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a b s t r a c t

Optimal intestinal health and functionality are essential for animal health and performance, and
simultaneously intestinal nutrient transporters and intestinal peptides are also involved in appetite and
feed intake control mechanisms. Given the potential of essential oil (EO) in improving animal perfor-
mance and improving feed palatability, we hypothesized that dietary supplementation of cinnamalde-
hyde and carvacrol could improve performance and appetite of nursery pigs by modulating intestinal
health and microbiota. Cinnamaldehyde (100 mg/kg), carvacrol (100 mg/kg), and their mixtures
(including 50 mg/kg cinnamaldehyde and 50 mg/kg carvacrol) were supplemented into the diets of 240
nursery pigs for 42 d, and data related to performance were measured. Thereafter, the influence of EO on
intestinal health, appetite and gut microbiota and their correlations were explored. EO supplementation
increased (P < 0.05) the body weight, average daily gain (ADG) and average daily feed intake (ADFI) of
piglets, and reduced (P < 0.05) diarrhea rates in nursery pigs. Furthermore, EO increased (P < 0.05) the
intestinal absorption area and the abundance of tight junction proteins, and decreased (P < 0.05) in-
testinal permeability and local inflammation. In terms of intestinal development and the mucus barrier,
EO promoted intestinal development and increased (P < 0.05) the number of goblet cells. Additionally,
we found that piglets in the EO-supplemented group had upregulated (P < 0.05) levels of transporters
and digestive enzymes in the intestine, which were significantly associated with daily gain and feed
utilization. In addition, EO supplementation somewhat improved appetite in nursery pigs, increased the
diversity of the gut microbiome and the abundance of beneficial bacteria, and there was a correlation
between altered bacterial structure and appetite-related hormones. These findings indicate that EO is
effective in promoting growth performance and nutrient absorption as well as in regulating appetite by
improving intestinal health and bacterial structure.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).
1. Introduction

The nursery period is considered to be one of the most critical
periods in pig management, during which piglets experience
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changes such as weaning, separation from sows, hierarchy stress,
new housing environment, and a sudden change of diets from sow
milk to solid feeds (Helm et al., 2019). Providing nursery pigs with
optimal nutrition and an ideal growth environment can ensure
their health and achieve maximum lifelong performance. Upon
weaning, pigs with a poor transition from milk to dry feed may
compromise their intestinal health and fall victim to disease chal-
lenges (Tang et al., 2022). The intestine is the principal organ for the
digestion and absorption of nutrients. Optimal intestinal health and
functionality are essential for animal health and performance since
it has direct repercussions on both the digestibility and absorption
of nutrients (Kogut and Arsenault, 2016). Furthermore, the
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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intestine serves as an innate defense barrier against most of the
intestinal pathogens that strongly affect the maintenance of sys-
temic health. Consequently, the intestinal tract is considered a
central site for optimizing the health and production of pigs.

Establishing a healthymicrobiota in the intestine of nursery pigs
is extremely important for intestinal barrier function, immune
system development, and utilization rate of feed, and promotes pig
growth (Chen et al., 2018; Kabat et al., 2014; Li et al., 2018a). The
intestinal microbial community may further interact with the in-
testinal epithelium and ultimately regulate intestinal absorption
and production performance (Gresse et al., 2017). In connection, the
gut microbiota generates and releases enormous quantities of
compounds that may influence how the host tissues absorb and
store energy, as well as energy expenditure and intestinal motility.
Moreover, intestines and microbiota can participate in appetite and
food intake control mechanisms through a complex multidirec-
tional crosstalk system between gut bacteria, the enteric nervous
system and the brain (Han et al., 2021). Notably, several physio-
logical processes, including signals from the stomach and intestines
and metabolic hormones, are used to control this regulation
(including leptin [LEP], ghrelin and insulin) (Mantzoros et al., 2011).
In healthy pigs, intestinally derived hormone improves intestinal
development, digestion, absorption, barrier function, and blood
flow (Roura et al., 2016). It also prevents intestine damage and
speeds up recovery inmodels of intestinal inflammation (Thymann,
2016). Moreover, the primary site for nutrient absorption is the
small intestine, which recognizes the components of the intestinal
chyme to communicate nutritional information to the rest of the
body. Absorptive epithelial cells selectively absorb nutrition from
the gut lumen by regulating the expression of key nutrient trans-
porters in the brush-like border membrane (Chaudhry et al., 2012;
Gorboulev et al., 2012). Also, energy intake, expenditure and ho-
meostasis are jointly controlled by the expression of nutrient
transporters and intestinal peptide production (Mace andMarshall,
2013). In pig production, the multiple stressors experienced by
nursery pigs result in metabolic problems, lack of appetite, sluggish
growth and weakened immune function, which seriously affect the
growth performance and economic benefits of pigs. Hence, the
regulation of the intestinal microbiota, metabolic hormones, and
intestinal nutrient transporters can be the key to promoting
enhanced responses to nutritional interventions.

Antibiotics are effective in improving feed utilization, main-
taining livestock health and promoting growth, but excessive use of
antibiotics gradually exposes many drawbacks, such as enhanced
resistance to disease-causing bacteria, disturbed gut microbiome
composition, and antibiotic residues in livestock. In this context,
identifying alternative nutritional strategies for the management of
nursery pigs is a critical topic around the world. Essential oils (EO)
can not only inhibit the growth of harmful bacteria without
developing drug resistance but also improve their productive ca-
pacity by increasing feed characteristics, boosting performance and
intestinal health (Roura et al., 2016). Because of their antibacterial,
anti-inflammatory, and antioxidant qualities, carvacrol and cinna-
maldehyde are commonly used in the pig farming industry to boost
growth performance and cure postweaning diarrhea (Omonijo
et al., 2018). Numerous studies demonstrated that combining
multiple EO compounds may lead to more effective treatment than
using each component separately. Wei et al. (2017) showed that
feeding a combination of carvacrol and thymol to weaned pigs
reduced intestinal oxidative stress. Ma et al. (2022) reported that
diets supplemented with EO improved intestinal barrier function
and regulated the structure of the cecal and colonic microbial
community. Some studies reported that carvacrol could enhance
digestive enzyme activity and absorption capacity (Hashemipour
et al., 2013). Furthermore, carvacrol and cinnamaldehyde were
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shown to stimulate appetite to diminish health challenges and
stress (Froehlich et al., 2017; Ogawa and Ito, 2016). In light of prior
studies, we hypothesize that introducing EO into the immature
gastrointestinal tract of nursery pigs would stimulate morpholog-
ical and functional development and further promote appetite. The
specific objectives of the current study were to investigate the ef-
fects of the addition of cinnamaldehyde, carvacrol, and their mix-
tures to diets on performance, intestinal villi morphology, intestinal
barrier function, digestive capacity, colonic microbiota and
appetite-related hormones in nursery pigs, and in particular to
screen for the optimal EO additive.

2. Materials and methods

2.1. Animal ethics

The experiment followed animal protection law (Ethic Approval
Code: NEAUEC20220825) and was performed in accordance with
the Guide for the Care and Use of Laboratory Animals approved by
the Northeast Agricultural University Institutional Animal Ethics
Committee.

2.2. EO product

The EO combination product was supplied by Weiyuan Animal
Pharmaceutical Co., Ltd. (Hebei, China). Briefly, the carvacrol com-
bination product mainly contained 10% carvacrol; the cinna-
maldehyde combination product mainly contained 10%
cinnamaldehyde; and the carvacrol þ cinnamaldehyde combina-
tion product mainly contained 5% carvacrol and 5% cinnamalde-
hyde. EO in all products were microencapsulated in a triglyceride
matrix of hydrogenated vegetable oils. The product was added to
the diet at approximately 0.1%.

2.3. Animals and experimental design

A total of 240 cross-bred (Landrace � Large White) weaned pigs
(age, 28 ± 2 d; initial body weight [BW], 8.08 ± 0.34 kg; 96 females
and 144 castrated males) were assigned randomly into four dietary
treatments in a randomized whole block design based on BW and
gender: (1) corn-soybeanmeal basal diet (Con group); (2) basal diet
with cinnamaldehyde (effective content 100 mg/kg) (Cin group);
(3) basal diet with carvacrol (effective content 100 mg/kg) (Car
group); and (4) basal diet with cinnamaldehyde (effective content
50 mg/kg) and carvacrol (effective content 50 mg/kg) (Cin þ Car
group). The feed additive dose was selected according to previous
studies of Mo et al. (2021) and Ma et al. (2022). The EO product and
the basal diet were mixed well and then fed as a powder. All piglets
were healthy and ear-tagged for identification and vaccinations
before weaning. For the 42-d trial, each group involved 60 piglets
divided into 6 pens with 10 piglets per pen.

The levels of the nutrition met or exceeded NRC (2012) stan-
dards (Zhao et al., 2023a) and the ingredients of the basal diet are
shown in Table S1. The diets were fed to the piglets in three phases
for an average of 6weeks. Themain nutrients (including drymatter,
ash, crude fat, crude fiber, crude protein, micronutrients, etc.) in
feeds were determined by applying near-infrared spectroscopy
(NIRS) using a MATRIX I FT-NIR instrument (Bruker, Germany)
(Arce et al., 2009). The NE of the experimental diets and test in-
gredients were calculated according to the equations established by
Noblet et al. (1994). The calculation formula was as follows:
NE ¼ 2875 þ (4.38 � crude fat) þ (7.459 � crude
protein) � (5.50 � ash) � [2.01 � (neutral detergent fiber � acid
detergent fiber)] � (4.02 � acid detergent fiber).
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The experimental piglets were housed in 3.0 m � 2.0 m � 0.7 m
fenced pens with a leaky sprayed plastic floor. Each pen was
equipped with a rectangular plastic adjustable slot and a duckbill
waterer. An automatic monitoring system maintained a suitable
temperature (28 �C for 0 to 7 d, then lowered by 1 �C per week until
23 �C), humidity (60% to 70%) and CO2 concentration (below 0.15%).
The weaned piglets were also periodically dewormed and inocu-
lated on d 7, 14, and 21 (attenuated highly pathogenic porcine
reproductive and respiratory syndrome virus vaccine, pseudorabies
vaccine, and freeze-dried attenuated classical swine fever virus
vaccine, respectively). The surveillance system kept track of the
feeding and health of the piglets. Feed was replenished in sufficient
quantities at 07:30 and 18:30 daily to ensure ad libitum access.
Overall, the piglets were fed powdered feed and allowed to eat and
drink as they pleased. There was no mortality in the piglets during
the experimental period.
2.4. Growth performance and diarrhea rate

On d 0, 14, 28, and 42 postweaning, all the experimental pigs
were weighed separately. On the same day, pen feed consumption
was calculated by subtracting the weight of any residual feed in
the feeder from the total amount of feed supplied to the feeder
during each phase. Average daily gain (ADG), average daily feed
intake (ADFI), and feed conversion ratio (FCR) were measured per
pen during each phase and the total feeding period using the data
of BW and feed consumption. For diarrhea rate, pigs were
observed for diarrhea at the same time each morning throughout
the experiment. The fecal consistency of each pig was graded on a
scale of 0 to 3 (0 for normal feces, 1 for pasty feces, 2 for semi-
liquid feces, and 3 for liquid feces). A fecal score of 2 or above was
considered diarrhea. The rate of diarrhea (percent) was computed
as the number of diarrheal piglets divided by the number of an-
imals observed and days of inspection. For cough rate, the
occurrence of cough was observed by only one veterinarian at the
same time each morning throughout the experiment. Pigs in each
pen were forced to get up and the number of coughs was recorded
for more than 2 min. Piglets with obvious and more than 5
consecutive sneezes or coughs were defined as having piglet
asthma. The cough rate (percent) was computed as the number of
piglets with cough divided by the number of animals observed
and days of inspection.
2.5. Sample collection

On d 42, after weighing all the piglets, 1 pig from each pen with
the average weight was selected. A total of 6 piglets were selected
and sacrificed after rapid intracardial injection of sodium pento-
barbital (50 mg/kg BW) anesthesia (Sun et al., 2020). A 2 to 3 cm
segment of the middle section with more vessels of the jejunum
(middle jejunum) and 2 to 3 cm segment of the end of the ileum
near the cecum (distal ileum) were obtained, flushed in ice-cold
physiological saline or PBS and stored in 4% paraformaldehyde or
2.5% glutaraldehyde for histological analysis and scanning electron
microscopy. The contents of the jejunum and ileum from other
segments of the intestine were collected and kept at �80 �C. The
intestinal segment was dissected lengthwise, washedwith PBS, and
the mucosal layer on the surface was scraped with a glass slide and
collected. Colonic mucosa was obtained and kept at �80 �C. Blood
samples were collected by the vena jugularis into vacuum blood
tubes, then centrifuged at 3000 � g for 30 min, and the serum was
extracted and kept at �80 �C.
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2.6. Cell culture, treatment, transepithelial electrical resistance
(TEER) and FD4 flux detection

IPEC-J2 cells were pre-incubated with different concentrations
of carvacrol (50 mM) or cinnamaldehyde (25 mM) for 24 h, followed
by co-treatment with lipopolysaccharide (LPS; 10 mg/mL) for
another 24 h or co-treatment with H2O2 (600 mM) for another 8 h.
Specifically, the cells were cultured and processed as described in
the supplementary material.

2.7. Histological and morphometric analysis

Paraffinwax-embedded sections were cut into 4-mm thick serial
sections and stained with haematoxylin and eosin (H&E). In addi-
tion, the number of goblet cells and glycogen-positive regions were
observed via Alcian blue-PAS-stain and PAS-stain, and selected for
evaluation in five independent fields. The crypt depth (CD) was
calculated from the bottom of the crypt to the crypt-villus junction.
The villus height (VH) was measured from the crypt-villus junction
to the tip of the villus. For each group, at least 8 villi weremeasured
from each sample.

2.8. Scanning electron microscope

The tissues were immersed in 2.5% glutaraldehyde for 24 h at
4 �C, then flushed in PBS and treated for 1 h in sodium cacodylate
buffer with 1% osmium tetroxide. Next, the samples were sequen-
tially dried to the critical point in alcohol solvent and liquid CO2
under pressure. Subsequently, the samples were glued to the stubs
with carbon tape and covered with gold. The images were captured
by a scanning electron microscope (EVO MA 15, Carl Zeiss AG, Jena,
Germany).

2.9. RNA extraction and quantitative real-time PCR (qRT-PCR)

RNA extraction and qRT-PCR were performed according to
previously published methods (Zhao et al., 2022, 2023b). Briefly,
the total RNA of the samples was extracted using TRIzol reagent
(Invitrogen, Carlsbad, USA) in accordance with the manufacturer's
protocol. The RNA concentration and quality were analyzed using a
Thermo Scientific NanoDrop 2000 spectrophotometer (Thermo
Scientific, Waltham, MA, USA), and all samples had optical density
(OD) values between 1.9 and 2.1. The reverse transcription (cDNA)
was synthesized from 1 mg of total RNAwith All-in-One First-Strand
cDNA Synthesis SuperMix for qPCR (AT341-01; TransGen Biotech,
Beijing, China). Quantitative Real-time PCR was performed using
Top Green qPCR SuperMix (TransGen Biotech, Beijing, China) using
1 mL first-strand cDNA in a volume of 10 mL, and was run in the
Applied Biosystems QuantStudio 5 Real-Time PCR System (Thermo
Scientific, Wilmington, MA, USA). The conditions were as follows:
initial denaturation at 94 �C for 30 s, 30 cycles of amplification
(denaturation at 94 �C for 5 s, annealing at 56 �C for 15 s, and
extension at 72 �C for 10 s), and extension at 72 �C for 10 min. All
samples were run in triplicate. b-Actin was used as an endogenous
control. The sequence of primers is listed in Table S2. Eventually, the
2�DDCt method was used to analyze the relative fold changes.

2.10. Biochemical analysis

Using the manufacturer's instructions, serum diamine oxidase
(DAO), D-lactic acid (D-LA), endothelin (ET), cholecystokinin (CCK),
growth hormone (GH), ghrelin, orexin, gastric inhibitory poly-
peptide (GIP), insulin, glucagon-like peptide-1 (GLP-1), LEP, and
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peptide YY (PYY) were quantified using an available enzyme-linked
immunosorbent assay (ELISA) kit (ChengLinBio, Beijing, China).
Trypsin (ultraviolet colorimetry), lipase (microplate method) and
amylase (starch-iodine colorimetry) from intestinal content were
quantified by ELISA kits (Nanjing Jiancheng Bioengineering Insti-
tute, Nanjing, China) and chymotrypsin from intestinal content was
also assayed by ELISA kit (ChengLinBio, Beijing, China). The IL-b,
tumor necrosis factor alpha (TNF-a) and IL-6 levels in colonic mu-
cosa samples were quantified according to the ELISA method
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China).

2.11. Immunofluorescence staining

Immunofluorescence staining was performed according to
previously published methods (Zhao et al., 2020, 2021). Briefly,
slices were incubated with primary antibody (Table S3) overnight
at 4 �C after blocking in 5% bovine serum albumin for 1.5 h at 25 �C.
Later, the slices were washed in PBS. Subsequently, slices were
incubated with fluorescent dye conjugated secondary antibodies
(1:50; SA00003-2, Proteintech, Chicago, USA) for 1 h and kept in
dark place. In the end, the nuclei were stained with 2-(4-
amidinophenyl)-6-indolecarbamidine dihydrochloride (DAPI) for
10 min at 25 �C. Slices were observed by a DM5000 B fluorescence
microscope (Leica,Wetzlar, Germany). Quantizationwas performed
using Image-Pro Plus software.

2.12. Western blotting

Protein lysates were incubated with the primary antibody
(Table S3) overnight at 4 �C. The membranes were treated with
secondary antibodies for 1 h after being rinsed with PBS with
Tween 20. Proteins were visualized using an Ultra High Sensitivity
ECL Kit (HY-K1005, MedChemExpress, Shanghai, China). Western
blot procedures were performed according to previously published
methods (Zhao et al., 2022).

2.13. 16S rRNA sequencing and data analysis

Total genomic DNA was divided from the content of colon
samples by the QIAamp DNA Fecal Mini Kit (Qiagen, Hilden, Ger-
many). The purity and integrity of the DNA were determined using
a NanoDrop 2000 spectrophotometer (Thermo Scientific, Waltham,
MA, USA) and 1% agarose gel electrophoresis. The V3eV4 region of
the bacterial 16S rDNA was amplified with primers 27F (50-
AGRGTTYGATYMTGGCTCAG-30) and 1492R (50-RGY-
TACCTTGTTACGACTT-30) using the following program: 95 �C pre-
denaturation for 5 min, 30 cycles of 95 �C denaturation for 30 s,
50 �C annealing for 30 s, 72 �C extension for 45 s, and a final
extension at 72 �C for 8 min. Following the concentration of the
acquired PCR products, the PCR products were combined in equal
quantities, re-electrophoresed on 2% agarose gels, and the target
product bands were recovered using a QIAquick Gel Extraction Kit
(Axygen, Santa Clara Valley, USA).

Sequencing was performed on the Illumina NovaSeq platform
(Wekemo Bioincloud, Shenzhen, China). All raw sequences of all
samples were filtered, denoised (sequences corrected for
sequencing errors), merged, and dechimericed (non-chimeric) to
form operational taxonomic units (OTU) by the DADA2 plugin in
Qiime2 software. To collect species annotation information,
representative OTU sequences were chosen and compared to a
database (Greengenes Database version 13.8) (DeSantis et al.,
2006). Based on the absolute abundance and annotation data of
OTU, it is possible to calculate the ratio of the number of sequences
at the phylum and genus level to the total number of sequences in
each sample, which can effectively assess the species annotation
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resolution of the sample. The determination of alpha-diversity and
LEfSe were also conducted in Qiime2 software. The 16S marker
sequence function was predicted using the PICRUSt tool.

2.14. Bacterial growth assays of EO in vitro

Prevotella copri, Lactobacillus acidophilus (ATCC4356) and
Streptococcus suis were cultured as described previously (Chen
et al., 2021a; Liang et al., 2022; Wu et al., 2020b). The three bac-
teria mentioned above were grown in the presence or absence of
EO in LB medium for 2, 4, 8, 12 and 24 h. The concentration of
bacteria within the broth was estimated by measuring OD at
600 nm in a spectrophotometer (Thermo Scientific, Wilmington,
MA, USA). OD600 measurements are directly correlated with the
concentration of bacteria in a liquid culture.

2.15. Statistical analysis

All data were initially organized by Excel software and then
statistically analyzed using the GLM model data in SAS software
(V9.2, 2008). The dietary treatment was treated as a fixed effect and
the blocks were treated as a random effect. Individual pens were
used as statistical units to analyze data related to growth perfor-
mance, diarrhea rate and cough rate of piglets using chi-squared
test. The data on piglet serum, digestive enzymes, intestinal
morphology and so onwere analyzed based on individuals as a unit.
Multiple comparisons of group differences and significance were
performed using the Turkish method, and the means and standard
errors were calculated using the LSMEANS method. A significant
difference was defined as P < 0.05, and a trend of difference was
defined as 0.05 < P < 0.10.

3. Results

3.1. Dietary cinnamaldehyde and carvacrol improved growth
performance and reduced diarrhea rate and cough rates of nursery
pigs

EO feeding could promote the growth and development of
nursery pigs. For this purpose, cinnamaldehyde, carvacrol and their
mixtures were added to the diet for 42 d until the end of the
nursery period (Fig. 1A). As presented in Table 1, piglets fed the EO
diet had higher BW at d 14 (P < 0.05), d 28 (P < 0.01) and d 42
(P < 0.05) relative to piglets in the Con group. Besides, piglets in the
Cin þ Car group had higher BW (P < 0.05) at the end of the nursery
period (d 42), when comparedwith piglets in Con group. Combined
supplementation with carvacrol and cinnamaldehyde increased
ADG during 14 to 28 d (P < 0.05) and 28 to 42 d (P < 0.05) relative to
piglets in the Con group. However, for the whole trial period and 28
to 42 d, nutritional supplementation with EO had higher ADG
(P < 0.05). Piglets fed carvacrol and cinnamaldehyde diet improved
ADFI during 14 to 28 d (P < 0.05) when compared to the CON diet.
Dietary EO supplementation was also able to increase ADFI
(P < 0.01) of piglets during 14 to 28 d. EO supplementation mark-
edly decreased the rate of diarrhea during 0 to 14 d,14 to 28 d, 28 to
42 d and the whole experimental period (P < 0.05). Dietary sup-
plementation of carvacrol significantly reduced diarrhea rates
during 14 to 28 d (P < 0.05), and cinnamaldehyde and carvacrol co-
feeding also decreased the rate of diarrhea during 0 to
14 d (P < 0.05). In addition, comparedwith piglets in the Con group,
EO supplementation dramatically reduced cough rate during 0 to
14 d and 14 to 28 d. The rate of cough was lower in the Car group
and Cinþ Car group during theweaning period (0 to 14 d) in piglets
(P < 0.05).
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3.2. Dietary cinnamaldehyde and carvacrol increased intestinal
absorptive surface and improved villus morphology of nursery pigs

EO supplementation could increase BW of nursery pigs. To
determine if the length of the small intestines correlated with BW,
we compared small intestine length in the Con group with several
EO groups of nursery pigs at d 42. Pigs in the EO-fed group had
longer small intestine length, and the length of the small in-
testines correlated with the BW (P < 0.01; Fig. 1B). ADFI and small
intestine length strongly matched in the Con, Cin, Car, Cin þ Car
groups of nursery pigs (Fig. 1C). As shown in Fig. 1DeG, there is a
significant increase in the height of the jejunal villi in the nursery
pigs fed a mixture of cinnamaldehyde and carvacrol (P < 0.05), but
not in those fed cinnamaldehyde alone at d 42. In addition, pigs in
the Car group had higher VH in the middle jejunum and distal
ileum than those in the Con group (P < 0.05), but the Car group
had a better effect on the VH than the Cin group (P < 0.05). The
ratio of VH to CD in the distal ileum section was similarly
dramatically increased by dietary carvacrol administration (P <
0.05). The CD did not differ between the groups. Scanning electron
microscopy images revealed that the jejunal and ileal villi in the
EO-fed group were more neatly arranged and more compact (P <
0.05; Fig. 1H). Moreover, there is a positive relationship between
ADG and average villus length in the middle jejunum and distal
ileum parts (Fig. 1I), suggesting that increased intestinal absorp-
tive surface can influence daily gain.
3.3. Dietary cinnamaldehyde and carvacrol enhanced intestinal
tight junctions of nursery pigs

To further investigate the effect of EO on tight junction struc-
ture, we measured the abundance of tight junction protein by
immunofluorescence and Western blotting. Thin cross-sections of
the middle jejunum and distal ileum parts labeled with tight
junction proteins zonula occludens-1 (ZO-1) and occludin
revealed that dietary supplementation with EO increased levels of
tight junction proteins compared to nursery pigs in the Con group
(Fig. 2A). Similarly, the protein abundances of ZO-1, E-cadherin,
occludin, claudin-1 and claudin-5 in the jejunum and ileum
showed an increasing trend in both the Car group and the
Cin þ Car group (P < 0.05; Fig. 2B and C). Important markers for
determining the effectiveness of the intestinal epithelial barrier
include serum concentrations of DAO, ET, and D-LA. Feed sup-
plementation with carvacrol sharply reduced serum levels of DAO
(P ¼ 0.022) and ET (P ¼ 0.002), while D-LA (P ¼ 0.028) levels were
significantly lower in the Cin þ Car group (Fig. 2D). Better tight
junctions could reduce the impact of pathogenic bacteria on local
inflammation in the intestine; we also examined the levels of
immune markers in the colonic mucosa. As expected, the level of
IL-6 (P ¼ 0.016) was markedly decreased in the Car group, and the
level of IL-1b (P ¼ 0.035) was dramatically decreased in the
Cin þ Car group (Fig. 2E). In addition, to exclude the effect of
approximately 90% of the carriers in the additive, IPEC-J2 cells
were cultured in vitro to determine the effect of carvacrol and
cinnamaldehyde on intestinal epithelial barrier function. Carvacrol
or cinnamaldehyde showed a protective effect on intestinal barrier
function, as indicated by preventing the decreased TEER (P < 0.05;
Figs. S1A and S2A) and increased FD4 flux (P < 0.05; Figs. S1B and
S2B) induced in LPS or H2O2 treated cells. Accordingly, we found
that carvacrol and cinnamaldehyde increased the expression of
tight junction proteins (ZO-1, E-cadherin and occludin) in IPEC-J2
cells challenged with LPS or H2O2 (P < 0.05; Figs. S1C and S2C),
which was consistent with the immunofluorescence of occludin
(Figs. S1D and S2D).
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3.4. Dietary cinnamaldehyde and carvacrol modulated intestinal
development and mucus barrier of nursery pigs

The intestine has the fastest turnover rate of any organ and Ki67
is a marker of cellular proliferation. As shown in Fig. 2H, positive
Ki67 signals were observed as green spots in the intestine, and far
more Ki67 signals were observed in the jejunum and ileum of
nursery pigs from the Car group and the Cin þ Car group. Dietary
EO supplementation increased the protein expression of mucin-2
and lysozyme (Lyz) in the jejunum (P < 0.01), and carvacrol sup-
plementation had a more significant effect on expression (Fig. 2F
and G). Furthermore, in the ileum, the protein abundance of Ki67
and leucine-rich repeat containing G protein-coupled receptor 5
(Lgr5) was significantly increased in the Cin þ Car group (P < 0.05;
Fig. 2F and G). The distribution of mucous and goblet cells in the
jejunum and ileum of each group was noticeably different in the
jejunum and ileum among each group, according to the sections
stained with PAS and AB-PAS (Fig. 2IeL). An increasing number of
granules of PAS-positive protein were found in the jejunum and
ileum of the Cin group and the Car group.

3.5. Dietary cinnamaldehyde and carvacrol promoted intestinal
digestion and absorption in nursery pigs

The small intestinal fluid contains almost all three major cate-
gories of digestive enzymes of food (sugar, fat, protein), and the
digestion effect of digesta in the small intestine directly affects the
absorption of nutrients, which in turn affects the ADG and FCR of
nursery pigs. The results revealed that the concentration of trypsin
and lipase in jejunal contents was higher in the Car group and the
CinþCar group (P<0.05; Fig. 3AeD). In addition, trypsin levelswere
higher in the jejunum of piglets from the Cin group and in the ileum
of piglets from the Cinþ Car group (P< 0.01). In addition, Spearman
correlation analysis revealed that the activities of digestive enzymes
in the jejunum presented a highly significant positive correlation
with ADG and FCR (P < 0.05; Fig. 3I). Transporters responsible for
glucose, fructose, amino acids, and oligopeptides in the jejunumand
ileumwere also significantly altered upon EO treatment. ThemRNA
abundance of solute carrier family 1 member 1 (SLC1A1), glucose
transporter type 2 (GLUT2), glucose transporter type 5 (GLUT5),
B(0,þ)-type amino acid transport protein (RBAT), cationic amino
acid transporter 1 (CAT1), sodium-coupled neutral amino acid
transporter 2 (SNAT2), alanine-serine-cysteine transporter 2
(ASCT2), and peptide transporter 1 (PepT1) in the jejunum of piglets
supplementedwith EO in the diet was significantly higher than that
of control piglets (P<0.01; Fig. 3E). Dietary EO supplementation also
increased the mRNA abundance of SLC1A1, GLUT5, gþ system L-type
amino acid transporter 2 (gþLAT2), gþ system L-type amino acid
transporter 1 (gþLAT1), RBAT, SNAT2, and PepT1 in the ileum of
piglets (P < 0.01; Fig. 3F). Furthermore, EO treatment sharply
increased the protein abundance of SLC1A1 in the ileum, as well as
solute carrier family 5 member 1 (SLC5A1), GLUT2, GLUT5 in the
jejunum and ileum (P < 0.01; Fig. 3G and H). Spearman correlation
analysis demonstrated that the expression levels of amino acid
transporter (SLC1A1, ASCT2), glucose transporter (GLUT2), fructose
transporter (GLUT5), oligopeptide transporter (SNAT2) and PepT1 in
jejunum and ileum were significantly positively correlated with
ADG and FCR (P < 0.05; Fig. 3I).

3.6. Dietary cinnamaldehyde and carvacrol regulated appetite and
altered gut microbiota in nursery pigs

To confirm the effect of EO on appetite in nursery pigs, serum
levels of orexigenic and appetite-suppressive hormones were



Fig. 1. Effects of cinnamaldehyde and carvacrol supplementation on intestinal morphology in nursery pigs. (A) Nursery pigs were administered Con (basal diet), Cin (basal diet with
cinnamaldehyde), Car (basal diet with carvacrol) or Cin þ Car (cinnamaldehyde and carvacrol) for 42 d. (B) Linear regression of body weight vs. small intestine length. (C) Small
intestine length of nursery pigs and their average daily feed intake throughout the trial. (D) Representative images of the jejunum and ileum stained with H&E (scale bar, 200 mm).
(EeG) The CD, VH and VH to CD ratio of jejunum and ileum. (H) Intestinal morphology of jejunum and ileum shown by scanning electronic microscope. (I) Linear regression of
average daily gain vs. villus height of jejunum and ileum. CD ¼ crypt depth; VH ¼ villus height. Con means piglets fed basal diet (n ¼ 6); Cin means CON diet with 50 mg/kg
cinnamaldehyde (n ¼ 6); Car means CON diet with 50 mg/kg carvacrol (n ¼ 6); Cin þ Car means CON diet with 25 mg/kg cinnamaldehyde and 25 mg/kg carvacrol (n ¼ 6). Values for
R2 and P are indicated in each graph. Data are presented as mean ± SEM. *P < 0.05, **P < 0.01.
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measured. The results revealed that the ghrelin level in serum was
significantly increased in the Car group (P ¼ 0.033); the content of
orexin in the Car group and the Car þ Cin group was significantly
up-regulated (P < 0.05); and the content of CCK of the Car þ Cin
group was significantly down-regulated compared with the Con
group (P ¼ 0.016; Fig. 4A). High-throughput sequencing of 16S
rRNA in colonic material was performed to determine the impact
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of EO on gut microbiota. Alpha diversity was examined by calcu-
lating the Chao1, Shannon and Simpson indices (Fig. 4BeD). The
Chao1 and Shannon index were higher for the Car þ Cin group
than for the Con group (P < 0.05), and the effect of the Car þ Cin
group on the diversity of microbiota was greater than that of Cin
and Car groups (P < 0.05). The overall composition of gut micro-
biota was further analyzed at phylum level, where Firmicutes and



Table 1
Growth performance of piglets as affected by dietary Cin, Car and Cin þ Car
supplementation.1

Item Con Cin Car Cin þ Car SEM P-value

BW, kg
Initial 8.20 8.32 8.12 8.12 0.047 0.91
d 14 11.93b 12.14ab 12.28a 12.15ab 0.073 0.02
d 28 19.43b 20.17a 20.29a 20.12ab 0.195 <0.01
d 42 29.16b 29.38ab 29.85a 30.06a 0.206 0.02

ADG, g/d
d 0 to 14 266 272 297 288 6.9 0.10
d 14 to 28 536 574 572 570 9.1 0.05
d 28 to 42 662b 658b 683ab 710a 11.8 <0.01
Overall 499b 505b 517ab 522a 5.4 0.02

ADFI, g/d
d 0 to 14 414 413 435 430 5.7 0.33
d 14 to 28 686b 724a 751a 751a 15.4 <0.01
d 28 to 42 1218 1333 1334 1309 27.4 0.22
Overall 772 823 840 830 15.0 0.05

FCR
d 0 to 14 1.55 1.36 1.47 1.50 0.040 0.07
d 14 to 28 1.32 1.28 1.26 1.31 0.013 0.12
d 28 to 42 2.03 1.95 1.85 1.75 0.060 0.19
Overall 1.64 1.62 1.55 1.59 0.021 0.35

Diarrhea rate, %
d 0 to 14 24.54a 19.69ab 18.64ab 18.23b 1.454 <0.01
d 14 to 28 16.83a 11.76a 10.66b 10.97b 1.444 <0.01
d 28 to 42 10.52a 8.20b 8.45ab 8.17b 0.564 0.04
Overall 17.30a 13.22b 12.59b 12.46b 1.148 <0.01

Cough rate, %
d 0 to 14 13.61a 11.73ab 10.24b 10.51b 0.767 <0.01
d 14 to 28 6.32a 5.44ab 5.227ab 4.42b 0.391 0.03
d 28 to 42 3.71 3.16 2.65 2.83 0.232 0.17
Overall 7.88 6.77 6.04 5.92 0.450 0.41

BW ¼ body weight; ADG ¼ average daily gain; ADFI ¼ average daily feed intake;
FCR ¼ feed conversion ratio.
a,bMeans in the same row with different superscripts are significantly different
(P < 0.05).

1 Control (Con): a based diet; Cin: Con þ 50 mg/kg cinnamaldehyde; Car:
Con þ 50 mg/kg carvacrol; Cin þ Car: Con þ 25 mg/kg cinnamaldehyde þ 25 mg/kg
carvacrol. N ¼ 240 total, n ¼ 60 per supplementation.
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Bacteroidetes were the dominant phyla, accounting for more than
90% (Fig. 4E). The population of Firmicutes in the Con, Cin, Car and
Cin þ Car groups was 57.74%, 72.93%, 72.26% and 76.01%, respec-
tively. Bacteroidetes in the Con, Cin, Car and Cin þ Car groups
accounted for 37.99%, 20.52%, 18.14% and 20.88%, respectively.
Besides, Firmicutes in the Cin, Car and Cin þ Car groups increased
by 26.31%, 25.14% and 31.64%, respectively, compared to the Con
group. At genus level (Fig. 4F), the microorganisms that domi-
nated the top 5 in the Con group were Lactobacillus (33.28%),
Streptococcus (15.79%), Prevotella (13.04%), _Prevotella_ (7.27%) and
Dialister (6.34%). In the Cin group, it was dominated by Lactoba-
cillus (43.11%), Prevotella (20.04%), Megamonas (5.69%), _Prevotella_
(4.45%) and Megasphaera (3.80%). In the Car group, it was pri-
marily dominated by Prevotella (33.65%), Lactobacillus (32.723%),
Streptococcus (5.00%), Megasphaera (4.50%) and _Prevotella_
(3.40%). In the Cin þ Car group, it was mainly dominated by
Lactobacillus (54.88%), Megasphaera (7.38%), Prevotella (5.88%),
_Prevotella_ (5.86%) and Blautia (4.96%). LEfSe analysis revealed
significant differences in the taxa found in nursery pigs of the Con,
Cin, Car and Cin þ Car groups (Fig. 4G and Fig. S3). At the phylum
level, in comparison to piglets from other groups, piglets in the
Cin þ Car group exhibited a higher (P < 0.05) abundance of Pro-
teobacteria and Actinobacteria. At the genus level, pigs fed cin-
namaldehyde diets demonstrated a higher (P < 0.05) abundance
of Prevotella, Dialister, and Streptococcus, and compared to other
groups, piglets fed carvacrol diets showed greater (P < 0.05)
abundance of Oscillospira and Ruminococcus. In addition, pigs in
the Cin þ Car group demonstrated a higher (P < 0.05) abundance
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of Lactobacillus, Bacteroides, Collinsella, Parabacteroides and
Campylobacter than those fed the other three diets. The results of
the in vitro bacterial growth assay showed that EO did not
significantly affect the growth of P. copri (P > 0.05), while carvacrol
and cinnamaldehyde co-treatment with carvacrol reduced the
growth of L. acidophilus after 24 h of incubation (P < 0.05; Fig. S4).
For S. suis, carvacrol and cinnamaldehyde treatments significantly
reduced bacterial growth at 8, 12, and 24 h (P < 0.05).

Next, Spearman correlation analysis was performed to identify
the bacteria potentially responsible for the amelioration of appetite
and performance phenotypes in both semi-literate and carvacrol-
mediated nursery pigs. We looked for associations between bac-
terial genera and appetite-related hormones and ADFI in nursery
piglets by selecting the top 20 bacterial genera in each group at the
genus level (Fig. 4H). Among these bacterial genera, Lactobacillus,
Prevotella, Ruminococcus, Blautia, CF231 and Roseburia showed
strong positive correlations with most of the appetite-related
hormonal parameters and ADFI. Moreover, Streptococcus,
Campylobacter and Dialister displayed a strong negative association
with appetite-related hormonal parameters. We further deter-
mined whether these associated bacteria were also linked to the
integrity of the gut barrier and mucus barrier, and found a signifi-
cant inverse relationship between Lactobacillus and intestinal
permeability, and a positive correlation between this bacterial
genus and the expression of occludin and mucin-2 (P < 0.05;
Fig. 4I). Prevotella was found to be positively correlated with the
expression of occludin (P < 0.05; Fig. 4J). A correlation network
approach revealed correlations of differential microbiota induced
by dietary EO supplementation (Fig. 5A). A predictive metagenomic
analysis by PICRUSt2 showed that 13 pathways were altered after
EO supplementation, involving protein export, alanine, aspartate
and glutamate metabolism, thiamine metabolism, and ribosome
pathways (Fig. 5B).

4. Discussion

The nursery period, as the critical period connecting the suck-
ling stage with the finishing stage of growth, should not only be
followed byweaning, but should also lay a good healthy foundation
for the need of rapid fattening during the fattening period. In the
pig industry, cost-effective antibiotic substitutes, particularly EO,
are used in nursery pig feed to improve performance by enhancing
feed palatability, affecting digestion and gastrointestinal health. EO,
which is derived fromplantmaterials, is a fragrant, volatile, and oily
liquid with antibacterial, antioxidant, and improved digestive
properties (Brenes and Roura, 2010). Studies have demonstrated
that EO improve digestibility and immunity, promote intestinal
health by minimizing the impact of pathogens, and control odor
and ammonia emissions (Brenes and Roura, 2010; Chitprasert and
Sutaphanit, 2014; Varel, 2002). Phenylpropenes (including cinna-
maldehyde, safrole and eugenol) and terpenes (including carvacrol,
thymol and limonene) are the twomain families of chemicals found
in EO. Of these, carvacrol and cinnamaldehyde are the most widely
used and well-studied EO in animals. Although some studies have
confirmed the prominent role of cinnamaldehyde and carvacrol in
improving performance (Gholami-Ahangaran et al., 2022; Ma et al.,
2022; Omonijo et al., 2018), the relationship between cinna-
maldehyde and carvacrol intake and intestinal health, appetite and
intestinal bacteria remains unclear. In light of this, the present
study, coupled with the findings of earlier studies, then compre-
hensively evaluated the effects of cinnamaldehyde and carvacrol on
nursery pigs, and tentatively revealed the mechanism by which EO
improve performance.

During the nursery period, piglets are exposed to environmental
and behavioral stresses that predispose them to diarrhea, which



Fig. 2. Effects of cinnamaldehyde and carvacrol supplementation on intestinal tight junction, development and mucus barrier in nursery pigs. (A) Immunofluorescence staining for
ZO-1 and occludin in jejunum and ileum (scale bar, 100 mm). (B, C) Protein abundance of tight junction proteins (including ZO-1, E-cadherin, occludin, claudin-1 and claudin-5) of
jejunum and ileum and their quantification. (D) Serum levels of DAO, ET and D-LA. (E) IL-1b, TNF-a and IL-6 levels in colonic mucosa. (F, G) Protein abundance of Ki67, mucin-2, Lgr5
and Lyz of jejunum and ileum and their quantification. (H) Immunofluorescence staining for Ki67 in jejunum and ileum (scale bar, 100 mm). (I, K) PAS and AB-PAS staining of
jejunum and ileum (scale bar, 200 mm). (J, L) Quantitative analysis of glycogen-positive and goblet cell relative densities. ZO-1 ¼ zonula occludens-1; DAO ¼ diamine oxidase;
ET ¼ endothelin; D-LA ¼ D-lactic acid; TNF-a ¼ tumor necrosis factor alpha; Lgr5 ¼ leucine-rich repeat containing G protein-coupled receptor 5; Lyz ¼ lysozyme. Con means piglets
fed basal diet (n ¼ 6); Cin means CON diet with 50 mg/kg cinnamaldehyde (n ¼ 6); Car means CON diet with 50 mg/kg carvacrol (n ¼ 6); Cin þ Car means CON diet with 25 mg/kg
cinnamaldehyde and 25 mg/kg carvacrol (n ¼ 6). Data are presented as mean ± SEM. *P < 0.05, **P < 0.01.
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Fig. 3. Effects of cinnamaldehyde and carvacrol supplementation on intestinal digestion and absorption in nursery pigs. (AeD) Levels of trypsin, lipase, amylase and chymotrypsin
in jejunal and ileal contents. (E, F) The mRNA expression of nutrient transporters of jejunum and ileum. (G, H) Protein abundance of SLC1A1, SLC5A1, GLUT2 and GLUT5 of jejunum
and ileum and their quantification. (I) Correlation analysis of digestive enzymes and nutrient transporters of jejunum and ileumwith ADG and FCR. SLC1A1 ¼ solute carrier family 1
member 1; SLC5A1 ¼ solute carrier family 5 member 1; GLUT ¼ glucose transporter type; gþLAT ¼ gþ system L-type amino acid transporter; RBAT ¼ B(0,þ)-type amino acid
transport protein; CAT1 ¼ cationic amino acid transporter 1; SNAT2 ¼ sodium-coupled neutral amino acid transporter 2; ASCT2 ¼ alanine-serine-cysteine transporter 2;
PepT1 ¼ peptide transporter 1; ADG ¼ average daily gain; FCR ¼ feed conversion ratio. Con means piglets fed basal diet (n ¼ 6); Cin means CON diet with 50 mg/kg cinnamaldehyde
(n ¼ 6); Car means CON diet with 50 mg/kg carvacrol (n ¼ 6); Cin þ Car means CON diet with 25 mg/kg cinnamaldehyde and 25 mg/kg carvacrol (n ¼ 6). Data are presented as
mean ± SEM. *P < 0.05, **P < 0.01.
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Fig. 4. Effects of cinnamaldehyde and carvacrol supplementation on appetite and gut microbiota in nursery pigs. (A) Expression of appetite-related hormones in serum. (B) Chao 1
index. (C) Shannon index. (D) Simpson index. (E) Relative abundance of microbiota at the phylum level. (F) Relative abundance of microbiota at the genus level. (G) Cladogram
generated from LEfSe analysis. (H) Correlation analysis of top 20 microbes with appetite-related hormones and feed intake. Correlation analysis of (I) Lactobacillus and (J) Prevotella
with occludin and mucin-2 protein expression, serum ET level. GH ¼ growth hormone; GIP ¼ gastric inhibitory polypeptide; CCK ¼ cholecystokinin; GLP-1 ¼ glucagon-like peptide-
1; LEP ¼ leptin; PYY ¼ peptide YY; ADFI ¼ average daily feed intake; ET ¼ endothelin. Con means piglets fed basal diet (n ¼ 6); Cin means CON diet with 50 mg/kg cinnamaldehyde
(n ¼ 6); Car means CON diet with 50 mg/kg carvacrol (n ¼ 6); Cin þ Car means CON diet with 25 mg/kg cinnamaldehyde and 25 mg/kg carvacrol (n ¼ 6). Values for R2 and P are
indicated in each graph. Data are presented as mean ± SEM. *P < 0.05, **P < 0.01.
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could adversely impact their survival at a very early and most
vulnerable stage (Li et al., 2018b). The protective effects of EO on
intestinal health have been documented in nursery pigs.
Balasubramanian et al. (2016) reported that supplementation of EO
increased growth performance (BW, ADFI, FCR) and reduced the
diarrhea rate of piglets. In the present study, we found that piglets
supplemented with EO had higher BW at d 14, 28, and 42, higher
ADG throughout the experimental period, and higher ADFI from 14
to 28 d. These findings were consistent with those of Tian and Piao
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(2019), who found that dietary supplementation with cinna-
maldehyde could lower the diarrhea rate and increase the ADG in
piglets. Importantly, in line with the results of Tian and Piao (2019),
we also observed that the addition of cinnamaldehyde to the diet
reduced the diarrhea rate in nursery pigs. Previous research
confirmed that the addition of oregano essential oil also has the
potential to improve piglet performance (Tan et al., 2015).
Conversely, Yang et al. (2019) found that dietary cinnamaldehyde
and thymol supplementation was beneficial in increasing ADG but
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not significantly improving diarrhea, contradicting the results of
many studies. The reason for this may be related to the environ-
ment inwhich the animal is raised and the composition, proportion
and quantity of EO provided.

Intestinal morphology is a significant predictor of intestinal
health status, in which VH and CD serve as the main markers of cell
maturation rate as well as intestinal digestion and absorption area,
respectively (Chen et al., 2021b). Thus, CD, VH and their ratio are
commonly used as indicators of intestinal health in piglets, and the
height of the intestinal villi is considered amarker of the capacity of
the pig to absorb nutrients from the feed. The intestinal
Fig. 5. Analysis of correlation and function of differential intestinal microbiota. (A) Correl
microbiota. (C) The schematic diagram depicting EO driving improvements in intestine he
Obviously, dietary supplementation of EO can improve the performance of nursery pigs an
turnover and development of the intestinal barrier and increasing digestive enzyme activity
of intestine microbiota will affect appetite-related hormones, thereby promoting appetite.
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morphology results show a significant increase in the length of the
villi and a close alignment of the microvillus in the Cinþ Car group.
Since the VH is positively correlated with the absorptive surface
area of the common luminal villi (Taylor et al., 2021), an increase in
VH may imply a better FCR; the current study also demonstrated
that longer intestinal villus length is also accompanied by higher
daily gain. Meanwhile, Michielssup et al. (2010) reported higher
ratio of VH to CD in the small intestine of carvacrol-fed piglets.

The damage to the intestinal mucosa and increased intestinal
permeability by multiple stressors experienced during the nursery
period increase the likelihood of pathogen adhesion and invasion
ation network of the microbiota at the genus level. (B) Predicted functionality of the
alth and microbiota structure to promote performance and appetite in nursery pigs.
d improve the digestion and absorption efficiency of feeds by ensuring the integrity,
and nutrient transporter abundance. Furthermore, the increased diversity and structure
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(Moeser et al., 2007). In addition, this can also affect nutrient ab-
sorption and increase disease susceptibility in nursery pigs (Wijtten
et al., 2011). Tight junctions are crucial modulators of the para-
cellular permeability of water, ions, and macromolecules in adja-
cent cells, which consist of transmembrane proteins (such as
claudin and occludin) and intracellular plaque proteins (such as ZO-
1) (Slifer and Blikslager, 2020). Besides, as the intestinal barrier
plays key roles in controlling intestinal inflammation, chemical
barriers like mucin-2 secreted by goblet cells are utilized to mea-
sure the integrity of the barrier (Capaldo et al., 2017; Mao et al.,
2011; Moughan et al., 2013). According to the results of Pu et al.
(2020) and Ma et al. (2022), who found that dietary supplemen-
tation of cinnamaldehyde or carvacrol improved the expression of
claudin-1 and ZO-1 in the jejunum and occludin, claudin-1, and
mucin-2 in the ileum of piglets, we demonstrated that dietary
supplementation of EO improved the expression of tight junction-
associated proteins and mucin-2 in the jejunum and ileum of pig-
lets. Similarly, piglets fed carvacrol and the mixture also showed
lower intestinal permeability indicators (DAO, ET, and D-LA) and
intestinal local inflammatory indicators (IL-1, IL-6) compared to the
Con group, suggesting that EO improved intestinal barrier function
and allowed for the prevention of penetration of harmful feed ad-
ditives and bacterial metabolites. In addition, in agreement with
the results of increased mucin-2 protein abundance, we also found
an increase in the numbers of intestinal glycoproteins and goblet
cells after feeding EO. It suggests that the increased intestinal
mechanical and chemical barriers may be responsible for the
decreased rate of diarrhea and intestinal local inflammation in
piglets.

The cornerstone of preserving intestinal epithelial barrier
function is intestinal stem cells driving the production of all
epithelial cell types (Hou et al., 2018; Zhou et al., 2020). Previous
studies found that the stress of weaning has an inhibitory effect on
the function of intestinal stem cells in nursery pigs (Verdile et al.,
2019). In the present study, dietary EO supplementation signifi-
cantly elevated the protein expression of Lyz in the jejunum and
Lgr5 in the ileum. Lgr5 serves as a marker for intestinal stem cells,
and the degree of its expression reflects the ability of the intestine
tomaintain intestinal epithelial homeostasis and turnover rate (van
der Flier and Clevers, 2009). Lyz secreted by Paneth cells lyses
bacteria by causing the contents of the cell wall to escape, thereby
reducing the amount of endogenous bacteria and their toxins that
attack epithelial cells (Smith et al., 2017). Therefore, this evidence
suggests that EO enhances intestinal barrier function and improves
intestinal homeostasis by promoting intestinal stem cell differen-
tiation. On the other hand, the normal structure and function of the
intestinal mucosa rely on homeostasis for rapid self-renewal of the
gut (van der Flier and Clevers, 2009; Zhu et al., 2019). The results of
this study suggest that EO supplementation may contribute to in-
testinal development by increasing the number of Ki67-positive
cells and stimulating epithelial cell proliferation.

Satisfactory gastrointestinal digestion and absorption efficiency
increase feed utilization. Enzyme activity in the intestine is
important in the digestion and absorption of nutrients. Therefore,
when the enzyme activity is upregulated, it may have a positive
effect on nutrient absorption. Several studies have proved that di-
etary supplementation with active substances extracted from
plants modulates the gene expression of nutrient transporters in
the intestine and stimulates digestive juice secretion to improve
the digestibility of nutrients (Li et al., 2012; Liu et al., 2013). Our
results also found that pigs supplemented with cinnamaldehyde
and carvacrol had higher levels of trypsin and lipase in their
jejunum compared with the Con group, which is consistent with
the study by Li et al. (2012). Through chemosensory systems
contain many neurons and receptors, the gastrointestinal tract not
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only absorbs nutrition but also perceives intraluminal nutrients,
chemicals, and microbes (Furness et al., 2013; Mace and Marshall,
2013). The system regulates digestive enzymes, intestinal peptide
secretion and transporter expression which in turn governs meta-
bolism, digestion and absorption. In order to further influence the
expression of nutrient transporters, we proposed that EO in feed
may also be sensed by as-yet-undiscovered intestinal chemo-
sensors. Approximately 90% of intestinal epithelial cells are
absorptive epithelial cells, which express a variety of nutrient
transporters (Omonijo et al., 2018). For instance, facilitatory trans-
porters GLUT2 and GLUT5 in the basolateral membrane allow sugar
to enter the systemic circulation in the forms of fructose, galactose
and glucose (Koepsell, 2020). Furthermore, employing the trans-
membrane Naþ gradient as a driving factor, SLC5A1 transports
monosaccharides across the brush border membrane of small in-
testine enterocytes. Next, membrane potential is created by Naþ-
Kþ-ATPase and further leaves enterocytes via GLUT2 across the
basolateral membrane (Gromova et al., 2021; Lee et al., 1994).
Peptides and amino acids are the final by-products of protein
digestion, which are subsequently absorbed by amino acid trans-
port carriers in the intestine. For instance, SLC1A1 in the gut ab-
sorbs glutamate and aspartate, while PepT1 transports dipeptides
and tripeptides (Spanier and Rohm, 2018; Wellington et al., 2021).
Interestingly, we also detected higher levels of nutrient trans-
porters at the gene and protein levels in the jejunal and ileal mu-
cosa of EO-fed pigs. Notably, the fact that the correlation exists
between the increased digestive enzyme activity and nutrient
transporter expression and ADG, feed utilization in EO-
supplemented nursery pigs led us to suggest that dietary EO sup-
plementation is an effective measure to improve food intake, in-
testinal development, piglet health and growth efficiency.

The gastrointestinal tract is the initial point of contact with
ingested nutrients and is responsible for informing the brain about
the amount and composition of feed ingested. Recent studies have
demonstrated that a small subset of enteroendocrine subtypes
exists within the intestinal mucosa with the ability to secrete
peptides (e.g., CCK, GLP-1, and PYY) that further regulate appetite,
energy metabolism, and intestinal health (Bauer et al., 2016). In
addition, appetite-related hormones including LEP, GH, ghrelin,
orexin, GIP, and insulin also play a role in regulating food cravings
and reward-driven eating behaviors (Chao et al., 2017). EO were
also exploited for their flavoring properties and for their potential
to improve the taste of feed (Bauer et al., 2016; Zeng et al., 2015).
Specifically, GLP-1, GIP, PYY, insulin, and LEP act as peripheral in-
testinal hormones that increase satiety, whereas GH, ghrelin and
orexin are able to induce hunger (Schellekens et al., 2012; van de
Wouw et al., 2017). Our results suggest that EO supplementation
may increase feed intake in nursery pigs, for reasons that may be
related to the fact that EO improves food flavor and increases
appetite.

The gutmicrobiota is also involved in regulating host physiology
and health. In general, gut bacteria become increasingly stable as
the animal grows, and the abundance and diversity of microor-
ganisms boost the organism's resistance to invasion by foreign in-
fections. Therefore, this explains why young pigs are more
vulnerable to diseases than adult pigs (Kim and Isaacson, 2015;
Wang et al., 2022). Consistent with the conclusions of Mo et al.
(2021), in the present study, EO supplementation enhanced the
Chao 1 and Shannon indices of the colonic microbiota. To further
explore variations in how EO affects pathogenic and beneficial
bacteria at the genus level in the colon, the structure of gut
microbiota was analyzed. Streptococci and Campylobacter are the
most common potential pathogens in the colon of piglets, and
studies have demonstrated that they are associated with diarrhea,
mucosal damage, intestinal inflammation, and inflammatory bowel
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disease (Lun et al., 2007; Yang et al., 2020). The bactericidal activity
of carvacrol and cinnamaldehyde as the bacterial membrane
penetrant has been extensively studied. Particularly, carvacrol leads
to the collapse of the proton motive force, alters cell membrane
permeability and depletion of the ATP pool, and inhibits bacterial
motility by preventing the synthesis of flagellin (Lambert et al.,
2001; Nazzaro et al., 2013). Similarly, our study found that EO
was able to significantly reduce the abundance of Streptococci and
Campylobacter in the colon of nursery pigs, which may be associ-
ated with a reduced rate of diarrhea. The predominant bacterial
genera in the intestines of young animals that enhance immune
function and sustain intestinal health are Lactobacillus and Mega-
sphaera (Yoshida et al., 2009). Currently, a few strains from these
two genera have been produced into probiotic products to exert
beneficial activity and improve the health of the host (Direkvandi
et al., 2021; �Sli _zewska et al., 2021). As a core component of one of
the two most common bacterial enterotypes in the swine gut
microbiota, Prevotella-driven enterotypes have been shown to
positively correlate with animal performance, including feed
intake, feed effectiveness and weight gain, and can also increase fat
accumulation in pigs (Amat et al., 2020; Chen et al., 2021a). Rumi-
nococcus is a genus that produces secondary bile acids and main-
tains intestinal homeostasis (Sinha et al., 2020).
Phascolarctobacterium has been reported to inhibit the growth of
Portunus by depleting succinic acid, which in turn alleviates in-
testinal inflammation (Nagao-Kitamoto et al., 2020). In the colon,
dietary EO supplementation markedly increased the relative
abundance of beneficial bacteria, indicating that EO encouraged the
proliferation of probiotics. More startling is the fact that the gut
microbiota has a major impact on the microbiota-gut-brain axis,
which is the bidirectional connection between the gastrointestinal
system and the brain (Nagao-Kitamoto et al., 2020; van de Wouw
et al., 2017). Gut microbiota have been shown to influence bile
acid metabolism and are able to make various metabolites,
including short-chain fatty acids, neuroactive substances, bio-
molecules, and toxins (Romaní-P�erez et al., 2021). Subsequently,
these metabolite changes exert their effects by directly interacting
with enteroendocrine L cells or intestinal receptors on the vagus
nerve, or by translocation of the intestinal epithelium into the pe-
ripheral circulation (Fetissov, 2017). Specifically, dietary-induced
alterations in microbial antigens can affect intestinal mucosal im-
munity. Circulating IgG may enhance the orexigenic effects of
ghrelin by acting as a peptide carrier to protect the highly labile
peptide hormone from degradation (Takagi et al., 2013). Further-
more, the gut microbiota influence host metabolism and appetite
by regulating the synthesis of primary bile acids in the liver (Joyce
et al., 2014). Lactobacillus and Streptococcus species have been
shown to metabolize to produce tryptophan in vitro (O'Mahony
et al., 2015). Tryptophan can be fermented to indole, which acts
as a ligand for the aryl hydrocarbon receptor to increase GLP-1
secretion (Natividad et al., 2018). Studies have shown that protein
restriction in pigs is associated with lower levels of gastrointestinal
hormones (including ghrelin, progesterone, and somatostatin),
decreased levels of lactobacilli, streptococci, and short-chain fatty
acids, and higher levels of Prevotella (Yu et al., 2019). In another
study, a favorable correlation was found between plasma GH levels
and the quantity of lactobacilli (Cheng et al., 2019). By Spearman
correlation analysis, it was found that the abundance of most of the
beneficial colonic bacteria was positively correlated with GH and
ghrelin. The reason may be related to the regulatory effect of me-
tabolites of the genus. Abdelhamid and Luo (2018) found that in-
testinal barrier function can be enhanced by intestinal colonization
with probiotics such as Lactobacillus (Abdelhamid and Luo, 2018).
Moreover, Lactobacillus can repair damaged intestinal mucosa
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under TNF-induced intestinal mucosal injury (Wu et al., 2020a),
which also partially explains the correlation we found between
Lactobacillus abundance and intestinal integrity. Recent studies
have shown that in addition to acting as a physical barrier to keep
pathogens out of the digestive tract, themucus layer alsoworks as a
substrate for bacteria like Prevotella which can break down mucin
(Amat et al., 2020). However, Prevotellawas positively correlated to
some extent with the expression of mucin-2 in our results, but the
linear regression model is poorly fitted. Collectively, improvements
in the colonic microbial community in nursery pigs can regulate
appetite-related hormone levels and improve intestinal health.
5. Conclusion

In conclusion, our results demonstrate that dietary carvacrol
and cinnamaldehyde may improve intestinal barrier function,
development and mucus barrier; increase digestive enzyme activ-
ity and absorption capacity; alter microbial communities and in-
crease appetite, thereby improving performance and alleviating
diarrhea in nursery pigs (Fig. 5C). Improvements in absorption and
digestion capacity are crucial for increased feed conversion and
increased performance. Given the role of themicrobiome-gut-brain
axis, we also tentatively verified that there is a correlation between
gut microbiome and appetite. This study lays the theoretical
foundation for the application of carvacrol and cinnamaldehyde as
natural plant extracts to promote intestinal health and appetite in
young mammals.
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