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Antimicrobial peptides could inhibit the growth of harmful bacteria and 
promote the growth performance in weaned piglets. Here, we investigated the 
effects of dietary supplementation with cecropin antimicrobial peptides (CAP) 
on growth performance, diarrhea rate, intestinal health in nursery Hainan 
piglets. For this, 120 healthy nursery Hainan male piglets (13.29 ± 0.29 kg, 
44 days old) were randomly divided into 5 groups—a control (CON) group (fed 
a basal diet), an antibiotic control (AC) group (fed a basal diet supplemented 
with 250 mg/kg colistin sulfate); and 3 experimental groups (provided the 
basal diet supplemented with 250, 500, or 1,000 mg/kg CAP). Pre-feeding 
lasted 7 days and the official period lasted 40 days. The results showed that 
compared with the CON group, dietary supplementation of 500 mg/kg CAP 
had significantly increased the average daily gain (ADG, p  < 0.05), while the 
feed conversion ratio (FCR) and diarrhea rate were markedly reduced (p  < 0.05), 
serum total protein (TP), albumin, IgA, IgM, and globulin concentrations were 
significantly increased (p  < 0.05), where serum aspartate aminotransferase (AST) 
level was significantly reduced (p  < 0.05), and it also increased the villus height 
and the villus height-to-crypt depth ratio in the jejunum, reduced the serum 
D-lactic acid concentrations and diamine oxidase activity, and increased the 
expression level of ZO-1 and occludin in the jejunum and ileum (p  < 0.05), 
the relative abundance of Firmicutes, Lactobacillus, and Limoslactobacillus 
in the colon were increased (p  < 0.05), whereas that of Streptococcus and 
Escherichia–Shigella were reduced (p  < 0.05). These results indicated that 
dietary supplementation with 500 mg/kg CAP could improve the growth 
performance, reduce the diarrhea rate, improve the serum immunity, intestinal 
health of nursery pigs.
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Introduction

Weaning is an important period in modern intensive pig farming 
(Sun et  al., 2022); however, the digestive and immune systems of 
piglets are immature at this stage. Studies have shown that the activity 
of digestive enzymes such as pepsin, amylase, chymotrypsin, and 
trypsin in piglets were decreased significantly within 1 week of 
weaning, which creates problems for their digestion (Jensen et al., 
1997). Meanwhile, the process of weaning can induce stress in piglets, 
leading to various adverse effects such as diarrhea, reduced growth 
rate, disruption of intestinal flora, and potentially fatal outcomes (Su 
et  al., 2022). These consequences impose a substantial economic 
burden on breeding enterprises (Liu et al., 2022). Bacterial infections, 
and in particular those associated with enterotoxigenic Escherichia 
coli, are the main causes of diarrhea in piglets (Xu et al., 2020). Hainan 
pigs, a native pig breed in Hainan province, China, are widely 
recognized for their superior meat quality, robust disease resistance, 
and remarkable fertility. Nonetheless, these pigs do exhibit certain 
drawbacks, including low weight and a heightened prevalence of 
diarrhea among weaned piglets (Xiao, 2011). In order to improve or 
reduce the impact of feed and environmental changes after weaning, 
and improve the growth performance and economic benefits of 
piglets, enterprises usually use antibiotics such as colistin sulfuric, 
chlortetracycline, oxytetracycline etc. to reduce weaning stress of 
piglets (Drider et al., 2022). Colistin sulfuric was used to treat bacterial 
infections such as Escherichia coli and Salmonella, and it was the 
preferred drug for treating intestinal infections in the past (Kwa et al., 
2007), therefore, it was often used as a feed additive in piglet breeding 
to improve intestinal health and reduce the diarrhea rate of piglets. 
However, some bacterial families, such as Enterobacteriaceae, are 
resistant to nearly all antibiotics (Gresse et al., 2017), and antibiotics 
frequently cause dysbiosis and reduce microbiota stability by limiting 
the growth and proliferation of both pathogenic and nonpathogenic 
bacteria (Salim et al., 2018). Moreover, the overuse of antibiotics has 
consequences for the environment as well as for human health, and 
the use of antibiotics in diets has been banned in China since July 1, 
2020. Accordingly, there is an urgent need to identify and develop safe 
and efficient alternatives to antibiotics.

Antimicrobial peptides (AMPs) comprise a class of small peptides 
widely present in animals and plants. They have little to no toxicity 
and have been reported to possess antibacterial (Vanzolini et  al., 
2022), antiviral (Huang et al., 2013), antitumor (Jaber et al., 2021), and 
immune regulatory effects (Pane et al., 2016). Additionally, unlike 
antibiotics, AMPs exert bacteriostatic effects by binding to bacteria 
and destroying their cell membranes, rendering it difficult for bacteria 
to develop resistance to these peptides (Benke et al., 2017). Cecropins 
are AMPs derived from insects, including the domestic silk moth 
Bombyx mori, and are key components of their innate immune 
systems (Nesa et al., 2019), and at present, cecropin antimicrobial 
peptides had been found to be divided into six types: A, B, C, D, E, and 
P1. They are currently the subject of intense research interest because 
of their broad-spectrum antibacterial activity and difficulty in 
generating drug resistance. Dietary supplementation with cecropin A 
can alleviates inflammatory bowel disease (IBD) in C57BL/6 mice 
through decreasing harmful gut microflora and specifically enhancing 
beneficial gut microflora (Zhai et al., 2019). The supplementation of 
cecropin AD in the diet can alleviate piglet diarrhea caused by 
enterotoxin-producing E. coli (Wu et al., 2012). Additionally, study 

found that cecropin A supplementation can increase the protein 
expression of ZO-1, claudin-1, and occludin, as well as enhance the 
barrier function of porcine intestinal epithelial cells by inhibiting the 
MEK/ERK pathway (Zhai et  al., 2018). Research has shown that 
cecropin B can disrupt the anionic cell membranes of Gram-negative 
bacteria, thus producing bacteriostatic effect on them (Sallum and 
Chen, 2008). In vivo experiment, cecropin B was injected into dairy 
goat mammary gland which inhibited the mastitis caused by 
Staphylococcus aureus (Luo et  al., 2013). And cecropins also has 
antiviral effects, studies showed that cecropin D and cecropin P1 can 
inhibit porcine reproductive and respiratory syndrome virus infection 
and reduce cell apoptosis (Guo et al., 2014; Liu et al., 2015). However, 
the functions of C and E have not been reported yet. Over recent 
years, the role of cecropins in the treatment of intestinal inflammation 
and the regulation of intestinal flora has gradually attracted attention. 
As a substitute for antibiotics, cecropin has unique research 
significance and application prospects, but in the research of cecropins 
on weaned piglets, how to alleviate weaning stress in piglets and 
optimum addition amount is still unclear and there are few studies 
about the impact on intestinal flora structure, especially in Chinese 
local pig breeds.

In this study, we supplemented the diets of nursery Hainan piglets 
with cecropin antimicrobial peptides (CAP) or the colistin sulfate and 
compared their effects on growth performance, immune status, 
intestinal morphology, intestinal tight junction and intestinal 
microorganismal structure. Our findings help to shed light on the 
different mechanisms for the actions of cecropins or antibiotics, and 
provide reference basis for the application of cecropins in the actual 
breeding of piglets.

Materials and methods

Animal ethics

All the experimental procedures applied in this study were 
reviewed and approved by the Experimental Animal Ethics Committee 
of Animal Husbandry and Veterinary Research Institute, Hainan 
Academy of Agricultural Sciences.

Materials

Silkworm cecropin A was purchased from Wuhan Woxuan 
Biotechnology Co., Ltd. (Wuhan, China). The purity of the peptides 
was 98% as determined by high-performance liquid chromatography.

Animal treatment

A total of 120 healthy Hainan nursery male piglets (initial body 
weight: 13.29 ± 0.29 kg, 44 days old) were allotted into five treatments 
based on body weight, in a completely randomized block design (4 
replicates per group, 6 piglets per replicate): a control (CON) group 
(fed a basal diet), an antibiotic control (AC) group (fed with the 
basal diet supplemented with 250 mg/kg colistin sulfate); and 3 
experimental groups (fed with the basal diet supplemented with 250, 
500, or 1,000 mg/kg CAP, respectively). The experimental diets were 
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formulated to meet Chinese “Standards for Pig Feeding” (NY/T 
65-2004) (NY/T 65-2004, 2004). The composition and nutritional 
level of the basal diet are shown in Table 1. The piglets were fed 3 
times one day in an open barn with ad libitum access to food and 
water. The pre-feeding period lasted for 7 days and the official period 
for 40 days. All experiments were approved by the Animal Care 
Committee of South China Agricultural University, and 
immunization was implemented following the breeding management 
regulations of the Yongfa Experimental Base of the Animal 
Husbandry and Veterinary Research Institute of the Hainan 
Academy of Agricultural Sciences. From the beginning (day 1) to the 
end (day 40) of the experimental period, all the piglets were weighed 
at the 40 days and the 40 days feed intake for each group was 
calculated; the diarrhea status was recorded every day. The average 
daily feed intake (ADFI), average daily weight gain (ADG), and feed 
conversion ratio (FCR) were also calculated. The occurrence of 
diarrhea for each piglet was visually assessed each afternoon 
according to the method of Hart and Dobb (1988). Scores were 
0 = normal, firm feces; 1 = possible slight diarrhea; 2 = definitely 
unformed, moderately fluid feces; or 3 = very watery and frothy 
diarrhea, The occurrence of diarrhea was defined as maintaining 
fecal scores of 2 or 3 (Montagne et al., 2004). The fecal score of 
piglets of each litter was recorded daily, their diarrhea rate during 
days 1–40 was also be calculated, and the diarrhea rate (DR, %) was 
calculated by the number of diarrhea cases/(total number of pigs × 
trial days).

Sample collection

After the test, we randomly select 6 piglets with body weight close 
to average for euthanasia in each group. Blood (5 mL) was collected 
from the anterior vena cava into a coagulation tube and stored at 
4°C. The gut was taken through a sterile laparotomy, then 1 cm of the 
middle parts of the jejunum and ileum were collected and placed in 
neutral formalin for histological analysis. The mucosa of jejunum and 
ileum was collected in centrifuge tubes and then immediately placed 
in liquid nitrogen and stored at −80°C for analysis of mRNA 

expression. Digesta from the colon were obtained using centrifuge 
tubes, immediately placed in liquid nitrogen, then stored at −80°C for 
analysis of the microbial community structure.

Detection of serum indicators

After centrifugation at 3,000 × g at 4°C for 10 min, the serum 
(supernatant) was collected and stored at −80°C until used for the 
detection of serum physiological and biochemical indicators, 
including total protein (TP), albumin (ALB), globulin (GLB), IgA, 
IgM, IgG, alanine aminotransferase (ALT), and aspartate 
aminotransferase (AST). IgA (H108-1-2), IgG (H106-1-2), IgM 
(H109-1-2), D-lactate acid (H263-1-2), and diamine oxidase (DAO, 
A008-1-1) contents were measured by ELISA on a Spectra Max iD5 
multifunctional microplate reader while serum TP, ALB, GLB, ALT 
and AST levels were determined using an automatic biochemical 
analyzer (LABOSPECT008A, HITACHI, Japan). ELISA kits were 
purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, 
China). The samples were measured by following the manufacturers’ 
instructions.

Measure pH of the stomach and small 
intestine

We took the contents of the anterior, middle, and posterior 
segments of the stomach, duodenum, jejunum, and ileum separately, 
diluted them tenfold with deionized water, stirred for 5 min, and 
calculated the pH value using a pH meter (testo 205, Germany).

Histological analysis

Tissue samples from the middle jejunum and ileum were fixed in 
4% paraformaldehyde, paraffin-embedded, cut into 5 μm-thick 
sections, stained with hematoxylin and eosin (H&E), and imaged 
using a panoramic slide scanner (PANNORAMIC, 3DHISTECH, 
Budapest, Hungary). Villus length, crypt depth, and the villus-height-
to-crypt-depth (V/C) ratio were measured using ImagePro Plus 6.0 
(Media Cybernetics, Maryland, United States).

RNA isolation and quantitative real-time 
PCR

Small pieces of jejunal and ileal mucosa were homogenized in 
liquid nitrogen. Total RNA was isolated from 30 to 50 mg of 
homogenized mucosal tissue using a RNeasy Mini Kit (Qiagen, 
Germany). Extracted RNA was reverse transcribed into cDNA using 
FastKing gDNA Dispelling RT SuperMix (TIANGEN, Beijing) 
according to the manufacturer’s instructions. Quantitative, real-time 
PCR was performed using QuantiNova SYBR Green PCR Master Mix 
(Qiagen, Germany), the reaction conditions were as follows: 95°C for 
3 min; 39 cycles at 95°C for 10 s, 60°C for 10 s, and 72°C for 30 s; and 
95°C for 10 min, 65°C for 5 s, 95°C for 5 s. The sequences of the 
primers used for qPCR were shown in Table 2. Results were calculated 
and represented using the 2®–ΔΔCT method.

TABLE 1 Composition and nutrient levels of the basal diet.

Ingredient Content Nutrient 
levels2

Corn 68.20 DE, (MJ/kg) 13.31

Soybean meal 22.20 EE 5.80

Fishmeal 2.50 CP 19.30

Soybean oil 3.00 CF 0.26

Lys 0.10 Lys 1.20

Premix1 4.00 Met + Cys 0.54

Ca 0.64

Total 100.00 P 0.46

1Premix was provided per kg of ration. Vitamin (V) A, 3,000 IU; VD3, 440 IU; VE, 26.48 IU; 
VK3, 0.5 mg; VB2, 11 mg; VB6, 2.2 mg; nicotinamide, 33 mg; D-calcium pantothenate, 2 mg; Se 
(as sodium selenite), 0.1 mg; Cu (as copper sulfate), 40 mg; Fe (as ferrous sulfate), 60 mg; Mn 
(as manganese sulfate), 2 mg; Zn (as zinc sulfate), 48 mg; I (as calcium iodide), 0.24 mg. 
2Ether extract (EE), crude protein (CP), crude fiber (CF), calcium (Ca), and phosphorus (P) 
were measured values; the rest were calculated values.
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Intestinal flora detection and analysis

We took the colon contents and extract the genomic DNA of the 
sample used the Cetyltrimethylammonium Bromide (CTAB) method, 
detected DNA purity and concentration by 1.5% agarose gel 
electrophoresis, the V3 and V4 regions of 16 s of 16 s DNA are known 
as templates. PCR amplification was carried out with specific primers 
with Barcode and high-fidelity enzymes, and the PCR products were 
electrophoretically detected with 2% agarose gel, then, the qualified 
fragments were recovered by the gel recovery kit provided by Qiagen 
Company, and sent to Beijing Novegene Technology Co., Ltd. (Beijing, 
China) for 16S rRNA gene sequencing.

Statistical analysis

The original data were organized in Excel 2012. Data was analyzed 
using the one-way ANOVA and Tukey’s honestly significant difference 
test in GraphPad Prism 9.3, in addition, the diarrhea rates of piglets were 
compared with use of chi-square analysis, observations and expectations 
are expressed in percentage form (%) and the chi square value is 11.91, 
and microbial data was used nonparametric estimation to analysis. All 
the table data were expressed as means ± SD, and the figure data were 
expressed as means ± SEM. p-values <0.05 were considered significant.

Results

Effects of dietary CAP on growth 
performance and diarrhea rate in nursery 
piglets

The effect of dietary CAP on the growth performance of nursery 
Hainan piglets is presented in Table 3. Compared with the CON group, 
the diarrhea rate had significantly decreased (p < 0.05), and the ADG 
had increased by 8.01% and FRC decreased by 9.87% in the AC group, 
but there have no significant differences (p > 0.05). The FCR was 
significantly lower in 500 mg/kg CAP group than in that of the CON 
and the 1,000 mg/kg CAP groups (p < 0.05). Moreover, compared with 
that in the AC group, the FCR was decreased by 7.62% in the 500 mg/
kg CAP group, although not significantly (p > 0.05). Additionally, the 
diarrhea rate of piglets in the 250 mg/kg and 500 mg/kg CAP groups 
was significantly decreased compared with the CON group (by 49.37 
and 45.87%, respectively; p < 0.05); however, no significant differences 
were observed relative to the AC group (p > 0.05).

Effects of dietary CAP on serum 
biochemistry in nursery piglets

Here, compared with CON group, the serum level of ALB was 
increased and the serum level AST was significantly decreased in the 
AC group (p < 0.05, Table 4), and we found that piglets in the 500 mg/
kg CAP group had higher serum levels of TP, ALB, and GLB (p < 0.05, 
Table 4) compared with the CON group. Compared with the AC 
group, the supplementation of 500 mg/kg CAP increased serum levels 
of TP and GLB in the piglets by 19.47% and 26.82%, respectively 
(p < 0.05, Table 4). Moreover, in the 500 mg/kg CAP group, serum AST 
was decreased by 36.17% compared with that in the CON group 
(p < 0.05, Table 4). However, no significant differences were detected 
in serum levels of ALT among the 5 groups of nursery Hainan piglets 
(p > 0.05, Table 4).

Effects of dietary CAP on serum 
immunoglobulin levels in nursery piglets

Serum immunoglobulin levels of weaned Hainan pigs showed that 
there had no significant difference in the serum level of IgG among 
the 5 groups (p > 0.05, Table  5). Compared with the CON group, 
serum IgM content had increased in the AC group, serum IgA content 
in the 500 mg/kg CAP group significantly increased by 141.90%, 
serum IgM content in the 250 mg/kg CAP and 500 mg/kg CAP groups 
had significantly increased by 17.71% and 21.15%, respectively 
(p < 0.05, Table  5), but the serum IgA content in the 250 mg/kg, 
1,000 mg/kg CAP group and serum IgM in 1,000 mg/kg CAP group 
had no significantly increased (p > 0.05, Table 5). Compared with the 
AC group, serum IgA content in the 500 mg/kg CAP group was 
16.51% higher, but there was no significant difference (p > 0.05, 
Table 5).

Effects of dietary CAP on the intestinal 
morphology of nursery piglets

The intestinal morphology of nursery Hainan piglets was shown 
in Figure 1. Compared with the CON group, the jejunal villus height 
was higher in the 250 mg/kg, 500 mg/kg CAP and AC groups (p < 0.05, 
Figure 1A); and there had no marked differences of jejunal crypt 
depth among the 5 groups (p > 0.05, Figure 1B), while the jejunal V/C 
ratio was significantly higher in the 500 mg/kg CAP and AC group 
than in the CON group (a 48.65% increase; p < 0.05, Figure 1C). No 
marked differences in villus height, crypt depth, or V/C ratio were 
found in the ileum among the 5 dietary treatment groups (p > 0.05, 
Figures 1D–F).

Effects of dietary CAP on the pH of the 
gastrointestinal contents in nursery piglets

There had no significant differences in the pH value of the 
gastrointestinal contents between the control groups (CON and AC) 
and the 3 CAP supplementation groups (250, 500, and 1,000 mg/k, 
Table 6) (p > 0.05).

TABLE 2 Primers used for real-time PCR.

Gene Primer sequence (5′–3′)
Accession 
numbers

ZO-1
F GTCCAGAATCTCGGAAAAGTGCC AJ318101

R CTTTCAGCGCACCATACCAACC

Occludin
F CAGGTGCACCCTCCAGATTG NM_001163647

R TATGTCGTTGCTGGGTGCAT

β-actin
F CAGGTCATCACCATCGGCAACG NM_001199954.3

R GACAGCACCGTGTTGGCGTAGAGGT
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Dietary CAP modulated intestinal tract 
integrity in nursery piglets

Compared with the CON group, serum D-lactic acid 
concentration and DAO activity were significantly reduced in the 
500 mg/kg CAP group (by 31.16% and 54.83%, respectively) and AC 
group (by 13.04% and 43.31%, respectively; p < 0.05, Table 7); however, 
no differences were seen compared with the AC group (p > 0.05, 
Table 7). Furthermore, DAO activity was significantly lower in the 
250 mg/kg and 1,000 mg/kg CAP groups than in the CON group, with 
reduced of 45.83% and 25.22%, respectively (p < 0.01, Table 7).

Effects of dietary CAP on the relative mRNA 
expressions of the tight junction gene in 
nursery piglets

Compared with the CON group, the mRNA expression level of 
occludin had significantly increased in the 500 mg/kg CAP and AC 
groups of the jejunum (p < 0.05, Figure 2A), moreover, the occludin 
mRNA expression level in the 500 mg/kg CAP group was higher than 

that in the AC group, although the difference was not significant 
(p > 0.05, Figure 2A). Meanwhile, the occludin mRNA expression level 
in ileal tissue was significantly upregulated in the 500 mg/kg CAP 
group compared with that in the CON and AC groups (p < 0.05, 
Figure 2C). Additionally, the occludin mRNA expression level was 
higher of ileal tissue in the 250 mg/kg CAP group than in the CON 
group, but the difference was not significant (p > 0.05, Figure 2C). 
Compared with the CON group, the ZO-1 mRNA expression level was 
significantly increased in the jejunum of 250, 500 mg/kg CAP and AC 
groups and in ileum of the 500 mg/kg CAP group (p < 0.05, 
Figures  2B–D), but compared with AC group, the ZO-1 mRNA 
expression level of jejunum in the 1,000 mg/kg CAP group was 
significantly reduced (p < 0.05, Figure 2B).

Effect of dietary CAP on the intestinal 
microflora of nursery piglets

The dilution curve for each sample and that of each group tended 
to be  flat, indicating that the amount of sequencing data was 
reasonable (Figure 3). Additionally, as shown in the alpha-diversity 

TABLE 3 Effects of dietary cecropin antimicrobial peptide (CAP) supplementation on growth performance and diarrhea rate in nursery piglets.

Item1 CON2
CAP treatment

AC3 p-value
250  mg/kg 500  mg/kg 1,000  mg/kg

Initial weight, kg 13.31 ± 0.21 13.45 ± 0.29 13.31 ± 0.24 13.29 ± 0.22 13.19 ± 0.08 0.601

Final weight, kg 22.95 ± 0.70ab 23.50 ± 1.03ab 24.23 ± 1.00a 21.25 ± 0.70b 23.38 ± 1.09ab 0.005

ADG, g 235.90 ± 10.51b 251.30 ± 20.05ab 291.40 ± 35.37a 231.79 ± 10.53b 254.80 ± 28.37ab 0.027

ADFI, g 549.30 ± 7.76 551.80 ± 7.18 533.10 ± 20.02 536.30 ± 9.16 530.70 ± 20.46 0.875

FCR 2.33 ± 0.08a 2.21 ± 0.19ab 1.94 ± 0.22b 2.36 ± 0.13a 2.10 ± 0.16ab 0.016

Diarrhea rate, % 8.85 ± 0.62a 4.48 ± 2.30b 4.79 ± 2.97b 7.49 ± 2.82ab 4.27 ± 2.29b 0.018

In the same row, values with different superscript lowercase letters differ significantly (p < 0.05). Data are presented as means ± SD (n = 4). 1ADG, average daily gain; ADFI, average daily feed 
intake; FCR, feed conversion ratio; 2CON, control; 3AC, antibiotic control.

TABLE 4 Effects of dietary cecropin antimicrobial peptide (CAP) supplementation on serum biochemistry levels in nursery piglets.

Item1 CON2
CAP treatment

AC3 p-value
250  mg/kg 500  mg/kg 1,000  mg/kg

TP (g/L) 71.67 ± 1.47b 81.70 ± 10.76ab 92.50 ± 3.93a 77.13 ± 8.82b 77.42 ± 1.75b 0.006

GLB (g/L) 42.25 ± 2.60b 50.00 ± 8.32ab 52.38 ± 6.33a 47.00 ± 6.24ab 41.30 ± 3.25b 0.048

ALB (g/L) 28.60 ± 1.19c 32.75 ± 2.10abc 34.88 ± 1.79ab 29.30 ± 4.31bc 35.80 ± 4.52a 0.007

AST (U/L) 117.50 ± 10.41a 105.00 ± 17.80ab 75.00 ± 7.07b 99.00 ± 10.84ab 82.50 ± 22.17b 0.005

ALT (U/L) 46.00 ± 8.94 50.83 ± 8.61 41.25 ± 4.78 46.00 ± 2.24 41.00 ± 6.52 0.163

In the same row, values with different superscript lowercase letters differ significantly (p < 0.05). Data are presented as means ± SD (n = 6), the same as below. 1TP, total protein; GLB, globulin; 
ALB, albumin; AST, aspartate aminotransferase; ALT, alanine aminotransferase; 2CON, control; 3AC, antibiotic control.

TABLE 5 Effects of dietary cecropin antimicrobial peptide (CAP) supplementation on serum immunoglobulin levels in nursery piglets.

Itema1 CON2
CAP treatment

AC3 p-value
250  mg/kg 500  mg/kg 1,000  mg/kg

IgA (μg/mL) 4.20 ± 0.63b 5.74 ± 1.21b 10.16 ± 2.84a 8.00 ± 1.26ab 8.72 ± 2.95ab 0.003

IgG (g/L) 8.29 ± 1.19 7.83 ± 0.65 7.92 ± 0.41 7.04 ± 1.52 7.50 ± 0.25 0.374

IgM (μg/mL) 18.58 ± 1.04b 21.87 ± 1.39a 22.51 ± 1.40a 20.75 ± 1.00ab 22.15 ± 1.59a 0.004

1Ig, immunoglobulin; 2CON, control; 3AC, antibiotic control.
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FIGURE 1

Effects of dietary cecropin antimicrobial peptide (CAP) supplementation on intestinal morphology in nursery piglets. (A) Jejunum villus height. 
(B) Jejunum crypt depth. (C) Jejunum villus height/crypt depth. (D) Ileum height. (E) Ileum crypt depth. (F) Ileum villus height/crypt depth. Data are 
presented as means ± SEM (n  =  6); mean values with different letters indicate significant differences (p  <  0.05).

index in Table 8, the Good’s coverage of each group was greater than 
99.8%. Observed species and the Chao1 index of the 500 mg/kg CAP 
group were significantly lower than those of the CON group (p < 0.05, 
Table 8); however, no differences in Shannon and Simpson’s indices 
were found among the 5 groups (p > 0.05, Table 8).

Beta diversity analysis is mainly used to compare the differences 
in the overall structure of microbial communities among different 
samples, each point in the graph represents a sample, and samples 
from the same group are represent the same color. If the sample 
distance is closer, it indicates that the species composition structure is 
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more similar. Therefore, samples with high similarity in community 
structure tend to gather together, while samples with significant 
differences in community structure will be far apart. In this research, 
the colon microbial community structure of the NC group, 1,000 mg/
kg CAP group, and PC group was relatively similar, while the colon 
microbial community structure of the 250 mg/kg and 500 mg/kg CAP 
groups was relatively similar (Figure 4).

As shown in Figure 3A, the most abundant bacteria in the colonic 
digesta of the piglets at the phylum level were Firmicutes, Bacteroidota, 
and Proteobacteria. Compared with the CON group, the relative 
abundance of Lactobacillus and Limoslactobacillus was significantly 
higher in the AC group (p < 0.05, Table 9). Additionally, the relative 
abundance of Firmicutes was significantly higher in the 500 mg/kg 
CAP group than in the CON group (p < 0.05, Table 9), while that of 

TABLE 6 Effects of dietary cecropin antimicrobial peptide (CAP) supplementation on the pH of the gastrointestinal contents in nursery piglets.

Item CON CAP treatment AC p-value

250  mg/kg 500  mg/kg 1,000  mg/kg

Stomach pH 2.92 ± 0.56 2.60 ± 0.46 2.61 ± 0.33 3.09 ± 0.59 3.21 ± 0.60 0.371

Duodenum pH 5.77 ± 0.40 5.72 ± 0.34 5.28 ± 0.73 5.54 ± 0.39 5.72 ± 0.44 0.109

Jejunum pH 5.76 ± 0.42 5.95 ± 0.37 5.70 ± 0.29 5.70 ± 0.31 5.78 ± 0.45 0.466

Ileum pH 6.17 ± 0.58 6.02 ± 0.59 5.94 ± 0.39 5.87 ± 0.42 6.05 ± 0.47 0.622

CON, control; AC, antibiotic control.

TABLE 7 Effects of dietary cecropin antimicrobial peptide (CAP) supplementation modulated intestinal tract integrity in nursery piglets.

Item1 CON2 CAP treatment AC3 p-value

250  mg/kg 500  mg/kg 1,000  mg/kg

D-lactic acid (μg/mL) 0.69 ± 0.05a 0.63 ± 0.08a 0.47 ± 0.06b 0.45 ± 0.06a 0.60 ± 0.06b <0.01

DAO (pg/mL) 40.43 ± 1.78a 21.90 ± 4.48bc 18.26 ± 3.71c 30.23 ± 5.55b 22.92 ± 4.21bc <0.01

1DAO, diamine oxidase; 2CON, control; 3AC, antibiotic control.

FIGURE 2

Effects of dietary cecropin antimicrobial peptide (CAP) supplementation on intestinal tight junction in nursery piglets. (A–D) The mRNA expression 
levels of genes associated with intestinal barrier function in nursery Hainan piglets in the different groups. (A) Relative expression of occludin mRNA in 
jejunum. (B) Relative expression of ZO-1 mRNA in jejunum. (C) Relative expression of occludin mRNA in ileum. (D) Relative expression of ZO-1 mRNA 
in ileum. Data are presented as means ± SEM (n  =  6); mean values with different letters indicate significant differences (p  <  0.05).
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Proteobacteria was significantly lower in the 250 mg/kg CAP group 
than in the CON group (p < 0.05, Table 9). At the genus level, we found 
that Lactobacillus, Streptococcus, Prevotella_9, Escherichia–Shigella, 
and Limosilactobacillus were the dominant genera in all the groups 
(Figure 3B); moreover, the relative abundance of Lactobacillus in the 
500 mg/kg CAP group was significantly higher than that in the CON 
group and AC group (p < 0.05, Table 9). The relative abundance of 
Limoslactobacillus was significantly higher in the 500 mg/kg CAP 
group than in the CON group (p < 0.05, Table  9), while that of 
Streptococcus and Escherichia–Shigella was significantly lower (p < 0.05, 
Table 9).

Discussion

After weaning, piglets can suffer from stress due to changes in feed 
intake, which may further cause diarrhea, growth retardation, and a 
decline in production performance. Over recent years, numerous 
studies have confirmed that dietary supplementation with AMPs can 
promote the development of the intestinal mucosa, improve intestinal 
morphology, and increase the weight of animals (Bao et al., 2009; Wu 
et al., 2012; Feng et al., 2020). Here, we found that nursery Hainan 
piglets fed diets containing 500 mg/kg CAP had greater ADG and FCR 
(p < 0.05, Table 3) compared with the CON group, but the addition 
levels of 250 mg/kg and 1,000 mg/kg had no significant effects on ADG 
and FCR (p > 0.05, Table  3). Yoon et  al. (2013) observed an 

TABLE 8 The alpha-diversity index of nursery Hainan piglets in the different treatment groups.

Item CON CAP treatment AC p-value

250  mg/kg 500  mg/kg 1,000  mg/kg

Goods coverage, % 99.84 ± 0.02 99.84 ± 0.05 99.85 ± 0.02 99.85 ± 0.01 99.83 ± 0.02 0.289

Chao1 808.60 ± 40.64a 742.50 ± 38.42ab 722.30 ± 40.47b 742.10 ± 48.07ab 760.20 ± 33.84ab 0.045

Observed species 777.50 ± 43.94a 728.70 ± 69.38ab 679.70 ± 49.55b 701.8 ± 48.57ab 701.60 ± 32.28ab 0.043

Shannon index 6.29 ± 0.32 5.93 ± 0.15 5.76 ± 0.61 5.92 ± 0.71 6.03 ± 0.46 0.191

Simpson’s index 0.94 ± 0.02 0.95 ± 0.02 0.93 ± 0.03 0.92 ± 0.05 0.94 ± 0.04 0.361

CON, control; AC, antibiotic control.

TABLE 9 Relative species abundance at the phylum and genus levels.

Items CON CAP treatment AC p-value

250  mg/kg 500  mg/kg 1,000  mg/kg

Phylum level, %

Firmicutes 50.36 ± 2.72b 57.96 ± 6.36ab 69.44 ± 10.57a 60.14 ± 5.17ab 63.24 ± 4.57ab 0.015

Bacteroidota 29.45 ± 6.44 32.36 ± 8.90 22.45 ± 8.04 25.51 ± 8.08 26.94 ± 5.48 0.312

Proteobacteria 9.30 ± 1.94a 2.68 ± 1.99b 8.81 ± 1.75a 6.30 ± 3.61ab 5.72 ± 2.57ab 0.028

Genus level, %

Lactobacillus 4.97 ± 2021c 16.55 ± 6.87bc 31.63 ± 9.06a 14.00 ± 4.65bc 17.24 ± 8.13b 0.002

Limosilactobacillus 0.92 ± 0.25b 3.11 ± 0.91a 3.37 ± 1.58a 4.22 ± 0.31a 3.44 ± 1.03a 0.014

Prevotella_9 4.36 ± 2.33 5.09 ± 1.63 3.46 ± 2.01 6.54 ± 3.76 4.42 ± 3.09 0.675

Streptococcus 19.07 ± 4.02A 10.24 ± 3.41abc 6.81 ± 1.45c 21.68 ± 7.15a 14.02 ± 3.94a 0.006

Escherichia–Shigella 2.35 ± 1.26a 0.88 ± 0.51b 0.75 ± 0.32b 1.41 ± 1.14ab 1.72 ± 1.08ab 0.047

CON, control; AC, antibiotic control.

FIGURE 3

Colonic microbial dilution curve for nursery piglets. (J.A) negative 
control (NC) group, (J.B) 250  mg/kg cecropin antimicrobial peptide 
(CAP) supplementation group, (J.C) 500  mg/kg CAP supplementation 
group, and (J.D) 1,000  mg/kg CAP supplementation group, and (J.E) 
antibiotic control (AC) group. The same as below (n  =  6).
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improvement in ADG and FCR in weanling piglets (Landrace × 
Yorkshire × Duroc) fed diets supplementation with 60 mg/kg hybrid 
AMP (cecropin A-magainin2). Another study showed that dietary 
supplementation with 1,000 mg/kg immobilized AMP was 
significantly increased the ADG and reduced FCR of weanling piglets 
(Landrace × Yorkshire × Duroc) (Liu et  al., 2022). These studies 
indicate that AMPs in the diets of weaning piglets improved the 
growth performance, but due to different breeds of piglets and 
different types of AMP, the optimal dosage of antimicrobial peptides 
is also different.

Diarrhea is a common and frequently occurring disease among 
piglets. The digestive system of piglets is not mature both before and 
immediately after weaning, and the overall digestive function of the 
animals is relatively weak at this stage. After weaning, stress resulting 
from abrupt changes in dietary structure and feeding environment, 
among other causes, is very likely to cause intestinal barrier 
destruction, intestinal dysbiosis and immune decline in weaned 
piglets, leading to diarrhea (Ren et al., 2022). Post-weaning diarrhea 
is caused by bacteria such as E. coli (Huang et al., 2018), Salmonella 
(Kylla et al., 2019), and Clostridium perfringens (Songer, 2010) and 
represents one of the most serious problems facing the swine industry 
worldwide. In this study, we  found that compared with the CON 
group, the diarrhea rate was significantly reduced in nursery Hainan 
piglets fed diets containing 250 mg/kg and 500 mg/kg CAP (p < 0.05, 
Table 3), and the effect was equivalent to that seen in the antibiotic 

supplementation group. Wu et  al. (2021) showed that the AMP 
GW-Q4 had strong antibacterial activity against enterotoxigenic 
E. coli, and the authors reported that GW-Q4 might be a promising 
candidate for the treatment of diarrhea in weaned piglets caused by 
this bacterium. Meanwhile, Liang et al. (2022) showed that the AMP 
gloverin2 exhibited desirable antimicrobial activity against 3 indicator 
bacteria associated with piglet diarrhea (E. coli, Salmonella Derby, and 
C. perfringens) and also displayed marked potential for the treatment 
of this condition in piglets. Escherichia could cause diarrhea in 
humans, cows, and pigs (Bin et al., 2018), and in our study showed 
that CAP significantly reduced the abundance of Escherichia–Shigella. 
Therefore, the above results indicated that AMP could reduce piglet 
diarrhea by inhibiting the reproduction of harmful bacteria. But there 
were no differences in diarrhea rates between nursery Hainan piglets 
of the CON group and 1,000 mg/kg CAP group (p > 0.05, Table 3), the 
reason may be  that 1,000 mg/kg CAP fed for more than 4 weeks 
inhibited lymphocyte proliferation, promoted apoptosis, reduced 
piglets’ immunity, and thus weakened their ability to resist pathogens 
(Ren et  al., 2015). Moreover, Streptococcus contains multiple 
pathogenic bacteria, infected the intestine will cause damage to the 
intestinal mucosa and cause diarrhea in piglets (Ferrando and 
Schultsz, 2016), the higher relative abundance of Streptococcus may 
be one of the reasons for the higher diarrhea rate of piglets in the 
1,000 mg/kg CAP group. However, further investigation is needed to 
investigate the reasons for this.

FIGURE 4

β diversity of the colonic microbiota (n  =  6).
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Serum biochemical indicators reflect the metabolic and health 
status of the body to varying degrees. Serum TP include ALB and 
GLB, which are synthesized by the liver. Serum TP and ALB 
concentrations can reflect the status of protein metabolism, at least to 
some extent, while the serum GLB level is closely related to the 
immune status (Geng et al., 2021). Immunoglobulin G participates in 
the humoral immune response, while IgM and IgA are involved in the 
mucosal immune response (Megha and Mohanan, 2021). Our results 
showed that, although serum AST was decreased of 500 mg/kg CAP 
group compared with that in the CON group, all groups of piglet 
serum AST were within the normal physiological range (Feldman 
et al., 2000); compared with the CON group, the 500 mg/kg CAP 
group had higher serum IgA and IgM levels (p < 0.05, Table  5). 
Moreover, serum IgA concentrations in the 500 mg/kg CAP group 
were greater than those in the AC group (p > 0.05, Table  5). 
Additionally, the increased serum levels of IgA, and IgM implied that 
the dietary inclusion of 500 mg/kg CAP enhanced the immunity of the 
nursery Hainan piglets. Wu et  al. (2012) demonstrated that the 
addition of cecropins AD to the diets of weaned piglets (Landrace × 
Yorkshire) improved the levels of serum IgA and IgG. It has also been 
shown that the antimicrobial peptide LL-37 can promote antigen-
specific immune responses in mice by upregulating the levels of 
soluble IgA and serum IgG, thereby enhancing mucosal and systemic 
immunity (Kim et al., 2015). Our findings were consistent with these 
reports, which indicated that CAP could promote mucosal immunity 
in nursery Hainan piglets, possibly because that dietary AMP 
increased both the number and the proliferative ability of T cells and 
significantly improved immune function in weaned piglets (Ren et al., 
2015), additionally, at the dosage of 500 mg/kg, the effect was superior 
to that of the AC group.

Growth performance of piglet is highly associated with intestinal 
functions. The small intestine is a crucial digestive and absorptive 
organ for nutrients. The V/C ratio represents the absorptive capacity 
of the small intestine, and the higher ratio, the better the intestinal 
absorption capacity (Zhang et al., 2021). Tight junctions play a key 
role in the maintenance of the structural and functional integrity of 
the intestinal mucosa. They are composed of transmembrane cell 
adhesion molecules, including claudin, occludin, and the peripheral 
membrane protein ZO-1 (Suzuki, 2020). The primary function of tight 
junctions is to prevent the invasion of inflammatory mediators into 
the systemic circulation by allowing only ions and soluble small-
molecule substances to traverse the intestinal barrier (Suzuki, 2013). 
Serum D-lactic acid and DAO levels are sensitive markers for 
detecting intestinal permeability and tissue injury. When the intestine 
is damaged, intestinal permeability increases, leading to an increase 
in serum D-lactic acid and DAO levels (Wang et al., 2022). In our 
study, compared with the CON group, nursery Hainan piglets fed a 
diet containing 500 mg/kg CAP exhibited a higher V/C ratio and 
greater villus length in the jejunum (p < 0.05, Figure 2), lower serum 
D-lactic acid and DAO levels (p < 0.05, Table  6), and increased 
expression of ZO-1 and occludin mRNA (p < 0.05, Figure 5). Wen and 
He (2012) demonstrated that the addition of cecropins to the diets of 
broilers promoted the growth of intestinal villi and improved intestinal 
morphology. It was also reported that supplementation of magainin 
II-cecropin B, a hybrid AMP, increased the length of ileal villi, the V/C 
ratio, and the expression level of intestinal ZO-1, claudin-1, and 
occludin mRNA in mice (Zhang et al., 2018). In a porcine jejunum 

epithelial cell (IPEC-J2) intestinal barrier model, cecropin A was 
observed to modulate ZO-1 and occludin protein expression and 
enhance barrier function by suppressing the MEK/ERK pathway (Zhai 
et  al., 2018). It indicated that the improvement of intestinal 
morphology and intestinal tight junctions by CAP supplementation 
may be related to the suppression of MEK/ERK pathway by cecropins. 
However, this possibility requires further experimental verification. 
Study showed that the improvement of intestinal morphology and 
intestinal barrier could promote the digestion and absorption of 
nutrients, thus improving production performance (Oladokun et al., 
2021). It also can explain why CAP could improve growth performance 
in nursery Hainan piglets.

Gut microbes also play an active role in maintaining intestinal 
health in weaned piglets (Xiang et  al., 2021). The gut microbiota 
barrier is an important barrier against the invasion of exogenous 
pathogens and harmful substances (Amoroso et  al., 2020). After 
weaning, piglets are prone to intestinal stress, which can lead to 
disturbances in the intestinal microbiota and reduced growth (Wang 
et al., 2017). In this study, compared with CON group, at the phylum 
levels, the relative abundance of Firmicutes was increased in the 
colons of 500 mg/kg CAP group, at the genus levels, Lactobacillus and 
Limoslactobacillus was increased in the colons of 500 mg/kg CAP 
group, whereas that of Streptococcus and Escherichia–Shigella was 
reduced (p < 0.05, Table  9); meanwhile, observed species and the 
Chao1 index of colonic microorganisms were also decreased (p < 0.05), 
possibly because that dietary supplementation of 500 mg/kg CAP 
significantly inhibited the growth and reproduction of harmful 
bacteria. Studies have shown that Lactobacillus can enhance growth 
performance and intestinal immunity in piglets (Xin et al., 2020; Yang 
et al., 2020) while Limoslactobacillus was reported to enhance gut 
integrity and immunomodulation, and attenuate hepatic disorders 
(Abuqwider et  al., 2022). And Escherichia–Shigella belongs to 
Proteobacteria, including Gram-negative bacteria that produce LPS, 
and its increase will cause intestinal inflammation, it reported that the 
relative abundance of Escherichia-Shigella in the cecum of colitis 
model mice was more than 10 times higher than that of healthy mice 
(Peng et  al., 2020). Streptococcus contains multiple pathogenic 
bacteria, colonization in the intestine can cause damage to the 
intestinal mucosa and cause diarrhea in piglets (Ferrando and 
Schultsz, 2016). Therefore, the abundance of Lactobacillus increased 
in the colon of piglets while decreasing that of Escherichia–Shigella 
and Streptococcus are also the reason that CAP supplementation 
improved intestinal morphology and intestinal barrier function to 
promote growth performance. In this study, piglets in the 500 mg/kg 
CAP group had greater ADG and relative abundance of Lactobacillus 
relative to the other 4 groups. This was in agreement with a study 
showing that the proportion of the Lactobacillus genus was positively 
related to BW and ADG in broilers (Chen and Yu, 2020). Meanwhile, 
there have a study shown that reduction of stomach pH can have 
beneficial effects on both growth performance and microbiota of 
weaning piglets (Lingbeek et  al., 2021), in this study, no marked 
differences in the pH value of the gastrointestinal contents were 
observed between the control groups (CON and AC) and the 3 CAP 
supplementation groups (p > 0.05, Table 6), it indicated that dietary 
supplementation of CAP has no improved intestinal flora structure by 
regulating intestinal PH. These observations indicated that the dietary 
supplementation of 500 mg/kg CAP promoted growth performance 
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and intestinal tight junction in nursery Hainan piglets through gut 
microbiota optimization, and its effect was better than that of the 
antibiotic group. The comprehensive results showed that cecropins 
could reduce diarrhea rate and promote growth performance of 
piglets by improving intestinal morphology, strengthening intestinal 
tight junction, and improving intestinal microbial structure.

Colistin sulfuric as antibiotic additives was often used as a feed 
additive in piglet breeding to improve intestinal health and reduce 
the diarrhea rate of piglets (Aden et al., 1969). And in this study, our 
results showed that the diarrhea rate had significantly decreased 

(p < 0.05), and the ADG had increased by 8.01% and FRC decreased 
by 9.87% in the AC group than that in the CON group, and 
compared with the CON group, the villus height, V/D, the mRNA 
expression level of occludin and ZO-1 were higher in the AC group 
(p < 0.05), those indicated that colistin sulfuric improved the 
intestinal health of piglets, reduced diarrhea rate, and had a certain 
growth promoting effect, it related to research results such as Peng 
et al. (2021). And in this study, CAP had the same effect, indicated 
that CAP has the potential to replace antibiotics in the treatment of 
piglet diarrhea.

FIGURE 5

Effects of dietary cecropin antimicrobial peptide (CAP) supplementation on intestinal microflora abundance in nursery piglets. (A) Histogram of the 
top 10 species with the greatest relative abundance at the phylum level. (B) Histogram of the top 10 species with the greatest relative abundance at the 
genus level (n  =  6).
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Conclusion

In summary, our data demonstrated that the dietary addition of 
CAPs can improve growth performance, reduce diarrhea and enhance 
immunity by improving intestinal flora structure, intestinal 
morphology, and intestinal tight junction. Cecropins have potential as 
an alternative to antibiotics in the diets of Hainan piglets, and 
providing a reference for the Chinese local piglet breeding industry.
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