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Abstract

Diarrhea is a common enteric disease in piglets that leads to high mortality and economic losses in swine produc-
tion worldwide. Antibiotics are commonly used to prevent or treat diarrhea in piglets. However, irrational antibiotic
use contributes to the development of resistance in bacteria and antibiotic residues in animal products, threatening
public health, while causing gut microbiota dysbiosis and antibiotic-resistant bacterial infection in piglets. Therefore,
the quest for alternative products (such as probiotics, prebiotics, organic acids, enzymes, essential oils, medium-chain
fatty acids, zinc, and plant extracts) has recently been clearly emphasized through the increase in regulations regard-
ing antibiotic use in livestock production. These antibiotic alternatives could lower the risk of antibiotic-resistant
bacteria and meet consumer demand for antibiotic-free food. Several antibiotic alternatives have been proposed,
including immunomodulatory probiotics, as candidates to reduce the need for antimicrobial therapy. Many studies
have revealed that probiotics can avert and cure bacterial diarrhea by regulating the gut function and immune sys-
tem of piglets. In this review, we focus on the major pathogenic bacteria causing piglet diarrhea, the research status
of using probiotics to prevent and treat diarrhea, their possible mechanisms, and the safety issues related to the use
of probiotics. Supplementation with probiotics is a possible alternative to antibiotics for the prevention or treatment
of bacterial diarrhea in piglets. Furthermore, probiotics exert beneficial effects on feed efficiency and growth perfor-
mance of piglets. Therefore, appropriate selection and strategies for the use of probiotics may have a positive effect
on growth performance and also reduce diarrhea in piglets. This review provides useful information on probiotics
for researchers, pig nutritionists, and the additive industry to support their use against bacterial diarrhea in piglets.
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Interaction of probiotics with the gut associated immune system. TLRS, Toll-like receptors; MAPK, Mitogen-activated
protein kinases; TRAF, Tumor necrosis factor receptor-associated factor; DC, Dendritic cells; MP, Macrophages; NT, Naive
T cell; IL-10, Interleukin 10 proteins; Tregs, Regulatory T cells; Th1, Type 1 T helper cells; Th2, Type 2 T helper cells; Th17,
Type 17 T helper cells; SIgA, Secretory immunoglobulin A; TJs, Tight junctions.
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Introduction

Diarrhea is the most prevalent enteric disease in mod-
ern pig production and leads to high mortality, reduced
growth rates and increased treatment costs [1, 2]. Neo-
natal diarrhea occurring throughout the suckling piglet
period and post-weaning diarrhea occurring within the
first two weeks after weaning are the two most promi-
nent forms of diarrhea in piglets 3, 4]. After birth, the
mucosal immune system of piglets is immature. As
a result, pathogens can easily colonize the intestinal
tract, leading to the development of neonatal diarrhea.
Moreover, the weaning process causes stress in piglets
and thus impairs intestinal function, which allows path-
ogens to develop post-weaning diarrhea. The mortality
rate of piglets with diarrhea can increase by up to 75%
depending on the severity of diarrhea and the age of
piglets [5]. The pre-weaning mortality rate ranges from
10% to 20% in the main pig-producing countries [6],
whereas mortality can reach up to 25% due to diarrhea
during the post-weaning period [2]. Diarrhea outbreaks
in piglets are caused by different enteropathogens such

as bacteria, viruses, protozoa, and parasites [7]. Fur-
thermore, non-infectious factors, such as poor nutri-
tion, management and stress, can lead to an increased
risk of enteropathogenic infection which causes diar-
rhea in piglets.

Recently, diarrhea in piglets, particularly that of infec-
tious origin, has regained attention because approxi-
mately half (49%) of piglet deaths result from diarrhea
infections that cause severe economic losses in the
swine industry worldwide [8]. Diarrhea due to bacte-
rial infection is common in piglets. Among the bacte-
ria that cause diarrhea in piglets, the main pathogens
are Escherichia coli, Salmonella spp. and Clostridium
spp- [9]. Antibiotics are commonly used in the modern
pig industry [10]. However, the long-term and overuse
of antibiotics in animal diets has led to drug-resistant
bacteria in animals and humans [11, 12]. Thus, anti-
biotics used in animals were banned in the European
Union in 2006 [13] or allowed for limited use in many
countries such as USA and Japan [11, 14]. Moreover,
the use of antibiotics in feed production enterprises to
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commercial feed as growth promoters in pig produc-
tion has been banned in China from 2020 [15]. In this
context, researchers, farmers, and the pig industries are
making substantial efforts to find new alternatives to
antibiotics in pig farming. Thus, probiotics, prebiotics,
organic acids, enzymes, essential oils, medium chain
fatty acids, zinc, and plant extracts have been used as
alternatives to antibiotics in in vitro and in vivo stud-
ies [16]. Among them, probiotics have been tested or
used as a replacement for antibiotics because they can
decrease the pathogen load and alleviate gastrointesti-
nal disorder symptoms by restoring the microbial bal-
ance in animals [17]. Many of the gut microbes can
play immunomodulatory roles in the host. The most
frequently used probiotic microorganisms are Lac-
tobacillus, Bifidobacterium, Enterococcus, Bacillus,
Pediococcus and yeast genera Saccharomyces for treat-
ing diarrhea in piglets as it has recently been well docu-
mented in recent years (Tables 1 and 2). Some probiotic
strains confer immunological protection to the host
by modulating the immune response [18]. These pro-
biotic strains are designed as “immunobiotics” [19].
Thus, exploring and gaining knowledge of the interac-
tions among immunomodulatory probiotics, pathogens,
and the host’s gastrointestinal tract during diarrhea in
piglets will help develop new probiotics (immunobiot-
ics) that can help to protect animals from diarrhea and
enhance growth performance.

The aim of this review was to summarize the evi-
dence for the use of beneficial microbes against
diarrhea in piglets, focusing on common bacterial
infections to assess how they reduce diarrhea and
inflammation in the gastrointestinal tract of pig-
lets. Moreover, this review aims to provide advanced
knowledge to probiotic researchers, immunologists,
swine nutritionists, and the probiotic industry to
critically consider novel preventive approaches when
applying or developing immunomodulatory probiotics
to control diarrhea in piglets.

Methodology

An electronic database was constructed based on pub-
lished articles that reported the use of probiotics to
control and/or treat bacterial diarrhea in piglets. We
searched for articles published between January and
March 2023. Articles were retrieved from PubMed,
Google Scholar, Web of Science, and Science Direct data-
bases using the following key words: probiotics, piglets,
diarrhea, E. coli, Salmonella, Clostridium, lipopolysac-
charides (LPS), and performance. The details of the arti-
cle selection process of articles for this review are shown
in Fig. 1.
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Common bacterial pathogens that cause piglet
diarrhea

Bacterial pathogens are the most common cause of diar-
rhea in piglets [70]. The major bacterial pathogens caus-
ing diarrhea in piglets are Escherichia coli, Salmonella
spp. and Clostridium spp. (Fig. 2).

Escherichia coli (E. coli)

E. coli are Gram-negative, facultative anaerobic, flagel-
lated bacilli and members of the Enterobacteriaceae
family. They are the predominant etiological agents of
a wide range of diseases in pigs, including neonatal and
post weaning diarrhea, and are one of the major causes
of death worldwide in neonates and weaned pigs respec-
tively [71]. It causes diarrhea in swine, accounting for
56.2% of piglet cases, and is responsible for 24.7% of
deaths due to diarrhea [72]. Based on the pathotypes
of E. coli that can cause diseases in piglets, enterotoxi-
genic (ETEC) and shiga toxin producing (STEC) strains
comprise two groups: 1) edema disease E. coli and
enterohemorrhagic 2) enteropathogenic (EPEC) and
extraintestinal pathogenic. Notably, the common catego-
ries related to enteric colibacillosis in piglets are ETEC
and EPEC (Fig. 2A and B). Enterotoxigenic E. coli is
one of the most common categories found in swine and
includes different serotypes (different combinations of
toxin and fimbriae). In general, diarrhea occurs during
neonatal and post-weaning stages through ingestion of
these bacteria, attaching to the mucus layer of the small
intestine using hair-like structures known as fimbriae
(F4, F5, F6, F18, and F41), whereas adhesin is involved
in diffuse adherence (AIDA-I) and porcine-attaching
effacing factor (Paa) is involved in non-fimbrial attach-
ment. After colonization, ETEC produce enterotoxins
that cause neonatal and post weaning diarrhea in pig-
lets. In porcine neonatal diarrhea, most ETEC strains
produce heat-stable enterotoxins that bind to the villous
brush border guanylyl cyclase C glycoprotein receptor
and intestinal crypt, inducing the production of cyclic
guanosine monophosphate and leading to fluid and elec-
trolyte secretion [73]. Heat liable toxins produced by
ETEC bind to the cell surface and activate the adenylate
cyclase system to induce cyclic adenosine monophos-
phate production. The upregulation of cyclic adenosine
monophosphate activates the apical chloride channel and
a basolateral Na/K/2Cl cotransporter, resulting in chlo-
ride secretion from enterocytes, reduced sodium absorp-
tion, and concomitant water loss into the intestine [74].
Excessive fluid loss due to diarrhea causes death eventu-
ally in piglets [73]. In post weaning diarrhea in piglets,
ETEC strains contain fimbriae in their outer membrane
layer, which are hair-like structures responsible for pro-
moting the adhesion of ETEC to the mucosa of the
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intestine [75]. In addition, non-fimbrial adhesins includ-
ing AIDA-I and Paa were expressed by ETEC strains,
which facilitated the colonization of the intestinal tissue
and produce heat-labile, heat-stable, and enteroaggrega-
tive E. coli enterotoxins. Enterotoxins have been shown
to enhance the production of inflammatory cytokines
and chemokines in the lumen and influence the expres-
sion of tight junction proteins in the intestines of piglets
[76]. Inflammatory cytokines (IL-6, IL-17, and TNF-
«), chemokines (IL-8, CXCL5, CCL2, and CCLS8), and
immune cells contribute to inflammation and intestinal
damage during ETEC infection [31]. In addition, LPS,
a major component of the outer membrane of bacte-
rial cells, induces intestinal damage and diarrhea via an
inflammatory response [77].

Enteropathogenic E. coli causes edema and diarrhea in
piglets, producing and effacing lesions on intestinal epi-
thelial cells and effacement of enterocyte microvilli [78,
79]. The EPEC pathotype can be categorized into two

subgroups: typical and atypical. The EPEC possesses
outer membrane proteins called intimin and the Paa
which facilitate bacterial attachment to the translocated
intimin receptor (Tir) of intestinal cells. Subsequently, the
Tir-intimin interaction employed a non-catalytic tyrosine
kinase (Nck) adaptor to activate the actin nucleation-pro-
moting factor neural Wiskott-Aldrich syndrome protein
which is responsible for inflammation and diarrhea [80].

Salmonella spp.

Salmonella is a Gram-negative, motile, rod-shaped, fac-
ultative anaerobic bacterium belonging to the Entero-
bacteriaceae family that causes enteric diseases in pigs
(Fig. 2C). Approximately 2,000 Salmonella serotypes
have been recognized; however, few of them (Salmo-
nella enterica, Salmonella Typhimurium and Salmo-
nella choleraesuis) are responsible for most outbreaks in
pigs. Salmonella spp. employs “effector” proteins using
Type III secretion systems (T3SSs), which are molecular
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Fig. 2 Visualization of A) E. coli (Enterotoxigenic, ETEC with fimbriae and enterotoxins), B) E. coli (Enteropathogenic, EPEC with intimin), C)
Salmonella spp. with their effectors, and D) Clostridium spp. with enterotoxins. Abbreviations: F4, F5, F6, F18, F41, Fimbriae; LT, heat liable toxin; ST,
heat stable toxin, EAST, Enteroaggregative heat stable toxin; T3ss, Three secretion systems; CPA, Clostridium perfringens toxin alpha; CPB, Clostridium
perfringens toxin beta; ETX, Clostridium perfringens toxin epsilon; ITX, Clostridium perfringens toxin iota; TedA, Clostridium difficile toxin A, TedB,

Clostridium difficile toxin B (Created with BioRender.com)

needle-like structures that allow invasion of effector
proteins to the pig intestinal epithelial tissues [81]. The
T3SSs secrete protein subunit, “Translocon” which can
generate a pore in the membrane of host cell, resulting
in virulence effector delivery into host cell, ultimately
disrupting the intestinal epithelial cells [82] and dissemi-
nation of infection [83]. Upon entry into the host cell,
Salmonella induces the expression of proinflammatory
cytokines and chemokines through pathogen-related
molecular patterns, such as peptidoglycan, LPS, and
flagellin. Then, Salmonella can rapidly invades the intes-
tinal lamina propria and causes acute inflammatory stim-
ulus [84]. Inflammation in the intestine creates favorable
conditions for the growth of Salmonella by altering the
composition of the healthy gut microbiota.

Clostridium spp.

The Clostridium genus comprise Gram-positive, rod-
shaped, anaerobic, and spore-forming bacteria (Fig. 2D).
Clostridium perfringens (serotypes A—G) and Clostridi-
oides difficile commonly cause diarrhea in piglets. Among
the seven serotypes (A—QG) of C. perfringens, types A and
C are the most common causes of diarrhea in piglets.
Type A and C strains of C. perfringens produce the enter-
otoxins CPA, CPB, ETX, and ITX which are involved in
creating lesions in the small intestine, and disrupting all
layers of the intestinal wall, and inducing inflammatory
responses [5]. Disruption of the intestinal wall facilitates

the absorption of toxins from the intestine into the blood,
leading to toxemia and death of piglets. In addition, toxi-
genic strains of C. difficile secrete two main toxins, TcdA
and TcdB, which are involved in damaging the intes-
tinal cell wall through the inactivation of Rho and Ras
GTPases, activating inflammatory responses in the host,
leading to an influx of cytokines and neutrophils that
provoke intestinal wall and tight junction damage, ulti-
mately leading to diarrhea in piglets [85].

Effect of probiotics (immunobiotics) on pigs’
growth and health

Probiotics are expected to replace antibiotics as growth-
promoting therapeutic agents. Thus, research on the use
of probiotics is expanding. A single strain or combina-
tion of microbial strains have been used to control diar-
rhea and enhance the growth and health status of piglets
(Table 2). Supplementation with probiotics in early life
can improve piglet growth and healthy intestinal micro-
biota. As a result, early administration of probiotics can
be a potential strategy to prevent diarrhea and restore
microbial balance by establishing a microbiota balance
after a transient drop in beneficial microbes, thereby
contributing to the defense against disease-causing bac-
teria, improving nutrient absorption, and stimulating
host immunity. Moreover, the morbidity and mortality of
pigs decrease and growth performance and health con-
ditions improve because of probiotic supplementation
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[86]. Several studies (Table 2) were performed to evaluate
the effects of different probiotic strains on a wide range
of health conditions and growth performances of pig-
lets. Notably, different probiotic treatments using spores
to survive and heat-killed microbes improve intestinal
health and growth performance, and reduce diarrhea in
young piglets. Probiotics have various beneficial health
effects through different pathways such as reducing gut
pathogens, increasing beneficial microbes in the gut,
increasing nutrient absorption, and regulating immune
responses. The administration of Lactobacillus enhances
a healthier microbial fermentation profile by augmenting
beneficial microbes and intestinal barrier function, which
is evidence of better nutrient absorption [22, 32, 45]. For
example, daily feeding of Lactiplantibacillus plantarum
Lq80 (10 cells) for 14 d to weaned piglets (21 days old)
resulted in a significant reduction of E. coli and C. per-
fringens in feces and increased the Lactobacillus popu-
lation in the intestine [32]. Another probiotic strain,
Limosilactobacillus reuteri ZLR003 (2x10° CFU/mL),
was supplemented to 30-d old weaned piglets for 10 d,
and it was found that L. reuteri ZLR003 contributed to
healthy microbial fermentation and improved the benefi-
cial microbes in the intestine [45]. Moreover, several Lac-
tobacillus strains, such as Lactobacillus jensenii TL2937
and L. plantarum TL2766, were supplemented to pig-
lets from 3 weeks of age for 14 weeks (until 17 weeks of
age) [22]. The study reported no changes in plasma free
fatty acids, glucose, triglyceride cholesterol, blood leuko-
cytes, C-reactive protein, lymphocytes, phagocytic activ-
ity, or antibody levels between the L. jensenii TL2937
and L. plantarum TL2766 groups. However, L. jensenii
TL2937 supplementation reduced the presence of K88,
K99, and 987P ETEC strains in the feces whereas L.
plantarum TL2766 reduced only 987P ETEC. Moreover,
body weight was affected by Lactobacillus administra-
tion. These findings suggest that supplementation with L.
jensenii TL2937 can improve the health and productivity
of pigs. In another study, oral administration of a com-
mercial preparation of a mixture of Limosilactobacillus
fermentum and Pediococcus acidilactici (1.6x 10° CFU/g)
to pigs weaned at 28 days old for a period of 28 d
improved growth performance, daily gain, and reduced
concentration of serum proinflammatory factors, IL-6
and IFN-y [55]. Additionally, oral administration of
2 mL Limosilactobacillus frumenti JCM11122 (10® CFU/
mL) from 6-10 d prior to early weaning improves health
promoting microbes by altering the intestinal micro-
bial community, which leads to improved fatty acid and
protein metabolism and also reduces disease-associ-
ated metabolic pathways. Improve intestinal integrity,
and tight junction proteins (such as occludin, ZO-1
and claudin), and intestinal secretory IgA and IFN-y
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levels by L. frumenti JCM11122 supplementation were
reported [50]. Similarly, another probiotic strain, Lacto-
bacillus delbrueckii CCTCCM207040 (5% 10% CFU/mL),
was supplied at different doses (1, 2, 3, and 4 mL) to
suckling piglets for 14 d, resulting in improved body
weight, concentration of serum IgG, and anti-inflamma-
tory cytokines with reduced incidence of diarrhea [51].
In a recent study, 18 days of intragastric supplementa-
tion with Lactobacillus johnsonii 1531 (1x10'° CFU/d)
in weaned piglets challenged with Salmonella Infantis
reduced the severity of diarrhea and inflammation in
the intestine and maintained intestinal homeostasis [58].
Probiotic supplementation in the form of heat-killed
Lacticaseibacillus rhamnosus at doses of 0.1%, 0.2%, and
0.4% with diet in weaned piglets improved growth per-
formance, modulated the immune response, and allevi-
ated post weaning diarrhea [62]. On oral administration
of L. plantarum N14 supplemented with Rakky pickles at
different dose levels (5%, 20%, and 40%) in piglets showed
that 5% or 20% dose level improved complement activity,
phagocytic activity, and leukocyte count in the periph-
eral blood compared with those using a 40% dose or
untreated controls. Moreover, the piglets that received L.
plantarum N14-fermented Rakky pickle juice exhibited
higher growth rates than controls [64].

Additionally, different probiotics from Bacillus strains
improve growth performance and immunomodula-
tion [61]. Bacillus spp. secrets enzymes that improve
feed digestibility and promote animal growth. Provid-
ing Bacillus subtillis KN-42 (20x10° CFU/kg feed) to
weaned piglets for 28 d improved growth performance
and average daily gain and reduced the diarrhea index
and number of E. coli in feces [40]. In addition, the
administration of a commercial preparation of B. coag-
ulans (600 g/t) to weaned piglets for 28 d resulted in
improved body weight, daily weight gain and reduced the
incidence of diarrhea [66]. Wang et al. [61] showed that
feeding a mixture of Bacillus licheniformis and B. subti-
lis (4x10° CFU/g) for 42 d had a positive effect on pig-
let intestinal immunity by modifying the gut microbiota
composition and concentration of microbiota-derived
metabolites. Feeding complex probiotics (multi-species
probiotic formulations), a mixture of different strains of
Lactobacillus, Bacillus, Saccharomyces genera, with dif-
ferent compounds improve the health status and growth
performance of piglets [33, 41, 49, 54, 60, 63]. Supple-
mentation of 0.5% probiotics (Lactobacillus acidophilus,
L. plantarum, B. subtilis and S. cerevisiae) with green tea
to pigs for 28 d improved growth performance, and sple-
nocyte production of IL-6 and TNF-a [33]. This may be
due to the increased activity of different gastrointestinal
enzymes, such as sucrase, lipase, protease trypsin, and
chymotrypsin [50], and reduced intestinal permeability



Saha et al. Journal of Animal Science and Biotechnology (2024) 15:112

[53] by supplementation with probiotic bacterial species
of the genera Lactobacillus and Bacillus, which leads to
gastrointestinal peristalsis and promotes apparent digest-
ibility [62, 87].

Furthermore, yeast can produce enzymes, such as
amylase and galactosidase, which play vital roles in nutri-
ent utilization and improve animal growth performance.
Yeast can also regulate the intestinal microbial bal-
ance, strengthen the immune system, and improve ani-
mal health. Administration of S. cerevisiae S288c strain
(2x10® CFU/mL) fermented with egg white powder
(Duan-Nai-An) for 10 d improved the intestinal struc-
tures and lymphoid tissues, and promoted improvements
in the intestinal health in weaned piglets [57]. Feeding
live yeast S. cerevisiae NCYC Sc 47 to nursery pigs for
45 d improved growth performance and body weight,
and decreased E. coli concentration in pig feces [88].

Probiotics against bacterial pathogens causing
diarrhea in piglets

Recently, many researchers have evaluated the use of
probiotics in prevention and treatment of various dis-
eases of piglets [15, 89-91]. Evidence suggests that
probiotics act as immune activators, particularly by
boosting host immunity against pathogenic bacteria.
Additionally, probiotics defend the intestinal tract by
competitively excluding pathogenic bacteria that cause
intestinal inflammation and diarrhea [15]. Moreover,
probiotic use can reduce inflammation, restore barrier
function, and mitigate the gut dysbiosis associated with
diarrhea. Some probiotic genera (Lactobacillus, Bifido-
bacterium, Bacillus, Enterococcus and Saccharomyces)
act as immunomodulators, regulate the proliferation and
differentiation of lymphocytes (T and B cells), induce the
secretion of cytokines and chemokines, and stimulate
immune responses against bacteria in piglets [92]. The
microorganisms that have been used as probiotics
against pathogenic bacteria-induced piglet diarrhea are
presented in Table 1 and 2.

In vitro studies of probiotics against bacterial diarrhea

in piglets

Some studies examined the effects of probiotics on bacte-
rial pathogens using in vitro cell culture models (Table 1).
Based on these findings, probiotic genera (Lactobacil-
lus and Bacillus) may regulate immune response and
antagonistic activity against bacterial pathogens, includ-
ing E. coli and S. enterica. In the intestine, probiotic
strains adhere to intestinal epithelial cells and modulate
the intestinal immune system. The interactions between
microbes and intestinal epithelial cells play a vital role
in the regulation of several immunological functions in
the gut. Thus, evaluating the anti-inflammatory activity
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of probiotic strains on porcine intestinal epithelial cells
is useful for selecting immunobiotics [90]. Porcine intes-
tinal epithelial (PIE) cells are used in vitro to evaluate
the immunoregulatory mechanisms of immunobiotics
against pathogens causing diarrhea in piglets, and several
established PIE cell lines (PIE, IPEC-1, and IPEC-J2) have
been used to study the potential probiotics against bacte-
rial pathogens causing diarrhea in piglets (Table 1). Our
research group used PIE cells because they are a useful
cell line for studying inflammatory responses via toll-like
receptors (TLRs) in epithelial cells. We tested the differ-
ent strains of Lactobacillus and Bifidobacterium genera,
such as Lactobacillus jensenii TL2937; Ligilactobacil-
lus salivarius FF1G35, FFIG58; L. plantarum CRL1506,
CRL681; Limosilactobacillus reuterii MEP221102, L.
rhamnosus MEP221111; L. salivarius isolates; L. fer-
mentum UCO-979C, CRL973; L. delbrueckii subsp.
delbrueckii TUA4408L; Bifidobacterium breve M-16 V,
Bifidobacterium longum BB536 [20-23, 27-29, 31] for
studying their interaction with PIE cells, and found that
different probiotic strains can differentially modulate the
inflammatory response and produce different inflamma-
tory factors in response to E. coli and E. coli-rotavirus
superinfection. In vitro, strains CRL1506 and CRL681
regulated the gene expression of inflammatory cytokines
(IL-6) and chemokines (IL-8, CCL2, CXCLS, and CXCL9)
in ETEC-stimulated PIE cells. Baillo et al. [31] reported
that ETEC challenged PIE cells treated with L. plantarum
CRL1506 or CRL681 downregulate the gene expression
of IL-8, CCL2, CXCLS, CXCL9, A20 and Bcl-3 by inter-
ference with inflammatory signaling pathways such as
nuclear factor kappa B (NF-kB) and mitogen activated
protein kinase (MAPK). Another study revealed that L.
jensenii TL2937 downregulated the expression of IL-
6 and IL-8 in PIE cells treated with ETEC [20] and in a
co-culture of PIE and antigen-presenting cells stimulated
with ETEC [22]. In addition, this strain led to the upreg-
ulation of negative regulators (420, Bcl-3 and MKP-1I)
of TLR4 in PIE cells, resulting in a marked decrease in
inflammatory responses in PIE cells. Similar results were
found for some L. salivarius isolates, which decreased the
expression of IL-6 in PIE cells challenged with ETEC [27].
While L. fermentum UCO-979C able to reduce inflam-
matory chemokines (CXCL8, CXCL-10 and CXCL-11) in
ETEC stimulated PIE cells by regulating the NF-«B path-
way [28]. Notably, L. fermentum CRL 973 also reduces
the expression of CXCL-5 in ETEC stimulated PIE cells.
Another study by our research group using PIE cells chal-
lenged with ETEC showed that L. delbrueckii TUA4408L
inhibits the activation of MAPK and NF-kB pathways
and the subsequent production of IL-6, IL-8 and MCP-
1 and reduce the inflammation [23]. In addition, a study
of different Lactobacillus and Bifidobacteria strains
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demonstrated that individual strains have different effects
on the inflammatory response in ETEC-stimulated
PIE cells. Particularly, Bifidobacterium longum BB536
and Bifidobacterium breve M-16 V strains reduce the
expression of IL-6, IL-8, and MCP-1 expressions in
ETEC challenged PIE cells by modulating the MAPK
and NF-kB pathways [21]. Similar to our results, L. reu-
teri LR1 decreased the expression of proinflammatory
transcripts (IL-6 and TNF-a) and increased the levels
of anti-inflammatory cytokines (IL-10) in IPEC-1 cells
after challenge with ETEC 0149:K91 and K88ac [24]. In
addition, the findings of Zhang et al. [25] showed that L.
rhamnosus GG could inhibit S. enterica serovar Infantis
invasion in IPEC-]2 cells and Salmonella Infantis induced
autophagy. L. johnsonii L]202 and L. reuteri LR 108 com-
pletely inhibited the growth of S. enterica serovar Ente-
ritidis DMST7106 in co-culture. B. subtilis CP9 strain
was shown to increase anti-inflammatory granulocyte
macrophage colony-stimulating factor and host defense
peptides (such as mucin 1) and decrease the proinflam-
matory TNF-a, IL-6, IL-8, and TLRs mRNA expression
levels in IPEC-]J2 cells in response to E. coli challenge
[26].

In vivo studies of probiotics against bacterial diarrhea

in piglets

Probiotics against E. coli pathogen

Oral supplementation with probiotics may prevent or
improve diarrhea in piglets as summarized in Table 2.
Lactobacillus species are used as feed additives and con-
tribute to a balanced gut environment in various ways,
such as protection against pathogens, improvement of
intestinal health, and stimulation of immune responses.
When L. plantarum CGMCCI1258 is orally adminis-
tered orally to ETEC-challenged piglets, it increases the
expression of the genes for tight junction proteins (ZO-
1 and occludin), indicating an increase in strength of
the intestinal epithelial barrier [39]. In addition, serum
TNF-a production was markedly decreased in L. plan-
tarum JC1 (B2028) treated animals [37]. A 28-d trial of
oral administration of L. plantarum CJLP243 down regu-
lated IL-6, TNF-q, and IFN-y levels in serum and reduced
acute inflammation of the gut after E. coli infection [35].
Another study by Sun et al. [59] reported that a newly
isolated L. salivarius strain inhibited the expression of
proinflammatory mediators (IL-1p, IL-6, IFN-y, and
TNF-«) in the serum and TLRs, such as TLR2 and TLR4
mRNA expression in the spleen and mesenteric lymph
nodes after stimulation with LPS derived from E. coli
serotype O55:B5. Moreover, supplementation with L. sal-
ivarius strain increased anti-inflammatory cytokines in
the serum and epithelial tight junction proteins (claudin,
occludin, and ZO-1) in the LPS-challenged pig intestine
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[59]. Improved mucosal immunity and IgA levels in the
serum and ileum were also observed with a dietary sup-
plement of Limosilactobacillus mucosae LM1land a mix-
ture of L. mucosae LM1 and mannon oligosaccharides in
LPS-challenged piglets [63].

Probiotics containing different strains or species have
different efficacies in controlling or treating bacterial
infection-related diarrhea in piglets [53]. Bacillus species
can be used as feed additives in pellets because of their
ability to survive under the low pH and harsh conditions
in the gut. Bacillus species produce antimicrobial sub-
stances that kill pathogenic microorganisms and protect
the intestines from pathogen invasion [93]. Yang et al.
[44] reported that B. licheniformis (DSM 5749) and B.
subtilis (DSM 5750) spores improved the integrity of
the intestinal epithelial barrier by improving the jejunal
ZO-1 protein expression and upregulated the intestinal
TLR4, NOD2, iNOs, IL-8 and IL-22 and IxBa mRNAs
expression and peripheral blood CD4"CD8™ T-cell in
ETEC induced piglets. Furthermore, it was found that
the oral administration of B. licheniformis (DSM 5749)
and B. subtilis (DSM 5750) increased the production of
CD4*Foxp3 T regulatory cells and CD4TIL-10* T cells
in the intestine to maintain the barrier integrity and pro-
tect the intestine from infectious agents in F4ab/acR™
(F4 fimbriae receptor negative) pigs challenged with an
F4* ETEC/VTEC/EPEC strain [42]. The same probiotic
species with different strains namely B. licheniformis
HJ0135 also has been used in a 28-d trial, where it was
found to improve immune function and provide a posi-
tive effect by increasing the immunoglobulin (Ig) A con-
centration in serum and jejunum mucosal IgA and IgG,
and decreasing serum IL-6 and jejunum mucosal IL-1p
in response to E. coli LPS challenge [69]. Similarly, Cao
et al. [68] reported that probiotic strain B. licheniformis
GCMCC23776 enhanced the serum concentrations
of IgA, IgG, and IgM in E. coli LPS-challenged weaned
piglets.

Another notable study observed that the supplement
of Enterococcus faecium R1 diminishes the injury in the
intestine and liver of LPS-challenged piglets by increas-
ing the glucagon in plasma and IL-1f in the liver. Moreo-
ver, the mRNA expression of villin in jejunum and ileum,
and Bcl-xL and pBD-1 expression in the ileum were
upregulated by supplementation E. faecium R1. However,
E. faecium R1 supplemented group reduced prostaglan-
din 2 and malondialdehyde content in the liver compared
with that in the control group [65].

Additionally, using S. cerevisiae as a feed additive to E.
coli challenged piglets activated the intestinal immune
genes and improved body weight gain by increas-
ing beneficial bacteria in the gut and reducing intesti-
nal impairment [34, 48]. Supplementation with the S.
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cerevisiae CNCMI-4407 strain ameliorated the diarrhea
and increased the concentration of IgA in the serum of
piglets challenged with ETEC [38].

Probiotics against Salmonella pathogen
Oral administration of L. plantarum B298 to the S.
Typhimurium-challenged piglets enhance the innate
immune response by accentuating the immunoglobu-
lin levels in the serum [43]. Similarly, the supplemen-
tation of L. rhamnosus GG controls enteric infection
by restoring the gut microbiota balance and increas-
ing the CD3-CD19-T-bet+IFN-y+and CD3-CD19-T-
bet+IFN-y- cell population to maintain homeostasis in
the intestine of S. enterica serovar Infantis-challenged in
piglets [52]. The addition of Bifidobacterium strains such
as, Bifidobacterium animalis subsp. lactis BPL6 and Bifi-
dobacterium longum subsp. infantis CECT 7210 in the
diet can improve intestinal immune function by enhanc-
ing intestinal intraepithelial lymphocytes in Salmonella
Typhimurium challenge piglets [47]. A positive effect on
the piglets health was observed by the oral supplementa-
tion of B. cereus var Toyoi by reducing the frequenting of
CD8+y0 T cells in the peripheral blood and gut epithe-
lium in piglets challenged with S. Typhimurium [36].
Multi-strain probiotics can enhance intestinal immu-
nity by modulating the immune responses in the
intestine. The combination of L. johnsonii 1531, B.
licheniformis BL1721, and B. subtilis BS1715 improved
the expression of tight junction proteins (claudin 1, cas-
pase-1) in the gut of piglets challenged with Salmonella
Infantis [53]. Furthermore, a study using the mixture of
probiotics containing Lactobacillus amylovorus P1, L.
mucosae P5, and E. coli Nissle 1917 for oral administra-
tion showed that the combination had a positive effect on
reducing clinical signs and inflammatory responses in S.
enterica serovar Typhimurium LT2-challenged piglets
[54]. Another L. acidophilus strain W37, and inulin were
assayed as vaccines for their efficacy against multidrug-
resistant Salmonella Typhimurium-challenged piglets,
and it was observed that feed efficiency and fecal consist-
ency were improved the vaccination with L. acidophilus
W37 and inulin supplementation [56].

Probiotics against mixed infection and Clostridium

Feeding a mixture of probiotic strains, namely L. plan-
tarum LA, P pentosauceus SMFM2016-WK1, P acidi-
lactici K, and L. reuteri PF30 to piglets challenged with
E. coli and S. enterica resulted in beneficial effects on
growth performance and reduced E. coli and S. enterica
counts in feces [67]. Another study using a commercial
probiotic Lactobacillus spp. product against C. difficile
found a reduction in pathogen-induced mesocolonic
edema; however, its effect on disease control in piglets
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remained unclear [46]. Therefore, the oral administration
of probiotics has the potential to prevent and improve
bacterial infections that can cause diarrhea in piglets.
Most studies have focused on the use of probiotic strains
against bacterial challenges in piglets, and more field
studies on commercial pig farm conditions are necessary
to determine the precise probiotic strains and dosages to
control piglet diarrhea.

Mechanisms of action of probiotics to alleviate
piglet diarrhea

Although the precise mechanism of action of probiot-
ics in the treatment of piglet diarrhea is not fully under-
stood, two probable mechanisms have been proposed:
regulation of the intestinal microbial barrier (Fig. 3) and
the improvement of the immune system (Fig. 4).

Probiotics and the intestinal barrier

The intestinal barrier acts as a major defense against
pathogen invasion and maintains epithelial integrity and
gut functionality. Newborn piglets develop diverse micro-
bial communities in the gastrointestinal tract by consum-
ing milk and exposure to the external environment. The
dynamic balance of different gut microbiota acts as the
first barrier to the gut. The mucosal layer serves as a pro-
tective barrier against pathogenic microorganisms, anti-
gens, toxins, and other harmful substances. The mucosal
layer acts as a protective barrier, which mainly comprises
chemical and mechanical barriers [15, 94]. The chemical
barrier consists of a mucosal layer and different digestive
liquids (intestinal juices and enzymes) that are released by
the mucosal epithelium of the intestine. Paneth and gob-
let cells, which reside in the intestine, play an important
role in natural immune defense and support the intestinal
barrier function [95]. Paneth cells produce different anti-
microbial factors including, lysozyme, CRP-ductin, and
a and B defensins [96] and these factors can disrupt the
membranes or cell wall to kill the pathogenic bacteria and
maintain homeostasis in the intestine [97, 98]. Addition-
ally, intestinal goblet cells release mucin to form a protec-
tive layer of mucus at the top of the intestinal epithelial
cells, preventing the entery of pathogenic bacteria into the
epithelial barrier [99]. Mucins are glycoproteins that con-
tribute to the maintenance of gut homeostasis and pro-
tect the intestinal barrier by interacting with the immune
system. Interaction between intestinal microbes and host
immune defense cell can subtly modulate intestinal bar-
riers to prevent the invasion of pathogenic microbes and
prevent inflammation in the intestine. This mechanical
barrier is composed of various epithelial cells and inter-
cellular tight junctions [15]. Intestinal epithelial cells and
tight junctions effectively act as barriers to the invasion of
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bacteria and endotoxins from the intestine into the blood
stream [100, 101].

Neonatal diarrhea occurs in piglets that do not receive
colostrum and are born from non-vaccinated pigs. Some
disease producing bacteria, such as E. coli, and Clostrid-
ium spp. can rapidly colonize the intestines of neona-
tal piglets, causing diarrhea, because the digestive and
immune systems of piglets are not developed properly at
this stage. After the neonatal stage, when weaning occurs,
piglets tend to develop microbial diversity in the gastroin-
testinal tract because of abrupt changes in diet from milk
to solid feed [102]. The gut microbial balance is formed
based on feeding and maintains mutual relationships
among different gut microbes, which acts as the first bar-
rier of the gut against pathogens. During weaning, pig-
lets experience stress that disrupts the intestinal barrier
functions, which may result in the leakage of pathogenic
microorganisms into the internal tissue layers, which
in turn can cause inflammatory bowel diseases, such as
diarrhea [103]. The consumption of probiotic bacteria
involves the maintenance of intestinal barrier function;
however, the mechanism by which probiotics maintain
barrier function is not well understood. Probiotic supple-
ments competitively prevent the adhesion of pathogenic
microorganisms and exclude pathogens by producing
antimicrobial substances in the intestine [61]. Probiotics
stimulate paneth and goblet cells present in the intestinal
epithelial layer, resulting in the production of mucins and
antimicrobial substances that inhibit pathogen adhesion

and kill pathogenic bacteria [104]. Moreover, probiotics
can produce short-chain fatty acids in the gut, which con-
tribute to lower pH levels in the intestine and enhance
the gut barrier function by providing energy to intesti-
nal epithelial cells [105], thereby inhibiting the growth
of pathogenic bacteria [106]. Notably, probiotics can
influence bacterial colonization by excluding or reduc-
ing pathogenic bacteria in the intestine and maintaining
an optimal balance of the gut microbiota [103]. Probiot-
ics secrete antimicrobial substances, such as bacteriocins
and hydrogen peroxide to inhibit the adhesion of patho-
gens to the intestinal mucosa [107]. Probiotic supplemen-
tation upregulates intestinal integrity and expression of
tight junction proteins that are damaged by pathogenic
bacteria [108]. Lactobacillus, Bifidobacterium, Bacillus,
and Enterococcus strains enhance intestinal barrier func-
tion in piglets challenged with ETEC [109]. In addition,
probiotics, and their metabolites (such as organic acids,
mannan oligosaccharides and B-glucan of yeast cell) may
act as immune activators, which can stimulate the pro-
liferation of T and B lymphocytes and the secretion of
cytokine and chemokines and generate a series immune
response [110].

In summary, the protection of the intestinal barrier in
piglets may be improved by probiotic supplementation.
However, the specific regulatory mechanism of probiot-
ics on the intestinal barrier in piglets to alleviate diarrhea
requires further research.


http://www.BioRender.com
http://www.BioRender.com

Saha et al. Journal of Animal Science and Biotechnology (2024) 15:112

a2

Pathogens (ETEC/Salmonella/Clostridium)
@ <

—— (XA

Lipoprotein/LTA LPS

I v

Pathogenic PAMPs

Page 19 of 25

Probiotics
Gm' bacterial flagellin

/ ®

TLR regulators
(Tollip, IRAK-M,
MyD88s, A20,
Bcl3, MKP-1

Inflammatory Responses

Fig. 4 Probiotic modulation of gut associated immune system through TLR pathway regulation. Both pathogenic (red) bacteria (ETEC/Salmo
nella/Clostridium) and probiotic (green) bacteria can express similar/overlapping profiles of PAMPs/MAMPs (LTA, LPS, Flagellin) through a range

of PRRs including TLR2, TLR4, TLR5. All of which can transduce immune activatory/inflammatory responses through activation of NFkB

and MAPK signal pathways (indicated in black arrows). Probiotic-derived MAMPs (indicated as green), induce a suppressive/tolerogenic response
via the induction of endogenous negative regulators to TLR signals (Tollip, IRAK-M, Myd88s, A20, BcI3 and MKP-1) that inhibit NFkB and MAPK
pathways. Abbreviations: LPS, Lipopolysaccharide; PAMPs, Pathogen-associated molecular patterns; MAMPs, Microbial associated molecular
patterns; TLR2, Toll like receptor 2; TLR4, Toll like receptor 4; TLRS5, Toll like receptor 5; TIRAP, Toll-interleukin-1 Receptor domain containing adaptor
protein; TRAM, Translocating chain associating membrane protein; MyD88, Myeloid differentiation primary response gene 88; IRAK-M, Interleukin-1
receptor associated kinase M; TRAF6, Tumor necrosis factor associated factor 6; MAPK, Mitogen activated protein kinase; [kBa, lkappaB alpha;

INK, c-JUN N-terminal kinase; ERK, Extracellular signal-regulated kinase; p38, 38 kDa protein; NF-kB, Nuclear factor kappa B; A20, Tumor necrosis
factor-a-inducible protein 3; Bcl3, B-cell ymphoma 3-encoded protein; MKP-1, Mitogen-activated protein kinase phosphatase-1 (Created with BioRe
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Probiotics and the immune system

The immune system protects the host by segregating
pathogenic and non-pathogenic microbes through dif-
ferent responses. Intestinal epithelial and gut-associated
immune cells recognize molecules frequently found in
bacteria via pattern recognition receptors (PRRs). PRRs
are activated by specific pathogen-associated molecu-
lar patterns (PAMPs), which include various microbial
components, such as LPS, peptidoglycan, flagellin, and

bacterial DNA/RNA. Among the different families of
PRRs, TLRs have been well studied and are expressed
on diverse immune cells, such as B, macrophage, natural
killer, dendritic, fibroblast, and non-immune cells, such as
epithelial and endothelial cells [111]. TLRs play a promi-
nent role in activating innate immunity and creating
a link with adaptive immunity by modulating the func-
tions of antigen-presenting cells and key cytokines [112].
Among the various TLRs, TLR4 recognizes and binds to


http://www.BioRender.com
http://www.BioRender.com

Saha et al. Journal of Animal Science and Biotechnology (2024) 15:112

LPSs, whereas TLR2 recognizes different PAMPs of path-
ogens (lipoprotein, peptidoglycans, lipoteichoic acids,
zymosan, and mannan). TLR5 recognizes the flagellins
in bacteria [113]. This compound is considered a potent
inducer of inflammatory cytokines and chemokines.
Although this response is considered the prime line of
defense, prolonged and dysregulated responses may lead
to tissue damage and dysfunction. In general, upon infec-
tion with bacteria or viruses, TLRs are activated and bind
to their specific cognate ligands, resulting in the expres-
sion of peripheral membrane proteins, such as Toll-inter-
leukin-1 Receptor domain containing adaptor protein
(TIRAP) and Translocating chain associating membrane
protein (TRAM) [111]. These adaptor proteins are
involved in surveying the inner leaflets of the plasma-
endosomal membrane [111]. TIRAP and TRAM can fur-
ther recruit different negative regulators, such as myeloid
differentiation primary response gene 88 (MyD88), inter-
leukin-1 receptor-associated kinase M (IRAK-M), Toll-
interacting protein, A20 and Bcl3 [97, 113]. IRAK-M
heterodimerize with IRAK1- IRAK-2 and bind to My88
and tumor necrosis factor-associated factor 6 (TRAF 6).
Upon formation of this MyD88 adaptor complex which
leads to activate IkB kinase and MAPK signaling path-
ways. After activation of IkB kinase and MAPK pathways
resulting activation of JNK, ERK, p38 and NF-«B, which
leading to induction of inflammatory cytokines [97].
Similar to TLRs, NOD-like receptors are another class of
PPRs, which are cytoplasmic proteins that act as innate
immune sensors to detect cytoplasmic pathogens [114].
Other types of PRRs include C-type lectin receptors,
formaldehyde peptide receptors, retinoic acid inducible-
like helicases, and intracellular IL-1 converting enzyme
protease activating factor [115]. The supplementation of
probiotics and their derived metabolites (such as organic
acids, mannan oligosaccharide, and PB-glucan of yeast
cells) act as immune activators, which can trigger the
dendritic cells, monocytes/macrophages, and lympho-
cyte, stimulating the secretion of a series of cytokines and
regulating the immune responses [110]. Supplementation
with probiotic bacteria can initiate responses via microbe
associated molecular patterns (MAMPs). In fact, probiot-
ics can tolerate immune signaling through different path-
ways, such as antagonism of pathogen-derived PAMPs,
downregulation of PRRs, induction of suppressive
cytokines, activation of antagonistic pathways, modula-
tion of TLR negative regulators such as A20, Tollip, Bcl3,
and MKP-1, and cross-regulation of TLR signaling [116].
L. plantarum CRL1506 and CRL681 can protect against
inflammation-mediated damage in ETEC-challenged
PIE cells by modulating the expression of the negative
regulators A20, Bcl3, IRAK-M, and MKP-1 in the TLR
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signaling pathway [31]. The probiotic L. jensenii TL2937
upregulates the A20, Bcl3, and MKP-1 expression in PIE
cells [97]. A20 is a zinc protein responsible for suppres-
sion of NF-kB signaling in response to TNF-a and micro-
bial molecules LPS [117]. In addition, Bcl-3 protein acts
as an inhibitor of NF-kB activity, whereas IRAK-M plays
a crucial role in immune regulation through negative
feedback loop by reducing the NF-kB and MAPK signal-
ing [118]. In our earlier studies, using PIE cells exhibited
a downregulation in the activation of NF-kB and MAPK
signaling pathways and expression of several inflamma-
tory cytokines and chemokines in ETEC-challenged PIE
cells preventively stimulated with L. jensenii TL2937 [20],
or Bifidobacterium breve M-16 V and Bifidobacterium
longum BB536 [21]. Another recent study demonstrated
that B. subtilis CP9 lowered the mRNA expression of
TLR2, TLR4, and TLR9 in IPEC-J2 cells co-incubated
with CP9 and ETEC [30]. Moreover, pigs fed a diet with
a probiotic mixture containing B. subtilis DSM 5750 and
B. licheniformis DSM 5749 showed improved T cell regu-
lation in the intestines of ETEC-challenged piglets [42].
Regulatory T cells play a pivotal role in the production of
IgA antibodies, which play protective role against patho-
gens and toxins and prevent their invasion of the intesti-
nal epithelium [28]. These findings demonstrate that the
use of probiotic strains with immunomodulatory capac-
ity could be an effective strategy for controlling or treat-
ing diarrhea in piglets.

Further research using multi-omics approaches may be
useful to further investigate the mode of action of probi-
otic supplementation as well as their immunoregulatory
capacity against bacterial diarrhea in piglets.

Limitations of probiotics supplement

Research over the last decade has shown that probiotic
supplements have positive effects on the health of pigs, but
the conditions under which probiotics have been assessed
are highly variable. Most studies have described the ben-
eficial effects of probiotics rather than their adverse effects.
Considering recently published data, probiotics may have
a positive effect on the pathogenic bacteria responsible
for diarrhea in piglets. Marked improvements, such as
comparison with antibiotics and elimination of pathogens
from the host, have not yet been reported. There are also
some important differences in the experimental design of
the studies, such as the age of piglets, treatment concen-
tration, dosing amount, and methods, or other aspects,
such as genetics, sanitary status, treatment days, or diets
(Table 2). Furthermore, recently published articles have
reported that probiotics can interact with commensal bac-
teria; however, their interactions have not yet been fully
elucidated. Thus, understanding the interactions between
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probiotics and commensal bacteria is a major challenge
for future research. Other strategic challenges are to deter-
mine their mechanisms, explicate which probiotic strain
can work more specifically against which disease condi-
tion, and define the intake levels/doses needed to achieve
the effects [119, 120]. An important limitation of probiotics
is their ability to survive under during storage conditions.
Thus, different environmental factors, such as tempera-
ture, humidity, acidity, and air should also be considered
during probiotic storage. Otherwise, probiotic survival
and the capacity to colonize the gut can be affected [121].
Regulations for the use of probiotics have been proposed
by the European Food Safety Authority, and these benefi-
cial microorganisms are considered zootechnical additives
at the regulatory level [122]. Therefore, we may not have
included or expected the same effects of probiotics as those
of antibiotics. We can consider the use of probiotics as feed
additives and combine them with other feed additives and
management tactics with a more holistic approach [123].

Conclusions

The use of probiotics and testing for their ability to pre-
vent and treat bacterial diarrhea in piglets are increasing;
consequently, they are being considered potential alter-
natives to antibiotics. We reviewed the research status of
using probiotics to prevent or treat bacterial diarrhea in
piglets and identified their potential regulatory mecha-
nism from the perspective of intestinal barriers and the
immune system. In contrast to antibiotics, probiotics
commonly play a role in bacterial diarrhea by restoring
the microecological balance in the intestine and regu-
lating the function of the intestinal and immunological
barriers. Different probiotic strains of the Lactobacil-
lus group and Bacillus, Enterococcus, and Saccharomy-
ces genera exert different health-regulatory effects to
prevent or treat diarrhea caused by E. coli, Salmonella,
and Clostridium in piglets by eliminating pathogenic
microorganisms, producing antimicrobial substances,
and degrading toxins, improving gut barrier function,
and fostering proliferation, differentiation, and regu-
lation of intestinal immune cells. More experiments
(in vivo or in vitro) should be conducted to determine
potential probiotics from normal weaned healthy piglets
that can steadily colonize the piglet’s gut, improve gut
mucosal barrier function, and activate the immune sys-
tem to prevent diarrhea. In addition, the mechanism by
which probiotic supplementation accelerates the matu-
ration of intestinal microbiota or maintains homeosta-
sis in the intestine during diarrhea in piglets warrants
further investigation. Future studies should explore the
specific effects of probiotic strains, address their viability
and stability, and rationally design them to combat diar-
rhea in piglets.
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Abbreviation

akPEC
AIDA-I
A20
Bcl-3
Bel-xL
CD4
CcD8
CcCL2
CccLs
CPA
CPB
CRP
CXCL5
CXcL8
CXcLo
CXcLio
CXCL11
E. coli
EPEC
ERK
ETEC
ETX
GTPases
IFN-y
IgA
19G
IgM
kB
IL-6
IL-8
IL-17
IL-22
IPEC-1
IPEC-J)2
ITX
IRAK-M
INK
LPS
MAPK
MCP-1
MKP-1
mMRNA
MyD88
Nck
NF-kB
NOD
Paa
PAMPs
pBD-1
PIE
PRRs
Rho
Ras
tEPEC
TIRAP
TNF-a
TRAM
Tir
T3SSs
TcdA
TcdB
TLR
TRAF6
VTEC
Z70-1

Atypical enteropathogenic

Adhesin involved in diffuse adherence
Tumor necrosis factor-a-inducible protein 3
B-cell lymphoma 3-encoded protein
B-cell lymphoma-extra large

Cluster of differentiation 4

Cluster of differentiation 8

Chemokine ligand 2

Chemokine ligand 8

Clostridium perfringens alpha toxin
Clostridium perfringens beta toxin
C-reactive protein

Chemokine (C-X-C motif) ligand 5
Chemokine (C-X-C motif) ligand 8
Chemokine (C-X-C motif) ligand 9
Chemokine (C-X-C motif) ligand 10
Chemokine (C-X-C motif) ligand 11
Escherichia coli

Enteropathogenic Escherichia coli
Extracellular signal-regulated kinase
Enterotoxigenic Escherichia coli
Clostridium perfringens epsilon toxin
Guanosine triphosphatases

Interferon gamma

Immunoglobulin A

Immunoglobulin G

Immunoglobulin M

lkappaB

Interleukin-6

Interleukin-8

Interleukin-17

Interleukin-22

Intestinal porcine epithelial cell line-1
Intestinal porcine epithelial cell line-J2
Clostridium perfringens lota toxin
Interleukin-1 receptor associated kinase M
C-JUN N-terminal kinase
Lipopolysaccharide

Mitogen activated protein kinase
Monocyte chemoattractant protein-1
Mitogen-activated protein kinase phosphatase-1
Messenger ribonucleic acid

Myeloid differentiation primary response gene 88
Non-catalytic tyrosine kinase

Nuclear facto kappa B

Nucleotide-binding oligomerization domain
Porcine attaching factor
Pathogen-associated molecular patterns
Porcine beta defensin 1

Porcine intestinal epithelial
Pattern-recognition receptors

Ras homologous

Guanosine-nucleotide binding protein
Typical enteropathogenic
Toll-interleukin-1 receptor domain containing adaptor protein
Tumor necrosis factor-a

Translocating chain associating membrane protein
Translocated intimin receptor

Type lll secretion systems

Clostridium difficile toxin A

Clostridium difficile toxin B

Toll-like receptor

Tumor necrosis factor associated factor 6
Verotoxigenic Escherichia coli

Zonula occludens-1
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