lyu Y, Zhu X, Xu L, et al. Antimicrobial peptides: Promising alternatives in the
post feeding antibiotic era. Medicinal Research Reviews. 2019; 39(3):831-59. https://doi.org/10.1002/
med.21542 PMID: 30353555

4. Rodriguez AA, Otero-Gonzalez A, Ghattas M, Sténdker L. Discovery, Optimization, and Clinical Appli-
cation of Natural Antimicrobial Peptides. Biomedicines. 2021 Oct; 9(10):1381. https://doi.org/10.3390/
biomedicines9101381 PMID: 34680498

5. vanDijk A, Hedegaard CJ, Haagsman HP, Heegaard PMH. The potential forimmunoglobulins and host
defense peptides (HDPs) to reduce the use of antibiotics in animal production. Veterinary Research.
2018 Jul 31; 49(1):68. https://doi.org/10.1186/s13567-018-0558-2 PMID: 30060758

6. SunE, Belanger CR, Haney EF, Hancock REW. Host defense (antimicrobial) peptides. In: Peptide
Applications in Biomedicine, Biotechnology and Bioengineering. Elsevier; 2018. p. 253-85.

7. Duarte-Mata DI, Salinas-Carmona MC. Antimicrobial peptides” immune modulation role in intracellular
bacterial infection. Frontiers in Immunology. 2023; 14.

PLOS ONE | https://doi.org/10.1371/journal.pone.0302913 May 10, 2024 15/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0302913.s001
https://doi.org/10.1371/journal.pgph.0001305
https://doi.org/10.1371/journal.pgph.0001305
http://www.ncbi.nlm.nih.gov/pubmed/36963007
https://doi.org/10.1016/j.aninu.2021.01.004
http://www.ncbi.nlm.nih.gov/pubmed/34632120
https://doi.org/10.1002/med.21542
https://doi.org/10.1002/med.21542
http://www.ncbi.nlm.nih.gov/pubmed/30353555
https://doi.org/10.3390/biomedicines9101381
https://doi.org/10.3390/biomedicines9101381
http://www.ncbi.nlm.nih.gov/pubmed/34680498
https://doi.org/10.1186/s13567-018-0558-2
http://www.ncbi.nlm.nih.gov/pubmed/30060758
https://doi.org/10.1371/journal.pone.0302913

PLOS ONE

In vitro immunomodulation by Pap12-6 in chicken hepatic cells

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

Hancock REW, Haney EF, Gill EE. The immunology of host defence peptides: beyond antimicrobial
activity. Nat Rev Immunol. 2016 May; 16(5):321-34. https://doi.org/10.1038/nri.2016.29 PMID:
27087664

Biswaro LS, da Costa Sousa MG, Rezende TMB, Dias SC, Franco OL. Antimicrobial Peptides and
Nanotechnology, Recent Advances and Challenges. Frontiers in Microbiology. 2018; 9. https://doi.org/
10.3389/fmicb.2018.00855 PMID: 29867793

Boullet H, Bentot F, Hequet A, Ganem-Elbaz C, Bechara C, Pacreau E, et al. Small AntiMicrobial Pep-
tide with In Vivo Activity Against Sepsis. Molecules. 2019 Jan; 24(9):1702. https://doi.org/10.3390/
molecules24091702 PMID: 31052373

Koo HB, Seo J. Antimicrobial peptides under clinical investigation. Peptide Science. 2019; 111(5):
24122.

Ramesh S, Govender T, Kruger HG, de la Torre BG, Albericio F. Short AntiMicrobial Peptides (SAMPs)
as a class of extraordinary promising therapeutic agents. Journal of Peptide Science. 2016; 22(7):438—
51. https://doi.org/10.1002/psc.2894 PMID: 27352996

Nazeer N, Uribe-Diaz S, Rodriguez-Lecompte JC, Ahmed M. Antimicrobial peptides as an alternative to
relieve antimicrobial growth promoters in poultry. British Poultry Science. 2021 Sep 3; 62(5):672—85.
https://doi.org/10.1080/00071668.2021.1919993 PMID: 33908289

Kim J, Jacob B, Jang M, Kwak C, Lee Y, Son K, et al. Development of a novel short 12-meric papiliocin-
derived peptide that is effective against Gram-negative sepsis. Sci Rep. 2019 Mar 7; 9(1):3817. https://
doi.org/10.1038/s41598-019-40577-8 PMID: 30846839

Jeon D, Jacob B, Kwak C, Kim Y. Short Antimicrobial Peptides Exhibiting Antibacterial and Anti-Inflam-
matory Activities Derived from the N-Terminal Helix of Papiliocin: Short Antimicrobial Peptides Derived
from the N-Terminal Helix of Papiliocin. Bull Korean Chem Soc. 2017 Nov; 38(11):1260-8.

Kim JK, Lee E, Shin S, K woong Jeong, Lee JY, Bae SY, et al. Structure and Function of Papiliocin with
Antimicrobial and Anti-inflammatory Activities Isolated from the Swallowtail Butterfly, Papilio xuthus*.
Journal of Biological Chemistry. 2011 Dec 2; 286(48):41296-311. https://doi.org/10.1074/jbc.M111.
269225 PMID: 21965682

Son K, Kim J, Jang M, Chauhan AK, Kim Y. Effects of C-Terminal Residues of 12-Mer Peptides on Anti-
bacterial Efficacy and Mechanism. Journal of Microbiology and Biotechnology. 2019 Nov 28; 29
(11):1707-16. https://doi.org/10.4014/jmb.1907.07061 PMID: 31546301

Tacke F, Luedde T, Trautwein C. Inflammatory Pathways in Liver Homeostasis and Liver Injury. Clinic
Rev Allerg Immunol. 2009 Feb 1; 36(1):4—12. https://doi.org/10.1007/s12016-008-8091-0 PMID:
18600481

Liaskou E, Wilson DV, Oo YH. Innate Immune Cells in Liver Inflammation. Mediators of Inflammation.
2012 Aug 9; 2012:€949157. https://doi.org/10.1155/2012/949157 PMID: 22933833

Drucker C, Gewiese J, Malchow S, Scheller J, Rose-John S. Impact of interleukin-6 classic- and trans-
signaling on liver damage and regeneration. Journal of Autoimmunity. 2010 Feb; 34(1):29-37. https://
doi.org/10.1016/j.jaut.2009.08.003 PMID: 19717281

Jozefiak A, Engberg R. Insect proteins as a potential source of antimicrobial peptides in livestock pro-
duction. A review. J Anim Feed Sci. 2017 May 15; 26(2):87-99.

Ginsburg I. Role of lipoteichoic acid in infection and inflammation. The Lancet Infectious Diseases.
2002 Mar; 2(8):171-9. https://doi.org/10.1016/s1473-3099(02)00226-8 PMID: 11944187

Villanueva Al, Kulkarni RR, Sharif S. Synthetic double-stranded RNA oligonucleotides are immunosti-
mulatory for chicken spleen cells. Developmental & Comparative Immunology. 2011 Jan 1; 35(1):28-
34. hitps://doi.org/10.1016/j.dci.2010.08.001 PMID: 20692289

Mackei M, Molnar A, Nagy S, Pal L, Kévagé C, Galfi P, et al. Effects of Acute Heat Stress on a Newly
Established Chicken Hepatocyte—Nonparenchymal Cell Co-Culture Model. Animals. 2020 Mar; 10
(3):409.

Mukaka MM. A guide to appropriate use of correlation coefficient in medical research. Malawi medical
journal. 2012; 24(3):69-71.

Patyra E, Kwiatek K. Insect Meals and Insect Antimicrobial Peptides as an Alternative for Antibiotics
and Growth Promoters in Livestock Production. Pathogens. 2023 Jun; 12(6):854. https://doi.org/10.
3390/pathogens12060854 PMID: 37375544

Wang S, Zeng X, Yang Q, Qiao S. Antimicrobial Peptides as Potential Alternatives to Antibiotics in Food
Animal Industry. IIMS. 2016 May 3; 17(5):603. https://doi.org/10.3390/ijms17050603 PMID: 27153059

Peng L, Scheenstra MR, van Harten RM, Haagsman HP, Veldhuizen EJA. The immunomodulatory
effect of cathelicidin-B1 on chicken macrophages. Vet Res. 2020 Sep 24; 51(1):122. https://doi.org/10.
1186/s13567-020-00849-y PMID: 32972448

PLOS ONE | https://doi.org/10.1371/journal.pone.0302913 May 10, 2024 16/19


https://doi.org/10.1038/nri.2016.29
http://www.ncbi.nlm.nih.gov/pubmed/27087664
https://doi.org/10.3389/fmicb.2018.00855
https://doi.org/10.3389/fmicb.2018.00855
http://www.ncbi.nlm.nih.gov/pubmed/29867793
https://doi.org/10.3390/molecules24091702
https://doi.org/10.3390/molecules24091702
http://www.ncbi.nlm.nih.gov/pubmed/31052373
https://doi.org/10.1002/psc.2894
http://www.ncbi.nlm.nih.gov/pubmed/27352996
https://doi.org/10.1080/00071668.2021.1919993
http://www.ncbi.nlm.nih.gov/pubmed/33908289
https://doi.org/10.1038/s41598-019-40577-8
https://doi.org/10.1038/s41598-019-40577-8
http://www.ncbi.nlm.nih.gov/pubmed/30846839
https://doi.org/10.1074/jbc.M111.269225
https://doi.org/10.1074/jbc.M111.269225
http://www.ncbi.nlm.nih.gov/pubmed/21965682
https://doi.org/10.4014/jmb.1907.07061
http://www.ncbi.nlm.nih.gov/pubmed/31546301
https://doi.org/10.1007/s12016-008-8091-0
http://www.ncbi.nlm.nih.gov/pubmed/18600481
https://doi.org/10.1155/2012/949157
http://www.ncbi.nlm.nih.gov/pubmed/22933833
https://doi.org/10.1016/j.jaut.2009.08.003
https://doi.org/10.1016/j.jaut.2009.08.003
http://www.ncbi.nlm.nih.gov/pubmed/19717281
https://doi.org/10.1016/s1473-3099%2802%2900226-8
http://www.ncbi.nlm.nih.gov/pubmed/11944187
https://doi.org/10.1016/j.dci.2010.08.001
http://www.ncbi.nlm.nih.gov/pubmed/20692289
https://doi.org/10.3390/pathogens12060854
https://doi.org/10.3390/pathogens12060854
http://www.ncbi.nlm.nih.gov/pubmed/37375544
https://doi.org/10.3390/ijms17050603
http://www.ncbi.nlm.nih.gov/pubmed/27153059
https://doi.org/10.1186/s13567-020-00849-y
https://doi.org/10.1186/s13567-020-00849-y
http://www.ncbi.nlm.nih.gov/pubmed/32972448
https://doi.org/10.1371/journal.pone.0302913

PLOS ONE

In vitro immunomodulation by Pap12-6 in chicken hepatic cells

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

Kraaij MD, van Dijk A, Haagsman HP. CATH-2 and LL-37 increase mannose receptor expression, anti-
gen presentation and the endocytic capacity of chicken mononuclear phagocytes. Molecular Immunol-
ogy. 2017 Oct 1; 90:118-25. https://doi.org/10.1016/j.molimm.2017.07.005 PMID: 28715682

Sebok C, Traj P, Mackei M, Marton RA, Vérdshazi J, Kemény A, et al. Modulation of the immune
response by the host defense peptide IDR-1002 in chicken hepatic cell culture. Sci Rep. 2023 Sep 4; 13
(1):14530. https://doi.org/10.1038/s41598-023-41707-z PMID: 37666888

Sebdk C, Walmsley S, Traj P, Mackei M, Voroshazi J, Petrilla J, et al. Immunomodulatory effects of
chicken cathelicidin-2 on a primary hepatic cell co-culture model. PLOS ONE. 2022 Oct 10; 17(10):
e0275847. https://doi.org/10.1371/journal.pone.0275847 PMID: 36215285

Ko SKK, Paraso MGV, Pajas AMGA, Dela Cruz JF. Inmunomodulatory responses in plectasin-supple-
mented broilers under tropical environmental conditions. Trop Anim Health Prod. 2021 Apr 9; 53
(2):253. https://doi.org/10.1007/s11250-021-02691-6 PMID: 33834298

Wang G, Song Q, Huang S, Wang Y, Cai S, Yu H, et al. Effect of Antimicrobial Peptide Microcin J25 on
Growth Performance, Immune Regulation, and Intestinal Microbiota in Broiler Chickens Challenged
with Escherichia coli and Salmonella. Animals. 2020 Feb; 10(2):345. https://doi.org/10.3390/
ani10020345 PMID: 32098236

Wang L, Zhang H, Jia Z, Ma Q, Dong N, Shan A. In vitro and in vivo Activity of the Dimer of PMAP-36
Expressed in Pichia pastoris. Journal of Molecular Microbiology and Biotechnology. 2014 Aug 30; 24
(4):234-40. https://doi.org/10.1159/000365572 PMID: 25196715

Wickramasuriya SS, Park |, Lee Y, Richer LM, Przybyszewski C, Gay CG, et al. Orally delivered Bacil-
lus subtilis expressing chicken NK-2 peptide stabilizes gut microbiota and enhances intestinal health
and local immunity in coccidiosis-infected broiler chickens. Poultry Science. 2023 May 1; 102
(5):102590. https://doi.org/10.1016/j.ps}.2023.102590 PMID: 36940653

Shreeya TV, Karunakaran R, Raja P, Bandeswaran C. Effects of Dietary Supplementation of Antimicro-
bial Peptide on Growth Performance, Serum Biochemistry and Intestinal Health in Broilers. IJAR. 2023
May 22

Zhu C, Bai Y, Xia X, Zhang M, Wu X, Wu Y, et al. Effects of the Antimicrobial Peptide Mastoparan X on
the Performance, Permeability and Microbiota Populations of Broiler Chickens. Animals. 2022 Jan; 12
(24):3462. https://doi.org/10.3390/ani12243462 PMID: 36552382

Herzmann N, Salamon A, Fiedler T, Peters K. Analysis of migration rate and chemotaxis of human adi-
pose-derived mesenchymal stem cells in response to LPS and LTA in vitro. Experimental Cell
Research. 2016 Mar 15; 342(2):95-103. https://doi.org/10.1016/j.yexcr.2016.03.016 PMID: 26997527

Malanovic N, Lohner K. Gram-positive bacterial cell envelopes: The impact on the activity of antimicro-
bial peptides. Biochimica et Biophysica Acta (BBA)—Biomembranes. 2016 May; 1858(5):936—46.
https://doi.org/10.1016/j.bbamem.2015.11.004 PMID: 26577273

Haddadi S, Thapa S, Kameka AM, Hui J, Czub M, Nagy E, et al. Toll-like receptor 2 ligand, lipoteichoic
acid is inhibitory against infectious laryngotracheitis virus infection in vitro and in vivo. Developmental &
Comparative Immunology. 2015 Jan 1; 48(1):22-32. https://doi.org/10.1016/j.dci.2014.08.011 PMID:
25195716

Lundberg AM, Drexler SK, Monaco C, Williams LM, Sacre SM, Feldmann M, et al. Key differences in
TLR3/poly I:C signaling and cytokine induction by human primary cells: a phenomenon absent from
murine cell systems. Blood. 2007 Nov 1; 110(9):3245-52. https://doi.org/10.1182/blood-2007-02-
072934 PMID: 17660379

Surai PF, Kochish Il, Kidd MT. Redox Homeostasis in Poultry: Regulatory Roles of NF-kB. Antioxidants.
2021 Jan 28; 10(2):186.

Li S, Hong M, Tan HY, Wang N, Feng Y. Insights into the Role and Interdependence of Oxidative Stress
and Inflammation in Liver Diseases. Oxidative Medicine and Cellular Longevity. 2016; 2016:1-21.
https://doi.org/10.1155/2016/4234061 PMID: 28070230

Sebék C, Traj P, Vordshazi J, Mackei M, Papp M, Galfi P, et al. Two Sides to Every Question: Attempts
to Activate Chicken Innate Immunity in 2D and 3D Hepatic Cell Cultures. Cells. 2021 Jul 27; 10(8):1910.
https://doi.org/10.3390/cells10081910 PMID: 34440679

Traj P, Herrmann EM, Sebdk C, Voréshazi J, Mackei M, Galfi P, et al. Protective effects of chicoric acid
on polyinosinic-polycytidylic acid exposed chicken hepatic cell culture mimicking viral damage and
inflammation. Veterinary Immunology and Immunopathology. 2022 Aug; 250:110427. https://doi.org/
10.1016/j.vetimm.2022.110427 PMID: 35749822

Huang Y, Huang J, Chen Y. Alpha-helical cationic antimicrobial peptides: relationships of structure and
function. Protein Cell. 2010 Feb 1; 1(2):143-52. https://doi.org/10.1007/s13238-010-0004-3 PMID:
21203984

Bacalum M, Radu M. Cationic Antimicrobial Peptides Cytotoxicity on Mammalian Cells: An Analysis
Using Therapeutic Index Integrative Concept. Int J Pept Res Ther. 2015 Mar; 21(1):47-55.

PLOS ONE | https://doi.org/10.1371/journal.pone.0302913 May 10, 2024 17/19


https://doi.org/10.1016/j.molimm.2017.07.005
http://www.ncbi.nlm.nih.gov/pubmed/28715682
https://doi.org/10.1038/s41598-023-41707-z
http://www.ncbi.nlm.nih.gov/pubmed/37666888
https://doi.org/10.1371/journal.pone.0275847
http://www.ncbi.nlm.nih.gov/pubmed/36215285
https://doi.org/10.1007/s11250-021-02691-6
http://www.ncbi.nlm.nih.gov/pubmed/33834298
https://doi.org/10.3390/ani10020345
https://doi.org/10.3390/ani10020345
http://www.ncbi.nlm.nih.gov/pubmed/32098236
https://doi.org/10.1159/000365572
http://www.ncbi.nlm.nih.gov/pubmed/25196715
https://doi.org/10.1016/j.psj.2023.102590
http://www.ncbi.nlm.nih.gov/pubmed/36940653
https://doi.org/10.3390/ani12243462
http://www.ncbi.nlm.nih.gov/pubmed/36552382
https://doi.org/10.1016/j.yexcr.2016.03.016
http://www.ncbi.nlm.nih.gov/pubmed/26997527
https://doi.org/10.1016/j.bbamem.2015.11.004
http://www.ncbi.nlm.nih.gov/pubmed/26577273
https://doi.org/10.1016/j.dci.2014.08.011
http://www.ncbi.nlm.nih.gov/pubmed/25195716
https://doi.org/10.1182/blood-2007-02-072934
https://doi.org/10.1182/blood-2007-02-072934
http://www.ncbi.nlm.nih.gov/pubmed/17660379
https://doi.org/10.1155/2016/4234061
http://www.ncbi.nlm.nih.gov/pubmed/28070230
https://doi.org/10.3390/cells10081910
http://www.ncbi.nlm.nih.gov/pubmed/34440679
https://doi.org/10.1016/j.vetimm.2022.110427
https://doi.org/10.1016/j.vetimm.2022.110427
http://www.ncbi.nlm.nih.gov/pubmed/35749822
https://doi.org/10.1007/s13238-010-0004-3
http://www.ncbi.nlm.nih.gov/pubmed/21203984
https://doi.org/10.1371/journal.pone.0302913

PLOS ONE

In vitro immunomodulation by Pap12-6 in chicken hepatic cells

48.

49.

50.

51.

52,

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Lian LH, Milora K, Manupipatpong KK, Jensen LE. The double-stranded RNA analogue polyinosinic-
polycytidylic acid induces keratinocyte pyroptosis and release of interleukin-36y. J Invest Dermatol.
2012 May; 132(5):1346-53.

Schmidt-Arras D, Rose-John S. IL-6 pathway in the liver: From physiopathology to therapy. Journal of
Hepatology. 2016 Jun; 64(6):1403—15. https://doi.org/10.1016/j.jhep.2016.02.004 PMID: 26867490

Kogut MH. Cytokines and prevention of infectious diseases in poultry: A review. Avian Pathology. 2000
Oct; 29(5):395—-404. https://doi.org/10.1080/030794500750047135 PMID: 19184830

Shin A, Lee E, Jeon D, Park YG, Bang JK, Park YS, et al. Peptoid-Substituted Hybrid Antimicrobial Pep-
tide Derived from Papiliocin and Magainin 2 with Enhanced Bacterial Selectivity and Anti-inflammatory
Activity. Biochemistry. 2015 Jun 30; 54(25):3921-31. https://doi.org/10.1021/acs.biochem.5b00392
PMID: 26053120

Shin YP, Lee JH, Kim IW, Seo M, Kim MA, Lee HJ, et al. Anti-inflammatory Activity of Antimicrobial Pep-
tide Papiliocin 3 Derived from the Swallowtail Butterfly, Papilio xuthus. Journal of Life Science. 2020; 30
(10):886-95.

Howes A, Stimpson P, Redford P, Gabrysova L, O’Garra A. Interleukin-10: Cytokines in Anti-inflamma-
tion and Tolerance. In: Yoshimoto T, Yoshimoto T, editors. Cytokine Frontiers [Internet]. Tokyo:
Springer Japan; 2014. p. 327-52.

Akdis M, Burgler S, Crameri R, Eiwegger T, Fujita H, Gomez E, et al. Interleukins, from 1 to 37, and
interferon-y: Receptors, functions, and roles in diseases. Journal of Allergy and Clinical Immunology.
2011 Mar; 127(3):701-721.€70.

Rong YD, Bian AL, Hu HY, Ma Y, Zhou XZ. Study on relationship between elderly sarcopenia and
inflammatory cytokine IL-6, anti-inflammatory cytokine IL-10. BMC Geriatrics. 2018 Dec 12; 18(1):308.
https://doi.org/10.1186/s12877-018-1007-9 PMID: 30541467

Waunder C, Eichelbrénner O, Roewer N. Are IL-6, IL-10 and PCT plasma concentrations reliable for out-
come prediction in severe sepsis? A comparison with APACHE Ill and SAPS Il. Inflamm res. 2004 Mar
1; 53(4):158-63. https://doi.org/10.1007/s00011-003-1239-3 PMID: 15060722

Azaiz MB, Jemaa AB, Sellami W, Romdhani C, Ouslati R, Gharsallah H, et al. Deciphering the balance
of IL-6/IL-10 cytokines in severe to critical COVID-19 patients. Immunobiology. 2022 Jul 1; 227
(4):152236. https://doi.org/10.1016/j.imbio.2022.152236 PMID: 35691133

Dhabhar FS, Burke HM, Epel ES, Mellon SH, Rosser R, Reus VI, et al. Low serum IL-10 concentrations
and loss of regulatory association between IL-6 and IL-10 in adults with major depression. Journal of
Psychiatric Research. 2009 Jul 1; 43(11):962-9. https://doi.org/10.1016/j.jpsychires.2009.05.010
PMID: 19552919

Zhai Z, Ni X, Jin C, Ren W, Li J, Deng J, et al. Cecropin A Modulates Tight Junction-Related Protein
Expression and Enhances the Barrier Function of Porcine Intestinal Epithelial Cells by Suppressing the
MEK/ERK Pathway. International Journal of Molecular Sciences. 2018 Jul; 19(7):1941. https://doi.org/
10.3390/ijms19071941 PMID: 30004434

Kim H. The Antimicrobial Insect Peptide CopA3 Blocks Ethanol-Induced Liver Inflammation and Liver
Cell Injury in Mice. 2022 Mar 28; 50(1):157-63.

Ryu S, Han HM, Song PI, Armstrong CA, Park Y. Suppression of Propionibacterium acnes Infection
and the Associated Inflammatory Response by the Antimicrobial Peptide P5 in Mice. PLOS ONE. 2015
Jul 21; 10(7):e0132619. https://doi.org/10.1371/journal.pone.0132619 PMID: 26197393

ChenL, Zhang Q, Yu C, Wang F, Kong X. Functional roles of CCL5/RANTES in liver disease. Liver
Research. 2020 Mar 1; 4(1):28-34.

Dixon LJ, Barnes M, Tang H, Pritchard MT, Nagy LE. Kupffer Cells in the Liver. Compr Physiol. 2013
Apr; 3(2):785-97. https://doi.org/10.1002/cphy.c120026 PMID: 23720329

Anupa G, Bhat MA, Srivastava AK, Sharma JB, Mehta N, Patil A, et al. Cationic antimicrobial peptide,
magainin down-regulates secretion of pro-inflammatory cytokines by early placental cytotrophoblasts.
Reprod Biol Endocrinol. 2015 Nov 6; 13(1):121. https://doi.org/10.1186/s12958-015-0119-8 PMID:
26546156

YanL, ChuJ, LiM, Wang X, Zong J, Zhang X, et al. Pharmacological Properties of the Medical Maggot:
A Novel Therapy Overview. Evidence-Based Complementary and Alternative Medicine. 2018 May 3;
2018:e4934890. https://doi.org/10.1155/2018/4934890 PMID: 29853956

Tripathi AK, Kumari T, Harioudh MK, Yadav PK, Kathuria M, Shukla PK, et al. Identification of GXXXXG
motif in Chrysophsin-1 and its implication in the design of analogs with cell-selective antimicrobial and
anti-endotoxin activities. Sci Rep. 2017 Jun 13; 7(1):3384. https://doi.org/10.1038/s41598-017-03576-1
PMID: 28611397

Burke JD, Young HA. IFN-y: A cytokine at the right time, is in the right place. Seminars in Immunology.
2019 Jun; 43:101280.

PLOS ONE | https://doi.org/10.1371/journal.pone.0302913 May 10, 2024 18/19


https://doi.org/10.1016/j.jhep.2016.02.004
http://www.ncbi.nlm.nih.gov/pubmed/26867490
https://doi.org/10.1080/030794500750047135
http://www.ncbi.nlm.nih.gov/pubmed/19184830
https://doi.org/10.1021/acs.biochem.5b00392
http://www.ncbi.nlm.nih.gov/pubmed/26053120
https://doi.org/10.1186/s12877-018-1007-9
http://www.ncbi.nlm.nih.gov/pubmed/30541467
https://doi.org/10.1007/s00011-003-1239-3
http://www.ncbi.nlm.nih.gov/pubmed/15060722
https://doi.org/10.1016/j.imbio.2022.152236
http://www.ncbi.nlm.nih.gov/pubmed/35691133
https://doi.org/10.1016/j.jpsychires.2009.05.010
http://www.ncbi.nlm.nih.gov/pubmed/19552919
https://doi.org/10.3390/ijms19071941
https://doi.org/10.3390/ijms19071941
http://www.ncbi.nlm.nih.gov/pubmed/30004434
https://doi.org/10.1371/journal.pone.0132619
http://www.ncbi.nlm.nih.gov/pubmed/26197393
https://doi.org/10.1002/cphy.c120026
http://www.ncbi.nlm.nih.gov/pubmed/23720329
https://doi.org/10.1186/s12958-015-0119-8
http://www.ncbi.nlm.nih.gov/pubmed/26546156
https://doi.org/10.1155/2018/4934890
http://www.ncbi.nlm.nih.gov/pubmed/29853956
https://doi.org/10.1038/s41598-017-03576-1
http://www.ncbi.nlm.nih.gov/pubmed/28611397
https://doi.org/10.1371/journal.pone.0302913

PLOS ONE

In vitro immunomodulation by Pap12-6 in chicken hepatic cells

68.

69.

70.

71.

72.

73.

74.

75.

Kak G, Raza M, Tiwari BK. Interferon-gamma (IFN-y): Exploring its implications in infectious diseases.
Biomolecular Concepts. 2018 Jan 1; 9(1):64—79.

DaiJ, OuW, Yu G, Ai Q, Zhang W, Mai K, et al. The Antimicrobial Peptide Cecropin AD Supplement
Alleviated Soybean Meal-Induced Intestinal Inflammation, Barrier Damage, and Microbial Dysbiosis in
Juvenile Turbot, Scophthalmus maximus. Front Mar Sci. 2020 Nov 27; 7:584482.

Mohan S, Gupta D. Crosstalk of toll-like receptors signaling and Nrf2 pathway for regulation of inflam-
mation. Biomedicine & Pharmacotherapy. 2018 Dec; 108:1866—78. https://doi.org/10.1016/j.biopha.
2018.10.019 PMID: 30372892

Kim SR, Park SW. Papiliocin, an antimicrobial peptide, rescues hyperoxia-induced intestinal injury.
International Journal of Industrial Entomology. 2021; 43(2):94-8.

Magesh S, Chen Y, Hu L. Small Molecule Modulators of Keap1-Nrf2-ARE Pathway as Potential Preven-
tive and Therapeutic Agents. Medicinal Research Reviews. 2012; 32(4):687—726. https://doi.org/10.
1002/med.21257 PMID: 22549716

Jiang K, Cao S, Cui JZ, Matsubara JA. Immuno-modulatory Effect of IFN-gamma in AMD and its Role
as a Possible Target for Therapy. J Clin Exp Ophthalmol. 2013 Feb 26;Suppl 2:0071-6. https://doi.org/
10.4172/2155-9570-S2-007 PMID: 24977104

Yang D, Elner SG, Bian ZM, Till GO, Petty HR, Elner VM. Pro-inflammatory cytokines increase reactive
oxygen species through mitochondria and NADPH oxidase in cultured RPE cells. Experimental Eye
Research. 2007 Oct 1; 85(4):462-72. https://doi.org/10.1016/j.exer.2007.06.013 PMID: 17765224

Yan Z, Wang D, An C, Xu H, Zhao Q, Shi Y, et al. The antimicrobial peptide YD attenuates inflammation
via miR-155 targeting CASP12 during liver fibrosis. Acta Pharmaceutica Sinica B. 2021 Jan 1; 11
(1):100-11. https://doi.org/10.1016/j.apsb.2020.07.004 PMID: 33532183

PLOS ONE | https://doi.org/10.1371/journal.pone.0302913 May 10, 2024 19/19


https://doi.org/10.1016/j.biopha.2018.10.019
https://doi.org/10.1016/j.biopha.2018.10.019
http://www.ncbi.nlm.nih.gov/pubmed/30372892
https://doi.org/10.1002/med.21257
https://doi.org/10.1002/med.21257
http://www.ncbi.nlm.nih.gov/pubmed/22549716
https://doi.org/10.4172/2155-9570-S2-007
https://doi.org/10.4172/2155-9570-S2-007
http://www.ncbi.nlm.nih.gov/pubmed/24977104
https://doi.org/10.1016/j.exer.2007.06.013
http://www.ncbi.nlm.nih.gov/pubmed/17765224
https://doi.org/10.1016/j.apsb.2020.07.004
http://www.ncbi.nlm.nih.gov/pubmed/33532183
https://doi.org/10.1371/journal.pone.0302913

