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ABSTRACT Necrotic enteritis causes economic losses
estimated to be up to 6 billion US dollars per year. Clini-
cal and subclinical infections in poultry are also both cor-
related with decreased growth and feed efficiency.
Moreover, in a context of increased antibiotic resistance,
feed additives with enhanced antimicrobial properties are
a useful and increasingly needed strategy. In this study,
the protective effects of a blend of thymol and organic
acids against the effects of Clostridium perfringens type
A (CP) on chicken intestinal epithelial cells were investi-
gated and compared to bacitracin, a widely used antibi-
otic in poultry production. Primary chicken intestinal
epithelial cells were challenged with CP for a total time of
3 h to assess the beneficial effect of 2 doses of citric acid,
dodecanoic acid, and thymol-containing blend, and com-
pare them with bacitracin. During the challenge, different

parameters were recorded, such as transepithelial electri-
cal resistance, cell viability, mRNA expression, and reac-
tive oxygen species production. CP induced inflammation
with cytokine production and loss of epithelial barrier
integrity. It was also able to induce reactive oxygen spe-
cies production and increase the caspase expression lead-
ing to cellular death. The high dose of the blend acted
similarly to bacitracin, preventing the disruptive effects of
CP and inducing also an increase in zonula occludens-1
mRNA expression. The low dose only partially prevented
the disruptive effects of CP but successfully reduced the
associated inflammation. This study shows that the usage
of thymol combined with 2 organic acids can protect pri-
mary chicken intestinal epithelial cells from CP-induced
damages creating a valid candidate to substitute or adju-
vate the antibiotic treatment against necrotic enteritis.
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INTRODUCTION

The poultry industry is affected by a variety of patho-
gens such as Salmonella spp. (Vandelapidas et al., 2010),
FEimeria spp. (Huang et al., 2018), Clostridium spp.
(Baba et al., 1997), and many others, which are associ-
ated with high economic losses due to the increased mor-
bidity /mortality rates, decreased growth and feed
efficiency, and high costs for control strategies (Timber-
mont et al., 2011). Necrotic enteritis (INE) causes eco-
nomic losses estimated to be up to 6 billion US dollars
per year (Wade and Keyburn, 2015) and it is one of the
most addressed diseases with high economic impact.
The causative pathogen of NE is Clostridium perfrin-
gens (CP), a Gram-positive anaerobic spore-forming
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and rod-shaped bacterium (Baba et al., 1997; Paiva and
McElroy, 2014). CP types A, C, and G are of particular
interest to the poultry industry because they have been
associated with diseases in poultry. Of the known 7 CP
types, both A and G were the main prevalent causative
agents of NE (Abd El-Hack et al., 2022). Moreover, a lot
of different predisposing factors are needed to develop
NE in poultry (Yang et al., 2019). Microscopic examina-
tion of the early stages of NE shows strong inflammatory
reactions to CP in the intestine (Timbermont et al.,
2011). Furthermore, CP and other pathogens can also
be related to a subinflammatory status that can be diffi-
cult to diagnosticate and can contribute to decreased
growth and feed efficiency (Homer et al., 1992; Abreu
et al., 2016). In the past, chicken intestinal diseases were
studied on alternative chicken cell models such as fibro-
blasts, liver, or cells of other kinds (Jagadish and Sax-
ena, 2008; Felici et al., 2021). Few studies report the
effects of pathogens or inflammation directly on chicken
intestinal epithelial cells (cIECs) in vitro (Dimier-Pois-
son et al., 2004; Immerseel et al., 2004; Guo et al., 2015;
Bar Shira and Friedman, 2018), but no one has reported
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a detailed investigation on different cellular parameters
involved in intestinal barrier integrity and inflamma-
tion. Moreover, the improper use of antibiotics in food
animals aggravates the issue of antibiotic resistance,
contributing to the loss of efficacy of antibiotic treat-
ments against NE and to the increased need for alterna-
tive solutions. Previously, Giovagnoni et al. (2019)
investigated whether specific organic acids and natural
identical compounds that are commonly found in feed
additives could be used as alternative or adjuvant mole-
cules along with conventional antibiotics against CP.
Starting from there, a blend of thymol, citric acid, and
dodecanoic acid was created to combine the antimicro-
bial power of organic acids with the antimicrobial and
anti-inflammatory capabilities of thymol. Thymol is a
well-studied anti-inflammatory that acts by inhibiting
the nuclear factor kappa-light-chain-enhancer of acti-
vated B cells (Nf-kB) pathway, MAPKs, and iNOS
(Liang et al., 2014; Chen et al., 2020; Rossi et al., 2020;
Al-Khrashi et al., 2022). Thymol is also an effective anti-
oxidant, which could scavenge free radicals and it can
prevent oxidative stress increasing glutathione and
superoxide dismutase levels through the Nrf2 pathway
(Saleh et al., 2021). Moreover, thymol has also a good
antimicrobial activity thanks to its pore-forming capa-
bilities on the bacterial cell membrane also against CP
(Du et al., 2015, 2016a,b). Together with thymol,
medium-chain fatty acids exhibit a potent antibacterial
pore-forming activity. Furthermore, dodecanoic and cit-
ric acids are particularly effective against CP, C. diffi-
cile, and other Gram-positive bacteria (Jackman et al.,
2020). Unfortunately, the potential beneficial effects on
epithelial cells of medium-chain fatty acids are not fully
understood yet. Toschi et al. (2020) reported also benefi-
cial effects of citric acid on the epithelial barrier function
and tight junction gene expression in vitro. Bacitracin is
an antimicrobial agent, used to control NE in poultry.
Bacitracin is still used as antimicrobial in many coun-
tries including the United States, contributing to spread
antimicrobial resistance.

This study aimed to develop and optimize an in vitro
challenge model to study the effects of CP on cIECs and
to help to characterize the beneficial and protective
effects of high and low doses of a blend of thymol, citric
acid, and dodecanoic acid that could be used as an alter-
native or adjuvant to bacitracin, in the future.

MATERIAL AND METHODS
Chemicals and Reagents

All chemicals were analytical grade: citric acid
(299%), dodecanoic acid (>99%), and thymol (>98.5%),
were obtained from Sigma-Aldrich (St. Louis, MO).

The blend of these compounds was tested at 2 differ-
ent concentrations. The high dose (H-BLEND) con-
tained thymol 470 uM, citric acid 6250 pM, and
dodecanoic acid 116 uM. The low dose (L-BLEND)
contained thymol 235 puM, citric acid 3125 uM, and
dodecanoic acid 58 uM. In the supplementary materials,

the minimal inhibitory concentration assay on CP is
reported. The minimal inhibitory concentration assay
was used to decide the dosages used in the study.

Care and Use of Animals

Specific pathogen-free eggs were purchased from Valo-
Biomedia (Osterholz-Scharmbeck, Germany) and incu-
bated at 37.7°C, 48% relative humidity in a semi-
automated incubator. On the 19th day of incubation,
according to the AVMA guidelines and animal welfare,
chick embryos were sacrificed by decapitation. As chick
embryos older than 14 d can experience pain, decapita-
tion was recommended as a humane method of euthana-
sia. According to the Italian legislation (D.lgs. 26,/2014,
the act on the protection of animals used for scientific
and educational purposes, which was passed in March
2014 and transposed Directive 2010/63/EU into current
Italian legislation), avian embryos are not considered as
“live vertebrate animals,” so the approval of Animal
Ethics Commission was not required.

Bacterial Strain and Culture Conditions

The strain used in this study was ATCC 13124 CP
type A. It was cultured in reinforced clostridial medium
at 37°C under anaerobic conditions. For all the assays
where CP was involved 5 x 10° CFU/mL was used as
the initial standard inoculum, as recommended by the
Clinical and Laboratory Standards Institute. Moreover,
before this study, a set-up experiment was performed to
find the optimal CP concentration to use on cells. We
compared the effects on TEER of two concentrations of
CP (10* and 10° CFU/mL). We decided to use
10° CFU/mL due to its more evident effects after 1.5 h
and to be coherent with the CLSI reccomendations.

Growth Curve and a-Toxin Determination

The CP growth curve was determined through optical
density (OD) measurement at 630 nm and represented
using the Gompertz sigmoidal function (Zwietering
et al., 1990).

The concentration of a-toxin (CPA) produced by the
bacterium was assessed every hour from 0 h to 8 h after
the passage of 10° CFU/mL in fresh reinforced clostrid-
ial medium, with the Bio-X a-toxin ELISA kit (Bio-X
Diagnostics SPRL, Jemelle, Belgium) following the
manufacturer instructions and using the quadratic
regression curve that relates the OD values and CPA
concentrations reported by Zang et al., (2006) for the
kit.

Cell Cultures

cIECs were isolated with the method reported by Ghi-
selli et al. (2021). Briefly, starting from 19-day-old spe-
cific pathogen-free chicken embryos, the duodenal tract
was recovered and placed in ice-cold Hank's balanced
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salt solution without calcium and magnesium (Cat. #
55021C—Sigma-Aldrich, St. Louis, MO), then it was
cleaned from mesenteric fat and external mucus. Tissues
were digested for 50 min at 37°C with a digestion
medium containing collagenase and hyaluronidase. The
recovered aggregates were ultimately seeded on cell sup-
ports coated with Matrigel matrix (Cat. # 356234—
Corning Incorporated, Corning, NY) diluted at the final
concentration of 0.8 mg/mL. Cells were cultured at 37°C
and 5% CO, onto different supports.

CP Challenge

To challenge cIECs, 4 different cell culture mediums
were used:

(1) Growth medium without penicillin/streptomycin as
negative control (CTR- group);

(2) Growth medium without penicillin/streptomycin
containing CP in exponential phase at a concentra-
tion of 5 x 10° CFU/mL (CP group);

(3) Growth medium without penicillin/streptomycin
containing 5 x 10° CFU/mL CP in exponential
phase and bacitracin 2ppm (Cat. # B0125—Sigma-
Aldrich, St. Louis, MO—BAC group), used as bac-
tericidal control;

(4) Growth medium without penicillin/streptomycin
containing 5 x 10° CFU/mL CP in exponential
phase and H-BLEND (H-BLEND group);

(5) Growth medium without penicillin/streptomycin
containing 5 x 10° CFU/mL CP in exponential
phase and L-BLEND (L-BLEND group);

Freshly isolated cIECs were then used to perform the
different analyses listed below.

A. Monolayer integrity: cIECs were cultured for 7 d
before the challenge at 37°C and 5% CO, onto coated
Transwell inserts. Then they were adapted overnight
to anaerobic conditions (100% COs) at 37°C the day
before the challenge. The anaerobiosis was generated
in jars with an AnaeroGen gas pack (Thermo Fisher
Scientific, Waltham, MA). On day 8 after seeding,
transepithelial electrical resistance (TEER) was
measured to check the monolayer integrity after the
adaptation in anaerobiosis, and then cells were
washed 3 times with Hank's balanced salt solution to
remove penicillin/streptomycin contained in the nor-
mal growth medium. After the basal TEER measure-
ment and washings, a medium change was performed
to challenge the cells, accordingly to the 5 medium
groups (n = 6 for each medium) listed at the begin-
ning of the current paragraph. During the challenge,
cells were maintained at 37°C and 100% CO, in a jar
with an AnaeroGen gas pack. TEER was measured
1.5 h and 3 h after the challenge started. At the end
of the challenge, cells were harvested from filters for
qPCR analyses.

B. Viability and reactive oxygen species (ROS ) produc-
tion assays: cIECs were cultured for 3 d before the
challenge at 37°C and 5% CO; onto a coated 96-well
plate. Then they were adapted overnight to anaerobic
conditions (100% CO,) at 37°C, and on day 4 after
seeding, they were challenged as described for the
monolayer integrity assessment (n = 6 for each
medium). During the challenge, cells were maintained
at 37°C and 100% CO, in a jar with an AnaeroGen
gas pack. Viability was assessed after 1.5 h and 3 h
from the beginning of the challenge, and the ROS
production assay was performed only after 1.5 h due
to the strong cytotoxic effect of CP that interferes
with the proper ROS detection.

C. Immunofluorescence (IF ): cIECs were cultured for 3
d before the challenge at 37°C and 5% CO, onto Lab-
Tek IT Chamber Slide System (Cat. # 154534—
Thermo Scientific, Waltham, MA). Then they were
adapted overnight to anaerobic conditions (100%
COy) at 37°C. Then on day 4 after seeding, they were
challenged as described for the monolayer integrity
assessment. During the challenge, cells were main-
tained at 37°C and 100% CO in a jar with an Anaer-
oGen gas pack. After 1.5 h, cells were fixed in 4%
paraformaldehyde and used for the IF assay as
described before.

Monolayer Integrity

To evaluate the monolayer’s integrity and the effect of
the CP challenge on the intestinal epithelium, the mea-
surement of TEER was performed. cIECs were seeded at
a density of 5 x 10° aggregates /filter onto 24-well Trans-
well polyethylene terephthalate inserts (0.4 wm pore)
coated with Matrigel matrix (0.8 mg/mL). TEER was
measured with a volt-ohm meter (Millicell ERS-2, Cat.
# MERS00002—Millipore, Burlington, MA), then val-
ues were calculated as [(cell well TEER — blank well TE
ER) x well area size({)- em2)]. Cells reached confluence
on Transwell inserts 3 d after seeding, but they were cul-
tured until day 7 after seeding (before inducing the chal-
lenge) to allow the TEER stabilization. On day 8 after
seeding, they were challenged.

qPCR

Total RNA was isolated from cells recovered from the
Transwell supports after the challenge ended, using the
NucleoSpin RNA Kit (Cat. # 750955—MACHEREY-
NAGEL Inc., Bethlehem, PA), according to the manu-
facturer’s protocol. RNA yield and quality were deter-
mined spectrophotometrically by detecting 260 and
280 nm absorbance by Varioskan LUX multimode
microplate reader (Thermo Fisher Scientific, Waltham,
MA). RNA was reverse transcribed with iScript cDNA
Synthesis Kit (Cat. # 1708890—Bio-Rad Laboratories,
Hercules, CA) according to the manufacturer’s
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instructions. Lastly, real-time PCR reactions were per-
formed in duplicate using CFX Connect Real-Time
PCR System and iTaq Universal SYBR Green Supermix
(Cat. # 1725120—Bio-Rad Laboratories, Hercules,
CA).

Gene expression was reported as fold of change using
the AACt method (Livak and Schmittgen, 2001), using
as reference the 60S acidic ribosomal protein PO
(RPLPO). To analyze the effects of the 2 different chal-
lenges, specific markers of chicken cytokines, tight junc-
tion, and markers involved in the apoptotic pathway
were chosen: Interleukin (IL)18, IL6, IL8, IL10, Inter-
feron-gamma (INFy), mitogen-activated protein kinase
1 (MAPK), zonula occludens 1 (ZO1), occludin
(OCCL), claudin-1 (CLDN1), caspase 1 (CASP1),
caspase 3 (CASP3), inducible nitric oxide synthase
(iNOS) and toll-like receptor 4 (TLR4).

All the primers (Sigma-Aldrich, St. Louis, MO) were
designed using the PrimerBLAST tool (https://www.
ncbinlm.nih.gov/tools/primer-blast/) and they are
listed in Table 1.

Immunofluorescence Assay

IF staining was performed for ZO1, OCCL, claudin-3
(CLDN3), and MAPK. Freshly isolated cIECs were
seeded at a density of 1 x 10° aggregates/well onto
Matrigel-coated (0.8 mg/mL) Nunc Lab-Tek II Cham-
ber Slide System cultured for 3 d, then adapted to anaer-
obic condition overnight, and challenged at day 4 after

Louis, MO) in Dulbecco’s phosphate-buffered saline
(DPBS—Cat.# D8537—Sigma-Aldrich St. Louis,
MO). Cells were permeabilized with 0.5% Triton X-100
(Cat.# VARICP3418—VWR, Radnor, PA) for 15 min
and then blocked in 10% goat serum (Cat.# G9023—
Sigma-Aldrich St. Louis, MO) for 1 h. Primary monoclo-
nal antibodies reported in Table 2 were diluted in 2%
bovine serum albumin (BSA—Cat.# P6154—VWR,
Radnor, PA) + 0.05% saponins (Cat.# A18820—Alfa
Aesar, Haverhill, MA) in DPBS.

Cells were incubated with primary antibodies for 3 h
at room temperature in a humidified chamber. Second-
ary antibodies conjugated to fluorescein isothiocyanate
(FITC) were used to probe the bounded primary

Table 2. Antibodies used for immunofluorescence assay.

Product catalog

Reagent Dilution Supplier number

Rabbit anti- 10 pg/mL  Abcam plc MA1-06326
chicken Clau-
din-3

Rabbit anti- 10 pg/mL  Thermo Fisher 61-7300
chicken zonula Scientific
occludens 1

Rabbit anti- 2 ug/mL Thermo Fisher 71-1500
chicken pan- Scientific
occludin

Rabbit anti- 1:100 Thermo Fisher MA5-15134
chicken Scientific
MAPK1/
ERK2

Goat anti-rabbit 4 pg/mL Thermo Fisher A27034
secondary anti- Scientific

seeding. Then they were fixed for 20 min with 4% para- body, FItTf
formaldehyde (Cat.## 158127—Sigma-Aldrich, St. conydeate
Table 1. Primer list used for gene expression.
Gene Primer sequence (5-> 3’) Product length (bp) Accession N.

Tight Junctions

Cytokines

Inflammation markers

Ref.

Zonula occludens-1
Occludin-1
Claudin-1

1IL1B

IL6

1L8

INFy

iNOS

Toll-like receptor 4
Caspase 1

Caspase 3
MAPK-1

RPLPO

F:

TCTGCACAGTGAGGTTGGCT

R: GGCTGTCCTGCATCGGTGT

F: TGCTTTTGCCCAAGCAGGAA
R: TGTGGGAGAGGCACCAGTTG
F: TCGGTGGTGGTCACTTCGTC
R: CGCTGATTTACGGGCCGAAC
F: TGCCTGCAGAAGAAGCCTCG
R: CTCCGCAGCAGTTTGGTCAT
F: GCAGGACGAGATGTGCAAGA
R: ACCTTGGGCAGGTTGAGGTT
F: AGCTGCTCTGTCGCAAGGTA
R: GCTTGGCGTCAGCTTCACATC
F: ACAACCTTCCTGATGGCGTG
R:
F
R
F
R
F
R
F
R
F
R
F
R

AGTTCATTCGCGGCTTTGCG

: CCCTCCAGCTGATCAGACTATC
: GTGTGCAAGCCGGAATCTTTT
: CCTGGGTCTAGCAGCCTTCC

: TGGCCCAGATTCAGCTCCTG

: CTGTGGGATTCTCCGACCCC

: GCCCTACGGGTTCGTCTCTC

: TACTCCTGGAGGAACGCAGC

: TGCCACTCTGCGATTTACACG
: TGTGACTTCGGACTGGCTCG

: AGGAGCCCTGTACCAACGTG

: TCACGGTAAAGAGGGGAGGTG
: CTTGCTCAGTCCCCAGCCTT

145

153

113

137

84

124

100

86

129

148

123

93

143

XM_ 004934975
NM_ 204417
NM_ 001004768
NM_ 204524.1
NM_ 204628.1
NM_ 205498.1
NM_ 205149.1
NM_ 204961.1
NM_ 001030693
XM_ 040650618
NM_ 204725.1
XM_ 015275131

NM_ 205179

Designed with PrimerBLAST.
Abbreviation: Ref., Reference gene.
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Figure 1. (A) Growth curve of C. perfringens ATCC 13124 determined through OD measurement at 630 nm and represented using the Gom-
pertz sigmoidal function; (B) a-toxin production (ng/mL) overtime by C. perfringens determined through alpha-toxin ELISA kit. Mean with SD

(n = 6). Abbreviation: OD, optical density.

antibodies for 1 h (Table 2), followed by 2 successive
washes with 0.2% BSA + 0.05% saponins in DPBS. The
slides were then mounted with Fluoroshield containing
4’ 6-diamidine-2’-phenylindole dihydrochloride (DAPI)
(Cat.# F6057—Sigma-Aldrich, St. Louis, MO). Images
were acquired with Nikon Eclipse Ci fluorescence
upright microscope (Nikon corporation—www.nikon.
com) and processed with NIS-Elements software (Nikon
corporation—www.nikon.com).

Viability and ROS Production Assay

To assess the effect of the challenge on cIECs viability
and ROS production, cIECs were seeded at a density of
1 x 10® aggregates/well onto a 96-well plate coated with
Matrigel matrix (0.8 mg/mL) and were maintained at 37°
C and 5% CO, for 3 d after seeding, then adapted to
anaerobic condition overnight and challenged 4 d after
seeding. To determine the ROS production CellROX
Deep Red Reagent kit was used (Thermo Fisher Scien-
tific, Waltham, MA) and the effect on cell viability was
assessed with the PrestoBlue Cell Viability Reagent
(Thermo Fisher Scientific, Waltham, MA). Both assays
were performed according to the manufacturer’s proto-
cols. Briefly, for the ROS production assay, 1.5 h after
the challenge, cells were incubated for 30 min with the
CellROX Deep Red Reagent and after 3 washes with
DPBS the fluorescence (640 nm excitation and 695 nm
emission) was read by Varioskan LUX multimode
microplate reader. Instead, for the viability assay 10
uL of PrestoBlue Cell Viability Reagent were added
to each well after 1.5 h and 3 h from the challenge
start. The fluorescence (560 nm excitation and 590nm
emission) was read by Varioskan LUX multimode
microplate reader.

Statistical Analysis

For TEER measurement (n = 6), gene expression
(n = 6), ROS production (n = 6), and cell viability
(n = 6), data were represented as mean =+ standard error

(SEM). CP growth curve (n = 6) and a-toxin produc-
tion (n = 6) were represented as mean =+ standard devia-
tion (SD). A 2-way ANOVA with Tukey’s multiple
comparisons was performed to analyze the effect of time
and treatments on TEER and gene expression; ROS pro-
duction data were analyzed with the Kruskal—Wallis’s
test. A 2-way ANOVA Sidék's multiple comparisons
test was used to analyze the effect of time and treat-
ments on cell viability. The level of significance was set
at 0.05.

RESULTS
Bacterial Culture and «-Toxin Determination

Figure 1 represents the bacterial growth curve
(Figure 1A) and the CPA production by CP over time
(Figure 1B). Using the ELISA kit, the CPA production
was assessed to be 8 ng/mL 3 h after the bacterial pas-
sage.

CP Challenge

Figure 2 reports the TEER values measured at 1.5
and 3 h after infection. The 2-way ANOVA analysis
on TEER measurements revealed that there was a
statically significant interaction between time and
treatments (P < 0.0001). CP showed a strong effect
on the cIECs barrier, considering that it was able to
completely disrupt the cell monolayer after 3 h. BAC
used as bactericidal control, prevented the TEER
drop which remained similar to the control in both
time points. The H-BLEND protected the cells from
the action of CP in a similar way to the antibiotic,
while the L-BLEND partially failed with a 50%
TEER drop after 3h. This result was also confirmed
by the viability assay, reported in Figure 3, which
showed a cell viability reduction, in the CP-chal-
lenged group, of 13% after 1.5 h and 37% after 3 h.
BAC and the H-BLEND prevented cell death main-
taining higher cell viability values. The L-BLEND
recorded a viability reduction near 26% after 3 h.
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Figure 2. Relative transepithelial electrical resistance percentage after 1.5h and 3h of C. perfringens challenge—CTR = Control; CP = C. per-
fringens 5 x 10° CFU/mL; BAC = Bacitracin 2 ppm; H-BLEND = thymol 470 uM, citric acid 6250 uM, and dodecanoic acid 115 uM; L-
BLEND = thymol 235 uM, citric acid 3125 uM, and do-decanoic acid 58 uM. Mean with SEM (n = 6). Letters represent significant differences (P <

0.05); (2-way ANOVA Tukey’s multiple comparisons).

The 2-way ANOVA analysis on viability assay
revealed that there was a statically significant inter-
action between time and treatments (P = 0.0359).

Figure 4 reports the effects of CP on ROS production
showing a 20-fold increase of ROS production in the
challenged group, compared to control, already after 1.5
h. ROS levels were 4 times reduced by H-BLEND and
BAC, and only 2-fold by L-BLEND.

The ROS production assay was performed only after
1.5 h due to the strong cytotoxic effect of CP that inter-
feres with the proper ROS detection.

In Figure 5, the qPCR results are reported. CP
reduced the expression of ZO1 and CLDN1 and sig-
nificantly increased the expression of pro-inflamma-
tory cytokines: IL1B (2 times higher), IL6 (25 times
higher), IL8 (60 times higher), and INFy (5 times
higher). The blend at both doses significantly reduced
the expression of IL18, IL6, and IL8. The H-BLEND
managed to reduce INFy and increase the
expression of ZO1 compared to the control and BAC.
The L-BLEND was ineffective against INFy
expression increase and ZO1 and CLND1 expression
reduction.

Moreover, iNOS, TLR4, and CASP1 levels were
numerically increased in cells challenged with CP, com-
pared to the control ones (negative control and BAC
group). The H-BLEND managed to reduce the levels of
these molecular markers near the control. Lastly, both
H-BLEND and BAC managed to significantly reduce
the expression levels of CASP3 compared to the chal-
lenged cells.

This result was also confirmed by the IF assay
reported in Figure 6, where it was possible to observe a
loss of tight junctions and activation of the MAPK path-
way in the CP group. Interestingly, the H-BLEND

completely inhibited the effect of CP on ZO1, OCCL,
CLDN3, and MPAK.

DISCUSSION

The poultry industry is affected by different patho-
gens and problems that cause losses of billions of US dol-
lars every year (Espinosa et al., 2020). Farmers are
constantly looking for ways to improve productivity and
reduce the impact of various diseases. CP is the causa-
tive pathogen of NE and the early stages of NE are asso-
ciated with strong inflammatory reactions at the
intestinal level (Paiva and McElroy, 2014). To find feed
additives that can act against these pathologies, it is
necessary to develop an in vitro standardized model that
allows an in-depth study of the pathological mechanisms
related to CP pathogenesis. This study aimed to develop
and optimize an in vitro challenge model to study the
effects on cIECs of CP and to test the protective
effects of a blend composed of thymol, citric acid,
and dodecanoic acid as an alternative or adjuvant to
a commonly used antibiotic in poultry production. In
particular, the H-BLEND contained an inhibitory
concentration of citric acid and dodecanoic acid to
compare the blend to BAC. Instead, L-BLEND con-
tained a sub-inhibitory concentration of all 3 com-
pounds to test a possible synergistic effect against the
CP-induced effects on cells.

To study the effects of a challenge induced by CP on
the epithelial cells cIECs were cultured on Transwell
inserts to mimic the intestinal barrier. CP reduced the
TEER values up to 50—80% compared to control, indi-
cating a disruptive effect on the epithelial barrier. CP
strongly affected ZO1, OCCL, and CLDN1 mRNA
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ple comparisons).

expression. The tested blend of citric acid, dodecanoic
acid, and thymol at the higher dose managed to protect
the intestinal barrier preventing the TEER drop as well
as BAC. Interestingly, the H-BLEND also increased the
mRNA expression of ZO1 acting as a protecting and
reinforcing agent. BAC used at his minimal inhibitory
concentration, instead prevented the TEER drop but
without inducing an increase in ZO1 mRNA expression.

25+

Mean with SEM
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ROS level
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Figure 4. ROS production after 1.5 h of C. perfringens challenge.
The reactive oxygen species production assay was performed only after
1.5 h due to the strong cytotoxic effect of CP that interferes with the
proper ROS detection — CTR = Control; CP = C. perfringens 5 x 10°
CFU/mL; BAC = Bacitracin 2 ppm; H-BLEND = thymol 470 uM, cit-
ric acid 6250 uM, and dodecanoic acid 115 uM; L-BLEND = thymol
235 uM, citric acid 3125 uM, and dodecanoic acid 58 uM - Mean with
SEM (n = 6). Letters represent significant differences (P < 0.0001);
(Kruskal—Wallis test multiple comparisons). Abbreviation: ROS, reac-
tive oxygen species.

L-BLEND protected only partially from the TEER drop
without being able to increase the mRNA expression of
Z01.

In this study, the blend containing thymol reduced
the activation of the inflammatory pathway induced by
CP, reducing the expression of cytokines and enzymes
related to the inflammation and it helped to maintain
normal cellular functions and low ROS levels during the
CP challenge. Moreover, thymol has also a good antimi-
crobial activity thanks to its pore-forming capabilities
on the bacterial cell membrane.

The ATCC 13124 C. perfringens type A used in this
study produces CPA and perfringolysin-o (PFOA).
PFOA and CPA are 2 toxins that have strong pore-
forming activity. PFOA acts on cholesterol creating
holes in cholesterol-containing membranes (Yamamura
et al., 2019).

CPA acts mostly on phospholipids such as phos-
phatidylcholine and it can activate the CASP3, caus-
ing cell death (Porter and Janicke, 1999), and
MEK1/2, ERK1/2 system related to NF-«B activa-
tion, (Oda et al., 2006; Monturiol-Gross et al., 2014)
actively fought by thymol.

Monturiol-Gross et al. (2014) report that CPA
causes oxidative stress and MEK/ERK pathway acti-
vation at a concentration of 4 ng/mL, which is half
of 8 ng/mL recorded in this study after 3 h. More-
over, MEK1/2 and ERK1/2 pathways are antago-
nized by thymol and they recover an important role
in the generation of IL8 as reported by Wang et al.
(2006). In addition, in this study, the activation of
MAPK (ERK2) was observed, which is believed to
stabilize IL8-mRNA and is associated with the gener-
ation of ROS (Oda et al., 2012). The blend used
strongly reduced ROS generation thanks to the anti-
oxidant capabilities of thymol and the activation of
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the Nrf2 pathway by citric acid (Ashrafian et al.,
2012) and thymol (Saleh et al., 2021).

Interestingly, TLR4 mRNA expression was increased
by CP. CP is a Gram-positive bacterium and its main
cell wall component is peptidoglycan (PGIN) (Kim
et al., 2015). In human and mouse studies, PGN has
been reported to activate the innate immune response
via TLR2 (Wu et al., 2007). Guo et al. (2015) already
observed that PGN treatment did not significantly
affect TLR2 expression in chicken intestinal epithelial
cells. Recently, Takehara et al. (2021) speculated that
CPA and PFOA could activate the TLR4 on intestinal
cells. This result was observed also in this study by the
qPCR expression of TLR4. The TLR4 activation should
be also related to an increase in IL6, IL8, and IL1S8
expression through the Nf-kB pathway (Nyati et al.,
2017 pp. 2687—2703). The blend used in this study man-
aged to strongly reduce the effect of CP on those 3 cyto-
kines at both dosages. Interestingly, also the L-BLEND
that contains sub-inhibitory concentrations of the com-
pounds managed to reduce the pro-inflammatory

cytokines mRNA expression. This indicates an anti-
inflammatory property of the blend also at subinhibitory
concentrations.

Lastly, after an acute mucosal injury, epithelial cells
also start to produce nitric oxide through the iNOS
(Chokshi et al., 2008) activated by Nf-kB. Indeed,
qPCR showed a 4-fold numerical increase in iNOS
expression on clECs challenged with CP confirming
again the Nf-kB involvement.

All the reported effects of CPA and PFOA on cells
seem to be mainly connected to the NF-«B activation
which is reported to be actively inhibited by thymol
(Liang et al., 2014; Chen et al., 2020; Rossi et al., 2020;
Al-Khrashi et al., 2022). Together with the 2 organic
acids used, thymol forms a blend that has strong antimi-
crobial power against CP, reducing the bacterial load,
and thus protecting against the inflammation and oxida-
tive stress caused by the challenge. Moreover, the tested
blend showed anti-inflammatory effects at subinhibitory
concentration, but without fully protecting the epithe-
lial barrier. These results could be an interesting starting
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vated protein kinase.

point for a future test of the effects of this blend in-vivo
and candidate it as a possible alternative to bacitracin in
poultry production.
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