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a b s t r a c t

This experiment evaluated the impacts of essential oils (EO) and protease (PRO), independently or in
combination, on growth performance, antioxidation, inflammation and intestinal function of weaned pigs.
One hundred and sixty weaned pigs (21 d of age, BW of 6.74 ± 0.20 kg) were randomly divided into 4
treatmentswith8 replicatepensof 5pigsper pen.Dietary treatments included the following: 1) control diet
(CON), 2) CON with 300 mg/kg essential oils (EO), 3) CON with 500 mg/kg protease (PRO), 4) CON with
300mg/kg essential oil and 500mg/kg protease (EOþ PRO). On d 8, one pig from each penwas selected for
sampling. The remaining pigs were fed for an additional week and growth performance was monitored
during this period. Dietary treatments had nomarked effects (P> 0.05) on the growth performance of pigs.
However, pigs receiving EO diet had higher (P < 0.05) serum glutathione peroxidase (GSH-Px) activity, and
tended to decrease (P ¼ 0.063) serum concentration of tumor necrosis factor-a (TNF-a). In addition, pigs
receiving EO diet had higher (P < 0.05) abundances of phylum Actinobacteria, and genera Bifidobacterium,
and lower (P < 0.05) phylum Bacteroidetes and genera Alloprevotella in colonic digesta. Pigs receiving PRO
diet decreased (P< 0.05) the serum concentration ofmalondialdehyde (MDA) anddiamine oxidase activity,
increased (P < 0.05) the villus height and the ratio of villus height to crypt depth in duodenum, increased
sucrase activity in jejunal mucosa, and also increased the abundance of phylum Actinobacteria in colonic
digesta. Furthermore, the synergistic effects of EO and PROwas observed (P< 0.05) for pigswith decreasing
serum TNF-a concentration and increasing serum GSH-Px activity. Collectively, the results indicated that
dietary supplementation of EO and PRO had no significant effects on growth performance of weaned pigs.
EO diet appeared to improve antioxidant activity and intestinal microbiota, while PRO diet improved in-
testinal morphology and digestive enzyme activity, and there was a synergistic effect of EO and PRO on
reducing inflammatory parameters in weaned pigs.
© 2022 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/).
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1. Introduction

Piglets are exposed to nutritional, environmental and social
stresses during the immediate post-weaning period (Kim et al.,
2012). This results in low feed consumption, changes in intestinal
microbiota and mucosal atrophy, inducing inflammation and
oxidative stress; which are often accompanied by suboptimal
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Table 1
Composition and nutrient content of the basal diet (%, as-fed basis).

Item Content

Ingredients
Corn 50.60
De-hulled soybean meal (46% CP) 13.00
Fermented soybean meal 10.00
Whey permeate (2% CP) 10.00
Fish meal (62.5% CP) 4.00
Milk powder (16% CP) 2.00
Soybean oil 2.50
Sucrose 2.00
Glucose 2.00
L-Lys HCl (98%) 0.59
DL-Met (98.5%) 0.26
L-Thr (98%) 0.22
L-Trp (98%) 0.05
Choline chloride (50%) 0.16
Limestone 0.92
Dicalcium phosphate 0.75
Salt 0.40
Zinc oxide (75%) 0.20
Mineral premix1 0.30
Vitamin premix2 0.05
Total 100.00

Nutrient composition3

DE, Mcal/kg 3.57
CP 18.96
Ca 0.80
Available P 0.42

Standardized ideal digestible AA
Lys 1.43
Met 0.54
Met þ Cys 0.78
Thr 0.83
Trp 0.22

1 Mineral premix provided per kilogram of diet: Fe, 100 mg; Cu, 150 mg;
Mn, 20 mg; Zn, 100 mg; I, 0.3 mg; Se, 0.3 mg.

2 Vitamin premix provided per kilogram of diet: vitamin A, 9,000 IU;
vitamin D3, 3,000 IU; vitamin E, 20 IU; vitamin K3, 3.0mg; vitamin B1, 1.5 mg;
vitamin B2, 4.0 mg; vitamin B6, 3.0 mg; vitamin B12, 0.2 mg; niacin, 30.0 mg;
pantothenic acid, 15.0 mg; folic acid, 0.75 mg; biotin, 0.1 mg.

3 Nutrient levels were calculated.
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growth performance and higher morbidity and mortality, causing
large economic losses to the livestock industry (Boudry et al., 2004;
Zhu et al., 2012).

Weaning stress and intake of solid diets often leads to poor
protein digestion and absorption (Zuo et al., 2015); accordingly,
excessive protein residues in the large intestine disturb the intes-
tinal microbial ecosystem, inducing diarrhea and growth retarda-
tion (Wang et al., 2018). The inclusion of exogenous feed enzymes
in animal diets is considered to be an effective strategy to improve
feed efficiency and reduce feed costs in animal production (Adeola
and Cowieson, 2011). Protease (PRO) has the capacity to hydrolyze
intact proteins that are resistant to digestion and has been widely
used in pig and poultry diets (Zuo et al., 2015). Recent studies have
shown that PROwas able to improve growth performance, nutrient
absorption efficiency, intestinal development and health status of
weaned pigs (Zuo et al., 2015; Park et al., 2020). In addition,
essential oils (EO) are volatile aromatic compounds and are known
to have antimicrobial, antiviral and antioxidant properties (Spisni
et al., 2020). Several studies have reported that EO, such as carva-
crol and thymol, could improve nutrient absorption, antioxidant
capacity, intestinal ecosystem and growth performance of pigs (Li
et al., 2012; Zeng et al., 2015).

To our knowledge, there is limited data about the effects of di-
etary supplementation with EO and PRO on growth performance,
antioxidation, inflammation and intestinal function of weaned pigs.
In this study, we hypothesise that the combination of EO and PRO
would have interactive effects on growth performance, based on
their independent bioactive properties.

2. Materials and methods

The experiment was approved by the Sichuan Agricultural
University Institutional Animal Care and Use Committee (Approval
number: CD-SYXK-2017-015).

2.1. Essential oils and protease products

Essential oil (Next enhance 150 premix plus, Novus Interna-
tional, Inc.) is a coated product containing 2.5% thymol, 2.5%
carvacrol and 95% of an inert carrier. Protease (Cibenza DP100,
Novus International, Inc.) is an alkaline serine endopeptidase
derived from Bacillus licheniformiswith an activity of 600,000 units/
g. The manufacturer's recommended inclusion rate is 300 units/g of
feed.

2.2. Animals and diets

One hundred and sixty weaned pigs (Duroc � [Landrace �
Yorkshire]; BWof 6.74 ± 0.20 kg; 21 d of age) were randomly divided
into 4 dietary treatments with 8 replicate pens and 5 pigs per pen.
Dietary treatments included the following: 1) control diet (CON), 2)
CON with 300 mg/kg essential oils (EO), 3) CON with 500 mg/kg
protease (PRO), 4) CON with 300 mg/kg EO and 500 mg/kg PRO
(EO þ PRO). As shown in Table 1, the CON diet was formulated ac-
cording to the NRC (2012) recommendations. All pigswere housed in
a temperature-controlled roomwith a slatted plastic floor. Each pen
(1.5 m � 2.1 m) was equipped with a sided feeder and a nipple
watering device. Pigs had free access to diets and drinking water
during the 14-d experimental period.

2.3. Growth performance

Individual pig BW and pen feed intake were determined every
week for the calculation of average daily gain (ADG), average daily
feed intake (ADFI), and gain to feed ratio (G:F).
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2.4. Sampling

In the morning of d 8, one pig with BW close to the average of
each pen was chosen for bleeding via the precaval vein. Blood
samples were collected into nonheparinized vacuum tubes, fol-
lowed by 3,000 � g at 4 �C for 15 min, and the serum samples were
frozen at �20 �C for subsequent analyses. Afterwards, these pigs
were anaesthetized with sodium pentobarbital (50 mg/kg BW) and
euthanized. Then, the duodenum and jejunum were removed and
immediately rinsed with ice-cold phosphate buffered saline.
Approximately 2-cm duodenal segment was collected and fixed in
4% formaldehyde for histological analyses. The mucosa of the
jejunumwas collected using a scalpel blade, rapidly frozen in liquid
nitrogen and stored at�80 �C for the examination of disaccharidase
activities. Additionally, digesta from the middle part of colon was
aseptically collected into sterile tubes, and frozen at �80 �C for
analyzing gut microbial composition.
2.5. Small intestinal morphology

The duodenal samples were removed from fixative solution,
then dehydrated, and embedded in paraffin wax. Each duodenal
sample was sectioned at 5-mm thickness and stained with hema-
toxylin and eosin. Representative photomicrographs were taken
with a Leica DMI3000B microscopy (Leica, Solms, Germany). A
minimum of 10 well-oriented complete cryptevillus units from
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each segment were measured using NIS-Elements BR software 2.20
(Nikon, Tokyo, Japan).

2.6. Disaccharidase activities

Approximately 0.4 g of frozen jejunal mucosa samples were ho-
mogenized in ice-cold saline solution (1:9, wt/vol) and then
centrifuged at 3,000� g for 10min at 4 �C. The supernatantwas used
to determine the maltase and sucrase activities using spectropho-
tometric kits (Jiancheng Bioengineering Institute, Nanjing, China).

2.7. Serum parameters assay

The activity of serum diamine oxidase and the concentrations of
serum cytokines (interleukin 1b [IL-1b] and tumor necrosis factor-a
[TNF-a]) were determined using commercial ELISA kits (Jiancheng
Bioengineering Institute, Nanjing, China). Moreover, serum
antioxidant-related parameters including malondialdehyde (MDA),
catalase (CAT), glutathione peroxidase (GSH-Px), and total antiox-
idant capacity (T-AOC) were determined using commercial kits
(Jiancheng Bioengineering Institute, Nanjing, China) as described
previously (Su et al., 2018).

2.8. Gut microbiome

Microbial bacterial DNA was isolated from the colon contents
using a commercial kit (Qiagen, Hilden, Germany). Before
sequencing, the DNA quality was checked by electrophoresis
analysis. DNA concentrations were determined using a NanoDrop
1000 Spectrophotometer (Thermo Scientific,Wilmington, DE, USA).
The V4 hypervariable region of the bacterial 16S rRNA gene was
amplified using the primers F515 and R806 according to the
description of previous study (Peng et al., 2019). Pyrosequencing of
16S rDNA was performed on the Illumina HiSeq PE250 platform
(Novogene, Beijing, China). The taxonomy of each 16S rRNA gene
sequence was analyzed according to our previous report (Peng
et al., 2019). Raw sequence data were quality-filtered and demul-
tiplexed using the Quantitative Insights into Microbial Ecology
(QIIME) software (version 1.7.0). The chimeric sequences were
detected and removed using the UCHIME Algorithm. Then the
remaining high-quality clean tags were clustered into operation
taxonomic units (OTU) using Uparse v7.0.1001 at 97% sequence
similarity. Diversity within communities (Alpha diversity) calcula-
tions and taxonomic community assessments were performed by
QIIME 1.7.0. The 16S rRNA gene sequence data were deposited in
the National Centre for Biotechnology Information (NCBI) Sequence
Read Archive (SRA) under the accession number PRJNA779534.

2.9. Statistical analysis

Data obtained were analyzed by ANOVA using a 2 � 2 factorial
design with the general linear model (GLM) procedure (SPSS 20.0;
IBM-SPSS Inc., Chicago, IL, USA). The effects of EO, PRO and their
interactions were included in the statistical model. The following
model was used: Yijk ¼ mþ Ai þ Bj þ (AB)ij þ eijk (i¼ 1, 2; j¼ 1, 2; k¼
1, 2, …, nij), where Yijk is the dependent variable, m is the overall
mean, Ai is the effect of EO, Bj is the effect of PRO, (AB)ij is the
interaction effect between EO and PRO, and eijk is the residual error.
For analysis of intestinal microbiota, data of relative abundance at
phylum and genus levels were log-transformed before statistical
analysis. The pen was considered as the experimental unit for
growth performance, whereas all selected pigs from each penwere
considered as the experimental unit for the other indices.When the
interactionwas significant, Duncan's multiple-comparison test was
applied to examine the statistical differences among different
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treatments. Correlations between the differential bacterial genera
and inflammatory cytokine were assessed by Spearman correlation
analyses. Results are expressed as means ± SEM. P < 0.05 were
considered statistically significant, while 0.05 < P < 0.10 was
considered as a tendency.

3. Results

3.1. Growth performance and diarrhea index

As shown in Table 2, dietary treatments had no significant ef-
fects on the BW, ADG, ADFI, and G:F throughout the study.

3.2. Antioxidation-related parameters

As shown in Fig. 1A, dietary supplementation of PRO decreased
(P < 0.05) the serum MDA content. In addition, dietary supple-
mentation of EO increased (P < 0.05) serum GSH-Px activity
(Fig. 1C). There was an interaction between EO and PRO on the
serum GSH-Px activity (P < 0.05), which was the lowest within the
CON group. However, the activities of T-AOC and CAT were not
markedly affected by dietary treatments (Fig. 1B, D).

3.3. Serum cytokine concentrations

Dietary supplementation of EO had a tendency to decrease
(P < 0.10) the serum concentration of TNF-a (Fig. 2A). In addition,
there was an interaction between EO and PRO on the serum con-
centration of TNF-a (P < 0.05), which was found to be the lowest in
the EO þ PRO group. The serum concentration of IL-1b was not
markedly affected by dietary treatments (Fig. 2B).

3.4. Duodenal morphology

Dietary supplementation of PRO increased (P < 0.05) the villus
height in the duodenum (Fig. 3A, D). Dietary treatments had no
significant effects on the crypt depth in the duodenum (Fig. 3B).
Moreover, dietary supplementation of PRO increased (P < 0.05) the
ratio of villus height to crypt depth (Fig. 3C). There was a tendency
for an interaction between EO and PRO on the ratio of villus height
to crypt depth (P < 0.10).

3.5. Disaccharidase activities in the jejunal mucosa

As shown in Fig. 4A, dietary supplementation of PRO increased
(P < 0.05) the sucrase activity in jejunummucosa. However, dietary
treatments had no significant effects on maltase activity (Fig. 4B).

3.6. Serum diamine oxidase activity

As shown in Fig. 5, dietary supplementation of PRO decreased
(P < 0.05) the serum diamine oxidase activity. However, the serum
diamine oxidase activity was not significantly affected by EO or the
interaction between EO and PRO.

3.7. Colonic microbiome

A total of 1,587,648 sequence reads were obtained from 20
digesta samples. Based on a 97% similarity level, 12,197 OTU were
obtained from colonic digesta samples, with an average of 610 ± 21
OTU per sample. The alpha diversity of colonic microbiota was
shown in Appendix Table 1. The observed species, Shannon index,
Chao 1 index, Simpson index and Abundance Coverage Estimator
(ACE) were not significantly affected by EO, PRO and their
combination.

http://PRJNA779534


Table 2
Effects of essential oils and protease on growth performance of weaned pigs1.

Item CON EO PRO EO þ PRO P-value

EO PRO EO � PRO

BW, kg
Initial 6.74 ± 0.11 6.73 ± 0.10 6.74 ± 0.17 6.74 ± 0.25 0.994 0.988 0.953
Wk 1 7.19 ± 0.10 7.22 ± 0.14 7.20 ± 0.15 7.24 ± 0.27 0.845 0.933 0.983
Wk 2 8.82 ± 0.09 8.93 ± 0.20 8.94 ± 0.23 8.89 ± 0.31 0.872 0.859 0.730

ADG, g/d
Wk 1 63.8 ± 10.7 69.9 ± 13.3 74.8 ± 6.7 70.8 ± 4.5 0.825 0.603 0.603
Wk 2 233 ± 11 244 ± 15 247 ± 13 236 ± 8 0.966 0.705 0.476

ADFI, g/d
Wk 1 108 ± 5 110 ± 6 115 ± 4 105 ± 8 0.632 0.774 0.391
Wk 2 365 ± 16 389 ± 20 389 ± 22 348 ± 19 0.655 0.749 0.104

G:F
Wk 1 0.57 ± 0.07 0.62 ± 0.09 0.63 ± 0.07 0.72 ± 0.12 0.462 0.403 0.829
Wk 2 0.65 ± 0.03 0.63 ± 0.03 0.64 ± 0.04 0.69 ± 0.05 0.760 0.418 0.399

CON ¼ pigs fed basal diet; EO ¼ pigs fed basal diet supplemented with 300 mg/kg essential oils; PRO ¼ pigs fed basis diet supplemented with 500 mg/kg protease;
EO þ PRO ¼ pigs fed basal diet with 300 mg/kg essential oil and 500 mg/kg protease; EO � PRO ¼ interaction between EO and PRO; BW ¼ body weight; ADG ¼ average daily
gain; ADFI ¼ average daily feed intake; G:F ¼ gain to feed ratio; Wk ¼ week.

1 Values are means ± SEM (n ¼ 8).

Fig. 1. Effects of essential oils and protease on redox status of weaned pigs. (A) MDA content; (B) T-AOC; (C) GSH-Px activity; (D) CAT activity. CON ¼ pigs fed basal diet; EO ¼ pigs
fed basal diet supplemented with 300 mg/kg essential oils; PRO ¼ pigs fed basis diet supplemented with 500 mg/kg protease; EO þ PRO ¼ pigs fed basal diet with 300 mg/kg
essential oil and 500 mg/kg protease; EO � PRO ¼ interaction between EO and PRO; MDA ¼ malondialdehyde; T-AOC ¼ total antioxidant capacity; GSH-Px ¼ glutathione
peroxidase; CAT ¼ catalase. Values are means and standard errors represented by vertical bars (n ¼ 8). a,b Means without a common letter differ (P < 0.05).
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Regarding the microbial composition at phylum level, we
identified 6 phyla, namely; Firmicutes, Bacteroidetes, Proteobac-
teria, Actinobacteria, Spirochaetes and Euryarchaeota, that had a
relative abundance greater than 1.0% in at least one experimental
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group (Fig. 6A). Of these 6 phyla, Firmicutes (78.96% to 84.27%) and
Bacteroidetes (5.73% to 14.59%) are the 2 most dominant phyla in
the bacterial community of colonic digesta. Dietary supplementa-
tion of EO increased the relative abundance of Actinobacteria



Fig. 2. Effects of essential oils and protease on the serum cytokine concentrations of weaned pigs. (A) TNF-a concentration; (B) IL-1b concentration. CON ¼ pigs fed basal diet;
EO ¼ pigs fed basal diet supplemented with 300 mg/kg essential oils; PRO ¼ pigs fed basis diet supplemented with 500 mg/kg protease; EO þ PRO ¼ pigs fed basal diet with
300 mg/kg essential oil and 500 mg/kg protease; EO � PRO ¼ interaction between EO and PRO; IL-1b ¼ interleukin 1b; TNF-a ¼ tumor necrosis factor-a. Values are means and
standard errors represented by vertical bars (n ¼ 8). a,b Means without a common letter differ (P < 0.05).

Fig. 3. Effects of essential oils and protease on the duodenal morphology of weaned pigs. (A) Villus height; (B) crypt depth; (C) villus height to crypt depth ratio; (D) section image of
duodenal tissue. CON ¼ pigs fed basal diet; EO ¼ pigs fed basal diet supplemented with 300 mg/kg essential oils; PRO ¼ pigs fed basis diet supplemented with 500 mg/kg protease;
EO þ PRO ¼ pigs fed basal diet with 300 mg/kg essential oil and 500 mg/kg protease; EO � PRO ¼ interaction between EO and PRO. The red arrows indicate the villus height and
crypt depth in the image. Values are means and standard errors represented by vertical bars (n ¼ 6).
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(P < 0.05), tended to increase the relative abundance of Eur-
yarchaeota (P < 0.10), but decreased the relative abundance of
Bacteroidetes (P < 0.05) (Appendix Table 2). In addition, dietary
supplementation of PRO also increased the relative abundance of
43
Actinobacteria (P < 0.05). The top 15 most abundant genera in the
different groups were shown in Fig. 6B. Dietary supplementation of
EO decreased the relative abundances of Alloprevotella and Faeca-
libacterium (P < 0.05), tended to decrease the relative abundances



Fig. 5. Effects of essential oils and protease on the serum diamine oxidase activity of
weaned pigs. CON ¼ pigs fed basal diet; EO ¼ pigs fed basal diet supplemented with
300 mg/kg essential oils; PRO ¼ pigs fed basis diet supplemented with 500 mg/kg
protease; EO þ PRO ¼ pigs fed basal diet with 300 mg/kg essential oil and 500 mg/kg
protease; EO � PRO ¼ interaction between EO and PRO. Values are means and standard
errors represented by vertical bars (n ¼ 8).
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of unidentified_Ruminococcaceae and unidentified_Prevotellaceae
(P < 0.10), and increased the relative abundance of Bifidobacterium
(P < 0.05). Furthermore, there was a tendency of interaction be-
tween EO and PRO on the relative abundance of unidentified_Clos-
tridiales (P < 0.10) (Appendix Table 3).

3.8. Correlation analysis between differential bacterial genera and
inflammatory cytokine

The correlations between the critical differential bacterial
genera and serum inflammatory cytokine (TNF-a) were analyzed
(Fig. 7). Bifidobacterium was negatively correlated with the con-
centration of TNF-a (r ¼ �0.546, P < 0.05).

4. Discussion

Weaning is considered one of the most important events in the
early developmental stage of pig's life. Previous studies have shown
that weaning induces oxidative stress by increasing the contents of
MDA and free radicals; such as hydroxyl radical and superoxide
anions, and impairs the antioxidant defense system in piglets (Xu
et al., 2014). A dynamic balance between the generation and the
capacity to scavenge the reactive oxygen species is closely related
to cell activity and animal health (Luo et al., 2020). It is difficult to
maintain the balance of redox status during weaning period, which
may be the crucial factor inducing the post-weaning growth check,
higher morbidity andmortality (Degroote et al., 2019). In this study,
dietary supplementation of PRO reduced serum MDA content,
which is generally considered as a biomarker for lipid peroxidation
and oxidative stress (Ito et al., 2019). The inclusion of PRO may
reduce the oxidative stress by decreasing the lumen level of aller-
gens and improving the digestibility of low digestible protein
sources, which can directly interact with intestinal mucosa to
induce peroxidation (Adeola and Cowieson, 2011). Additionally,
dietary supplementation of EO increased the serum GSH-Px activ-
ity, and therewas an interaction between EO and PRO. GSH-Px is an
important component of the enzymatic antioxidant defense sys-
tems (Zhang et al., 2020). This is in accordance with Zhang et al.,
who reported that EO increased the serum levels of GSH-Px (Zhang
et al., 2015). The positive effect of EO could probably be attributed
to the presence of the phenolic compounds thymol and carvacrol,
because both thymol and carvacrol have been reported to have
antioxidant activity (Ünde�ger et al., 2009).
Fig. 4. Effects of essential oils and protease on the disaccharidase activities in the jejunal mu
EO ¼ pigs fed basal diet supplemented with 300 mg/kg essential oils; PRO ¼ pigs fed bas
300 mg/kg essential oil and 500 mg/kg protease; EO � PRO ¼ interaction between EO and
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It has been widely reported that TNF-a and IL-1b are typical
pro-inflammatory cytokines released from various types of im-
mune cells, and the systemic TNF-a concentration is considered to
be an indicator for weaning stress (Chen et al., 2018). A previous
report showed that the concentrations of pro-inflammatory cy-
tokines were up-regulated during the immediate post-weaning
period and induced intestinal damage (Novais et al., 2021). In
the current study, dietary EO supplementation had a tendency to
decrease the serum TNF-a concentration in weaned pigs, which is
in line with the result reported by a previous study (Ahmed et al.,
2013). In vitro studies also showed that thymol possessed anti-
inflammatory activities and lowered the production of pro-
inflammatory cytokines TNF-a and IL-6 in LPS-induced mouse
mammary epithelial cells (Liang et al., 2014). In addition, a
cosa of weaned pigs. (A) Sucrase activity; (B) maltase activity. CON ¼ pigs fed basal diet;
is diet supplemented with 500 mg/kg protease; EO þ PRO ¼ pigs fed basal diet with
PRO. Values are means and standard errors represented by vertical bars (n ¼ 8).



Fig. 6. Effects of essential oils and protease on the composition of colonic microbiota in weaned pigs (n ¼ 5) at the phylum (A) and genus (B) level. Each bar represents the relative
abundance of each treatment. CON ¼ pigs fed basal diet; EO ¼ pigs fed basal diet supplemented with 300 mg/kg essential oils; PRO ¼ pigs fed basis diet supplemented with 500 mg/
kg protease; EO þ PRO ¼ pigs fed basal diet with 300 mg/kg essential oil and 500 mg/kg protease.
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significant interactive effect was observed in pigs supplemented
with EO and PRO in reducing the serum concentration of TNF-a,
suggesting the synergistic interaction of EO and PRO. Protease
supplementation could improve the digestibility of protein, and
less protein residues accumulated in large intestine, accordingly
decreased the potentially toxic metabolites in the digesta such as
ammonia, amines and sulfides, which are considered detrimental
for the host's health (Tactacan et al., 2016). Complimentary to
protease's mode of action, the inclusion of EO in diet could
manipulate gut microbiota profile with decreasing pathogenic
bacteria and increasing beneficial bacteria, thereby improving the
immune status of weaned piglets (Li et al., 2012).
45
An integrated intestinal villus-crypt morphological structure is
directly related to the nutrient digestion and absorption and to the
intestinal mucosa barrier (Cera et al., 1988). The intestinal
morphological changes, such as villus atrophy, villous shedding,
and crypt hyperplasia, could lead to pathogenic bacteria invasion
influencing the nutrient digestion and absorption, as well as
stunted growth (Cera et al., 1988). Our study showed that pigs
receiving the PRO diet had greater villous height and villus height:
crypt depth, indicating the better nutrient digestibility. Similarly,
the previous study also showed that dietary supplementation of
PRO would increase villous height and the ratio of villus height to
crypt depth in duodenum (Zuo et al., 2015). In addition, previous



Fig. 7. Spearman correlation analysis between differential bacterial genera and inflammatory cytokine of the weaned pigs. TNF-a ¼ tumor necrosis factor-a.
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studies have shown that EO can improve intestinal villus height
(Zou et al., 2016; Wei et al., 2017). However, in our study, we found
that pigs receiving the EO diet had no positive effects on the villous
height and villus height: crypt depth. The discrepancies between
studies may be due to variation in the types and doses of main
components of the EO, and the length of time EO was supplied.

The activities of brush border enzymes play crucial roles in the
digestion of nutrients. Previous studies reported that EO and PRO
might enhance digestive function by increasing the activity of
digestive enzymes and enhancing nutrient absorption for better
growth performance (Zeng et al., 2015; Zuo et al., 2015). Likewise,
in the present study, we observed that the activity of sucrase in the
jejunum mucosal was significantly improved by PRO supplemen-
tation, which indicated that PRO improved small intestinal diges-
tive function of weaned pigs.

As a highly active endocellular enzyme in intestinal epithelial
cells, diamine oxidase releases into the blood when the intestinal
mucosal epithelial cells are damaged (Lin et al., 2020). Thus, the
diamine oxidase activity in the blood can serve as an indicator to
determine the integrity of the intestinal mucosal (Shi et al., 2020).
In the present study, the serum diamine oxidase activity was
markedly decreased by PRO supplementation. This may be attrib-
uted to the fact that soybean meal contains allergenic proteins
(glycinin and b-conglycinin) that can cause allergic reaction to
disrupt the small intestinal structure (Chen et al., 2011). The sup-
plementation of PROmay degrade the allergenic proteins in the pig
stomach and then attenuate the allergic reaction to improve the
integrity of the intestinal epithelium, but this requires further
investigation.

Gut microbial communities play an important role in the health
status of the host, including nutrient absorption and metabolism,
defense against pathogen invasion, and mucosal barrier function
(Azad et al., 2020). The fermentation of protein in the hind gut is
considered to be a potential risk for the proliferation of pathogenic
bacteria, and it stimulates intestinal microbiota dysbiosis (Wen
et al., 2018). A previous study indicated that EO exerts antibacte-
rial activity on various pathogens (Zhai et al., 2018). Previous study
also demonstrated that the supplementation of PRO can reduce the
amount of undigested proteins into hind gut, and increase the
number of lactic acid bacteria to reduce the pH of the gastroin-
testinal tract to inhibit the colonization of pathogenic bacteria
(Cowieson et al., 2017). In the present study, at the phylum level, EO
or PRO supplementation significantly increased the relative abun-
dance of Actinobacteria, and EO tended to increase the abundance
of Euryarchaeota. It is worth noting that the abundances of Acti-
nobacteria and Euryarchaeota were higher in the healthy host
relative to that of the unhealthy host with coeliac disease (Bibb�o
et al., 2020) or irritable bowel syndrome (Mei et al., 2021). In this
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study, moreover, this increase can be explained by the higher
abundance of Bifidobacterium spp., which belongs to the Actino-
bacteria phylum. Bifidobacterium has been widely reported to
decrease inflammation by suppressing the growth of potentially
pathogens via the production of health-promoting metabolites
(Arboleya et al., 2016). The negative correlation between Bifido-
bacterium and TNF-a was also found in the present study. Addi-
tionally, we observed that EO significantly decreased the
abundance of Bacteroidetes, which was in accordance with the
results of Li et al. (2018). Bacteroidetes are involved in inflamma-
tory pathology when the intestinal microbiota is in an unbalanced
state (Lukiw, 2016; Zhai et al., 2020). EO supplementation also
decreased the abundance of genus Alloprevotella, which was
considered as a harmful microorganism (Zhou et al., 2019). Kang
et al. (2019) reported that dietary fiber-konjac flour could
remarkably improve inflammatory state and metabolism in high-
fat fed mice, and was related to the decreased abundance of Allo-
prevotella. Interestingly, a potentially beneficial microbe, Faecali-
bacterium, was decreased by EO. Faecalibacterium is one of the most
abundant commensal bacteria found to be decreased in patients
with inflammatory bowel diseases (Zhao et al., 2021). Because of its
potentially anti-inflammatory properties in promoting gut health,
the flourishing of this microorganism in the non-supplemented
group may be explained by improved the ability of the host to
protect against pathogens to compensate for weaning stress
induced inflammatory response, and the underlying mechanism is
still not clear. Furthermore, there was a tendency of interaction to
decrease the relative abundance of genera unidentified_Clostridiales,
which was taken as opportunistic pathogens in intestinal inflam-
mation (Leber et al., 2018).

Positive effects on oxidative status, immune function, intestinal
morphology and intestinal microbiota in weaned pigs were ex-
pected to result in better growth performance. However, in this
study, dietary supplementation of EO and PRO did not improve the
growth performance of weaned pigs. Similar to present study, no
positive effects were found on growth performance of pigs by
addition of EO or PRO (Muhl and Liebert, 2007; Oshea et al., 2014).
Nevertheless, increased growth performance has been observed in
other studies (Zuo et al., 2015; Su et al., 2018). The differing results
for the effects of EO and PRO on growth performance may be
influenced by their type and dose, different dietary compositions,
the experimental duration, environmental and pathogenic chal-
lenges (Jiang et al., 2015; Zeng et al., 2015).

5. Conclusions

The present study demonstrated that dietary supplementation
of EO and PRO had no significant effects on growth performance of
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weaned pigs. The major effects of EO were to improve antioxidant
ability and intestinal microbiota. The major effects of PRO were to
improve duodenal morphology and jejunal sucrase activity. More-
over, the combined supplementation of EO and PRO had a syner-
gistic effect on decreasing inflammatory parameters.
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