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Abstract: Industrial farming of livestock is increasingly focused on high productivity and perfor-
mance. As a result, concerns are growing regarding the safety of food and feed, and the sustainability
involved in their production. Therefore, research in areas such as animal health, welfare, and the
effects of feed additives on animals is of significant importance. In this study, an in vitro co-culture
model of the piglet gut was used to investigate the effects of two phytogenic feed additives (PFA)
with similar compositions. Intestinal porcine epithelial cells (IPEC-J2) were co-cultivated with periph-
eral blood mononuclear cells (PBMC) to model the complex porcine gut environment in vitro. The
effects of treatments on epithelial barrier integrity were assessed by means of transepithelial electrical
resistance (TEER) in the presence of an inflammatory challenge. Protective effects of PFA adminis-
tration were observed, depending on treatment duration and the model compartment. After 48 h,
TEER values were significantly increased by 12–13% when extracts of the PFA were applied to the
basolateral compartment (p < 0.05; n = 4), while no significant effects on cell viability were observed.
No significant differences in the activity of a PFA based mainly on pure chemical compounds versus a
PFA based mainly on complex, natural essential oils, and extracts were found. Overall, the co-culture
model was used successfully to investigate and demonstrate beneficial effects of PFAs on intestinal
epithelial barrier function during an inflammatory challenge in vitro. In addition, it demonstrates
that the two PFAs are equivalent in effect. This study provides useful insights for further research on
porcine gut health status even without invasive in vivo trials.

Keywords: feed additives; phytogenic; plant based; cell culture; in vitro; porcine; co-culture; gut
health; intestinal epithelium; animal welfare

1. Introduction

High performance standards in the modern farming of livestock, such as in the swine
industry, come with several challenges, all of which affect the animal’s life, welfare, and
healthy growth. These challenges are caused by a variety of stressors such as pathogens
associated with the farming environment and the presence of (myco-)toxins or other con-
taminants in the feed. Additionally, routine rearing processes, such as weaning, challenge
the animals and their overall productivity [1]. Particularly, deficiencies and impairments of
the gastrointestinal (GI) tract and microbiota, combined with subsequent or simultaneous
irregularities of the immunological system, e.g., inflammation, are likely to negatively
affect animal health on a systemic level [2,3]. Poor animal gut health also leads to reduced
performance, growth, and meat quality [4]. Economic losses due to clinical or subclinical
problems are likely consequences [3]. Hence, it must be of utmost interest for individual
small-scale farmers, as well as bigger farming conglomerates, and any dependent connected
business and industry, to improve animal welfare and health at the farm level and continu-
ously improve feed and feed additives. Phytochemicals and plant-derived feed additives
(PFA or so-called phytogenics) [5–12], probiotics [4,13,14], as well as other substances of
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natural or synthetic origin, and optimized feeding strategies [3] can be used to improve
piglet GI health and growth performance during all rearing stages, e.g., during [15,16]
and after weaning [17–20]. Livestock should be enabled to better deal with the numerous
challenges of industrial farming, rather than solely rely on reactive treatment of illnesses,
underperformance, and poor animal welfare.

PFAs are subject to various in vivo and in vitro studies across species, shedding light
on diverse areas of potential activity [5–7,11,12,21] such as immunological status and inflam-
mation [16,21–25], gastrointestinal health and barrier integrity [16,22–27], protective effects
against pathogens and toxins of various kinds [23–25,27], as well as overall animal growth
and performance [15,21,24,26,27]. In general, suitable in vitro models are of significant
importance and many available in vitro studies assess specific subprocesses of gut func-
tionality and interactions. A typical example are the gut barrier integrity models, for which
the Caco-2 cell line is often described as “the gold standard”, even for animals, although
it is derived from a human colorectal carcinoma [28,29]. However, similar models have
also been described using species-specific cell lines, such as IPEC-J2, an intestinal epithelial
cell line derived from the jejunum of a neonatal piglet [23,28,30–32]. More complex models
employ direct or indirect co-culture of different cell types, e.g., epithelial and immune cells,
in order to better approximate the multilayers of in vivo gut processes. Nevertheless, many
such models do not utilize cell lines derived solely from the target organism, or are focused
on human application [33–36]. Furthermore, a limited number of in vitro trials related
to intestinal processes with multiple, co-cultured porcine cell lines are available. These
trials usually focus on the investigation of the negative effects of toxins and pathogens
on the intestinal epithelium [23,37–39]. Recently, a co-culture model of the piglet gut has
been described, which utilizes both intestinal porcine epithelial cells from the jejunum of
a neonate piglet (IPEC-J2) and peripheral blood mononuclear cells (PBMC) isolated from
porcine blood [40]. In this porcine model, the intestinal barrier of the gut is simulated in a
way that is more complex und presumably closer to in vivo conditions than the single cell
line barrier models, or the use of model cell lines that are not species-specific. This porcine
gut model has already been used to test essential oils and extracts for beneficial effects on
barrier integrity and gut health, specifically intended for pigs as the target species [40], and
could also be suitable for a broad range of other sample types, e.g., nutritional components,
drugs, or PFAs.

According to the “Three R” principle for animal welfare [41–43], researchers should
aim to replace, reduce, and refine animal trials wherever possible. This in vitro model is an
interesting tool to aid in achieving that goal. Promising candidates for subsequent in vivo
trials can be identified based on parameters such as barrier integrity, anti-inflammatory
properties, or effects on cellular viability, and studies on their mechanisms of action can be
conducted. The ultimate goal of the study at hand was to use the model described by Schott
et al. [40] for the testing of two commercial PFAs, based either mainly on natural essential
oils and extracts, or mainly on pure chemical compounds. Both PFA were composed of
encapsulated, volatile ingredients, plant powders, and extracts. The primary goal included
four aspects: (1) We assessed potential gut barrier protective effects of the two PFAs in the
co-culture in vitro model, without the immediate need for invasive in vivo studies. (2) We
compared the effects of a PFA based mainly on pure single chemical compounds, with one
based mainly on natural complex compound mixtures. (3) We tried to elucidate the PFA’s
mechanism of action on the interplay of epithelial barrier function and immune cells, with
regards to the effects of treatment time and site of application. (4) We intended to test the
suitability of the in vitro co-culture model of the piglet gut for studies of feed additives
with complex composition, in addition to the previously studied single plant extracts or
pure substances.
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2. Results
2.1. Co-Culture Model—Barrier Integrity

Effects of 150 µg/mL of the PFA extracts Digestarom® DC 1 (D-DC1) and Digestarom®

DC 2 (D-DC2) on epithelial barrier integrity were investigated in the indirect co-culture
model in the absence and presence of a ConA challenge (Table 1 and Figure 1). Epithelial
barrier integrity (TEER, [kOhm*cm2]) was assessed over a 72 h incubation period after the
application of the ConA stimulus and extract treatments, and compared with two control
groups at each time point: the unstimulated cell control (CC) and stimulated ConA control
(ConA). The ConA group showed significantly reduced TEER values compared with the
CC group at all time points (p < 0.05). Apical (=“api”) and basolateral (=“baso”) extract
groups without ConA stimulus did not show a significant change in TEER compared with
the CC group after 24, 48, and 72 h (p > 0.05). After 24 h, no significant differences compared
with the CC group were observed for D-DC1 api + ConA (trend, p = 0.0807) and D-DC1
baso + ConA (p > 0.1), as well as D-DC2 baso + ConA (p > 0.1), while a significant reduction
in TEER was observed for D-DC2 api + ConA (p = 0.0347). After 48 and 72 h, all groups
with extract treatment and ConA stimulus challenge showed significantly reduced TEER
values compared with the unstimulated CC (p < 0.05).
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Figure 1. Effects of D-DC1 and D-DC2 extracts (applied at 150 µg/mL) on the co-culture model of
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[kOhm*cm2] was observed over a 72 h period. Absolute TEER values are shown compared with the
unstimulated CC (solid line). Effects of extracts D-DC1 (on the left) and D-DC2 (on the right) without
ConA-stimulation were compared statistically with the unstimulated CC. Effects of the extracts in the
presence of ConA-stimulation were compared statistically with the ConA-stimulated control (dashed
line, ConA). Bars and error bars represent the means and standard deviations of 4 independent
experiments (n = 4). Significant differences are indicated by asterisks ** p < 0.01, T trend, p < 0.1).

Table 1. Effects of D-DC1 and D-DC2 extracts (applied at 150 µg/mL) on the co-culture model of the
piglet gut. TEER [kOhm*cm2] was observed over a 72 h period following stimulation and relative
TEER values were calculated compared with the unstimulated CC and the ConA stimulation control.
Effects of treatments were compared with both stimulated ConA and unstimulated CC groups for
apical (=api) and basolateral (=baso) addition. Relative changes compared with the ConA control
are indicated for extract plus ConA treatment groups. Values represent the means of 4 independent
experiments (n = 4), as visualized in Figure 2. Statistically significant results, based on absolute
TEER values, are indicated by a superscript (a significant difference compared with CC, p < 0.05;
b significant difference compared with ConA, p < 0.05; c significant difference compared with both
control groups, p < 0.05), and p-values indicated for comparisons with both CC and ConA. A bold
script is used to indicate statistical significance compared with the respective control used for the
calculation of the relative TEER value in %. Results for statistical analysis of variation and interactions
of row and column factors are included below.

Extract D-DC1 Extract D-DC2

CC ConA api baso api +
ConA

baso +
ConA api baso api +

ConA
baso +
ConA

24
h

TEER [kOhm*cm2] 12.73 b 10.52 a 12.49 b 12.28 b 11.08 11.19 12.71 b 12.33 b 10.66 a 11.31
% of CC 100.0 82.7 98.3 96.6 87.2 88.1 99.9 97.0 83.9 88.8

p-value vs. CC - 0.0265 0.9943 0.9017 0.0807 0.1164 0.9999 0.9264 0.0347 0.2206
% of ConA 121.0 100.0 118.8 116.8 105.4 106.4 120.9 117.2 101.4 107.5

p-value vs. ConA 0.0265 - 0.0093 0.0185 0.5124 0.5497 0.0180 0.0139 0.9994 0.5787

48
h

TEER [kOhm*cm2] 12.63 b 9.18 a 12.29 b 12.11 b 10.03 a 10.33 c 12.46 b 11.99 b 9.66 a 10.31 c

% of CC 100.0 72.7 97.3 95.9 79.5 81.8 98.6 94.9 76.5 81.7
p-value vs. CC - 0.0001 0.8891 0.6587 0.0004 0.0007 0.9940 0.7701 0.0002 0.0010

% of ConA 137.6 100.0 134.0 132.0 109.4 112.6 135.8 130.7 105.3 112.4
p-value vs. ConA 0.0001 - 0.0017 0.0035 0.0507 0.0082 0.0007 0.0301 0.2197 0.0046

72
h

TEER [kOhm*cm2] 13.05 b 9.10 a 12.67 b 12.43 b 9.85 a 9.98 a 12.83 b 12.29 b 9.24 a 9.81 a

% of CC 100.0 69.8 97.1 95.2 75.6 76.5 98.3 94.1 70.9 75.2
p-value vs. CC - 0.0001 0.8359 0.2807 0.0002 0.0005 0.9625 0.6242 0.0008 0.0002

% of ConA 143.4 100.0 139.3 136.6 108.3 109.7 141.0 135.1 101.6 107.8
p-value vs. ConA 0.0001 - 0.0004 0.0002 0.1787 0.1014 0.0001 0.0115 0.9849 0.1961

The CC group and all unstimulated groups with basolateral and apical extract applica-
tion showed significantly higher TEER values compared with the ConA group at all time
points (p < 0.05), indicating a successful ConA stimulus challenge to the barrier integrity.
Extract treatment of stimulated wells did not have significant effects compared with the
ConA group after 24 h, regardless of extract type and application site (p > 0.05). After
48 h, significant TEER increases compared with the ConA control group were observed for
the groups D-DC1 baso + ConA (+12.6%, p = 0.0082) and D-DC2 baso + ConA (+12.4%,
p = 0.0046). No significant effects were observed for the groups D-DC2 api + ConA (+5.3%,
p > 0.05) and D-DC2 api + ConA (+9.4%, trend, p = 0.0507). After 72 h, no significant effects
compared with the ConA control were observed for the extract treatment groups with the
ConA stimulus challenge. Repeated measures two-way ANOVA showed significant effects
of time and treatment alone, and the interactions of treatment type and incubation time
(Appendix B, Table A1, p < 0.0001). The matching of trial replica wells (repeated measures
over 24, 48, and 72 h) was effective and is considered significant (p = 0.0014). However,
treatment effects accounted for the vast majority of the observed variation of data (79.1%).
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Figure 2. Effects of D-DC1 (left) and D-DC2 (right) extracts (150 µg/mL) on the viability of PBMC in
the co-culture model. The viability of PBMC was determined after the conclusion of barrier integrity
tests, 72 h after the application of stimuli and treatments. Bars and error bars represent the means and
standard deviations of 4 independent trials (n = 4). Effects of extracts D-DC1 (on the left) and D-DC2
(on the right) without ConA-stimulation were compared statistically with the unstimulated CC
(dashed line). Effects of the extracts in the presence of ConA-stimulation were compared statistically
with the ConA-stimulated control (solid line, ConA), as a measure of a fully activated, stimulated
PBMC population (100%).

2.2. Co-Culture Model—Cell Viability

Cell viability testing was carried out at the end of the 72 h TEER observation period, in
order to account for possible effects of the stimulus and/or test substances on the viability
of PBMC (Figure 2) and/or IPEC-J2 (Figure 3). Relative PBMC viability was calculated
with the ConA group set to 100% (Figure 2). Data showed no significant differences in cell
viability when comparing treatment groups with the CC group (p > 0.05). Comparison of
cell viability with the ConA group showed significant differences for the non-stimulated
extract groups (p < 0.05) and a numerical trend for the CC group (p = 0.076). None of the
stimulated extract groups showed significant differences compared with the ConA group
(p > 0.05).

Additionally, the effects of the PBMC activator ConA and/or the application of product
extracts on the viability of IPEC-J2 were assessed using the Neutral Red (NR) uptake test.
Relative IPEC-J2 cell viability was calculated with the CC group set to 100% and statistical
analysis was carried out. None of the non-stimulated extract groups showed significant
differences in viability compared with the CC group (p > 0.05). The ConA group showed
a trend of reduced cell viability by 15.2% (p = 0.0738). Basolateral and apical addition of
the extract D-DC1 in addition to the stimulus did not reduce IPEC-J2 viability significantly
(p > 0.05). A significant reduction of IPEC-J2 cell viability by 19.2% was observed for the
D-DC2 api + ConA group (p = 0.0143), while a numerical viability reduction by 14.8% in
the D-DC2 baso + ConA group was not significant (trend, p = 0.0859). Cell viability in
stimulated product groups, basolateral or apical, did not differ significantly from the ConA
stimulation control group (p > 0.05).
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Figure 3. Effects of D-DC1 (left) and D-DC2 (right) extracts (150 µg/mL) on the viability of IPEC-J2
in the co-culture model. The viability of IPEC-J2 was determined after barrier integrity tests, 72 h after
the application of stimuli and treatments, by Neutral Red (NR) test. Bars and error bars represent
the means and standard deviations of 4 independent trials (n = 4). Effects of extracts D-DC1 (on
the left) and D-DC2 (on the right) without ConA-stimulation were compared statistically with the
unstimulated CC (solid line, 100%). Effects of the extracts in the presence of ConA-stimulation were
compared statistically with the ConA-stimulated control (dashed line, ConA).

3. Discussion
3.1. Effects of Phytogenic Products, Apical or Basolateral Application, and Treatment Time on the
In Vitro Co-Culture Model

A novel, complex, in vitro co-culture model of the piglet gut that has been used before
for the assessment of potential barrier protective effects of single phytogenic compounds,
such as oregano oil or licorice extract [40], was successfully used to evaluate two complex
PFAs. It consists of an apical, or luminal, side with an IPEC-J2 layer, corresponding to the in-
testinal lumen of the live animal, and a basolateral compartment with PBMC, representing
the inner tissue and blood vessels of the animal. An inflammation-induced disruption of
IPEC-J2 barrier integrity, due to activation of basolateral PBMC, is simulated by stimulation
with ConA. Potential mitigation by treatment with test substances is observed, using TEER
as a parameter for barrier integrity in the gut. In our study, an effective ConA-induced
challenge was observed, indicated by significantly reduced barrier integrity in the ConA
control over the entire 72 h trial period. Major research questions were related to the
effects of two PFAs in the model, their chemical compositions, possible influences of the
targeted application site (apical or basolateral), incubation and treatment times, and PBMC
populations in order to elucidate their possible mode of action. “Treatment type”, i.e., the
respective chosen product and application compartment, with and without ConA stimulus,
was identified as the largest contributor to significant data variation in the study at hand.
Additionally, the specific incubation time was identified as a significant contributor, indi-
cating time-dependent effects of PFA extract treatments, as well as significant interactions
of time and treatment effects.

At the initial measurement after 24 h, the ConA stimulus control and the treatment
group with apical D-DC2 application, in addition to ConA stimulus, showed significantly
reduced TEER compared with the CC. The absence of significant TEER reductions in
ConA-stimulated groups with test products indicates slower or less severe effects of the
ConA stimulus on barrier integrity in these groups (i.e., both D-DC1 treatments, as well as
basolateral D-DC2) at this specific timepoint. At a time of 48 h after stimulus, all ConA-
stimulated groups showed TEER values significantly lower than the CC. At the same time,
significantly higher TEER values than in the ConA control group were observed in both
basolateral treatment groups. Results indicate significant beneficial, barrier-protective
effects of basolateral application. Direct exposure of PBMC to both PFAs had a larger
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effect on the test system than direct exposure of IPEC-J2 in the apical compartment, as only
trends for barrier protection could be observed for apical extract application. This may be
explained by the anti-inflammatory effects of active compounds [20,25,40,44–46] directly
on site, counteracting the inflammation reaction and barrier integrity challenge simulated
by activation of basolateral PBMC by ConA. After 72 h of incubation, no significant effects
or trends compared with the ConA control could be observed in all treatment groups,
indicating reduced efficacy of treatments over time. Overall, both PFAs showed significant
barrier protective effects upon basolateral addition to the test system, building up beneficial
effects over the first 48 h of incubation. Optimal effects were observed 48 h after stimulation
and the start of treatments, before receding again at the last measurement point.

In an in vivo setting, cells are constantly proliferating, and damaged or aged cells
undergo apoptosis, are replaced, and are continually provided with necessary fresh nutri-
ents. Similarly, in vitro test systems, such as the one at hand, are subject to the same effects.
When nutrients and media cannot be replenished or active compounds of the test samples
are degraded or metabolized over time, observed beneficial effects may be reduced and vi-
ability, proliferation, and overall properties of cell populations are adversely affected, with
activated inflammatory pathways, cell death, or apoptosis as ultimate consequences [39,47].
Therefore, a look at cell viability and proliferation is paramount to data interpretation.
However, due to the constraints of the test system, viability data could only be gathered
at the end of the trial period in order to minimize disturbances to the cell populations
and the model. No significant effects of the PFA on the viability of either cell type could
be observed in the absence of a ConA stimulus. The WST-1 cell proliferation and viabil-
ity assay is a useful tool to measure mitochondrially, and therefore metabolically, active
cells [48], especially with PBMC stimulated by the powerful activator ConA [49–51]. No
significant effects of the PFA treatments on the viability of ConA-stimulated cells compared
with the ConA control were observed. This indicates that the observed barrier protective
effects were not caused by reduced viability or proliferation of PBMC due to PFA treatment.
Similarly, PFA treatments of IPEC-J2 with or without ConA stimulation did not negatively
affect viability compared with the respective controls. The absence of negative effects on
cell viability furthermore indicates that the cell populations were not negatively affected by
nutrient depletion or cellular damage and ageing. However, decreasing barrier protective
effects of applied PFAs after the optimum at 48 h may indicate that timely replenishment
of fresh media and test compounds may be necessary to keep up barrier protective effects.

Both PFA extracts showed effects dependent on the application site (apical or baso-
lateral compartment), which is in line with previously reported results of some of their
major active compounds [40]. Disrupted barrier integrity was successfully counteracted or
mitigated, especially due to the basolateral application of both PFAs of interest. This indi-
cates that directly treating the blood lymphocytes, and their inflammation-related signaling
pathways, on the systemic side has a bigger influence on overall barrier integrity in this
in vitro co-culture model than directly treating the seemingly mainly affected epithelial cell
layer on the apical side. This seems to corroborate our assumption that barrier integrity
is mainly influenced by the systemic side, e.g., by intercellular messaging and signaling
between blood and immune cells, as well as intestinal epithelial cells. For example, Schott
et al. reported increased expression of inflammatory cytokines IL-12 and IFN-γ due to
stimulation of PBMC with ConA [40]. Similarly, functional cell communication and signal-
ing, also involving the luminal microbiota, is key in a healthy, functional gut in vivo [52].
Additionally, the effects of apical treatment are likely dependent on the transition of active
phytochemical compounds to the basolateral side to unfold the beneficial effects of the
active compounds on PBMC. Optimum performance after 48 h of basolateral treatment may
therefore indicate positive barrier protective effects of the prolonged presence, and contin-
uous circulation of the active compounds in the animal’s blood. In future in vitro trials,
this may be achieved by refreshing media and treatments in regular intervals, which was
not performed in the present study, in order to reduce the risk of contamination and avoid
disturbance of PBMC populations in the basolateral suspension culture. Based on these
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in vitro findings, continuous inclusion of the tested PFAs in the feed and uptake by live
animals is also likely to ensure the constant presence of active compounds in the animals’
systemic circulation, which is necessary to maximize these beneficial observed effects.

3.2. Contribution of Phytogenic Components to Observed Effects

The two PFA mixtures investigated in this study are very similar in their main phyto-
chemical components, but at the same time differ in their composition and the origin of
contained compounds. All these compounds, especially those known to have effects on
barrier integrity, intestinal gut health, and inflammation are of increased importance in the
context of this study, as one of the aims was to determine if the observed barrier protective
effects can be explained by their presence in the tested PFA. Indeed, significant beneficial
effects of licorice extract and oregano oil (containing 60–75% carvacrol) were found for 48
and 72 h after barrier disruption, respectively, using the same test model described in this
study [40]. In both cases, barrier protective effects were observed after basolateral, but not
after apical addition, showing similar results to the PFAs D-DC1 and D-DC2 investigated
here. While both PFAs contain pure carvacrol, D-DC2 additionally contains natural oregano
essential oil, containing both carvacrol and to a lesser degree thymol. Carvacrol is the main
phytochemical of oregano oil and is therefore likely contributing to its barrier protective
effects, and by extension also to the effects of both tested PFAs. Liquorice extract is featured
in D-DC2, but not in D-DC1, and therefore may only contribute to the effects of D-DC2. In
another study, a PFA that was very similar to D-DC2 containing licorice extract, L-menthol,
methyl salicylate, oregano essential oil, as well as a plant powder mix consisting of gentian,
angelica root, and cinnamon, was reported to show anti-inflammatory properties in an
IPEC-J2 model [44], while the same study also showed antioxidative properties of the con-
tained grape seed extract. These results gave rise to studies in more complex gut models.
Hypothetically, barrier protection described in the present study was mediated by the test
substance’s anti-inflammatory effects on PBMC populations. The same plant powder mix
as used in the current study, containing ground gentian root, angelica root, and cinnamon
bark, increased the speed of barrier function recovery after a calcium switch in an IPEC-J2
barrier model, as did licorice and angelica root extracts alone [31], indicating beneficial
effects of these plant-based extracts on (gut) barrier function and a likely contribution
of the plant powder mix to the performance of D-DC1 and D-DC2. A blend of thymol
and cinnamaldehyde showed promising effects in an IPEC-J2 barrier model following
pre-incubation for 24 h before the application of a lipopolysaccharide (LPS) challenge
simulating inflammation. Barrier integrity was increased and epithelial cell regeneration
was enhanced [22]. Studies on mint oils, containing for example L-menthol, on barrier
integrity of IPEC-J2, revealed inhibition of inflammation-related cytokine secretion by LPS-
challenged porcine alveolar macrophages [25], hinting at possible similar effects on PBMC
isolated from porcine blood. Positive effects of carvacrol and thymol on barrier integrity
were also reported using a Salmonella-challenged Caco-2 model [53], and a combination
of thymol and cinnamaldehyde, the major active compound of cinnamon, had beneficial
effects on tight junction barrier integrity in a Caco-2 model as well [54]. In vivo, blends
of carvacrol and thymol have also been reported to support intestinal barrier integrity,
e.g., by reducing oxidative stress and modulating the jejunal microbiome of piglets after
weaning [9]. PFA mixtures containing carvacrol and thymol have been reported to improve
intestinal morphology, immune response, and the expression of tight junction proteins
important to intestinal barrier integrity in E.coli-challenged weaned piglets [20]. Oregano
essential oil, containing both carvacrol and thymol, has been linked to improved intestinal
barrier integrity and beneficial effects on growth performance [10,55]. Effects of licorice
on the immune function of swine, investigated in the peripheral blood and mucosal tissue
after dietary supplementation, have been reported [45], and positive effects of licorice
feed supplements have been described for weaned piglets, reducing diarrhea, improving
performance, intestinal morphology, and barrier and immune function [46]. Recent in vivo
studies with grape extracts as a dietary additive for piglets undergoing weaning have
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shown promising results regarding intestinal integrity and morphology [16], as well as
apparent total tract digestibility when compared with an antibiotic [15]. Positive effects of
carvacrol and thymol supplementation have been reported in other livestock such as broiler
chicken, where intestinal integrity of Clostridium-challenged chicken was improved, gut
lesions alleviated, and effects of necrotic enteritis were reduced [56,57].

In addition to the described effects of the contained substances on areas directly related
to the study at hand, i.e., barrier integrity and intestinal health, most of these compounds
and substances also feature various other beneficial properties that make them suitable
candidates for inclusion in PFAs. Carvacrol, like its structural isomer thymol, is a monoter-
penoid phenol usually found in oregano essential oil, and is a main constituent of both
PFA mixtures. Both phenols and the essential oil have been reported extensively to provide
numerous additional beneficial effects as feed additives in animal nutrition, for example
antimicrobial [7,21,53,58–61] and antioxidative properties [59,61], or positive effects on
intestinal health parameters [56,57], both in vitro and in vivo [7,11,12,21,62]. Another ma-
jor component of both extracts is L-menthol, structurally a monoterpenoid that can be
found naturally in peppermint oil. Menthol and peppermint oil have been reported to
offer beneficial effects in animal nutrition, for example antibacterial ones, as well as effects
on feed intake and conversion, e.g., in chicken [21,63]. Methyl salicylate, a benzoate ester
derived biosynthetically from salicylic acid, is also a prominent component of both mix-
tures. Similar to acetylsalicylate compounds and products (“aspirin”), anti-inflammatory
properties have been reported for methyl esters of salicylic acid and glycosides thereof [64].
Both PFAs also feature further plant-based additives and their active components with
additional reported beneficial properties, e.g., a complex plant powder mix, including
cinnamon bark, and its active component cinnamaldehyde [5,7,11,21,24,65], gentian root,
grape seed and skin extract [66,67], and angelica root. Licorice extract, included only in
D-DC2, has also been reported as a feed additive with various beneficial properties, e.g., on
performance, intestinal health, and the immune system [12,68].

As described above, for many of the substances and compounds contained in D-DC1
and D-DC2, effects in line with the observed results of this study have been reported in vitro
and in vivo, and there is strong evidence that they are major contributors to the observed
effects. These effects may include both direct modes of action, but also synergistic effects of
the combined compounds contributing to the overall effect. A major aim of this study was
to investigate whether there would be different effects of the two tested PFAs. In our study,
a PFA based mainly on pure single chemical substances (D-DC1) was equivalent to one
based mainly on natural substances with a complex composition, such as essential oils and
extracts (D-DC2) with regard to barrier protective properties. Comparable efficacy may
be assumed when used as feed additives in vivo. Naturally, this is just an indication from
the in vitro results described above, that requires further investigation and only covers one
specific area of effects.

3.3. Outlook and Future Use of the Co-Culture Model

In the present study, PBMCs isolated from the blood of different pigs were used in the
four independent trials. The inclusion of these different PBMC populations in the separate
trials contributed to overall data variation, as significant effects of the individual trials
were observed in the model. However, reproducible and significant beneficial effects of the
extracts on barrier integrity were observed, even though unknown biological variation was
deliberately introduced to and was part of the trial, due to the use of PBMC populations
from different pigs. This finding is interesting when trying to link in vitro data with possible
in vivo effects. In our opinion, it further enhances the value of the test model, as well as
collected data, as it also accounts for differences between individual, randomly chosen
animals, with unknown status regarding factors such as genetics, rearing and feeding, as
well as health and immune status. Natural variation between used PBMC populations
makes the model more lifelike than test systems using only commercial, often immortalized,
cell lines, where similar effects on and of the cells should always be expected. The results
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described above also lend further importance to our postulation that regular incorporation
of co-culture models in in vitro testing is a powerful tool for scientific research, as well as
commercial product development. Co-culture models offer a multitude of improvements
over models with one cell type and additional parameters that can be investigated, which
in turn makes increased resource input and needed effort worthwhile. Indeed, the field
of intestinal epithelial models is increasingly shifting from using singular cell lines to
more intricate and lifelike models to better approximate in vivo conditions in vitro [29].
While the in vitro study at hand focused on investigating and comparing barrier protective
effects of experimental phytogenic feed additives, additional parameters of interest can
be used to improve our understanding of test substances and cellular behavior. These
parameters include gene expression profiles, cytokine expression and intercellular signaling,
the bioavailability of active compounds and passage through the gut barrier, as well as
anti-inflammatory and antioxidative properties. The potential of these various additional
parameters, in combination with the advantages of introducing ex vivo biological variation
inherent to PBMC isolated from the blood to in vitro testing, makes for exciting future
prospects and experimental possibilities.

4. Materials and Methods
4.1. Routine Maintenance of IPEC-J2 Cultures

Intestinal porcine epithelial cells (IPEC-J2; ACC 701, Leibniz Institute DSMZ—German
Collection of Microorganisms and Cell Culture, Braunschweig, Germany) were cultivated
and routinely maintained using DMEM/F12 (1:1) without L-glutamine (Pan Biotech, Aiden-
bach, Germany), adjusted to 2.4 g/L NaHCO3 (Pan Biotech) and supplemented with 1%
insulin–transferrin–selenium ITS (Gibco/Life Technologies, Thermo Fisher Scientific, Vi-
enna Austria), 2.5 mM Glutamax (Gibco/Life Technologies, Thermo Fisher Scientific),
5 ng/mL epidermal growth factor (Corning Inc, Corning, USA), and 16 mM HEPES
(Merck/Sigma Aldrich, Vienna, Austria). The medium was further supplemented with
10% heat-inactivated (30 min at 56 ◦C) fetal bovine serum FBS (Gibco/Life Technologies,
Thermo Fisher Scientific) and 1% penicillin–streptomycin (Merck/Sigma Aldrich) directly
before use. Cultures were incubated at 39 ◦C and 10% CO2 under a humidified atmosphere
(CO2 incubator, Binder, Tuttlingen, Germany) and sub-cultivated upon exceeding 90%
confluency in the cultivation vessels. Routine testing for mycoplasma contaminations was
conducted by PCR (Venor® GEM Classic Mycoplasma Detection Kit, Minerva Biolabs,
Berlin, Germany).

4.2. Blood Sampling and Isolation of PBMC

PBMC were isolated from porcine blood. Whole blood was sourced from a local slaugh-
terhouse. Pigs, at approximately 6.5 months of age, were chosen randomly and regardless
of their gender (female and castrated males). Blood was collected from the pigs’ jugular
vein during the exsanguination part of the slaughter. All aspects of the slaughter procedure
followed the guidelines and regulations laid down in the Austrian animal welfare legisla-
tion (Animal Protection Act—TSchG) [69]. Whole blood was collected in centrifugation
tubes containing EDTA (120 mg/mL, Merck/Sigma Aldrich) to prevent coagulation. PBMC
were isolated from the porcine blood samples by Ficoll-Paque Plus (GE Healthcare, Chicago,
USA) density gradient centrifugation, and either used directly after resuspending the pel-
let in PBMC cultivation medium, or preserved in cryo-conservation medium for storage
at −80 ◦C until use. PBMC cultivation medium was prepared similarly to the IPEC-J2
cultivation medium, with FBS supplementation reduced to 5% heat-inactivated FBS.

4.3. Co-Culture Model of the Piglet Gut

Based on the co-culture model of the piglet gut described by Schott et al. [40], IPEC-J2
were seeded in 12-well plates with transwell inserts (Corning Inc.), i.e., in the “apical” inner
compartment of the inserts at a seeding density of 1 × 105 cells/well. Cells were allowed
to grow and differentiate for seven days, with media change in apical and basolateral



Molecules 2023, 28, 1026 11 of 16

compartments every second day (see model schematic in Figure 4). At the end of the
differentiation phase, confluent growth in the inserts was checked microscopically and
intestinal epithelial barrier integrity was assessed using TEER [kOhm*cm2] measurement.
TEER was measured with a volt-/ohmmeter (Millicell ERS, Millipore, Burlington, USA)
and an adjustable electrode set (MERSSTX03 Millicell ERS Adjustable Electrode Set, Mil-
lipore) under sterile conditions (schematic, Figure 4). Upon reaching a minimum TEER
of 6 kOhm*cm2 on the eighth day after seeding IPEC-J2, the medium was changed from
IPEC-J2 cultivation medium to PBMC cultivation medium, and PBMC were seeded to
the basolateral compartment at a seeding density of 3*106 cells/well. Plates were further
incubated at 39 ◦C and 10% CO2 for 24 h prior to the application of stimulus and treatments
to the test wells. Barrier integrity was checked every 24 h after stimulus application (t = 24,
48, and 72 h) and cell viability was assessed following the last measurement. For evaluation,
absolute TEER values were assessed statistically, and relative TEER values were calculated
using the CC or ConA control groups as reference points (=100%). A total of four separate
trials were carried out, each consisting of two trial plates seeded with cells originating from
the same culture. Treatments were performed in duplicates on two plates originating from
the same culture flask for each independent trial. For co-cultivation, PBMC isolated from
the blood of different pigs were used, avoiding cross-contamination and mixing of different
PBMC populations.
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4.4. Stimulation of the Co-Culture Model

Intestinal inflammation and compromised barrier integrity were simulated in vitro
by the direct addition of the plant lectin concanavalin A (ConA, Merck/Sigma Aldrich).
A final ConA concentration of 1.25 µg/mL was applied to the basolateral compartment
of the test system after 24 h of indirect co-cultivation of IPEC-J2 and PBMC. ConA was
used to directly activate the PBMC, and create a challenge inducing a deterioration of the
intestinal gut barrier integrity of IPEC-J2 growing in the apical compartment. CC and ConA
controls were included on all test plates as reference points to compare relative barrier
integrity at different time points post-stimulation. Test extracts were applied to the test
system at 150 µg/mL, a concentration derived from the cell viability pre-trials with PBMC
(Appendix A). Extracts were applied to either the apical or basolateral compartments,
with or without simultaneous ConA stimulus to the basolateral compartment. The test
products were provided by BIOMIN Phytogenics GmbH (part of DSM) and had a similar
composition: encapsulated volatile oil mixtures, extracts, and plant powders. Digestarom®

DC 2 (D-DC2) features a higher proportion of natural essential oils than Digestarom®
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DC 1 (D-DC1), by the inclusion of oregano oil from leaves of Origanum vulgare L., while
both products contain pure L-menthol, carvacrol, and methyl salicylate. Both volatile
oil mixtures are characterized by carvacrol as their main component, accumulating to
85–89 g/kg product. Both products contain grape extract (Vitis vinifera L.) and a mixture
of plant powders from cinnamon (Cinnamomum cassia (L.) D.Don.) bark, gentian root
(Gentiana lutea L.), and angelica root (Angelica archangelica L.), while D-DC2 additionally
contains licorice root extract (from Glycyrrhiza glabra). Test extracts were prepared freshly
before application by extraction of 1 g sample in 10 mL EtOH (70%, VWR), on a shaker
(IKA) for 1 h. Solutions were spun down briefly, and supernatants were sterile-filtered
(Filtropur S 0.2 µm, Sarstedt, Inc., Nümbrecht, Germany) before preparation of dilutions
(with cultivation medium) and application to the test system.

4.5. Cell Viability Testing and Supernatant Samples

Pre-trials were carried out in order to determine suitable non-cytotoxic extract test
concentrations. PBMC were seeded to 96-well plates (Eppendorf, Hamburg, Germany) at a
seeding density of 5*105 cells/well, and incubated at 39 ◦C and 10% CO2 for 24 h before
application of the test substances. Product extracts were diluted with PBMC cultivation
medium and spiked to the test wells resulting in test concentrations of 75, 150, 300, and
600 µg/mL. CC was included, as well as a solvent control, and substance blanks of the
respective test concentrations in the absence of PBMC. All treatments were applied in
duplicates on the plates. Three separate trials were carried out, using PBMC isolated from
the blood of three different pigs. After 24 h of incubation with the stimuli, the WST-1 cell
proliferation/cytotoxicity test was carried out (ready-to-use kit, Roche, Basel, Switzerland),
and evaluated based on the manufacturer’s instructions. In the main challenge trial,
the effects of the PBMC activator ConA and/or applied product extracts on the PBMC
populations, as well as the IPEC-J2 layer in the transwell inserts were assessed 72 h after the
application of stimuli. The viability of IPEC-J2 was assessed directly in the transwell inserts
using the neutral-red (NR) uptake assay (TOX4-1 Kit, Merck/Sigma Aldrich). To assess
the viability of PBMC, cells in the basolateral compartment were gently resuspended and
suspension aliquots were assayed in 96-well plates using the WST-1 cell proliferation test
(Roche), as described above. The viability of cells according to NR or WST-1 was evaluated
relative to the unstimulated CC and ConA stimulated control.

4.6. Statistics

GraphPad Prism 9 (Version 9.1.0 (221), GraphPad Software, Inc, Boston, USA.) was
used for statistical analysis, graphs, and diagrams. All data sets were tested for normal
distribution, assessing QQ-plots and an array of normality tests (Shapiro–Wilk, D’Agostino
Pearson, Anderson–Darling, and Kolmogorov–Smirnov) as a pre-requisite of testing. Nor-
mally distributed barrier integrity data (TEER) were further analyzed by repeated measures
two-way ANOVA for the three measurement time points, using Dunnett’s multiple com-
parisons test to compare treatment groups with both stimulated (ConA) and unstimulated
(CC) control groups. Cell viability assays were assessed by comparing relative cell viability
values to both ConA stimulated or unstimulated control groups, using ordinary one-way
ANOVA and Dunnett’s multiple comparisons test. Data sets not normally distributed
were further analyzed using the nonparametric Kruskal–Wallis test to compare the means
of individual trials. In all cases, differences with p < 0.05 were considered statistically
significant and marked accordingly in the Results section. Non-significant p-values below
0.1 are described as a trend in this study.
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Appendix A. Cytotoxicity Pre-Trial

Viability testing was carried out using the WST-1 cell proliferation reagent, to assess
the effects of the product extracts on cellular viability and proliferation of PBMC isolated
from the blood of three different pigs (Figure A1). D-DC1 reduced viability significantly
compared with untreated CC by 18.0 (p < 0.05) and 40.1% (p < 0.001), when applied at 300
and 600 µg/mL, respectively. D-DC2 significantly reduced viability by 36.1% (p < 0.05),
when applied at 600 µg/mL. No significant effects were observed for other treatment
concentrations. Treatment of cells with 150 µg/mL did not lead to a reduction in cellular
viability for both extracts (p > 0.05), and was therefore chosen as a suitable concentration
for testing in the co-culture model.
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Figure A1. Pre-trial to determine the effects of extracts D-DC1 and D-DC2 on the viability of
PBMC over a concentration range. Product extracts were tested at 75–600 µg/mL. Cell viability
was determined using the WST-1 cell proliferation assay. Bars and error bars represent means and
standard deviations from 3 independent trials, using PBMC isolated from the blood of 3 different pigs
(n = 3). Untreated CC was set to 100% and is represented as a solid line in the graph. A toxicity control
(TC) with cytotoxic effects, as well as a solvent control (SC) were included. Statistically significant
differences compared with the CC are indicated by asterisks (* p < 0.05, *** p < 0.001).
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Appendix B. Results of Repeated Measures Two-Way ANOVA

Table A1. Results of repeated measures two-way ANOVA, regarding the source of variation and
contribution of row and column effects to overall data variation. The percentage of total variation
caused by the respective factors is given, as well as p-Values.

Source of Variation % of Total Variation p-Value

Treatment × time 5.390 <0.0001
Treatment 79.09 <0.0001

Time 4.592 <0.0001
Trial 6.039 0.0014
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34. CenciČ, A.; Langerholc, T. Functional Cell Models of the Gut and Their Applications in Food Microbiology—A Review. Int. J.
Food Microbiol. 2010, 141, S4. [CrossRef] [PubMed]

35. Ponce de León-Rodríguez, M.D.C.; Guyot, J.P.; Laurent-Babot, C. Intestinal in Vitro Cell Culture Models and Their Potential to
Study the Effect of Food Components on Intestinal Inflammation. Crit. Rev. Food Sci. Nutr. 2019, 59, 3648–3666. [CrossRef]

36. Kämpfer, A.A.M.; Urbán, P.; Gioria, S.; Kanase, N.; Stone, V.; Kinsner-Ovaskainen, A. Development of an in Vitro Co-Culture
Model to Mimic the Human Intestine in Healthy and Diseased State. Toxicol. Vitr. 2017, 45, 31–43. [CrossRef]

37. Gu, M.J.; Song, S.K.; Lee, I.K.; Ko, S.; Han, S.E.; Bae, S.; Ji, S.Y.; Park, B.C.; Song, K.D.; Lee, H.K.; et al. Barrier Protection via
Toll-like Receptor 2 Signaling in Porcine Intestinal Epithelial Cells Damaged by Deoxynivalnol. Vet. Res. 2016, 47, 25. [CrossRef]

38. Gu, M.J.; Han, S.E.; Hwang, K.; Mayer, E.; Reisinger, N.; Schatzmayr, D.; Park, B.C.; Han, S.H.; Yun, C.H. Hydrolyzed Fumonisin
B 1 Induces Less Inflammatory Responses than Fumonisin B 1 in the Co-Culture Model of Porcine Intestinal Epithelial and
Immune Cells. Toxicol. Lett. 2019, 305, 110–116. [CrossRef]

39. Saleri, R.; Borghetti, P.; Ravanetti, F.; Andrani, M.; Cavalli, V.; De Angelis, E.; Ferrari, L.; Martelli, P. A Co-Culture Model of IPEC-J2
and Swine PBMC to Study the Responsiveness of Intestinal Epithelial Cells: The Regulatory Effect of Arginine Deprivation.
Animals 2021, 11, 2756. [CrossRef]

40. Schott, T.; Reisinger, N.; Teichmann, K.; König, J.; Ladinig, A.; Mayer, E. Establishment of an in Vitro Co-Culture Model of the
Piglet Gut to Study Inflammatory Response and Barrier Integrity. Planta Med. 2022, 88, 262–273. [CrossRef]

41. Flecknell, P. Replacement, Reduction and Refinement*. ALTEX-Altern. Anim. Exp. 2002, 19, 73–78.
42. Tannenbaum, J.; Bennett, B.T. Russell and Burch’s 3Rs Then and Now: The Need for Clarity in Definition and Purpose. J. Am.

Assoc. Lab. Anim. Sci. 2015, 54, 120–132. [PubMed]
43. Russell, W.M.S.; Burch, R.L. The Principles of Humane Experimental Technique; Special Edition; Universities Federation for Animal

Welfare: Hertfordshire, UK, 1959.
44. Kaschubek, T.; Mayer, E.; Rzesnik, S.; Grenier, B.; Bachinger, D.; Schieder, C.; König, J.; Teichmann, K. Effects of Phytogenic Feed

Additives on Cellular Oxidative Stress and Inflammatory Reactions in Intestinal Porcine Epithelial Cells. J. Anim. Sci. 2018, 96,
3657–3669. [CrossRef] [PubMed]

45. Katayama, M.; Fukuda, T.; Okamura, T.; Suzuki, E.; Tamura, K.; Shimizu, Y.; Suda, Y.; Suzuki, K. Effect of Dietary Addition of
Seaweed and Licorice on the Immune Performance of Pigs. Anim. Sci. J. 2011, 82, 274–281. [CrossRef] [PubMed]

http://doi.org/10.1186/s40104-022-00750-y
http://doi.org/10.1016/j.aninu.2018.01.005
http://www.ncbi.nlm.nih.gov/pubmed/30140757
http://doi.org/10.3920/JAAN2020.0010
http://doi.org/10.3390/microorganisms10030629
http://www.ncbi.nlm.nih.gov/pubmed/35336204
http://doi.org/10.1007/s11259-022-09945-0
http://doi.org/10.3390/antiox10071004
http://doi.org/10.3389/fvets.2015.00021
http://doi.org/10.3389/fvets.2021.723387
http://doi.org/10.3390/ijms222413472
http://doi.org/10.1007/s00418-005-0067-z
http://doi.org/10.1111/jpn.12997
http://doi.org/10.3390/toxins8090264
http://www.ncbi.nlm.nih.gov/pubmed/27618100
http://doi.org/10.1155/2011/852419
http://www.ncbi.nlm.nih.gov/pubmed/22007147
http://doi.org/10.1016/j.ijfoodmicro.2010.03.026
http://www.ncbi.nlm.nih.gov/pubmed/20444515
http://doi.org/10.1080/10408398.2018.1506734
http://doi.org/10.1016/j.tiv.2017.08.011
http://doi.org/10.1186/s13567-016-0309-1
http://doi.org/10.1016/j.toxlet.2019.01.013
http://doi.org/10.3390/ani11092756
http://doi.org/10.1055/a-1510-5802
http://www.ncbi.nlm.nih.gov/pubmed/25836957
http://doi.org/10.1093/jas/sky263
http://www.ncbi.nlm.nih.gov/pubmed/29982751
http://doi.org/10.1111/j.1740-0929.2010.00826.x
http://www.ncbi.nlm.nih.gov/pubmed/21729206


Molecules 2023, 28, 1026 16 of 16

46. You, T.; Tang, J.; Yin, S.; Jia, G.; Liu, G.; Tian, G.; Chen, X.; Cai, J.; Kang, B.; Zhao, H. Effect of Dietary Licorice Flavonoids Powder
on Performance, Intestinal Immunity and Health of Weaned Piglets. J. Anim. Physiol. Anim. Nutr. 2022, 107, 147–156. [CrossRef]
[PubMed]

47. Caro-Maldonado, A.; Muñoz-Pinedo, C. Dying for Something to Eat: How Cells Respond to Starvation. Open Cell Signal. J. 2011,
3, 42. [CrossRef]

48. Kamiloglu, S.; Sari, G.; Ozdal, T.; Capanoglu, E. Guidelines for Cell Viability Assays. Food Front. 2020, 1, 332–349. [CrossRef]
49. Vatzia, E.; Pierron, A.; Saalmüller, A.; Mayer, E.; Gerner, W. Deoxynivalenol Affects Proliferation and Expression of Activation-

Related Molecules in Major Porcine T-Cell Subsets. Toxins 2019, 11, 644. [CrossRef]
50. Katial, R.K.; Sachanandani, D.; Pinney, C.; Lieberman, M.M. Cytokine Production in Cell Culture by Peripheral Blood Mononuclear

Cells from Immunocompetent Hosts. Clin. Diagn. Lab. Immunol. 1998, 5, 78–81. [CrossRef]
51. Goyarts, T.; Dänicke, S.; Grove, N.; Tiemann, U.; Rothkötter, H.-J. Institute of Animal Nutrition Methodical Aspects of in Vitro

Proliferation of Porcine Blood Lymphocytes When Exposed to Deoxynivalenol (DON). Landbauforsch. Volkenrode 2006, 56, 139–148.
52. Ali, A.; Tan, H.Y.; Kaiko, G.E. Role of the Intestinal Epithelium and Its Interaction With the Microbiota in Food Allergy. Front.

Immunol. 2020, 11, 604054. [CrossRef]
53. Giovagnoni, G.; Rossi, B.; Tugnoli, B.; Ghiselli, F.; Bonetti, A.; Piva, A.; Grilli, E. Thymol and Carvacrol Downregulate the

Expression of Salmonella Typhimurium Virulence Genes during an in Vitro Infection on Caco-2 Cells. Microorganisms 2020, 8, 862.
[CrossRef] [PubMed]

54. Putaala, H.; Nurminen, P.; Tiihonen, K. Effects of Cinnamaldehyde and Thymol on Cytotoxicity, Tight Junction Barrier Resistance,
and Cyclooxygenase-1 and -2 Expression in Caco-2 Cells. J. Anim. Feed Sci. 2017, 26, 274–284. [CrossRef]

55. Pu, J.; Chen, D.; Tian, G.; He, J.; Zheng, P.; Mao, X.; Yu, J.; Huang, Z.; Zhu, L.; Luo, J.; et al. Protective Effects of Benzoic Acid,
Bacillus Coagulans, and Oregano Oil on Intestinal Injury Caused by Enterotoxigenic Escherichia Coli in Weaned Piglets. Biomed
Res. Int. 2018, 2018, 1829632. [CrossRef] [PubMed]

56. Du, E.; Wang, W.; Gan, L.; Li, Z.; Guo, S.; Guo, Y. Effects of Thymol and Carvacrol Supplementation on Intestinal Integrity and
Immune Responses of Broiler Chickens Challenged with Clostridium Perfringens. J. Anim. Sci. Biotechnol. 2016, 7, 19. [CrossRef]
[PubMed]

57. Yin, D.; Du, E.; Yuan, J.; Gao, J.; Wang, Y.L.; Aggrey, S.E.; Guo, Y. Supplemental Thymol and Carvacrol Increases Ileum
Lactobacillus Population and Reduces Effect of Necrotic Enteritis Caused by Clostridium Perfringes in Chickens. Sci. Rep. 2017, 7,
7334. [CrossRef] [PubMed]

58. Memar, M.Y.; Raei, P.; Alizadeh, N.; Aghdam, M.A.; Kafil, H.S. Carvacrol and Thymol: Strong Antimicrobial Agents against
Resistant Isolates. Rev. Res. Med. Microbiol. 2017, 28, 63–68. [CrossRef]

59. Rúa, J.; del Valle, P.; de Arriaga, D.; Fernández-Álvarez, L.; García-Armesto, M.R. Combination of Carvacrol and Thymol:
Antimicrobial Activity Against Staphylococcus Aureus and Antioxidant Activity. Foodborne Pathog. Dis. 2019, 16, 622–629.
[CrossRef]

60. Lambert, R.J.W.; Skandamis, P.N.; Coote, P.J.; Nychas, G.-J.E. A Study of the Minimum Inhibitory Concentration and Mode of
Action of Oregano Essential Oil, Thymol and Carvacrol. J. Appl. Microbiol. 2001, 91, 453–462. [CrossRef]

61. Bounar, R.; Krimat, S.; Boureghda, H.; Dob, T. Chemical Analyses, Antioxidant and Antifungal Effects of Oregano and Thyme
Essential Oils Alone or in Combination against Selected Fusarium Species. Int. Food Res. J. 2020, 27, 66–77.

62. Gholami-Ahangaran, M.; Ahmadi-Dastgerdi, A.; Azizi, S.; Basiratpour, A.; Zokaei, M.; Derakhshan, M. Thymol and Carvacrol
Supplementation in Poultry Health and Performance. Vet. Med. Sci. 2022, 8, 267–288. [CrossRef]

63. Abdel-Wareth, A.A.A.; Kehraus, S.; Südekum, K.H. Peppermint and Its Respective Active Component in Diets of Broiler Chickens:
Growth Performance, Viability, Economics, Meat Physicochemical Properties, and Carcass Characteristics. Poult. Sci. 2019, 98,
3850–3859. [CrossRef] [PubMed]

64. Zhang, D.; Liu, R.; Sun, L.; Huang, C.; Wang, C.; Zhang, D.M.; Zhang, T.T.; Du, G.H. Anti-Inflammatory Activity of Methyl
Salicylate Glycosides Isolated from Gaultheria Yunnanensis (Franch.) Rehder. Molecules 2011, 16, 3875–3884. [CrossRef]

65. Ali, A.; Ponnampalam, E.N.; Pushpakumara, G.; Cottrell, J.J.; Suleria, H.A.R.; Dunshea, F.R. Cinnamon: A Natural Feed Additive
for Poultry Health and Production—A Review. Animals 2021, 11, 2026. [CrossRef] [PubMed]

66. Abu Hafsa, S.H.; Ibrahim, S.A. Effect of Dietary Polyphenol-Rich Grape Seed on Growth Performance, Antioxidant Capacity and
Ileal Microflora in Broiler Chicks. J. Anim. Physiol. Anim. Nutr. 2018, 102, 268–275. [CrossRef] [PubMed]

67. Brenes, A.; Viveros, A.; Chamorro, S.; Arija, I. Use of Polyphenol-Rich Grape by-Products in Monogastric Nutrition. A Review.
Anim. Feed Sci. Technol. 2016, 211, 1–17. [CrossRef]

68. Hasan, M.K.; Ara, I.; Mondal, M.S.A.; Kabir, Y. Phytochemistry, Pharmacological Activity, and Potential Health Benefits of
Glycyrrhiza Glabra. Heliyon 2021, 7, e07240. [CrossRef]

69. Federal Act on the Protection of Animals (Animal Protection Act—TSchG)—BGBl. I Nr. 118/2004; Federal Ministry of Agriculture,
Forestry, Regions and Water Management: Vienna, Austria, 2004.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1111/jpn.13694
http://www.ncbi.nlm.nih.gov/pubmed/35247278
http://doi.org/10.2174/1876390101103010042
http://doi.org/10.1002/fft2.44
http://doi.org/10.3390/toxins11110644
http://doi.org/10.1128/CDLI.5.1.78-81.1998
http://doi.org/10.3389/fimmu.2020.604054
http://doi.org/10.3390/microorganisms8060862
http://www.ncbi.nlm.nih.gov/pubmed/32517327
http://doi.org/10.22358/jafs/77058/2017
http://doi.org/10.1155/2018/1829632
http://www.ncbi.nlm.nih.gov/pubmed/30225247
http://doi.org/10.1186/s40104-016-0079-7
http://www.ncbi.nlm.nih.gov/pubmed/27006768
http://doi.org/10.1038/s41598-017-07420-4
http://www.ncbi.nlm.nih.gov/pubmed/28779076
http://doi.org/10.1097/MRM.0000000000000100
http://doi.org/10.1089/fpd.2018.2594
http://doi.org/10.1046/j.1365-2672.2001.01428.x
http://doi.org/10.1002/vms3.663
http://doi.org/10.3382/ps/pez099
http://www.ncbi.nlm.nih.gov/pubmed/30877743
http://doi.org/10.3390/molecules16053875
http://doi.org/10.3390/ani11072026
http://www.ncbi.nlm.nih.gov/pubmed/34359154
http://doi.org/10.1111/jpn.12688
http://www.ncbi.nlm.nih.gov/pubmed/28295656
http://doi.org/10.1016/j.anifeedsci.2015.09.016
http://doi.org/10.1016/j.heliyon.2021.e07240

	Introduction 
	Results 
	Co-Culture Model—Barrier Integrity 
	Co-Culture Model—Cell Viability 

	Discussion 
	Effects of Phytogenic Products, Apical or Basolateral Application, and Treatment Time on the In Vitro Co-Culture Model 
	Contribution of Phytogenic Components to Observed Effects 
	Outlook and Future Use of the Co-Culture Model 

	Materials and Methods 
	Routine Maintenance of IPEC-J2 Cultures 
	Blood Sampling and Isolation of PBMC 
	Co-Culture Model of the Piglet Gut 
	Stimulation of the Co-Culture Model 
	Cell Viability Testing and Supernatant Samples 
	Statistics 

	Appendix A
	Appendix B
	References

