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Abstract

This study aimed to evaluate the dietary administration of a blend composed of carvacrol, tannic acid derived from Cas-
tanea sativa mill and Glycyrrhiza glabra, medium chain fatty acids (MCFAs) glycerides for weanling piglets. An in vitro
digestion followed by total phenolic content (TPC) and total antioxidant activity (TAC) assessment was performed before
the in vivo application. At weaning, a total of 210 piglets were randomly allocated to two experimental treatments (7 rep-
licates/15 piglets for each replicate). Control group (CTR) was fed a standard basal diet while the treated group (T) was
fed the basal diet mixed with 1.500 mg/kg of blend. After in vitro digestion, TPC and TAC evidenced peaks at the end of
oral and gastric phases in comparison to the intestinal one in line with the high content of phenolic compound (P < 0.05).
Treatment conditioned body weight and average daily gain (P <0.05), fecal score on 6, 7, and 8 d after weaning (P < 0.05).
At 35d, the T group showed a decrease in salivary cortisol compared to CTR (P <0.05). Duodenum and jejunum sections
of T piglets revealed higher villi (P<0.05), deeper crypts (P<0.01), and increased V/C ratio (P<0.01). CTR showed a
higher expression of duodenal Occludin (P <0.05). Jejunal E-cadherin and Occludin were more expressed in T jejunum
sections (P <0.05). Twelve differentially abundant genera were identified in T group caecal samples. Potentially harmful
Clostridium sensu stricto 13 was reduced by the treatment (P <0.05). In conclusion, the tested blend positively affected
salivary stress markers and the gut health of weaned piglets.
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Introduction enzymes production at this stage contributes in promoting

the accumulation of unabsorbed nutrients in the large intes-

Weaning is a process accompanied by notable changes in
intestinal morphology, especially regarding villus height
and crypt depth, caused by transient anorexia (Lallés et
al. 2007). Moreover, the impairment in terms of digestive
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tine where potential pathogenic bacteria such as enterotoxi-
genic strains of Escherichia coli that could further favor the
onset of post-weaning diarrthea (PWD) (Fairbrother et al.
2005). Furthermore, this threat is exacerbated by the lack of
an adequate immune status in weanling piglets, which poten-
tially undergo chronic and acute inflammatory status (Pié et
al. 2004). Consequently, PWD represents the most harmful
condition during the weaning transition of piglets promot-
ing a detrimental situation in economic terms, characterized
by high morbidity and mortality, veterinary interventions,
labour costs and negative reflexes on productive parameters
(Laird et al. 2021). After the European Community ban on
antimicrobials as growth promoters in 2006, pharmaco-
logical dosages (20003000 mg/kg of complete feed) of
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Zinc Oxide (ZnO) represented a widely diffuse strategy to
promote gut health in weanling piglets by avoiding PWD
(Corino et al. 2021). However, starting from June 2022 the
European Commission decided to ban the prescription of
ZnO oral medication for livestock (Bonetti et al. 2021). The
concerns that led to the ban of high dosages of ZnO in feed
were linked to the low bioavailability of this trace element
and, consequently, to its environmental impact, but also to
the co-selection of antibiotic-resistance bacterial strains
(Mantovi et al. 2003). Therefore, the research of valid alter-
natives able to enhance gut health without having negative
effects in terms of pollution or safety is strictly needed.
Active compounds from natural extracts could block the
activation of both inflammation and oxidative stress signal
pathways (Galli et al. 2020; Na and Surh 2008). In this sense,
one of the most studied compounds is carvacrol which has
a large spectrum of antimicrobial activities against gram-
negative and gram-positive bacteria (Roller and Seedhar
2002). Briefly, this antimicrobial activity is determined
by the presence of the hydroxyl group in the molecule of
the natural compound, which contributes to the release of
bacterial lipopolysaccharides (LPS) from gram-negative
membrane. Furthermore, among polyphenolic compounds,
tannic acid (TA) proved to be useful in positively modulat-
ing the intestinal microbiota, improving energy metabolism
through higher production of volatile fatty acids (VFA),
and increasing the integrity of the intestinal barrier (Song
et al. 2021). Moreover, the administration of medium and
short-chain fatty acids (MCFAs) could also represent a valid
tool for enhancing gut health during the weaning transition
(Chen et al. 2019). Indeed, it is recognized how molecules
like lauric acid (C:12), capric acid (C:10), and caprylic acid
(C:8) could inactivate pathogens proliferation both by pro-
moting the acidification of the intestinal environment or act-
ing against the expression of virulence factors. In addition,
the inclusion of low dietary levels of MCFAs showed modu-
latory effects on the enteric microbiota population (Omonijo
et al. 2018) and demonstrated positive reflexes in terms of
gut morphology on villus height, and tight junctions proteins
(TJs) in the proximal tract of the small intestine (Zentek et
al. 2011). Moreover, the administration of glycerides of
fatty acids has been reported to control pathogens prolifera-
tion and reduce post-weaning diarrhea (Correa et al. 2021).
Therefore, despite widely diffused knowledge on the effects
of tannic acid, MCFAs and carvacrol (Song et al. 2021;
Lauridsen 2020), little is known about the possible effects
on the gut health of piglets when fed a blend obtained by
these single active compounds. The critical aspect of blends
is probably linked to the possible interaction between the
different components that may affect their efficacy in condi-
tioning the gut environment (Canibe et al. 2022). However,
different composition blends exerted positive reflexes on the
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gut health of weanling piglets raised in experimental facili-
ties (Rebucci et al. 2022; Luise et al. 2023). Nevertheless,
testing these blends in commercial farm conditions could
reveal different effects and new insights. Indeed, the expo-
sure to typical stressors of the weaning transition combined
with the higher density of commercial farms could make
piglets more easily vulnerable to PWD. For these reasons,
the study aim was to investigate the effects of the dietary
administration of a blend composed of carvacrol, TA and
MCFAs on the gut health of weanling piglets raised in com-
mercial farm conditions.

Materials and methods

In vitro digestion, total phenolic content and
antioxidant capacity

In vitro digestion was performed as reported by Regmi et al.
(2009) with minor modifications introduced by Lanzoni et
al. (2023). At the end of each digestion step, aliquots (about
1 mL) were taken and frozen immediately at -20 °C and
used to measure total phenolic content (TPC) and antioxi-
dant activity. In parallel, at the end of digestion, the samples
were filtered using paper filters (Whatman 54 Florham Park,
NJ), thus obtaining the undigested fraction (UF). Subse-
quently, the filters were dried overnight at 65 °C. Then, the
dry matter digestibility (% dry matter; DM) was measured
using the following formula:

DMz — DMy

DM Digestibility = [ D

}*100

Where DMx is the sample dry matter percentage, while
DMy represents UF dry matter percentage.

For TPC, the protocol of Attard (2013) was used with
minor adaptations as reported by Lanzoni et al. (2023).
Tannic acid, methanol, Folin—Ciocalteu (FC) reagent, and
sodium carbonate were purchased from Sigma Chemical
Co. (St. Louis, MO, USA). Tannic acid was prepared in a
1:2 diluition. FC reagent was diluted with distilled water
(1:10); contextually 1 M solution of sodium carbonate was
prepared. Then, 100 uL of each sample (7 aliquots) was
added to 500 pL of FC and 400 pL of sodium carbonate
and incubated at room temperature for 20 min. At the end
of the incubation period, samples were read at 630 nm.
TPC Values were expressed in terms of tannic acid equiv-
alent (mg TAE/100 g of dried samples). The FRAP assay
was performed following the protocol of Abdelaleem and
Elbassiony (2020), with minor modifications. FRAP val-
ues are expressed as mg FeSO,/100 g of dried sample. The
antioxidant activity was assessed using the ABTS method
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Table 1 Composition and chemical analysis of the post-weaning diets
(% on dry matter basis). DM: dry matter; CP: crude protein; EE: ether
extract; CF: crude fibre; ca: calcium; P: phosphorus; NE: net energy

Ingredients, % as fed Pre starter (0—14 Starter

d) (14-35d)
Barley 19.50 18.50
Corn 24.00 24.00
Wheat 9.00 10.00
Dry whey 5.00 4.00
Soybean oil 2.00 2.00
Fish meal 2.00 -
Bakery by-products (10% CF) 10.00 8.00
Soybean meal 48% CP 6.50 8.50
Extruded soybean 4.00 6.00
Toasted soybean 3.75 3.75
Vitamin and mineral premix® 0.25 0.25
Flacked barley 3.00 3.00
Soybean concentrated 2.00 2.00
Soybean oil 1.00 1.00
Calcium carbonate 1.20 1.20
Monocalcium phosphate 0.60 0.60
Sodium chloride 0.20 0.20
Bran 4.00 5.00
Beet pulp 2.00 2.00
Chemical analysis, % DM Pre starter (0—14 Starter

d) (14-35d)
DM, % 88.00 88.00
CP, % 17.46 17.65
EE, % 6.57 6.61
CE, % 3.23 3.42
Ash, % 5.72 5.55
Ca, % 0.89 0.83
P, % 0.55 0.53
NE, kcal/kg 2471 2.469
Lysine, % 1.20 1.20
Methionine, % 0.43 0.42
Methionine + Cysteine, % 0.72 0.72
Threonine, % 0.78 0.78
Tryptophane, % 0.23 0.23
*Additives ( per Kg ): Vitamin.pro-vitamin and analogue

substances:3a672a Vitamin A 63.193 Ul3a671 Vitamin D3 13.226
UlI3a700 Vitamin E (All-rac-alfa-tocoferile acetate) 353 mg3a711
Vitamin K3 14.7 mg3a821 Vitamin Bl 14.7 mg3a825ii Vitamin B2
47.0 mg3a831 Vitamin B6 14.7 mg Vitamin B12 0.29 mg3a314 Nia-
cin 294 mg3a841 Calcium D-pantothenate 245 mg3a316 Folic Acid.
5.1 mg3a880 Biotin 0.59 mg3a890 Choline Chloride 903 mg Trace
elements: E4 Copper (3b412 Copper oxide [I].) 476 mg E4 Copper
(3b405 Copper sulphate[II] pentahydrate.) 113 mg E1 Iron (3b103
Iron sulphate [II] monohydrate.) 1.344 mg E 2 Iodine (3b202 Cal-
cium iodate anhydrous.) 11.2 mg ES Manganese (3b502 Manganese
oxide [II].) 560 mg E 8 Selenium (3b801 Sodium selenite.) 2.8 mg E6
Zinc (3b603 Zinc oxide.) 504 mg Preservatives: E330 Citric acid 1.1
mgla297 Fumaric acid 5.300 mg Antioxidant: E310 Propyl gallate
0.37 mg E321 Butylhydroxytoluene (BHT) 118 mg Binders: E551a
Silicic acid 2.5 mg E563 Sepiolite 5.491 mg Digestion promoters:4al6
6-phytate (EC 3.1.3.26) 2.118 OTU4al617 Endo-1.4-beta-xilanase EC
3.2.1.8 19.980 EP

according to the protocol of Re et al. (1999) with minor
adaptation. For TPC, FRAP and ABTS oral, gastric and
intestinal phase were considered. Values were expressed in
terms of Trolox equivalent (mg TE/100 g of dried samples).
Analyses were performed on biological and technical tripli-
cate for each parameter.

Animals housing and experimental design

The in vivo trial was performed at Azienda Agricola
Pianoverde of Santorelli-Brontesi S.S., Boarini Farm, Via
Cascina, 25,023 Leno (Brescia). At weaning, correspond-
ing to 0 d of the trial, 210 cross-bred twenty-eight-day old
piglets (Stambo HBI X Dalland 40) were randomly distrib-
uted, according to their body weight, into the treatment and
control experimental groups (105 each). Each group was
replicated seven times, with 15 piglets per pen forming the
experimental unit. Animals were housed in two different
rooms of 7 replicates each and 1 pen at disposal as infirmary.
Trial lasted 35 days corresponding to 61 d old piglets. Each
pen had a slatted floor and was fitted with a stainless-steel
feeder and nipple waterers. The rooms were lit by a combi-
nation of daylight and artificial light. Rooms temperature,
humidity, and air quality were automatically controlled.
Ventilation was achieved by two, variable-speed fans linked
to temperature sensors. The temperature inside the building
was approximately 28 °C at the start of the trial and was
adjusted weekly until a final temperature of 24-25 °C was
achieved. The relative humidity was settled between 60 and
70%. Piglets had water and feed available ad libitum.

The control group (CTR) was fed a basal diet, whereas
the treated group (T) was fed the basal diet mixed with a
dosage of the product corresponding to 1.500 mg/kg. For
the treated diet, the proper quantity of additive was weighed
using a balance and premixed with a small amount of the
feed as a carrier, before adding this to the final mix to ensure
homogeneous distribution in the complete feed. All diets
were formulated to meet or exceed the nutrient require-
ments recommended by the NRC (2012) for post-weaning
piglets (Table 1). The treatment compound was a blend of
5% of carvacrol, 23% of monoglycerides, diglycerides and
triglycerides of medium chain fatty acids (capric, caprylic
and lauric acid) and tannic acid derived from 26% of Casta-
nea sativa mill and 2% of Glycyrrhiza glabra extract stabi-
lized on silica (Gastroherb Plus produced by Phytsolutions,
Caldes de Montbui, Barcelona, Spain).

Growth parameters, fecal score and general health
The body weight and feed consumption were measured at

0, 14, and 35 days. Feed was distributed daily in trails after
being weighed by a scale and having registered the weighted
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quantity. Therefore, average daily feed intake (ADFI) and
average daily gain (ADG) were calculated for the 3 differ-
ent periods of the trial (0-14 d, 14-35 d, and 0-35 d). Feed
conversion rate (FCR) and feed efficiency (FE) were sub-
sequently obtained by ADFI/ADG and ADG/ADFT ratios
respectively. Body weight (BW) and ADG were also reg-
istered accounting for single animals. Mortality, patholo-
gies, or unusual adverse events were recorded daily. Fecal
score evaluation was performed daily from 0 d to 35 d on
trial through a 0 to 4 scale (0 =normal stool, 4 =diarrhea) as
reported by Ruckman et al. (2020).

Salivary cortisol level, immunoglobulins a (IgAs),
and total antioxidant capacity (TAC)

Saliva samples were taken on days 14, 21, and 35 of the
trial using Salivette® tubes (Sarstedt AG& Co., Germany)
from one subject per replicate. A cotton swab was kept in
the mouth of the animal for 1-2 min following the proce-
dures described by Escribano et al. (2019). The cotton swab
was then placed in the tube and centrifuged at 3000 rpm for
13 min. The saliva aliquots obtained by centrifugation were
then stored in Eppendorf tubes (Sarstedt AG& Co., Ger-
many) and frozen at — 80° C until analysis.

Cortisol and IgAs were quantified using competitive and
sandwich ELISA kit tests according to the manufacturer’s
instructions (Immunological sciences, Societa Italiana Chi-
mici, Rome, IT). IgAs and Cortisol values are expressed
in ng/ml. The total antioxidant capacity (TAC) evalua-
tion was performed through ferric reducing antioxidant
power (FRAP) method performed with a commercial kit
(Elabscience Biotechnology Co.,Ltd). Values of FRAP are
reported as pmol/l of Trolox equivalents.

Intestine histology and histometry

At the end of the trial, animals were slaughtered, and intes-
tinal tissue sampling was performed (n="7 per group). Por-
tions of 1 cm® of the small intestine (duodenum 2 cm after
the pylorus and duodenojejunal junction, according to Ishida
et al. 2018) were immediately collected and fixed in 10%
neutral buffered formalin for 24 h at 4 °C, dehydrated in a
graded series of ethanol, cleared with xylene, and embed-
ded in paraffin. Microtome Sect. (4 pum thick) of both duo-
denum and jejunum were stained with Hematoxylin—Eosin
(HE) to establish structural details. On these HE-stained
sections, the height of intestinal villi (V) (10 villi measured
per section) and the depth of intestinal crypts (C) (10 crypts
measured per section) were measured and calculated by
image analysis software (Proview, Optika, Italy). The ratio
between villi and crypts (V/C) was also calculated.
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Gut barrier assessment: E-Cadherin, Zonulin-1, and
Occludin immunofluorescence staining

Other sections of the duodenum and jejunum were used
for immunofluorescence. Briefly, after rehydration, heat-
induced antigen retrieval was performed (citrate buffer pH
6, 5 min microwaves 600 W, followed by cooling, twice).
After washing three times in Phosphate buffer saline
(PBS, pH 7.4), treatment with the Avidin—Biotin block-
ing kit solution (Vector Laboratories Inc., Burlingame,
CA USA) was performed. Sections were incubated with
the primary antiserum: anti-E-Cadherin (E-CAD; 1:30,
ab15148, Abcam, UK), zonulin-1 antibody (ZO-1, 1:100,
Cat. No. GTX108592, GeneTex, USA), and anti-Occludin
antibody (1:100, ab216327, Abcam, UK), for 24 h at room
temperature and washed in PBS. Afterward, sections were
incubated with 10 pg/ml goat biotinylated anti-rabbit IgG
(Vector Laboratories Inc., Newark, USA) for 2 h at room
temperature. After rinsing twice in PBS, the sections were
treated with Fluorescein—Avidin D (Vector Laboratories
Inc., Newark, USA), 10 pg/ml in NaHCO3, 0.1 M, pH 8.5,
0.15 M NaCl for 2 h at room temperature. Finally, slides
with tissue sections were embedded in Vectashield Mount-
ing Medium with DAPI (SKU H-1200-10, Vector Labora-
tories Inc., Newark, USA) and observed using a Confocal
Laser Scanning Microscope (FluoView FV300; Olympus).
The immunoreactive structures were excited using Argon/
Helio—Neon—Green lasers with excitation and barrier filters
set for rhodamine. Images containing superimposition of
fluorescence were obtained by sequentially acquiring the
image slice of each laser excitation or channel. The absence
of cross-reactivity with the secondary antibody was verified
by omitting the primary antibody during the first incubation
step.

For the quantification of each of the three immunofluo-
rescence, duodenum, and jejunum sections were examined
using the FluoView software for image analysis (Olympus).
Excitation, and barrier filters were set for rhodamin. The
laser power and photomultiplier tube voltage were constant
so that the fluorescence intensities of various samples could
be compared. Images were digitized under constant gain
and laser offset, with no post-capture modifications. Five
section areas of the epithelium that contained the largest
and brightest immunofluorescence for each sample were
selected for measurement. The areas to be assessed were
defined manually and used to normalize each peak intensity.
The calculated mean fluorescence intensity was obtained for
each of the selected section areas according to (Di Gianca-
millo et al. 2009). Pixel intensity was determined using the
histogram/area functions of the FluoView software, which
assigned the gray levels (GL) within a 0-256 Gy scale. Data
were presented as mean fluorescence intensity.
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Caecal microbiota evaluation: sample collection and
DNA extraction

At the slaughterhouse, caecal content samples were col-
lected in sterile vials from 14 piglets (7 from CTR and 7
from T groups) and stored at — 80 °C until DNA extraction.
DNA was extracted from each sample using the QIAmp
Fecal Pro kit (Qiagen, Hilden, Germany), according to the
manufacturer’s protocol. DNA quality and quantity were
assessed using a NanoDrop ND-1000 spectrophotometer
(NanoDrop Technologies, Wilmington, DE, USA), and then
it was stored at — 20 °C until use.

16 S ribosomal RNA (rRNA) gene sequencing and
bioinformatics processing

Bacterial DNA was amplified using the primers described
by Caporaso et al. (2011) which target the V3-V4 hypervari-
able regions of the 16 S rRNA gene. All PCR amplifications
were performed in 25 pL volumes per sample. A total of
12.5 uL of KAPA HIFI Master Mix 2Xx (Kapa 344 Biosys-
tems, Inc., MA, USA) and 0.2 uL of each primer (100 pm)
were added to 2 pL of genomic DNA (5 ng/uL). Blank con-
trols (no DNA template added to the reaction) were also
performed. A first amplification step was performed in an
Applied Biosystem 2700 thermal cycler (ThermoFisher
Scientific). Samples were denatured at 95 °C for 3 min, fol-
lowed by 25 cycles with a denaturing step at 98 C for 30 s,
annealing at 56 °C for 1 min and extension at 72 °C for
1 min, with a final extension at 72 °C for 7 min. Amplicons
were cleaned with Agencourt AMPure XP (Beckman, Coul-
ter Brea, CA, 351 USA) and libraries were prepared follow-
ing the 16 S Metagenomic Sequencing Library Preparation
Protocol (Illumina, San Diego, CA, USA). The libraries
obtained were quantified by Real Time PCR with KAPA
Library Quantification Kits (Kapa Biosystems, Inc., MA,
USA), pooled in equimolar proportion and sequenced in one
MiSeq (Illumina) run with 2 X 250-base paired-end reads.

The 16 S rRNA gene sequences determined in this study
were deposited in the NCBI Sequence Read Archive (SRA)
database.

Demultiplexed paired-end reads from 16 S rRNA-gene
sequencing were first checked for quality using FastQC
(Andrews 2010). Reads were then cleaned by removing
primers and adapters with the python tool Cutadapt (Mar-
tin 2011), and by trimming for quality using the C+ +tool
Sickle (Joshi and Fass 2011), with Phred threshold > 20 (i.e.
the end part of the reads was removed if its quality dete-
riorated). After cleaning, forward and reverse paired-end
reads were joined together using the python pipeline Micca
(Microbial Community Analysis) (Albanese et al. 2015),
specifically the function ‘mergepairs’ with default values

(i.e. minimum overlap length=32, maximum number of
mismatches in the overlap region=238). Assembled reads
were filtered for quality, discarding reads with missing/
uncalled bases or with an expected error rate larger than
1% (1 error in 100 bases). All remaining reads were used
to identify OTUs (Operational Taxonomic Units) with the
denoising approach (Rosen et al. 2012) implemented in the
Micca function ‘out’ (method ‘denovo_unoise’). Finally, the
identified OTUs were classified using the MICCA function
‘classify’ to assign taxa as annotated in the SILVA132 ref-
erence database (Glockner et al. 2017) with the following
parameters: maximum number of hits -taxa- to consider for
each OTU =3; assign taxon if present in at least 0.5 of the
hits; reject OTU if the fraction of alignment to the reference
sequence is lower than 0.75).

Statistical evaluation

A One-way ANOVA was applied to analyze TPC, FRAP,
and ABTS through in vitro digestion phases. All experimen-
tal data relative to growth performance, fecal score, salivary
IgAs, TAC, and cortisol were analysed as a completely ran-
domized block design by ANOVA using the MIXED pro-
cedure of SAS v. 9.2 (SAS Institute Inc., Cary, NC, USA)
accounting for the effect of treatment, time, and their inter-
action. The model included the treatment, time, their inter-
action and the room. A general linearized model (GLM)
was considered to evaluate duodenal and jejunal histometry
and tight junction expression. When the data regarding tight
junction expression were normally distributed, a One-Way
ANOVA was performed, otherwise, the Kruskal-Wallis
test was applied. These data were analyzed with GraphPad
Prism 9.0.0 and are presented as means+ S.E.M. Pen rep-
resented the experimental unit for overall growth perfor-
mances and fecal score. Individual piglet was considered
as the experimental unit for single animal mean BW and
ADQG, as in the case of intestinal histometry and tight junc-
tion. Post-hoc evaluation was performed with a Bonfer-
roni test. The OTU table obtained from 16 S rRNA-gene
sequencing was first filtered to remove OTUs with less than
10 total counts distributed in fewer than 3 samples. Filtered
OTU counts were then normalised for uneven sequencing
depth by cumulative sum scaling (CSS; Paulson et al. 2013).
The normalised OTU table was used to calculate the alpha
(ACE, Chaol, Fisher’s alpha, Shannon, Simpson, Inverse
Simpson) and beta (Bray-Curtis distances) diversity in the
piglets gut samples. Details on the calculation of the alpha-
and beta-diversity indices can be found in Biscarini et al.
2018 (Appendix S2). Differences between experimental
groups (treatment and control) for OTU counts and alpha
diversity indices were evaluated using analysis of vari-
ance. Differences between distance matrices were evaluated
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non-parametrically using the permutational analysis of vari-
ance approach (PERMANOVA with 999 permutations)
(Anderson 2001). Results were considered statistically
significant for P<0.05 and highly significant for P<0.01.
Graphs were realized with GraphPad Prism 9.0.0.

Results
Health status and adverse events

During the first two weeks of the study, 6 CTR group piglets
and 1 T group piglet were treated with 1 ml Enrofloxacin
(100 mg/ml) as they had diarrheal disorders. In addition,
seven piglets were excluded from the test for the presence
of abdominal hernias (3 CTR and 4 T). All the treated /
excluded piglets were moved to infirmary pens.

In vitro digestibility: TPC, FRAP and ABTS assay

DM digestibility revealed a value of 49.68+2.12%.
Moreover, for TPC, FRAP and ABTS followed a simi-
lar trend through in vitro digestion process. Briefly, in
oral, and gastric phase TPC values were higher than
intestinal phase (22193.68 +1301.74 mg TAE/100 g and
25032.63 +1419.93 mg TAE/100 g vs. 4534.74 +549.13 mg
TAE/100 g; P<0.01, Fig. 1A). Similarly, oral, and
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gastric FRAP revealed the same trend in compari-
son with the intestinal phase (14048.32+268.62 mg
FeSO,/100 g and 15718.55+297.06 mg FeSO,/100 g vs.
4727.07+167.91 mg FeSO,/100 g; P<0.01, Fig. 1B).
ABTS values in oral and gastric phase were equally higher
than intestinal one (88824.92 +6032.04 mg TE/100 g and
92081.07 +5104.48 mg TE/100 g vs. 18820.56 + 894.27 mg
TE/100 g; P<0.01, Fig. 1C).

Fecal score

On days 6, 7 and 8 on trial, the treated group registered a bet-
ter fecal consistency as depicted by the interaction between
time and treatment variables (P < 0.05, Fig. 2). Furthermore,
the administration of the tested blend was useful in amelio-
rating fecal score of treated animals even when considering
the treatment as single variable (P <0.05). Specifically, a
difference between CTR and T was detected already at 6 d
after weaning (1.00+0.36 vs. 0.71 +£0.48, P<0.05, Fig. 2).
Moreover, at 7 d CTR vs. T comparison revealed a better
fecal score for the treated group (1.71 +£0.38 vs. 1.14+0.47,
P <0.05, Fig. 2). Finally, this difference was also underlined
at 8 d on trial comparing CTR vs. T group (2.00 +0.46 vs.
1.57+0.37, P<0.05, Fig. 2).
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Table 2 Growth performance of single post-weaning piglets after the administration of carvacrol, TA, and MCFAs blend. All the values are
intended as means =+ standard error mean (S.E.M); BW =body weight; ADG =average daily gain. CTR: control group; T: treated group. Treatment,
time and their interaction p-values are displayed in the p-value section of the table

Treatments p-value
Parameters CTR T S.EM Treatment Time Time* Treatment
BW (kg)
0d 7.65 7.74 0.20 0.041 <0.001 0.144
14d 9.03 9.23
35d 15.82 16.67
ADG (kg/d)
0d 0.10 0.11 0.01 0.03 <0.001 0.259
14d 0.32 0.35
35d 0.23 0.25

Table 3 Growth performance of pens evaluated from day 0 to 35 on trial. All the values are intended as means + standard error mean (S.E.M);
BW =body weight; ADG =average daily gain; ADFI=average daily feed intake; FCR =feed conversion rate; FE =feed efficiency. CTR: control
group; T: treated group. Treatment, time and their interaction p-values are displayed in the p-value section of the table

Treatments p-value
Parameters CTR T S.EM Treatment Time Time*Treatment
BW (kg)
0d 111.52 111.62 9.81 0.574 <0.001 0.797
14d 131.64 133.17
35d 228.28 240.54
ADG (kg/d)
0-14d 1.44 1.54 0.23 0.111 <0.001 0.670
14-35d 4.60 5.11
0-35d 334 3.68
ADFI (kg/d)
0-14d 2.71 2.81 0.19 0.351 <0.001 0.965
14-35d 7.67 7.88
0-35d 5.69 5.85
FCR
0-14d 1.95 1.86 0.08 0.091 0.005 0.953
14-35d 0.60 0.65
0-35d 0.58 0.63
FE
0-14d 0.53 0.54 0.02 0.087 0.003 0.828
14-35d 0.60 0.65
0-35d 0.58 0.63

Growth performances

The growth performances of individual piglets are shown
in Table 2 (individual weight and ADG), while the results
related to pens as experimental units are shown in Table 3.
Despite the lack of significance in the interaction between
treatment and time, the treated group fed with carvacrol,
TA, and MCFAs registered better growth performances dur-
ing the trial. BW of T piglets was found to be higher com-
pared to CTR (16.67+3.13 kg vs. 15.82+2.79, P=0.041,
Table 2). Average daily gain (ADG) also improved in the T
group (0.25+0.087 kg vs. 0.23 +0.078, P=0.003, Table 2).
On the other hand, data related to pens revealed a tendency
towards better FCR and FE for the T group if compared to
CTR (Table 3).

Salivary cortisol, IgAs, and total antioxidant
capacity (TAC)

At day 35d, a significative decrease in salivary cortisol
was highlighted in the T group (0.672+0.16 ng/ml vs.
1.589+1.03 ng/ml, P<0.05, Fig. 3A). No differences were
detected in salivary IgA levels (Fig. 3B) and total antioxi-
dant capacity between CTR and T group during the trial
(Fig. 3C).

Intestine histology and histometry
Gut morphology of both control and treated animals

was revealed to be structurally normal, with no sign
of inflammation or epithelial detachment. Moreover,
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Fig. 3 Salivary cortisol, TAC measured by FRAP and IgA (A, B and
C respectively) registered at 14, 21, and 35 d on the trial in control
(CTR) and treated (T) groups; n="7 per group. Values are expressed
as mean + standard error mean (S.E.M). * = P<0.05, ** = P<0.01

duodenal morphology was affected by the inclusion of
the tested blend in the piglet’s diet. A higher villi height
was registered in the T group when compared with CTR
(320.27£68.53 pum vs. 292.33+90.35 pm; P<0.05,
Fig. 4A). On the other hand, deeper crypts were evident in
CTR samples (171.38 +£50.56 pm vs. 236.45+90.38 pm;
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P<0.01, Fig. 4B). Consequently, the V/C ratio high-
lighted higher values for T samples when comparing them
to CTR (2.16+1.04 vs. 1.37+0.56; P<0.01, Fig. 4C).
Jejunum revealed comparable results when analyzing the
morphometric characteristics. Indeed, samples of the T
group showed increased villi height (339.94+107.76 um
vs. 300.66+101.74 pum; P<0.05, Fig. 4D), decreased
crypts depth (144.83 +£53.40 um vs. 208.82+73.00 pm;
P<0.01, Fig. 4E) and a higher V/C ratio (2.61+1.21 um
vs. 1.55+0.65 um; P<0.01, Fig. 4F).

Gut barrier assessment: E-Cadherin, Zonulin-1, and
Occludin immunofluorescence staining

Junction proteins were specifically assessed along the
length of the villi in both duodenum and jejunum of treated
animals. E-Cadherin was mostly found in cell-cell contact
junctions in both intestinal tracts (Fig. SA, duodenum and
D, jejunum, green colour, arrows), throughout the length of
the villi. Distinctly, ZO-1 was located only at the apical end
of the enterocytes in both the duodenum and the jejunum
(Fig. 5, B and E respectively, red color, bold arrows). Finally,
Occludin was observed at apical and basolateral plasma
membrane domains, either in the duodenum or the jejunum
(Fig. 5C and F, respectively, yellow colour, asterisks).

Junction protein expression was also quantified (Fig. 6).
At the duodenum level, statistical differences were found
only with Occludin, where the control animals showed a
higher expression (Fig. 6C, P<0.05). Regarding the jeju-
num, statistical differences were found for all three staining.
Animals of the treated group showed higher expressions
of E-Cadherin and Occludin (Fig. 6D and F respectively,
P <0.05), while with Zonulin-1, the result was the opposite
(Fig. 6E, P<0.01).

Caecal microbiota

The gut microbial diversity was assessed within- (alpha
diversity) and between- (beta diversity) samples (Fig. 7).
All indexes for alpha were estimated from the complete
OTU, filtered for OTUs with more than 10 total counts dis-
tributed in at least three samples and normalized for uneven
sequencing depth by cumulative sum scaling (CSS). Within-
sample microbial richness and diversity were estimated
using the following indices: Chaol and ACE (Abundance-
based coverage Estimator) for richness and, on the other
hand, Shannon, Simpson for evenness and Fisher’s alpha for
diversity. Beta diversity was estimated based on Bray-Curtis
distances (Fig. 8). None of the differences between treated
and control samples for the diversity indices was significant
(all p-values>0.05). From PERMANOVA, the p-value for
the treatment effect was 0.093. Therefore, both alpha and
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Fig. 4 Villi height, crypt depth and V/C ratio registered in duodenum (A, B and C respectively) and Jejunum (D, E and, F respectively) at 35d in
control (CTR) and treated (T) groups. Values are expressed as mean + standard error mean (S.E.M). * = P<0.05, ** =P <0.01

beta diversity of the piglets’ gut microbiota were not signifi-
cantly affected by the treatment.

The 16 S rRNA gene sequencing results from all caecal
samples were used to define the core microbiota of piglets.
OTUs were taxonomically organized in phyla and genera.
Sequencing the V3-V4 regions of the bacterial 16 S rRNA
gene produced a total of 2,872,968 reads after filtering for
quality. The resulting OTU table contained 729 OTUs that
reduced to 409 OTUs after filtering for abundance and dis-
tribution. Phyla with relative abundance lower than 0.1%
were not considered. A total of 12 abundant genera were
significantly affected by the dietary treatment. In particu-
lar, the administration of the blend affected genera such as
Lachnospiraceae UCG-001, Lachnospiraceae UCG-008,
Prevotellaceae NK3B31 group, Clostridium sensu stricto
13 and Ruminococcaceae UCG-005 (P<0.05). Phyla and
genera average counts are displayed in Fig. 9 (A and B
respectively).

Discussion

The blend considered in this study is composed of carvacrol,
tannic acid (TA) from Castanea sativa mill, Glycyrrhiza
glabra extract, diglycerides and triglycerides of medium-
chain fatty acids (C:8, C:10, and C:12; MCFAs). Carvacrol
is a monoterpene phenol originally found in different variet-
ies of Origanum, Thymus, and Satureja plants (Suntres et al.
2015). Carvacrol supplementation in animal feed is a valid
strategy to promote gut health due to its antioxidant, anti-
inflammatory, and antimicrobial properties (Alagawany
et al. 2015). MCFAs are molecules characterized by the
presence of 6 to 12 carbon atoms (Ferronato and Prandini
2020). Lauric, capric, and caprylic acid are naturally pres-
ent in palm and coconut oil (Jadhav and Annapure 2023).
As reported by Rebucci et al. (2021) to avoid the complete
absorption of their free forms at the gastric level, MCFAS
are administered as saponified or glycerides to promote gut
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Fig.5 Representative images

of immunofluorescence (IF) of
E-Cadherin (A, D), Zonulin-1
(B, E), and Occludin (C, F) in
treated animals in the duodenum
(A, B, C) and in the jejunum (D,
E, F). E-Cadherin IF in green,
indicated by arrows; ZO-1 IF in
red, indicated by bold arrows;
Occludin IF in yellow, indicated
by asterisks; nuclei, blue. Scale
bar located in each image: 20 um

health in the enteric tract without being directly dissociated
in the gastric tract. Tannic acid (TA) is a naturally occurring
and hydrolysable polyphenolic compound, characterized by
the presence of heterogeneous phenol groups available to
different molecular interactions (Watrelot et al. 2020). As
in the case of MCFAs, TA bactericidal activity seems to be
more effective towards gram-positive bacteria (Baldwin
and Booth 2022). Blended feed additives recently gained an
increasing interest in the feeding of post-weaning piglets.
Moreover, the study of blends in livestock nutrition could
be crucial to optimize the effectiveness of these molecules
under varying conditions (Abdelli et al. 2021). Furthermore,
blends characterized by different compositions may display
positive effects on the intestinal environment of weanling
piglets, contributing to preventing the reduction of antibiot-
ics and representing an alternative to pharmacological dos-
ages of ZnO (Luise et al. 2023). An in vitro characterization
of the depicted blend anticipated the in vivo phase of the
present study. Briefly, an overlapping trend was depicted
when looking at TPC and antioxidant capacity over the
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digestion process (oral, gastric, and intestinal). Interest-
ingly, the trend highlighted a peak after gastric digestion
in TPC, FRAP, and ABTS assays which was followed by
a marked decrease after the intestinal phase. The marked
increase of TPC after the gastric phase might be due to the
efficacy of acidic pH in breaking the polysaccharide bonds
and the subsequently release of phenol compounds which
are associated with antioxidant capacity as depicted by Lan-
zoni et al. (2023). As reported by the author, the significant
decrease observed after the intestinal phase can be related
to the instability of phenols in the intestinal environment
(basic pH and/or pancreatic enzymes effect). Nevertheless,
the antioxidant activity registered at the end of the digestion
together with the high MCFAs content in the tested blend
(23%) could highlight the positive effects further evidenced
during the in vivo trial.

The first effect of the dietary blend inclusion was reg-
istered on animals performance. Shao et al. (2023) found
an increased ADG and ADFI during the first 4 weeks after
weaning in piglets fed a blend of essential oils containing
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Fig. 6 Quantitative representation of the expression of E-Cadherin in
the duodenum (A) and in the jejunum (D), of Zonuline-1 in the duo-
denum (B) and in the jejunum (E), and of Occludin in the duodenum
(C) and in the jejunum (F) of control (CTR) and treated (T) groups

2.34% of carvacrol. Moreover, Cui et al. (2020) registered
better performances when considering different glycer-
ides forms and combinations of lauric, capric, and caprylic
MCFAs. Furthermore, despite the potential detrimental
effect of tannins on performances due to limited protein
digestibility, contained TA supplementation (1.13, 2.25,
and 4.25 g/kg) enhanced feed efficiency during the wean-
ing transition (Biagia et al. 2010). In our study, the blend of
carvacrol, TA, and MCFAs improved the ADG and BW of
weaned piglets, confirming the beneficial potential of these
molecules reported in the literature. Although the effect of
MCFAs and carvacrol has not been reported to constantly
ameliorate the fecal consistency of post-weaning piglets
alone or in combination with natural extracts (Lopez-Colom
et al. 2020), it has been previously reported how TA and

sampled at 35 d. Values are expressed in intensity per um?. One-way
ANOVA was performed. Results are expressed as mean + standard
error mean (S.E.M). * = P<0.05, ** = P<0.01

commercial tannins in general are useful tools to increase
fecal score (Girard et al. 2018). Given that, the fecal score
registered suggested a positive interaction of the different
components in increasing the fecal consistency in critical
stages of the post-weaning phase.

Saliva has been depicted to have great potential in dis-
playing stress and disease characterization through the
detection of stress, innate and adaptive immune response,
and oxidative stress biomarkers in pigs (Sanchez et al. 2022).
Moreover, salivary secretory immunoglobulin A is consid-
ered a natural defence for the host (Pedersen et al. 2019).
In our study, no significant differences were found between
CTR and T group in salivary IgAs. As reported by Muneta
et al. (2010), Salivary IgAs could be influenced both by the
circadian rhythm and feeding. In addition, Svobodova et al.
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(2014) indicated that the role of salivary IgAs was not con-
firmed when considering the short or long-term stress stim-
uli associated to weaning. Switching attention to salivary
total antioxidant capacity (TAC), Saco et al. (2023) recently
reported how this non-invasive biomarker could be strongly
influenced by the production phase in addition to the circa-
dian rhythm. According to Sanchez et al. (2022), there is
a strong relationship between adaptive immune and oxida-
tive stress salivary biomarkers. Perhaps, this could explain
the absence of variations in the salivary TAC values regis-
tered in our trial when comparing the experimental groups.
Given that, considering the lack of consistent pieces of evi-
dence regarding the application of salivary IgAs and TAC in
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weanling piglets’ nutritional studies, it can be stated that the
variability of these two salivary biomarkers needs further
investigation. Salivary cortisol has been confirmed as a reli-
able biomarker capable of describing the physiological con-
ditions of pigs during critical phases of the production cycle
(Bahnsen et al. 2021). Zhang et al. (2023) found that 50 mg/
kg of a mixture of carvacrol, thymol, and cinnamaldehyde in
a 1:1:1 proportion complex did not reduce cortisol levels in
weanling piglets’ blood. Furthermore, the lack of results in
conditioning salivary cortisol levels through natural extracts
and essential oils administration was previously underlined
when considering different concentrations of garlic pow-
der (0.4% and 1.2%) and oregano essential oil (0.4% and
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Fig. 9 Percentage of average counts of phyla (A) and genera (B)
detected in the two experimental groups. None of the differences
between treatments for the reported phyla were significant (P> 0.05).

2.0%), even though authors detected lower concentrations
of serum cortisol of the piglets involved in the same study
(Rivera-Gomis et al. 2020). On the contrary, in our study
we detected a marked decrease of cortisol levels in saliva
samples 35 d after weaning, suggesting a stimulation of the
hypothalamic-pituitary-adrenal (HPA) axis, responsible for
the glucocorticoid hormone production. Briefly, as depicted
by Moeser et al. (2007) weaning stress is associated with
the enhancement of the corticotropin-releasing factor (CRF)
expression, which is linked to gut barrier dysfunctions. Due
to this, it is reasonable to relate the physiological changes
and stress that occur during the weaning transition to vari-
ations in cortisol levels (Wu et al. 2023) which served as
indirect biomarker of gut barrier integrity. Therefore, our
results suggested a key role of blended carvacrol, TA, and
MCFAs blend in lowering cortisol levels which served as
indirect biomarker of gut health, as depicted also by further
discussed results.

The ability of the tested blend in conditioning gut mor-
phology was assessed through duodenal and jejunal histol-
ogy and histometry. Mo et al. (2023) recently showed the
capability of a 5% carvacrol, 2% thymol, and 3% cinna-
maldehyde blend to enhance the villus height and crypt
depth ratio in the jejunum of weaned piglets. Furthermore,
a blend of 1 g of both capric and caprylic acids modified
the small intestine mucosal structure of weanling piglets
decreasing crypt depth as depicted by Hanczakowska et al.
(2011). On the other hand, Ferrara et al. (2016) underlined
a lack of effects when considering the 0.15% of both capric

low . moderate

[Eubacterium] xylanophilum group 4

(]
>
c
(7]

(U]

Lachnospiraceae UCG-001 4 :;

@

Clostridium sensu stricto 13 4
Lachnospiraceae UCG-008 4

[
®
®
2

Sutterellaq

2.
@
®
Rikenellaceae RC9 gut group o
Candidatus Saccharimonasq @
Prevotellaceae NK3B31 group 4 @
Ruminococcaceae UCG-005 4
Fibrobacter

Treponema 2 4

Lachnospiraceae NK4A136 4

T

T T T U—— T
40 0 10 20 30 40

Percentage

UR— v
10 20 30
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and caprylic acids blended with short-chain fatty acids in
the jejunal morphometry. Moreover, when blending 10.1%
calcium formate 25.1% of citric acid, and an essential oils
mixture (4.5% thymol, 4.8% carvacrol and 4.3% cinnam-
aldehyde) it is possible to increase villi height and influ-
ence V/C ratio as reported by Liu et al. (2022). Our results
are in line with this picture, testifying an increased villus
height and V/C ratio both in duodenum and jejunum, but
also remarking a significantly enhanced crypt depth for
the CTR group. Chwen et al. (2013) reported that deeper
crypt depth is associated with a more intense turnover of
the enterocytes, which could further result in higher villi.
However, not always higher length villi are associated with
an increased absorptive capacity. According to Pluske et al.
(1997), the intestine may show lower absorptive capacity
even with high villi length, when the enterocytes are not
mature. It does not seem to be our case, considering the
other positive results obtained in this study, such as body
weight, fecal score, and saliva cortisol. Moreover, there are
indications that, in germ-free animals, the increased villi
height does not necessarily correspond to an increase in the
absorptive capacity (Williams et al. 2015), but this is nei-
ther the case of our study. Thus, it is reasonable to speculate
that the tested blend positively influenced the morphometric
characteristics of the proximal intestine. Our results may be
representative of a situation in which the treatment allowed
a more rapid recovery of small intestine tissue conditions
after weaning than in the control group.

TJ are complex structures comprising over 50 proteins
and include a series of transmembrane proteins, such as
Occludin and Zonulin. Adherens junctions, such as E-Cad-
herin, are located beneath the TJ and are involved in cell-cell
adhesion and intracellular signaling, and all together these
protein junctions regulate paracellular permeability (Krug
and Fromm 2020). E-Cadherin is an adherents junction mol-
ecule, which plays a key regulatory role in barrier integrity
through its temporal and spatial coordination of the tight
junction (Itoh et al. 1997; Umeda et al. 2006). Additionally,
Zonulin-1 is the major TJ protein and in normal intestines,
it is expressed exclusively at the apical TJ (Fasano 2012).
Furthermore, occludin is an integral membrane protein of
epithelial tight junctions (Anderson and Van Itallie 2009;
Wu et al. 2020).

Positive results were obtained by Zhao et al. (2023) con-
sidering duodenal Occludin and ZO-1 mRNA expression
after the administration of carvacrol-cinnamaldehyde—
thymol blend. On the contrary, Wei et al. (2017) found no
effects when considering the supplementation of a blend of
carvacrol and thymol essential oils at 100 mg/kg (1:1) on
Z0-1 and Occludin expression in jejunal mucosa. In addi-
tion, a mixture of natural extracts was useful in enhancing
the expression of E-Cadherin in the distal enteric tract of
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weaned piglets (Su et al. 2018). Briefly, Grilli et al. (2016)
showed that sodium butyrate reduced the expression of
claudin-1 in the duodenum and jejunum, while Occludin
was regulated in the duodenum but not in the jejunum tract.
Focusing on protein abundance, Zou et al. (2016) obtained
positive results administering essential oils to weaned pig-
lets when looking at the Occludin and ZO-1 expression in
the jejunum tract. Moreover, Cui et al. (2020) registered
an increased jejunal Occludin expression by administering
2 g/kg of glycerol monolaurate in weanling piglets. On the
contrary, the author reported a lack of effects on ZO-1 and
Occludin after two weeks of administration of tricaprylin
and tricaprin mixture (1 g/kg each). Furthermore, a phyto-
biotic mixture derived from oregano extract composed of
carvacrol and thymol showed no effects on ZO-1 and a sig-
nificant decrease in Occludin levels in jejunum 21 d after
weaning (Duarte and Kim 2022). The localization of the
three molecules performed in our study is consistent with
what is described in the literature, in particular, regard-
ing E-Cadherin in cell-cell contact junctions throughout
the length of the villi (Hwang et al. 2012; Xu et al. 2008;
Zahn et al. 2008), ZO-1 at the apical end of the enterocytes
(Dong et al. 2021; Fasano 2011; Kimura et al. 1997; Nouri
et al. 2014; Aidos et al. 2023), and Occludin at apical and
basolateral plasma membrane domains (Dong et al. 2021;
Kimura et al. 1997). From the quantification of the protein
expression, it seems that the jejunum is more susceptible to
diet interventions, as differences in the expression of all TJs
studied, E-Cadherin, Zonulin-1, and Occludin showed sta-
tistically significant differences in this tract. This is probably
because the jejunum is the major site for nutrient absorp-
tion, while the duodenum is mostly dedicated to digestion
(Campbell et al. 2019). However, in the duodenum, there
was a difference in the expression of Occludin, which was
opposite to the one observed at the jejunum level. Consider-
ing the duodenum and its digestive functions, it is reason-
able to think that this result was conditioned by the presence
of pancreatic enzymes and bile. Indeed, it is recognized how
variations in pancreatic enzymes and bile salts can influence
the bio accessibility of phytochemicals (Wojtunik-Kulesza
et al. 2020). Considering the expression results of jejunal
E-Cadherin and Occludin, it can be noticed that the treated
animals showed a lower intestine permeability when com-
pared with the control group animals, outlining a protective
effect of the treatment on the intestinal barrier. However, the
expression of ZO-1 showed an opposite trend: treated ani-
mals showed lower ZO-1 expression. The explanation for
this results may be found in the role of Zonulin as an endog-
enous mediator in the physiological regulation of intercel-
lular tight junctions in the small intestine (Fasano 2011,
2020; Fasano et al. 2000; Hatasa et al. 2017). Indeed, ZO-1
can reversibly modulate the permeability of the intestine
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(Fasano et al. 2020). For instance, an increase in the expres-
sion of zonulin with a subsequent increase in permeability,
was observed in human intestinal diseases, like irritable
bowel syndrome, non-celiac gluten sensitivity, environmen-
tal enteropathy, and necrotizing enterocolitis (Sturgeon et
al. 2016). Therefore, the higher expression of ZO-1 in the
control group observed in this study may indicate an altera-
tion in intestinal permeability in these animals.

Since abrupt weaning-related changes in the gut micro-
bial core can negatively affect homeostasis, epithelia turn-
over and gut barrier functions with negative reflexes on
general gut health (Ren et al. 2022; Blachier et al. 2017)
caecal microbiota was evaluated in the presented study.
Briefly, at genus level, modulation of Ruminococcaceae,
Rikenellaceae and Prevotellaceae genera was registered.
Lachnospiraceae has been previously linked to short chain
fatty acids production, with possible positive reflexes on gut
and host health (Jiangh et al. 2021). On the other hand, its
role in piglets gut environment is still controversial and not
clear (Wang et al. 2022). In addition, Rikenellaceae group
displayed a potential role of intestinal health biomarker and
was positively correlated with higher feed convertion rate
(Quan et al. 2018). Briefly, Prevotellaceae NK3B31 and
Ruminococcaceae UCG-005 have been link to the produc-
tion of acetate and propionic acid derived from resistant
starch degradation, as in the case of Fibrobacter which was
linked to cellulose digestion in diverse hindgut fermenters
(Wang et al. 2019; Gaukroger et al. 2020). Controversary
findings were highlighted regarding the role of Candida-
tus Saccharimonas, which was found less abundant both
in high and low feed efficiency pigs and high abundant in
caecal samples of obese pigs in a metabolome-microbiota
relation trial (Liu et al. 2023). Moreover, even without evi-
dence about Eubacterium xylanophilum group presence and
development in piglet gut during weaning, rumen isolates
of Eubacterium xylanophilum were reported to degrade
xylan and produce short chain fatty acids. Treponema 2
sequences have been linked to higher feed efficiency, lig-
nin degradation and higher presence of Methanobrevibacter
in large intestine of pigs (Gardiner et al. 2020). Regarding
Sutterella, in humans this genus has been previously cor-
related to inflammatory bowel diseases conditions and IgA
degradation (Shapiro et al. 2021). On the contrary, more
recently Sutterella has been positively related to feed intake
and lipids digestion in commercial hybrid pigs (Luo et al.
2022). Sutterella along with Proteobacteria was found to
be particularly abundant in diarrheic Tibetan early weaned
piglet by Kong et al. (2022). Furthermore, an increasing
number of studies are relating Clostridium sensu stricto
13 to inflammatory enteric diseases and diarrhea (Wang et
al. 2023; Chen et al. 2022). In our case, despite a reduced
presence of Ruminococcaceae, Lachnospiraceae and

Prevotellaceae, the treated group registered a lower abun-
dance of Clostridium sensu stricto 13. Considering what
was previously assessed, it is more probable that the direct
effect of the blended compounds on duodenal and jejunal
histometry and gut barrier integrity reflected a reduction
of Clostridium sensu stricto 13 at 35 d rather than directly
act on its abundance. Therefore, it is reasonable to link the
reduction of Clostridium sensu stricto 13 to a better status
of the intestinal barrier.

Conclusions

The administration of a blend composed of Carvacrol, tannic
acid, and MCFAs improved the gut health of weaned piglets
ameliorating fecal consistency, physiological stress status,
gut tissue morphometry and permeability, and reflecting
changes in Clostridium sensu stricto 13 abundance. Never-
theless, differences in compositional terms of the compared
blends must be considered. In conclusion, further research
is needed to elucidate the synergistic effect and different
inclusion levels of these substances when applied in com-
mercial farm conditions.

Acknowledgements The authors would like to thank Dr. Paolo Cavas-
sini for contributing to the conceptualization of the presented study
and Mr. Antonio Crotti for his valuable technical support during on
field and laboratory practices.

Author contributions V.B, R.R, L.M contributed to the conceptualiza-
tion; R.R, L.M, D.L, C.G, L.A, A.DG, P.C applied the described meth-
odology; L.M, R.R, P.C, F.B, B.C performed the formal analysis and
investigation; L.M; original drafting; L.M, RR, D.L, L.A, A.DG, P.C,
F.B wrote materials and methods; All authors reviewed the manuscript.

Funding Open access funding provided by Universita degli Studi di
Milano within the CRUI-CARE Agreement.

Data availability Upon reasonable request, data are available from the
corresponding author: luca.marchettil @unimi.it.

Declarations

Ethical statement The experimental design and procedures were ap-
proved by the Animal Welfare Committee of Universita degli Studi di
Milano (OPBA 12_2022, 8/04/2022).

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended

@ Springer



Veterinary Research Communications

use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

Abdelaleem MA, Elbassiony KRA (2020) Evaluation of phytochemi-
cals and antioxidant activity of gamma irradiated quinoa (Cheno-
podium quinoa). Brazilian J Biology 81:806-813

Abdelli N, Sola-Oriol D, Pérez JF (2021) Phytogenic feed additives
in poultry: Achievements, prospective and challenges. Animals
(Basel) 6;11(12):3471. https://doi.org/10.3390/anil11123471

Aidos L, Pallaoro M, Mirra G, Serra V, Castrica M, Agradi S, Curone
G, Vigo D, Riva F, Balzaretti CM, De Bellis R, Pastorelli G, Brec-
chia G, Modina SC, Di Giancamillo A (2023) Intestine Health and
Barrier Function in Fattening Rabbits Fed Bovine Colostrum. Vet-
erinary Sci 10(11):657. https://doi.org/10.3390/vetscil0110657

Alagawany M, El-Hack M, Farag MR, Tiwari R, Dhama K (2015)
Biological effects and modes of action of carvacrol in animal
and poultry production and health-a review. Adv Anim Vet Sci
3(2s):73-84

Albanese D, Fontana P, De Filippo C, Cavalieri D, Donati C (2015)
MICCA: a complete and accurate software for taxonomic pro-
filing of metagenomic data. Sci Rep. https://doi.org/10.1038/
srep09743

Anderson MJ (2001) Permutation tests for univariate or multivari-
ate analysis of variance and regression. Can J Fish Aquat Sci
58(3):626-639

Anderson JM, Van Itallie CM (2009) Physiology and function of
the tight Junction. Cold Spring Harb Perspect Biol 1:a002584.
https://doi.org/10.1101/cshperspect.a002584

Andrews S (2010) FastQC: a quality control tool for high through-
put sequence data [Internet]; [accessed 2022 October 27]. http://
www.bioinformatics.babraham.ac.uk/projects/fastqc/

Attard E (2013) A rapid microtitre plate Folin-Ciocalteu method for
the assessment of polyphenols. Open Life Sci 8(1):48-53

Bahnsen I, Riddersholm KV, de Knegt LV, Bruun TS, Amdi C (2021)
The effect of different feeding systems on salivary cortisol lev-
els during gestation in sows on herd level. Animals (Basel).
9;11(4):1074. https://doi.org/10.3390/ani11041074

Baldwin A, Booth BW (2022) Biomedical applications of tan-
nic acid. J Biomater Appl 36(8):1503—1523. https:/doi.
org/10.1177/08853282211058099

Biagia G, Cipollini I, Paulicks BR, Roth FX (2010) Effect of tan-
nins on growth performance and intestinal ecosystem in
weaned piglets. Arch Anim Nutr 64(2):121-135. https://doi.
org/10.1080/17450390903461584

Biscarini F, Palazzo F, Castellani F, Masetti G, Grotta L, Cichelli A,
Martino G (2018) Rumen microbiome in dairy calves fed copper
and grape-pomace dietary supplementations: composition and
predicted functional profile. PLoS ONE, 13(11), 0205670

Blachier F, Beaumont M, Andriamihaja M, Davila AM, Lan A, Grauso
M, Armand L, Benamouzig R, Tomé D (2017) Changes in the
luminal environment of the colonic epithelial cells and physio-
pathological consequences. Am J Pathol 187(3):476—486. https://
doi.org/10.1016/j.ajpath.2016.11.015

Bonetti A, Tugnoli B, Piva A, Grilli E (2021) Towards zero zinc oxide:
feeding strategies to Manage Post-weaning Diarrhea in piglets.
Anim (Basel) 11(3):642. https://doi.org/10.3390/ani11030642

Canibe N, Hgjberg O, Kongsted H, Vodolazska D, Lauridsen C,
Nielsen TS, Schonherz AA (2022) Review on preventive mea-
sures to reduce post-weaning diarrhoea in piglets. Anim (Basel)
12(19):2585. https://doi.org/10.3390/ani12192585

@ Springer

Caporaso JG, Lauber CL, Walters WA, Berg-Lyons D, Lozupone CA,
Turnbaugh PJ, Fierer N, Knight R (2011) Global patterns of 16S
rRNA diversity at a depth of millions of sequences per sample.
Proc Natl Acad Sci USA 108:4516-4522

Chen J, LiY, Tang Z, Sun Z (2019) Regulatory functions of fatty acids
with different chain lengths on the Intestinal Health in pigs and
relative signaling pathways. Curr Protein Pept Sci 20(7):674—
682. https://doi.org/10.2174/1389203720666190514120023

Chen H, Liu Y, Huang K, Yang B, Zhang Y, Yu Z, Wang J (2022) Fecal
microbiota dynamics and its relationship to diarrhea and health
in dairy calves. J Anim Sci Biotechnol 28(131):132. https://doi.
org/10.1186/s40104-022-00758-4

Chwen LT, Foo HL, Thanh NT, Choe DW (2013) Growth performance,
plasma fatty acids, villous height and crypt depth of preweaning
piglets fed with medium chain triacylglycerol. Asian-Austral-
asian J Anim Sci 26(5):700

Corino C, Di Giancamillo A, Modina SC, Rossi R (2021) Prebiotic
effects of seaweed polysaccharides in pigs. Animals 11(6):1573.
https://doi.org/10.3390/ani11061573

Correa F, Luise D, Negrini C, Virdis S, Amatucci L, Dalcanale S, Olia
A, Del Zozzo F, Trevisi P (2023) P. 343. Effect of the administra-
tion of two phytoextracts pre-mixes compared to the pharmaco-
logical dose of ZnO on the health, growth performance and faecal
microbial profile of weaned pigs. ASPA 25th Congress Book
of Abstract. Italian Journal of Animal Science 22 (supll), 130.
https://doi.org/10.1080/1828051X.2023.2210877

Cremonesi P, Biscarini F, Castiglioni B, Sgoifo CA, Compiani R,
Moroni P (2022) Gut microbiome modifications over time when
removing in-feed antibiotics from the prophylaxis of post-wean-
ing diarrhea in piglets. PLoS ONE. 7;17(3):0262199. https://doi.
org/10.1371/journal.pone.0262199

Cui Z, Wang X, Hou Z, Liao S, Qi M, Zha A et al (2020) Low-pro-
tein diet supplemented with medium-chain fatty acid glycerides
improves the growth performance and intestinal function in
post-weaning piglets. Animals 10:1852. https://doi.org/10.3390/
anil0101852

Di Giancamillo A, Rossi R, Vitari F, Pastorelli G, Corino C,
Domeneghini C (2009) Dietary conjugated linoleic acids decrease
leptin in Porcine Adipose tissue. J Nutr 139:1867—1872. https://
doi.org/10.3945/jn.109.110627

Di Giancamillo A, Rossi R, Martino PA, Aidos L, Maghin F,
Domeneghini C, Corino C (2018) Copper sulphate forms in
piglet diets: Microbiota intestinal morphology and enteric ner-
vous system glial cells. Anim Sci J 89(3):616-624. https://doi.
org/10.1111/asj.12948

Dong L, Li HM, Wang SN, Wang TL, Yu LH, Wang HR (2021) Meis-
han neonatal piglets tend to have higher intestinal barrier func-
tion than crossbred neonatal piglets. Animal 15:100037. https://
doi.org/10.1016/j.animal.2020.100037

Duarte ME, Kim SW (2022) Phytobiotics from oregano extracts
enhance the intestinal health and growth performance of pigs.
Antioxidants (Basel). 11(10):2066. https://doi.org/10.3390/
antiox 11102066

Duncan SH, Russell WR, Quartieri A, Rossi M, Parkhill J, Walker
AW, Flint HJ (2016) Wheat bran promotes enrichment within the
human colonic microbiota of butyrate-producing bacteria that
release ferulic acid. Environ Microbiol 18(7):2214-2225. https://
doi.org/10.1111/1462-2920.13158

Escribano D, Ko HL, Chong Q, Llonch L, Manteca X, Llonch P
(2019) Salivary biomarkers to monitor stress due to aggression
after weaning in piglets. Res Vet Sci 123:178-183. https://doi.
org/10.1016/j.rvsc.2019.01.014

Fairbrother M, Nadeau E, Gyles CL (2005) Escherichia coli in post-
weaning diarrhea in pigs: an update on bacterial types, pathogen-
esis, and prevention strategies. Anim Health Res Rev 6:17-39


https://doi.org/10.2174/1389203720666190514120023
https://doi.org/10.1186/s40104-022-00758-4
https://doi.org/10.1186/s40104-022-00758-4
https://doi.org/10.3390/ani11061573
https://doi.org/10.1080/1828051X.2023.2210877
https://doi.org/10.1371/journal.pone.0262199
https://doi.org/10.1371/journal.pone.0262199
https://doi.org/10.3390/ani10101852
https://doi.org/10.3390/ani10101852
https://doi.org/10.3945/jn.109.110627
https://doi.org/10.3945/jn.109.110627
https://doi.org/10.1111/asj.12948
https://doi.org/10.1111/asj.12948
https://doi.org/10.1016/j.animal.2020.100037
https://doi.org/10.1016/j.animal.2020.100037
https://doi.org/10.3390/antiox11102066
https://doi.org/10.3390/antiox11102066
https://doi.org/10.1111/1462-2920.13158
https://doi.org/10.1111/1462-2920.13158
https://doi.org/10.1016/j.rvsc.2019.01.014
https://doi.org/10.1016/j.rvsc.2019.01.014
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ani11123471
https://doi.org/10.3390/vetsci10110657
https://doi.org/10.1038/srep09743
https://doi.org/10.1038/srep09743
https://doi.org/10.1101/cshperspect.a002584
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://doi.org/10.3390/ani11041074
https://doi.org/10.1177/08853282211058099
https://doi.org/10.1177/08853282211058099
https://doi.org/10.1080/17450390903461584
https://doi.org/10.1080/17450390903461584
https://doi.org/10.1016/j.ajpath.2016.11.015
https://doi.org/10.1016/j.ajpath.2016.11.015
https://doi.org/10.3390/ani11030642
https://doi.org/10.3390/ani12192585

Veterinary Research Communications

Fasano A (2011) Zonulin and its regulation of intestinal barrier
function: the Biological door to inflammation, autoimmunity,
and Cancer. Physiol Rev 91:151-175. https://doi.org/10.1152/
physrev.00003.2008

Fasano A (2012) Intestinal permeability and its regulation by Zonulin:
diagnostic and therapeutic implications. Clin Gastroenterol Hepa-
tol 10:1096—-1100. https://doi.org/10.1016/j.cgh.2012.08.012

Fasano A (2020) All disease begins in the (leaky) gut: role of zonulin-
mediated gut permeability in the pathogenesis of some chronic
inflammatory diseases. F1000Res 9, F1000 Faculty Rev-69.
https://doi.org/10.12688/f1000research.20510.1

Fasano A, Not T, Wang W, Uzzau S, Berti I, Tommasini A, Goldblum
SE (2000) Zonulin, a newly discovered modulator of intesti-
nal permeability, and its expression in coeliac disease. Lancet
355:1518-1519. https://doi.org/10.1016/S0140-6736(00)02169-3

Ferrara F, Tedin L, Pieper R, Meyer W, Zentek J (2017) Influence of
medium-chain fatty acids and short-chain organic acids on jejunal
morphology and intra-epithelial immune cells in weaned piglets.
J Anim Physiol Anim Nutr (Berl) 101(3):531-540. https://doi.
org/10.1111/jpn.12490

Ferronato G, Prandini A (2020) Dietary supplementation of inor-
ganic, organic, and fatty acids in pig: A Review. Animals (Basel).
25;10(10):1740. https://doi.org/10.3390/ani10101740

Galli A, Marciani P, Marku A, Ghislanzoni S, Bertuzzi F, Rossi R,
Di Giancamillo A, Castagna M, Perego C (2020) Verbasco-
side protects pancreatic B-cells against Er-stress. Biomedicines
8(12):1-16

Gardiner GE, Metzler-Zebeli BU, Lawlor PG (2020) Impact of
intestinal microbiota on growth and feed efficiency in pigs: a
review. Microorganisms 28(812):1886. https://doi.org/10.3390/
microorganisms8121886

Gaukroger CH, Stewart CJ, Edwards SA, Walshaw J, Adams IP, Kyri-
azakis I (2020) Changes in faecal microbiota profiles associated
with performance and birthweight of piglets. Front Microbiol
11:11:917. https://doi.org/10.3389/fmicb.2020.00917

Glockner FO, Yilmaz P, Quast C, Gerken J, Beccati A, Ciuprina A,
Bruns G, Yarza P, Peplies J, Westram R, Ludwig W (2017) 25
years of serving the community with ribosomal RNA gene refer-
ence databases and tools. J Biotechnol 261:169-176

Grilli E, Tugnoli B, Vitari F, Domeneghini C, Morlacchini M, Piva
A, Prandini A (2015) Low doses of microencapsulated zinc
oxide improve performance and modulate the ileum architec-
ture, inflammatory cytokines and tight junctions expression of
weaned pigs. Animal 9(11):1760-1768. https://doi.org/10.1017/
S1751731115001329

Grilli E, Tugnoli B, Foerster CJ, Piva A (2016) Butyrate modulates
inflammatory cytokines and tight junctions components along the
gut of weaned pigs. J Anim Sci 94(suppl3):433—436. https://doi.
org/10.2527/jas.2015-9787

Hatasa M, Maciejewska D, Baskiewicz-Hatasa M, Machalinski B,
Safranow K, Stachowska E (2017) Oral supplementation with
bovine colostrum decreases intestinal permeability and stool con-
centrations of Zonulin in athletes. Nutrients 9:370. https://doi.
0rg/10.3390/nu9040370

Hanczakowska E, Szewczyk A, Okon K (2011) Effects of dietary
caprylic and capric acids on piglet performance and mucosal epi-
thelium structure of the ileum. J Anim Feed Sci 20(4):556-565.
https://doi.org/10.22358/jafs/66213/2011

Hwang S, Zimmerman NP, Agle KA, Turner JR, Kumar SN, Dwinell
MB (2012) E-cadherin is critical for collective sheet migration
and is regulated by the chemokine CXCL12 protein during res-
titution. J Biol Chem 287:22227-22240. https://doi.org/10.1074/
jbe.M112.367979

Ishida M, Sakata N, Ise I, Ono T, Shimura M, Ishii K, Murakami M,
Takadate T, Aoki T, Kudo K, Ohnuma S, Fukase K, Ohtsuka
H, Mizuma M, Hayashi H, Nakagawa K, Morikawa T, Motoi

F, Naitoh T, Unno M (2018) The comparative anatomy of the
folds, fossae, and adhesions around the duodenojejunal flexure
in mammals. Folia Morphol (Warsz) 77(2):286-292. https://doi.
org/10.5603/FM.a2017.0089

Itoh M, Nagafuchi A, Moroi S, Tsukita S (1997) Involvement of ZO-1
in cadherin-based cell adhesion through its direct binding to o
catenin and actin filaments. J Cell Biol 138:181-192. https://doi.
org/10.1083/jcb.138.1.181

Jadhav HB, Annapure US (2023) Triglycerides of medium-chain fatty
acids: a concise review. J Food Sci Technol 60(8):2143-2152.
https://doi.org/10.1007/s13197-022-05499-w

Jiang H, Fang S, Yang H, Chen C (2021) Identification of the rela-
tionship between the gut microbiome and feed efficiency in a
commercial pig cohort. J Anim Sci 1(99):3—skab045. https://doi.
org/10.1093/jas/skab045

Joshi NA, Fass JN (2011) Sickle: A sliding-window, adaptive, quality-
based trimming tool for FastQ files (Version 1.33) [Software].
https://github.com/najoshi/sickle

Kimura Y, Shiozaki H, Hirao M, Maeno Y, Doki Y, Inoue M, Mon-
den T, Ando-Akatsuka Y, Furuse M, Tsukita S, Monden M (1997)
Expression of occludin, tight-junction-associated protein, in
human digestive tract. Am J Pathol 151:45-54

Koleckar V, Kubikova K, Rehakova Z, Kuca K, Jun D, Jahodar L
(2008) Condensed and hydrolysable tannins as antioxidants influ-
encing the health. Min Rev Med Chem 8:436—447

Kong Q, Zhang W, An M et al (2022) Characterization of bacterial
microbiota composition in healthy and diarrheal early-weaned
tibetan piglets. Front Vet Sci 9:799862. https://doi.org/10.3389/
fvets.2022.799862

Krug SM, Fromm M (2020) Special issue on the tight junction and its
proteins: more than just a barrier. Int J Mol Sci 21(13):4612

Laird TJ, Abraham S, Jordan D, Pluske JR, Hampson DJ, Trott DJ,
O’Dea M (2021) Porcine enterotoxigenic Escherichia coli: anti-
microbial resistance and development of microbial-based alterna-
tive control strategies. Vet Microbiol 258:109117

Lalles JP, Bosi P, Smidt H, Stokes CR (2007) Nutritional management
of gut health in pigs around weaning. Proc Nutr Soc 66(2):260—
268. https://doi.org/10.1017/S0029665107005484

Lanzoni D, Skiivanova E, Rebucci R, Crotti A, Baldi A, Marchetti L,
Giromini C (2023) Total phenolic content and antioxidant activ-
ity of in Vitro Digested Hemp-Based products. Foods 12(3):601

Lanzoni D, Rebucci R, Cheli F, Cavaliere R, Ghilardi G, Marchetti
L, Giromini C (2024) Functional characterisation of Euglena
gracilis following growth medium enrichment. Italian J Anim Sci
23(1):53-64

Lauridsen C (2020) Effects of dietary fatty acids on gut health and
function of pigs pre- and post-weaning. J Anim Sci 98(4):skaa086.
https://doi.org/10.1093/jas/skaa086

Lee SI, Kang KS (2017) Function of capric acid in cyclophosphamide-
induced intestinal inflammation, oxidative stress, and barrier
function in pigs. Sci Rep 28(1):16530. https://doi.org/10.1038/
s41598-017-16561-5

Liu Y (2015) Fatty acids, inflammation and intestinal health inpigs. A
review. ] Anim Sci Biotechnol 41:1-9

Liu A, Li Z, Jin X, Wu Q, Hu H, Zhang C (2022) An encapsulated
organic acid and essential oil mixture improves the intestinal
health of weaned piglets by altering intestinal inflammation and
antioxidative capacity. Animals (Basel). 15;12(18):2426. https://
doi.org/10.3390/ani12182426

Liu Q, He M, Zeng Z, Huang X, Fang S, Zhao Y, Ke S, Wu J, Zhou
Y, Xiong X, Li Z, Fu H, Huang L, Chen C (2023) Extensive
identification of serum metabolites related to microbes in dif-
ferent gut locations and evaluating their associations with por-
cine fatness. Microb Biotechnol 16(6):1293—1311. https://doi.
org/10.1111/1751-7915.14245

@ Springer


https://doi.org/10.5603/FM.a2017.0089
https://doi.org/10.5603/FM.a2017.0089
https://doi.org/10.1083/jcb.138.1.181
https://doi.org/10.1083/jcb.138.1.181
https://doi.org/10.1007/s13197-022-05499-w
https://doi.org/10.1093/jas/skab045
https://doi.org/10.1093/jas/skab045
https://github.com/najoshi/sickle
https://doi.org/10.3389/fvets.2022.799862
https://doi.org/10.3389/fvets.2022.799862
https://doi.org/10.1017/S0029665107005484
https://doi.org/10.1093/jas/skaa086
https://doi.org/10.1038/s41598-017-16561-5
https://doi.org/10.1038/s41598-017-16561-5
https://doi.org/10.3390/ani12182426
https://doi.org/10.3390/ani12182426
https://doi.org/10.1111/1751-7915.14245
https://doi.org/10.1111/1751-7915.14245
https://doi.org/10.1152/physrev.00003.2008
https://doi.org/10.1152/physrev.00003.2008
https://doi.org/10.1016/j.cgh.2012.08.012
https://doi.org/10.12688/f1000research.20510.1
https://doi.org/10.1016/S0140-6736(00)02169-3
https://doi.org/10.1111/jpn.12490
https://doi.org/10.1111/jpn.12490
https://doi.org/10.3390/ani10101740
https://doi.org/10.3390/microorganisms8121886
https://doi.org/10.3390/microorganisms8121886
https://doi.org/10.3389/fmicb.2020.00917
https://doi.org/10.1017/S1751731115001329
https://doi.org/10.1017/S1751731115001329
https://doi.org/10.2527/jas.2015-9787
https://doi.org/10.2527/jas.2015-9787
https://doi.org/10.3390/nu9040370
https://doi.org/10.3390/nu9040370
https://doi.org/10.22358/jafs/66213/2011
https://doi.org/10.1074/jbc.M112.367979
https://doi.org/10.1074/jbc.M112.367979

Veterinary Research Communications

Lopez-Colom P, Castillejos L, Rodriguez-Sorrento A, Puyalto M,
Mallo JJ, Martin-Ore SM (2020) Impact of in-feed sodium
butyrate or sodium heptanoate protected with medium-chain fatty
acids on gut health in weaned piglets challenged with Escherichia
coli F4. Arch Anim Nutr 74(4):271-295. https://doi.org/10.1080/
1745039X.2020.1726719

Luise D, Correa F, Negrini C, Virdis S, Mazzoni M, Dalcanale S,
Trevisi P (2023) Blend of natural and natural identical essential
oil compounds as a strategy to improve the gut health of weaning
pigs. Animal 17(12):101031

Luo Y, Ren W, Smidt H, Wright AG, Yu B, Schyns G, McCormack
UM, Cowieson AJ, Yu J, He J, Yan H, Wu J, Mackie RI, Chen D
(2022) Dynamic distribution of gut microbiota in pigs at different
growth stages: Composition and contribution. Microbiol Spectr.
29;10(3):e0068821. https://doi.org/10.1128/spectrum.00688-21

Lynge Pedersen AM, Belstrom D (2019) The role of natural salivary
defences in maintaining a healthy oral microbiota. J Dent 80
Suppl 1S3-S12. https://doi.org/10.1016/j.jdent.2018.08.010

Mantovi P, Bonazzi G, Maestri E, Marmiroli N (2003) Accumulation
of copper and zinc from liquid manure in agricultural soils and
crop plants. Plant Soil 250:249-257

Martin M (2011) Cutadapt removes adapter sequences from high-
throughput sequencing reads. EMBnet J 17(1):10-12

Mo K, Yu W, LiJ, Zhang Y, Xu Y, Huang X, Ni H (2023) Dietary sup-
plementation with a microencapsulated complex of thymol, car-
vacrol, and cinnamaldehyde improves intestinal barrier function
in weaning piglets. J Sci Food Agric 15(4):1994-2003. https://
doi.org/10.1002/jsfa.12322

Moeser AJ, Klok CV, Ryan KA, Wooten JG, Little D, Cook VL, Blik-
slager AT (2007) Stress signaling pathways activated by weaning
mediate intestinal dysfunction in the pig. Am J Physiol Gastro-
intest Liver Physiol 292(1):G173-G181. https://doi.org/10.1152/
ajpgi.00197.2006

Muneta Y, Yoshikawa T, Minagawa Y, Shibahara T, Maeda R, Omata Y
(2010) Salivary IgA as a useful non-invasive marker for restraint
stress in pigs. J Vet Med Sci 72(10):1295-1300. https://doi.
org/10.1292/jvms.10-0009

Na HK, Surh YJ (2008) Modulation of Nrf2-mediated antioxidant
and detoxifying enzyme induction by the green tea polyphenol
EGCG. Food Chem Toxicol 46:1271-1278

Nouri M, Bredberg A, Westrom B, Lavasani S (2014) Intestinal bar-
rier dysfunction develops at the onset of experimental autoim-
mune encephalomyelitis, and can be Induced by adoptive transfer
of auto-reactive T cells. PLoS ONE 9: e106335. https://doi.
org/10.1371/journal.pone.0106335

NRC (2012) Nutrient requirements of swine. 11th rev.ed. Natl. Acad.
Press, Washington DC

Omonijo FA, Ni L, Gong J, Wang Q, Lahaye L, Yang C (2018) Essen-
tial oils as alternatives to antibiotics in swine production. Anim
Nutr 4(2):126-136

Paulson JN, Stine OC, Bravo HC, Pop M (2013) Differential abun-
dance analysis for microbial marker-gene surveys. Nat Methods
10:1200-1202

Pedersen KS, Stege H, Nielsen JP (2011) Evaluation of a micro-
wave method for dry matter determination in faecal sam-
ples from weaned pigs with or without clinical diarrhoea.
Prev Vet Med 100(3—4):163—-170. https://doi.org/10.1016/;.
prevetmed.2011.04.014

Pié¢ S, Lallés JP, Blazy F, Laffitte J, Séve B, Oswald IP (2004) Weaning
is Associated with an Upregulation of expression of inflammatory
cytokines in the intestine of piglets. J Nutr 134:641-647

Pluske JR, Hampson DJ, Williams IH (1997) Factors influencing the
structure and function of the small intestine in the weaned pig: a
review. Livest Prod Sci 51(1-3):215-236

Quan J, Cai G, Ye J, Yang M, Ding R, Wang X, Zheng E, Fu D, Li S,
Zhou S, Liu D, Yang J, Wu Z (2018) A global comparison of the

@ Springer

microbiome compositions of three gut locations in commercial
pigs with extreme feed conversion ratios. Sci Rep 14(1):4536.
https://doi.org/10.1038/s41598-018-22692-0

Re R, Pellegrini N, Proteggente A, Pannala A, Yang M, Rice-Evans
C (1999) Antioxidant activity applying an improved ABTS
radical cation decolorization assay. Free Radic Biol Med
26(9-10):1231-1237

Rebucci R, Comi M, Ghiringhelli M, Giorgi S, Cheli F, Bontempo V
(2021) Lauric acid saponified with calcium ameliorates indices
of intestinal function and gut health in weaned piglets. Italian J
Anim Sci 20(1):1479-1490

Rebucci R, Staurenghi V, Marchetti L, Giromini C, Bontempo V
(2022) Effects of nature identical essential oils (carvacrol, thymol
and cinnamaldehyde) on growth performance of piglets and non-
invasive markers of antioxidant status and calprotectin release.
Livest Sci 263:104959

Regmi PR, Ferguson NS, Zijlstra RT (2009) In vitro digestibility tech-
niques to predict apparent total tract energy digestibility of wheat
in grower pigs. J Anim Sci 87:3620-3629

Ren W, Yu B, YuJ, Zheng P, Huang Z, Luo J, Mao X, He J, Yan H, Wu
J, Chen D, Luo Y (2022) Lower abundance of Bacteroides and
metabolic dysfunction are highly associated with the post-wean-
ing diarrhea in piglets. Sci China Life Sci 65(10):2062-2075.
https://doi.org/10.1007/s11427-021-2068-6

Rivera-Gomis J, Peres Rubio C, Martinez Conesa C, Otal Salaverri J,
Cer6n JJ, Tortosa DE, Cubero Pablo MJ (2020) Effects of dietary
supplementation of garlic and oregano essential oil on biomarkers
of oxidative status, stress and inflammation in postweaning pig-
lets. Animals (Basel). 11;10(11):2093. https://doi.org/10.3390/
anil0112093

Roller S, Seedhar P (2002) Carvacrol and cinnamic acid inhibit micro-
bial growth in fresh cut melon and kiwifruit at 4 and 8 C. Lett
Appl Microbiol 35(5):390e4

Rosen MJ, Callahan BJ, Fisher DS, Holmes SP (2012) Denoising PCR-
amplified metagenome data. BMC Bioinformatics 13(1):1-16

Ruckman LA, Petry AL, Gould SA, Kerr BJ, Patience JF (2020) The
effects of enzymatically treated soybean meal on growth perfor-
mance and intestinal structure, barrier integrity, inflammation,
oxidative status, and volatile fatty acid production of nursery pigs.
Transl Anim Sci. 2020 4(3):txaal70. https://doi.org/10.1093/tas/
txaal70

Saco Y, Pefia R, Matas-Quintanilla M, Ibafiez-Lopez FJ, Pifieiro M,
Sotillo J, Bassols A, Gutiérrez AM (2023) Influence of the cir-
cadian cycle, sex and production stage on the reference values
of parameters related to stress and pathology in porcine saliva.
Porcine Health Manag Sep 29(1):42. https://doi.org/10.1186/
s40813-023-00337-7

Sanchez J, Matas M, Ibafiez-Lopez FJ, Hernandez I, Sotillo J, Gutiér-
rez AM (2022) The connection between stress and Immune
Status in pigs: a first salivary analytical panel for disease dif-
ferentiation. Front Vet Sci 16:9:881435. https://doi.org/10.3389/
fvets.2022.881435

Shao Y, Peng Q, Wu Y, Peng C, Wang S, Zou L, Qi M, Peng C, Liu H,
Li R, Xiong X, Yin Y (2023) The Effect of an essential oil blend
on growth performance, intestinal health, and microbiota in early-
weaned piglets. Nutrients 14(152):450. https://doi.org/10.3390/
nul5020450

SongY, LuoY, YuB, He J, Zheng P, Mao X, Huang Z, Luo J, Luo Y, Yan
H, Wang Q, Wang H, Chen D, Yu J (2021) Tannic acid extracted
from gallnut prevents post-weaning diarrhea and improves
intestinal health of weaned piglets. Anim Nutr 7(4):1078-1086.
https://doi.org/10.1016/j.aninu.2021.04.005

Sturgeon C, Fasano A (2016) Zonulin, a Regulator of Epithelial and
endothelial barrier functions, and its involvement in Chronic
Inflammatory diseases. Tissue Barriers 4:¢1251384. https://doi.
org/10.1080/21688370.2016.1251384


https://doi.org/10.1038/s41598-018-22692-0
https://doi.org/10.1007/s11427-021-2068-6
https://doi.org/10.3390/ani10112093
https://doi.org/10.3390/ani10112093
https://doi.org/10.1093/tas/txaa170
https://doi.org/10.1093/tas/txaa170
https://doi.org/10.1186/s40813-023-00337-7
https://doi.org/10.1186/s40813-023-00337-7
https://doi.org/10.3389/fvets.2022.881435
https://doi.org/10.3389/fvets.2022.881435
https://doi.org/10.3390/nu15020450
https://doi.org/10.3390/nu15020450
https://doi.org/10.1016/j.aninu.2021.04.005
https://doi.org/10.1080/21688370.2016.1251384
https://doi.org/10.1080/21688370.2016.1251384
https://doi.org/10.1080/1745039X.2020.1726719
https://doi.org/10.1080/1745039X.2020.1726719
https://doi.org/10.1128/spectrum.00688-21
https://doi.org/10.1016/j.jdent.2018.08.010
https://doi.org/10.1002/jsfa.12322
https://doi.org/10.1002/jsfa.12322
https://doi.org/10.1152/ajpgi.00197.2006
https://doi.org/10.1152/ajpgi.00197.2006
https://doi.org/10.1292/jvms.10-0009
https://doi.org/10.1292/jvms.10-0009
https://doi.org/10.1371/journal.pone.0106335
https://doi.org/10.1371/journal.pone.0106335
https://doi.org/10.1016/j.prevetmed.2011.04.014
https://doi.org/10.1016/j.prevetmed.2011.04.014

Veterinary Research Communications

Su J, Zhu Q, Zhao Y, Han L, Yin Y, Blachier F, Wang Z, Kong X
(2018) Dietary supplementation with Chinese herbal residues or
their fermented products modifies the colonic microbiota, bacte-
rial metabolites, and expression of genes related to Colon barrier
function in weaned piglets. Front Microbiol 21:9:3181. https://
doi.org/10.3389/fmicb.2018.03181

Suntres ZE, Coccimiglio J, Alipour M (2015) The bioactivity and toxi-
cological actions of carvacrol. Crit Rev Food Sci Nutr 55(3):304—
318. https://doi.org/10.1080/10408398.2011.653458

Svobodova I, Chaloupkova H, Koncel R, Bartos L, Hradecka L, Jebavy
L (2014) Cortisol and secretory immunoglobulin a response to
stress in German shepherd dogs. PLoS ONE. 17;9(3):¢90820.
https://doi.org/10.1371/journal.pone.0090820

Swanson AJ, Cochrane RA, Amachawadi RG, Remfry S, Lerner AB,
Nagaraja TG, Pluske JR, Niederwerder MC, Stark CR, Paulk CB,
Woodworth JC, Dritz SS, Tokach MD, DeRouchey JM, Good-
band RD, Jones CK (2018) Determination of the minimum inhib-
itory concentration of various medium chain fatty acid-based
products in E. Coli, Enterotoxigenic E. Coli, and Campylobacter
coli. J Anim Sci 96(suppl2):101093jassky073479

Tangney CC, Rasmussen HE (2013) Polyphenols, inflammation, and
cardiovascular disease. Curr Atheroscler Rep 15:324

Umeda K, Ikenouchi J, Katahira-Tayama S, Furuse K, Sasaki H,
Nakayama M, Matsui T, Tsukita S, Furuse M, Tsukita S (2006)
Z0-1 and ZO-2 independently determine where claudins are
polymerized in tight-Junction strand formation. Cell 126:741—
754. https://doi.org/10.1016/j.cell.2006.06.043

Wang J, Ji H (2019) Tight Junction proteins in the weaned piglet intes-
tine: roles and regulation. Curr Protein Pept Sci 20:652—660.
https://doi.org/10.2174/1389203720666190125095122

Wang T, Teng K, Liu Y, Shi W, Zhang J, Dong E, Zhang X, Tao Y,
Zhong J (2019) Lactobacillus plantarum PFM 105 promotes
intestinal development through modulation of gut micro-
biota in weaning piglets. Front Microbiol 5:10:90. https://doi.
org/10.3389/fmicb.2019.00090

Wang C, Wei S, Chen N, Xiang Y, Wang Y, Jin M (2022) Charac-
teristics of gut microbiota in pigs with different breeds, growth
periods and genders. Microb Biotechnol 15(3):793-804. https://
doi.org/10.1111/1751-7915.13755

Wang L, Zhang Z, Zhu X, Zhao Y, Igbal M, Lin Z, Nawaz S, Xu M, Hu
M, Bhutto ZA, Li J (2023) The effect of Lactobacillus sakei on
growth performance and Intestinal Health in Dogs: gut microbi-
ota and metabolism study. Probiotics Antimicrob Proteins. https://
doi.org/10.1007/512602-023-10160-9

Watrelot AA, Le Guernevé C, Hallé H, Meudec E, Véran F, Williams
P, Robillard B, Garcia F, Poncet-Legrand C, Cheynier V (2020)
Multimethod Approach for extensive characterization of Gallnut
tannin extracts. J Agric Food Chem 68(47):13426-13438. https://
doi.org/10.1021/acs.jafc.9b08221

Wei HK, Xue HX, Zhou ZX, Peng J (2017) A carvacrol-thymol blend
decreased intestinal oxidative stress and influenced selected
microbes without changing the messenger RNA levels of tight
junction proteins in jejunal mucosa of weaning piglets. Animal
11(2):193-201. https://doi.org/10.1017/S1751731116001397

Williams JM, Duckworth CA, Burkitt MD, Watson AJ, Campbell BJ,
Pritchard DM (2015) Epithelial cell shedding and barrier function:

amatter of life and death at the small intestinal villus tip. Vet Pathol
52(3):445-455. https://doi.org/10.1177/0300985814559404

Wojtunik-Kulesza K, Oniszczuk A, Oniszczuk T, Combrzynski M,
Nowakowska D, Matwijczuk A (2020) Influence of in vitro diges-
tion on composition, bioaccessibility and antioxidant activity of
food polyphenols-a non-systematic review. Nutrients 12(5):1401.
https://doi.org/10.3390/nu12051401

WuJ, He C, BuJ, Luo Y, Yang S, Ye C, Yu S, He B, Yin Y, Yang X
(2020) Betaine attenuates LPS-induced downregulation of Occlu-
din and Claudin-1 and restores intestinal barrier function. BMC
Vet Res 16. https://doi.org/10.1186/s12917-020-02298-3

WuJ, Wang J, Lin Z, Liu C, Zhang Y, Zhang S, Zhou M, Zhao J, Liu H,
Ma X (2023) Clostridium butyricum alleviates weaned stress of
piglets by improving intestinal immune function and gut micro-
biota. Food Chem 30(Pt B):135014. https://doi.org/10.1016/j.
foodchem.2022.135014

Xu J, Kausalya PJ, Phua DCY, Ali SM, Hossain Z, Hunziker W (2008)
Early embryonic lethality of mice lacking ZO-2, but not ZO-3,
reveals critical and nonredundant roles for individual zonula
occludens proteins in mammalian development. Mol Cell Biol
28:1669-1678. https://doi.org/10.1128/MCB.00891-07

Zahn C, Jaschke A, Weiske J, Hommel A, Hesse D, Augustin R, Lu
L, Hong W, Florian S, Scheepers A, Joost H-G, Huber O, Schiir-
mann A (2008) ADP-ribosylation factor-like GTPase ARFRP1 is
required for trans-golgi to plasma membrane trafficking of E-cad-
herin. J Biol Chem 283:27179-27188. https://doi.org/10.1074/
jbc.M802108200

Zentek J, Buchheit-Renko S, Ferrara F, Vahjen W, Van Kessel AG,
Pieper R (2011) Nutritional and physiological role of medium-
chain triglycerides and medium-chain fatty acids in piglets.
Anim Health Res Rev 12(1):83-93. https://doi.org/10.1017/
S1466252311000089

Zhang B, Guo Y (2009) Supplemental zinc reduced intestinal perme-
ability by enhancing occludin and zonula occludens protein-1
(ZO-1) expression in weaning piglets. Br J Nutr 102(5):687-693.
https://doi.org/10.1017/S0007114509289033

Zhang Y, Li Q, Wang Z, Dong Y, Yi D, Wu T, Wang L, Zhao D, Hou' Y
(2023) Dietary supplementation with a complex of cinnamalde-
hyde, carvacrol, and thymol negatively affects the intestinal func-
tion in LPS-challenged piglets. Front Vet Sci. 2023;10:1098579.
https://doi.org/10.3389/fvets.2023.1098579

Zhao BC, Wang TH, Chen J, Qiu BH, Xu YR, Zhang Q, Li JJ, Wang
CJ, Nie QF, Li JL (2023) Effects of dietary supplementation
with a carvacrol-cinnamaldehyde-thymol blend on growth per-
formance and intestinal health of nursery pigs. Porcine Health
Manag 9(1):24. https://doi.org/10.1186/s40813-023-00317-x

Zou Y, Xiang Q, Wang J, Peng J, Wei H (2016) Oregano essential oil
improves intestinal morphology and expression of tight junc-
tion proteins associated with modulation of selected intestinal
bacteria and immune status in a pig model. Biomed Res Int
2016(2016):5436738. https://doi.org/10.1155/2016/5436738

Publisher’s note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1177/0300985814559404
https://doi.org/10.3390/nu12051401
https://doi.org/10.1186/s12917-020-02298-3
https://doi.org/10.1016/j.foodchem.2022.135014
https://doi.org/10.1016/j.foodchem.2022.135014
https://doi.org/10.1128/MCB.00891-07
https://doi.org/10.1074/jbc.M802108200
https://doi.org/10.1074/jbc.M802108200
https://doi.org/10.1017/S1466252311000089
https://doi.org/10.1017/S1466252311000089
https://doi.org/10.1017/S0007114509289033
https://doi.org/10.3389/fvets.2023.1098579
https://doi.org/10.1186/s40813-023-00317-x
https://doi.org/10.1155/2016/5436738
https://doi.org/10.3389/fmicb.2018.03181
https://doi.org/10.3389/fmicb.2018.03181
https://doi.org/10.1080/10408398.2011.653458
https://doi.org/10.1371/journal.pone.0090820
https://doi.org/10.1016/j.cell.2006.06.043
https://doi.org/10.2174/1389203720666190125095122
https://doi.org/10.3389/fmicb.2019.00090
https://doi.org/10.3389/fmicb.2019.00090
https://doi.org/10.1111/1751-7915.13755
https://doi.org/10.1111/1751-7915.13755
https://doi.org/10.1007/s12602-023-10160-9
https://doi.org/10.1007/s12602-023-10160-9
https://doi.org/10.1021/acs.jafc.9b08221
https://doi.org/10.1021/acs.jafc.9b08221
https://doi.org/10.1017/S1751731116001397

	﻿Dietary supplementation with a blend composed of carvacrol, tannic acid derived from ﻿Castanea sativa﻿ and ﻿Glycyrrhiza glabra﻿, and glycerides of medium chain fatty acids for weanling piglets raised in commercial farm
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿In vitro digestion, total phenolic content and antioxidant capacity
	﻿Animals housing and experimental design
	﻿Growth parameters, fecal score and general health
	﻿Salivary cortisol level, immunoglobulins a (IgAs), and total antioxidant capacity (TAC)
	﻿Intestine histology and histometry
	﻿Gut barrier assessment: E-Cadherin, Zonulin-1, and Occludin immunofluorescence staining
	﻿Caecal microbiota evaluation: sample collection and DNA extraction
	﻿16 S ribosomal RNA (rRNA) gene sequencing and bioinformatics processing
	﻿Statistical evaluation

	﻿Results
	﻿Health status and adverse events
	﻿In vitro digestibility: TPC, FRAP and ABTS assay
	﻿Fecal score
	﻿Growth performances
	﻿Salivary cortisol, IgAs, and total antioxidant capacity (TAC)



