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Abstract 

A healthy intestine plays an important role in the growth and development of farm animals. In small intestine, Paneth 
cells are well known for their regulation of intestinal microbiota and intestinal stem cells (ISCs). Although there 
has been a lot of studies and reviews on human and murine Paneth cells under intestinal homeostasis or disorders, 
little is known about Paneth cells in farm animals. Most farm animals possess Paneth cells in their small intestine, 
as identified by various staining methods, and Paneth cells of various livestock species exhibit noticeable differences 
in cell shape, granule number, and intestinal distribution. Paneth cells in farm animals and their antimicrobial pep-
tides (AMPs) are susceptible to multiple factors such as dietary nutrients and intestinal infection. Thus, the compre-
hensive understanding of Paneth cells in different livestock species will contribute to the improvement of intestinal 
health. This review first summarizes the current status of Paneth cells in pig, cattle, sheep, horse, chicken and rabbit, 
and points out future directions for the investigation of Paneth cells in the reviewed animals.
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Introduction
Intestinal health is a popular topic and has attracted 
increasing attention in husbandry [1]. Improvements of 
growth performance and health status of livestock are 
closely related to intestine functions [2]. A healthy intes-
tine is of vital importance for the digestion and absorp-
tion of dietary nutrients. As one of the most important 
immune organs, intestine possesses more than 70% 
of bodily immune cells and immunoglobulin A (IgA) 
secreted in the intestine [3]. Notably, the intestine is a 
complex organ, and the size and digestion function of 
the intestine change rapidly after birth [4]. The impor-
tance of the intestine in systemic health has been widely 

confirmed, for example, it can affect other organs such as 
liver (intestine-liver axis) and brain (intestine-brain axis) 
through microbiota-derived metabolites or bile acid [5, 
6]. Therefore, maintaining the intestinal health of farm 
animals is the key to the increase in economic benefits in 
husbandry.

The intestinal epithelium consisting of a single layer 
of epithelial cells plays an important role in absorbing 
the digested dietary nutrients and separating the large 
amounts of microorganisms in the intestinal lumens 
from the lamina propria of intestine [7]. In addition to 
absorptive cells, many types of secretory cells exist in the 
intestinal epithelium, mainly including Paneth cells, gob-
let cells, and enteroendocrine cells, all of which are dif-
ferentiated from intestinal stem cells (ISCs) [8]. Paneth 
cells was first identified by Gustav Schwalbe who found 
the presence of granule-containing cells in the crypts of 
human small intestine [9], and 5 years later, Josef Paneth 
designated these cells as Paneth cells [10]. As a type of 
long-lived epithelial cells, Paneth cells possess approxi-
mately one-month lifespan in small intestine [11]. In 
addition to immune cells such as macrophages and 
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dendritic cells, Paneth cells are considered as an essential 
part of intestinal innate immunity due to their multiple 
functions such as antimicrobial peptide (AMP) secretion 
and ISC support [11]. Since Paneth cell impairment leads 
to severe human diseases such as Crohn’s disease (CD) 
and necrotizing enterocolitis (NEC), the basic studies of 
Paneth cells have been mainly conducted in humans and 
mice [12–14]. However, Paneth cells in the small intes-
tine of livestock, especially their biological functions, are 
poorly understood. To promote a comprehensive under-
standing of Paneth cells in farm animals, this review 
summarizes the current knowledge of Paneth cells in 
farm animals such as pig, cattle and sheep, and proposes 
the future directions for research on Paneth cells in the 
reviewed animals.

Brief retrospect on Paneth cells in small intestine
The intestinal epithelium is structurally composed of 
villus and crypts, and villus length and crypt depth are 
generally used to measure intestinal injury [15, 16]. In 
contrast to the location of other secretory cells on villus, 
Paneth cells reside in the bottom of the crypts and are 
adjacent to ISCs (Fig. 1).

As a type of columnar epithelial cells in small intes-
tine, human or murine Paneth cells possess structural 
specificity, compared with other epithelial cells. The 
most striking feature of Paneth cells is the presence of 
abundant large granules in apical cytoplasm [11]. These 

granules can be visualized via various methods such as 
hematoxylin–eosin (HE) staining, periodic acid-Schiff 
(PAS) staining, and lysozyme immunofluorescence (IF) 
(Fig. 2). Due to the continuous secretory nature, Paneth 
cells have abundant endoplasmic reticulum, trans-
Golgi network, and mitochondria to synthesize pro-
teins and supply energy (Fig. 1) [17].

Paneth cell granules contain various AMPs such as 
α-defensin and lysozyme [18]. Abundant AMPs could 
be released into the intestinal lumen after multiple 
stimulations such as bacteria and carbamyl choline 
[19]. Paneth cell-derived AMPs contribute to maintain 
the healthy composition of intestinal microbiota and 
protect from bacterial infection [11]. These AMPs dis-
play strong bactericidal ability due to their properties 
of bacterial binding and membrane perforation [18]. 
Paneth cell-disrupted mice exhibit significant disorders 
in intestinal microbiota, and they are more susceptible 
to Klebsiella infection [20]. Considering the neighbor-
ing distribution of Paneth cells and ISCs, Paneth cells 
support the ISC niche by providing growth-promoting 
factors (such as Wnt3a and Dll4) and metabolites (such 
as lactate and cyclic ADP ribose) [21, 22]. In addition, 
Paneth cells can secrete cell apoptosis-triggering CD95 
ligand, thus promoting the renewal of intestinal epithe-
lium [23]. Recent study has demonstrated that Paneth 
cells act as phagocytes to remove apoptotic cells in 
crypts [24]. Paneth cell functions are comprehensively 
discussed in our review published recently [18].

Fig. 1 The location and structure of Paneth cells. Paneth cells are located at the bottom of small intestinal crypts and adjacent to intestinal stem 
cells. Paneth cells contain abundant endoplasmic reticulum and Golgi network to perform the continuous secretion of granules
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Paneth cells in various farm animal species
Paneth cells have been confirmed to be the guardians of 
small intestine in humans and mice [25]. However, less 
attention has been paid to Paneth cells in small intes-
tine of farm animals. Considering that Paneth cells may 
also contribute to the maintenance of intestinal health, it 
is necessary to summarize the reports involving Paneth 
cells in different livestock species.

Paneth cells in pig
In the last few decades, the presence of Paneth cells in 
the small intestine of pigs has been in controversy [26, 
27], which results from the inconsistent staining findings 
of porcine Paneth cells. In 1982, Myer [28] reported that 
Paneth cells existed in the jejunal crypts of 5-month-old 
pigs via the staining of Mallory’s phosphotungstic acid 
haematoxylin and phloxine tartrazine (PT). However, the 
Paneth cell granule size of pigs is relatively small com-
pared with that of humans or mice, and the occurrence 
of Paneth cell granules is quite infrequent in the small 
intestinal crypts of pigs, which could be the main reasons 
for the controversy over the existence of Paneth cells in 
pigs [28]. This finding corrects the misconception that 
Paneth cells are absent in the porcine crypts. In 2005, 
Obremski et al. also identified acidophilic granules in the 
small intestinal crypts of 4-month-old gilts via HE stain-
ing, suggesting the presence of Paneth cells in gilts [29]. 
However, there is only no more than one Paneth cell per 
crypt, which is consistent with the report by Myer.

From 2013 to now, the efforts have been continuously 
made to explore whether Paneth cells are present in pigs 
or not. Two studies have reported that HE staining, PT 
staining, and toluidine blue (TB) staining fail to visualize 
Paneth cells in the small intestine of 0-, 6-, 28-day-old and 
6–8-week-old pigs [30, 31]. In contrast, PT staining and 
TB staining successfully visualize the acidophilic granules 
in the ileal crypts of 21-day-old and 5-month-old pigs 

[32, 33]. These contradictory reports may be attributed 
to the small granule size and infrequent occurrence of 
porcine Paneth cells, as mentioned above. Furthermore, 
lysozyme, a Paneth cell-derived AMP, is a widely used 
Paneth cell marker in humans and mice [18]. Lysozyme 
staining to identify porcine Paneth cells also exhibits 
inconsistent results. Two studies have reported that there 
is no lysozyme positive cell in the small intestinal crypts 
of 6–8-week-old and 6-month-old pigs [30, 34]. On the 
contrary, lysozyme immunohistochemistry (IHC) and 
IF on pig jejunal and ileal sections have revealed that 
lysozyme positive Paneth cells are located in the intesti-
nal crypts of 28-day-old and 5-month-old pigs [33, 35]. 
In addition, three dimensional intestinal organoids of 
livestock have been developed to be a promising tool for 
studies on intestinal epithelium [36]. Lysozyme staining 
display the presence of lysozyme positive cells in por-
cine intestinal organoids and organoid-derived monolay-
ers, and the gene expression of Lyz encoding lysozyme 
is continuously upregulated in monolayers from d 1 to 3 
after inoculating organoid-derived round cell cluster into 
96-well plates [37]. The different levels of cross-reactivity 
of lysozyme antibodies may result in this discrepancy.

Another viewpoint to explain this discrepancy is that 
there could be a group of Paneth-like cells in the porcine 
small intestine. This is based on two reports that trans-
mission electron microscopy (TEM) has shown that 
there are a group of large pyramid-shaped cells adjacent 
to ISCs in porcine ileal crypts, and these Paneth-like 
cells possess large supranuclear clear mucoid vesicles 
and small electron dense bodies in the apical cytoplasm, 
which are not entirely consistent with the morphology 
of human or murine Paneth cells [30, 33]. In addition, 
immunostaining results of porcine small intestinal crypts 
also support this viewpoint. Sex determining region 
Y-box 9 (Sox9) is required for Paneth cell differentiation 
and intestinal cell proliferation, and proliferative cells in 

Fig. 2 The secretory granules in murine Paneth cells can be labelled by multiple staining methods such as HE staining (left), PAS staining (middle), 
and lysozyme staining (right). Scale bar: 20 μm
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crypts can be labeled by proliferating cell nuclear anti-
gen (PCNA) [18]. In the bottom of porcine duodenum 
and jejunum, a group of  Sox9+PCNA− cells are observed 
through IHC, whose label is consistent with the label 
pattern of human and murine Paneth cells [31]. In mice, 
colonic c-Kit+Muc2+ cells may represent an counterpart 
analogous to the Paneth cells in small intestine [38]. Gon-
zalez et  al. have reported that large amounts of  Muc2+ 
cells are observed in porcine small intestinal crypts, sug-
gesting the potential existence of c-Kit+Muc2+ cells [30]. 
However, this study is unable to find a proper porcine 
c-Kit antibody, thus failing to demonstrate the hypothesis 
that a Paneth cell counterpart (c-Kit+Muc2+ cell) may be 
present in porcine small intestinal crypts.

Single-cell mRNA sequencing (scRNA-seq) has been 
widely utilized to broaden the understanding of the cell 
composition of numerous organs [39]. A recent study 
using scRNA-seq has revealed that Paneth cells are 
absent in the ileal epithelium of three 6-month-old pigs, 
and in this study, the identification of porcine Paneth 
cells is based on the detection of Paneth cell markers 
Lyz and Mmp7 [34]. However, another study of porcine 
ileal epithelium using scRNA-seq has demonstrated that 
the abundance of Paneth cells is increased slightly from 
d 0 to 1, and then continuously reduced until d 21 after 
birth [40]. The abundance of porcine ileal Paneth cells 
is extremely low (0.12%) at d 21 after birth, which may 
be responsible for the failure to detect ileal Paneth cells 
from 6-month-old pigs [34, 40].

Similar to Paneth cells in humans and mice, porcine 
Paneth cells are susceptible to dietary nutrients, toxins, 
and microorganisms. Compared with pigs fed with soy-
bean hull diet, pigs fed with wheat straw diet exhibit the 
increased gene expression of Lyz in the ileum [41]. A 
diet supplemented with epidermal growth factor (EGF) 
promotes the expression of genes related to Paneth cell 
differentiation and increases lysozyme level in porcine 
jejunum during the post-weaning period, partly through 
EGF receptor signaling and Wnt/β-catenin signaling 
[42]. However, dietary nucleotide or antibiotic supple-
mentation dramatically reduces porcine ileal Paneth cell 
area (which is calculated as length multiplied by width of 
Paneth cell-containing region) [32]. These studies high-
light the importance of a proper diet in porcine Paneth 
cell development. Pig feeds are usually contaminated by 
deoxynivalenol (DON, also known as vomitoxin) [43]. 
DON challenge in piglets impairs porcine β-defensin 
expression that is correlated with the average daily gain 
(ADG) and the average daily feed intake (ADFI) of piglets 
[44]. For various viral infections, the responses of por-
cine Paneth cells are different. The Lyz expression in por-
cine intestinal organoid-derived monolayer is elevated 
after porcine deltacoronavirus (PDCoV) infection [37]. 

PDCoV has tendency to infect porcine stem/progenitor 
cells and enterocytes, suggesting that the upregulation of 
Lyz expression could be a protective reaction of host cells 
to resist infection [37]. Porcine epidemic diarrhea virus 
(PEDV) infection leads to a decrease in Lyz expression in 
porcine ileum rather than jejunum. PEDV can lower host 
pro-inflammatory cytokine expression to evade immune 
responses [45, 46]. Cell-extrinsic signaling such as inter-
leukin (IL)-17 and IL-22 is able to simulate lysozyme 
production in Paneth cells [47, 48]. The difference in 
Lyz expression between porcine jejunum and ileum is 
attributed to the possibility that PEDV can inhibit the 
pro-inflammatory cytokine expression of immune cells 
in Peyer’s patch mainly located at ileum [49]. Similarly, 
in transmissible gastroenteritis virus (TGEV) infec-
tion, porcine Paneth cell number is significantly reduced 
[50]. Subsequent TGEV infection in IPEC-J2 cells shows 
that TGEV infection aggravates cell apoptosis, inhib-
its cell proliferation, and induces mitochondrium dam-
age and reactive oxygen species (ROS) production in 
 CD24+SSChigh cells (Paneth cells) [50]. Notably, the level 
of Dll4 (a Paneth cell-derived ISC-supporting factor) is 
downregulated in PEDV-infected porcine jejunum and 
IPEC-J2 cells, which could be the reason for the impaired 
ISC niche [50].

In summary, Paneth cells are present in porcine small 
intestine in spite of their infrequency. The scRNA-seq 
results suggest that the study of porcine Paneth cells 
should be conducted in young piglets. In addition, it is 
worth exploring that whether Paneth cells differ between 
sexes in pigs.

Paneth cells in cattle
So far, there has been no in vivo study reporting the exist-
ence of Paneth cells in bovine small intestine. Bovine 
small intestinal organoids are successfully established 
from isolated bovine jejunal or ileal crypts, and IF stain-
ing reveals that bovine small intestinal organoids contain 
goblet cells and enteroendocrine cells (Paneth cell detec-
tion has not been conducted) [51, 52]. Another study 
using TEM has reported that Paneth cells containing few 
dense cytoplasmic vesicles are occasionally present in the 
crypt region of bovine ileal organoids [53]. However, the 
shape of bovine Paneth cells is irregular and the location 
of vesicles is scattered [53]. Subsequent mRNA-seq anal-
ysis has demonstrated that the genes related to Paneth 
cell differentiation (Atoh1 and Sox9) and Paneth cell 
markers (CD24 and Lyz1) are expressed in bovine ileal 
organoids, which further confirms the presence of Paneth 
cells in bovine small intestine [53]. Human and murine 
Paneth cells express abundant α-defensins responsible for 
killing pathogenic bacteria, whereas the bovine genome 
does not contain α-defensin genes. In bovine intestinal 
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organoids, the expression of β-defensin genes (Defb 
and Defb1) is detected, and these two genes are consid-
ered as bovine Paneth cell markers [53]. Actually, bovine 
β-defensins were investigated long time ago. The level 
of β-defensins in the ileum of adult cattle is higher than 
that of fetal cattle. Notably, bovine colon exhibits higher 
β-defensin level than bovine ileum, suggesting the pos-
sibilities that Paneth cells might exist in bovine colon, 
or that there are a group of cells expressing β-defensin 
in bovine colon [54]. In addition, Luenser and Ludwig 
have reported the conservation of bovine defensins after 
comparing the amino-acid sequences between bovine 
defensins and human or mouse defensins [55].

In addition to canonical AMPs, bovine Paneth cells 
have also been found to possess other proteins such as 
lipopolysaccharide (LPS)-binding protein (LBP) and 
intelectin 2 (ITLN2). Murine Paneth cells have been 
identified as the main source of LBP [56]. LBP promotes 
LPS monomerization and present it to CD14, which 
highlights the important role of LBP in intestinal innate 
immunity [57]. LBP expression in bovine small intestine 
is higher than that in bovine colon [58], suggesting that 
bovine LBP may be also produced by Paneth cells, which 
remains to be further verified. ITLN2 is mainly derived 
from Paneth cells and goblet cells in mice [59, 60]. ITLN2 
protein level is increased in Paneth cells and goblet cells 
within the ileocecal valve crypts of cattle treated with 
Mycobacterium avium subsp. Paratuberculosis, a Gram-
positive bacterium causing paratuberculosis (PTB) [61, 
62]. Importantly, receiver operating characteristic (ROC) 
analysis has revealed that bovine ITLN2 level can be used 
as a biomarker of PTB disease progression [61].

In conclusion, although there is no direct staining evi-
dence demonstrating the existence of bovine Paneth cells 
in  vivo, the intestinal organoid and mRNA-seq results 
indicate the presence of bovine Paneth cells. The infre-
quent occurrence of bovine Paneth cells and few secre-
tory granules may be the reasons for failure to observe 
bovine Paneth cells in vivo.

Paneth cells in sheep
Compared with pig and cattle, Paneth cells in sheep 
attract less attention. In 2003, Ergun et  al. comprehen-
sively investigated Paneth cells in ovine small intestine 
[63]. Ovine columnar Paneth cells are located at crypt 
bottom and possess abundant acidophilic apical gran-
ules. Although Paneth cell number is largest in the ileum 
of human or mouse, ovine Paneth cells mainly reside in 
jejunum rather than duodenum and ileum as observed 
by light microscope [63]. In addition, TEM has revealed 
that the apical granules in ovine Paneth cells are different 
in electron densities [63]. High sheep β-defensin-2 (SBD-
2) expression is observed in the jejunum and ileum of 

adult sheep and neonatal lambs, whereas SBD-2 is mainly 
expressed in the jejunum and colon of pre-term lambs 
[64]. Although ovine small intestinal organoids have been 
established for several years [51], the identification of 
Paneth cells in ovine small intestinal organoids has not 
been conducted.

SBD-2 staining has revealed that positive regions are 
mainly located at ovine crypt cells which exhibit simi-
lar location and morphology to human and murine 
Paneth cells. Besides, the expression of SBD-2 is gradu-
ally decreased from jejunum to rectum in adult sheep, 
which could be attributed to the corresponding tissue 
distribution of ovine Paneth cells [63, 64]. An artificial 
placenta can improve the care of extremely premature 
ovine newborns [65]. The application of artificial placenta 
to premature lambs significantly increases the Paneth 
cell number in proximal jejunum, suggesting that the 
increased Paneth cells may play a beneficial role during 
artificial placenta application [66].

Paneth cells in horse
In 1994, Kaup and Deegen first identified the presence 
of Paneth cells in the bottom of equine small intestinal 
crypts via TB staining and TEM [67]. Equine Paneth cells 
are also columnar and can be labeled by HE staining, 
lysozyme staining, and wheat germ agglutinin (WGA) 
lectin staining [68]. In human or murine small intes-
tine, MUC2 is a goblet cell marker, and UEA1 is used 
to identify both goblet and Paneth cells [69]. In equine 
small intestine, MUC2 can label both goblet cells and 
Paneth cells, but UEA1 staining only visualizes goblet 
cells. Therefore,  MUC2+UEA1− is a new labeled pattern 
of equine Paneth cells [70]. The TEM results show that 
there seems to be two subtypes of Paneth cells in equine 
small intestine. Type 1 Paneth cells possess abundant 
secretory granules and Golgi apparatus, whereas type 2 
Paneth cells exhibit a reduction in the secretory granules 
and the existence of electron-lucent materials, and these 
two types may represent a young and an old Paneth cell 
population, respectively [68]. Notably, the number of 
Paneth cell granules is larger in horse than in other spe-
cies such as human and mouse, suggesting the important 
role of equine Paneth cells in maintaining small intestinal 
homeostasis [67]. In horses, the presence of Paneth cells 
is only observed in small intestine, and Paneth cell num-
ber is smaller in duodenum than that in jejunum or ileum 
[71].

In equine small intestine, 38 α-defensin transcripts 
were identified in 2009, and at least 20 α-defensin tran-
scripts could be translated into functional peptides [72]. 
Equine α-defensin 1 (EAD-1) is only expressed in small 
intestine. The comparison of the amino acid sequences 
between EAD-1 and other α-defensin has revealed that 
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EAD-1 is homologous to human α-defensin 5 and rat 
Paneth cell-derived α-defensin 5 [73]. EAD-1 displays 
robust antibacterial activity against different Gram-
positive and Gram-negative bacteria, as well as horse 
pathogens mainly including Rhodococcus equi, Salmo-
nella choleraesuis, and Pasteurella multocida [73, 74]. 
Surprisingly, low concentration EAD-1 (1.25–2.5 μg/mL)  
has a antibacterial activity similar to conventionally used 
antibiotics such as ceftiofur and doxycycline, which is 
observed by the comparison of lethal dose 90%  (LD90) 
[74, 75]. Various phospholipids can be aggregated by 
EAD-1, which may be responsible for its antibacte-
rial ability [76]. The presence of Paneth cells in equine 
small intestine and the abundant secretory granules in 
equine Paneth cells indicate that horse is an excellent 
model animal for the investigation of α-defensins. In 
addition to α-defensins, lysozyme has also been proved 
to exist in equine Paneth cells [77]. The expression of 
Paneth cell marker genes Lyz and Sox9 is detected in 
equine jejunal organoids [78]. However, Lyz expres-
sion in organoid-derived monolayers is lower than that 
in jejunal organoids [78]. This reduction of Lyz expres-
sion may be attributed to the supplementation of Wnt3a 
and R-spondin (a Wnt signaling agonist) in monolayer 
growth medium since the increased Wnt factors lead to 
a decrease in Paneth cell number in murine intestinal 
organoid-derived monolayers [79].

Equine AMPs seem to be vital for intestinal immu-
nity. During acute laminitis, the degranulation, a pro-
cess mediating the release of granules, of Paneth cells is 
observed in the crypts of whole small intestine (duode-
num, jejunum and ileum) [77]. Notably, lysozyme level is 
high in crypt lumen and the degranulated Paneth cells, 
suggesting the importance of lysozyme in maintaining 
small intestinal homeostasis during acute laminitis [77].

Compared with human or murine Paneth cells, equine 
Paneth cells possess more secretory granules and exhibit 
high α-defensin content, suggesting that horse could 
be an appropriate livestock species for the studies of 
α-defensins. However, the high cost of horse experiment 
may be a limiting factor.

Paneth cells in chicken
Chicken Paneth cells are identified based on the pres-
ence of lysozyme. In 1974, Humphrey and Turk observed 
chicken Paneth cells by light-microscopic methods 
[80]. However, Nile et  al. failed to detect the expres-
sion of lysozyme c, a gene encoding Paneth cell-derived 
lysozyme, in the small intestine of 17- and 38-day-old 
chickens, suggesting that there was no Paneth cell in 
chicken small intestine [81]. This conclusion was also 
confirmed by the result that the lysozyme positive region 
was limited in villus but not crypts. The controversy 

over the presence of chicken Paneth cells is ended until 
the report that the expressions of lysozyme c, lysozyme 
g, and lysozyme g2 in the crypts of chicken small intes-
tine are detected by quantitative real-time PCR (qPCR) 
and in  situ hybridization [82]. Subsequent PT staining 
and TEM further confirm the presence of Paneth cells 
in chicken small intestine. Notably, the expression of 
lysozyme is not restricted to chicken Paneth cells since 
lysozyme staining shows the positive regions in both vil-
lus and crypts [83]. Recent studies on intestinal organoids 
and organoid-derived monolayers have also displayed 
lysozyme expression in chicken small intestinal epi-
thelium [84, 85]. As for morphology, unlike human and 
murine Paneth cells, chicken Paneth cells are elongated 
into rod shapes [82]. In addition to lysozyme, β-defensin 
and angiogenin-4 (ANG4) also exist in chicken Paneth 
cells [86, 87], but they attract less attention, compared 
to lysozyme. Serving as a member of ribonuclease A 
superfamily and another identified AMP, ANG4 has been 
reported to be secreted by Paneth cells in mice [88].

As a particular intestinal epithelial cell group, Paneth 
cells are susceptible to intestinal inflammation in humans 
and mice [12, 89]. Similarly, after LPS treatment, large 
amount of swollen mitochondria and the reduced 
lysozyme expression are observed in chicken Paneth cells, 
suggesting that LPS treatment impairs the homeostasis of 
Paneth cells [90]. The expression of Paneth cell-derived 
ISC-supporting factors Wnt3a and Dll1 is decreased at 
1  h after LPS challenge, and then gradually increased, 
which is consistent with the trend of ISC markers Lgr5 
and Bmi1 expression, suggesting that Paneth cell-derived 
ISC-supporting factors are responsible for the recovery 
of ISCs after LPS challenge [90]. Chicken Paneth cells can 
be also affected by the diets. Wang et al. have established 
an excellent chicken intestinal organoid culture method, 
and they have found that methionine deficiency and 
methionine hydroxy analogue substitution inhibit the 
growth and development of chicken intestinal organoids 
and slightly upregulate lysozyme expression [91]. In 2022, 
Elad Tako from Cornell university demonstrated that 
Paneth cell number and diameter in chicken duodenum 
were significantly increased after the separate supple-
mentation of several nutrients including black corn solu-
ble extract, empire apple (juice, pomace and pulp), quinoa 
soluble fiber, quercetin, and saffron flower water extract 
[92–96]. In addition, supplementation of organic acids 
and botanicals down-regulates lysozyme expression in 
chicken ileum [97], which may be attributed to the anti-
microbial activities of organic acids and botanicals since 
luminal bacteria can stimulate the continuous secretion 
of lysozyme granules [19]. Probiotics Lactobacillus sali-
varius and Lactobacillus agilis can elevate Paneth cell 
number and Wnt3a and Dll1 expression in duodenum, 
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thus promoting ISC development in chicken [98]. These 
studies indicate that chicken Paneth cells are sensitive to 
inflammation, nutrients and bacteria, which is similar to 
human and murine Paneth cells.

Paneth cells in rabbit
Rabbit Paneth cells in small intestinal crypts and orga-
noids can be visualized by multiple staining methods 
such as HE staining, PAS staining, and Masson’s tri-
chrome staining [99, 100]. Rabbit Paneth cells can be also 
labeled by lectin staining which includes soybean agglu-
tinin (SBA) staining, Dolichos biflorus agglutinin (DBA) 
staining, and WGA staining [99]. Notably, the shape 
of rabbit Paneth cells tends to be circular [99]. How-
ever, rabbit Paneth cells are not observed in intestinal 
organoid-derived monolayers [101]. Although lysozyme 
has been considered as a Paneth cell marker in various 
animal species, lysozyme staining fails to label Paneth 
cells in rabbit small intestinal crypts [99, 101]. Future 
work should be conducted to investigate whether rab-
bit Paneth cells contain lysozyme and whether rabbit 
lysozyme reacts with commercial lysozyme antibody. The 
number of rabbit Paneth cells exhibits a gradual increase 
from the duodenum to the ileum [100]. Additionally, the 
TEM results have shown that Paneth cells are present in 
the small intestine of hare [102].

Although whether rabbit Paneth cells contain AMPs 
remains unclear, glucose-6-phosphate dehydrogenase 
(G6PD) has been reported to be expressed in rabbit 
Paneth cells. Large amount of G6PD protein is located at 
the rough endoplasmic reticulum and Golgi network in 
rabbit Paneth cells [103]. G6PD can provide NAPDH for 
multiple biological processes [104–106]. Thus, it is pos-
sible that G6PD in Paneth cells could produce NAPDH 
to fuel the reduction of thiols of cryptdins [107]. The 
degranulation process of Paneth cells can be triggered by 
toll-like receptor 9 (TLR9) activation in mice [108]. Lac-
tobacillus casei administration induces the upregulated 
expression of TLR9, defensin-7-like, and lysozyme, as 
well as the degranulation process of Paneth cells in rabbit 
duodenum and jejunum [109].

Paneth cells in other farm animal species
In contrast to the farm animal species mentioned above, 
studies of Paneth cells in other species are relatively rare. 
The expression of lysozyme is detected in the jejunum 
of ducks, and zinc supplementation elevates the level of 
lysozyme expression [110]. However, duck Paneth cells 
have been not identified via staining so far. TB staining 
and Masson’s trichrome staining exhibit positive region 
in the secretory granules of cells in goose small intestinal 
crypts, suggesting the presence of Paneth cells in geese 
[111]. Additionally, there are abundant mitochondria and 

rough endoplasmic reticula in goose Paneth cells, which 
is similar to human and murine Paneth cells [111]. Mas-
son’s trichrome staining results have indicated that Toxo-
plasma gondii infection leads to a significant increase in 
Paneth cell number in cat duodenum [112].

Future directions for research on Paneth cells 
in farm animals
Current research on Paneth cells in the reviewed animals 
mainly focuses on Paneth cell identification and Paneth 
cell-derived AMP examination (Table 1). However, com-
pared with the knowledge on human and murine Paneth 
cells, our understanding of Paneth cells in farm animals is 
relatively poor. The efforts to explore the detailed infor-
mation such as AMP composition and Paneth cell func-
tion are required for the comprehensive understanding of 
Paneth cells in farm animals.

Although scRNA-seq has confirmed the presence of 
porcine Paneth cells, staining results for Paneth cell iden-
tification are still inconsistent in pigs. Therefore, devel-
oping a mature method to stain porcine Paneth cells is 
urgently required for the investigation on porcine Paneth 
cells.

Table 1 The identified composition of Paneth cell granules in 
farm animals

ANG4 Angiogenin-4, EAD-1 Equine α-defensin 1, G6PD Glucose-6-phosphate 
dehydrogenase, IF Immunofluorescence, IHC Immunohistochemistry, ITLN2 
Intelectin 2, LBP Lipopolysaccharide-binding protein, qPCR Quantitative real-
time PCR, SBD-2 Sheep β-defeinsin-2, scRNA-seq Single-cell mRNA sequencing, 
WB Western blot

Farm animal Proteins in granules Methods References

Pig Lysozyme IHC [35]

scRNA-seq [40]

IF [33, 37]

Cattle Lysozyme mRNA-seq [53]

β-defensins mRNA-seq [53]

ITLN2 IHC [61]

LBP qPCR [58]

Sheep SBD-2 IHC [64]

Horse Lysozyme IHC [68, 77]

qPCR [78]

EAD-1 qPCR [73]

Chicken Lysozyme IHC [83]

IF [84]

qPCR [85]

WB [85]

β-defensin IHC [87]

ANG4 qPCR [86]

Rabbit G6PD IHC [104]
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In mice and rats, gene editing and dithizone (a metal 
chelator) have been used to disrupt Paneth cells in small 
intestine, making it feasible to explore Paneth cell func-
tion [14, 113–115]. Due to its high cost and complex-
ity, gene editing is infrequently applied to livestock. 
Dithizone is utilized to establish a Paneth-cell-disrup-
tion model in mice and rats [14, 113]. It is worthwhile 
to investigate whether dithizone administration could 
deplete Paneth cells in the small intestine of different 
livestock species, which is likely to provide an excellent 
Paneth-cell-disruption model for subsequent research on 
Paneth cells in farm animals. Intestinal microbiota plays 
an important role in nutrient processing and intestinal 
immunity [116], and ISCs are responsible for the renewal 
and regeneration of intestinal epithelium [117]. Consid-
ering microbiota-regulating and ISC-supporting roles of 
Paneth cells, the maintenance of functional Paneth cells 
is of importance for intestinal homeostasis [18]. Under 
the condition of intestinal disorders such as PEDV infec-
tion and TGEV infection, Paneth cells and AMPs are gen-
erally impaired, thus leading to the weakened microbiota 
control and ISC activity [35, 50]. In recent years, many 
above-mentioned nutrients or ingredients in this review 
have been reported to have the ability to improve Paneth 
cells in farm animals under intestinal homeostasis or dis-
orders [41, 95]. Therefore, developing proper nutritional 
regulation techniques is a feasible strategy to protect the 
functional Paneth cells in farm animals, thus improving 
the intestinal health.

In mice, the recovery of functional Paneth cells through 
α-defensin or lysozyme supplementation can effec-
tively alleviate intestinal injury caused by dextran sul-
fate sodium (DSS) treatment, Helicobacter hepaticus 
infection, or acute pancreatitis [13, 118–120]. Notably, 
lysozyme treatment increases the number of Paneth 
cells in murine small intestinal organoids [119]. In pigs, 
lysozyme supplementation alleviates intestinal injury 
and inflammation in a malnutrition and enterotoxi-
genic Escherichia coli infection model [121]. In chickens, 
exogenous lysozyme supplementation inhibits the over-
growth of Escherichia coli and Lactobacillus and reduces 
the intestinal lesion scores after Clostridium perfringens 
infection [122]. Clostridium perfringens infection induces 
the overgrowth of Lactobacillus, which further contrib-
utes to resisting Clostridium perfringens infection. Exog-
enous lysozyme supplementation may enhance intestinal 
immunity to directly resist Clostridium perfringens infec-
tion in chickens, which reduces the dependence on Lac-
tobacillus to resist Clostridium perfringens infection. 
Thus, future work could develop novel AMP products 
and utilize them to alleviate intestinal injury and inflam-
mation in livestock.

Although it is generally accepted that Paneth cells 
devote to maintaining intestinal homeostasis, Paneth 
cells are detrimental to intestinal health in some cases. 
Abnormal Paneth cells can trigger intense intestinal 
inflammation in mice [89]. It has been reported that 
Paneth cell-derived IL-17A is responsible for the injury 
and inflammation in intestine, liver and kidney during 
ischemia reperfusion, and the neutralization of IL-17A 
effectively alleviates organ injury and inflammation [123, 
124]. Abundant IL-1β is expressed in Paneth cells under 
intestinal homeostasis, and Paneth cell-derived IL-1β 
causes severe damage to intestinal epithelial barrier in 
simian immunodeficiency virus infection [125]. How-
ever, there has been no report on the pro-inflammatory 
cytokine in Paneth cells in farm animals. It is worth 
examining whether there are some pro-inflammatory 
cytokines present in Paneth cells of the reviewed animals 
or not via immunostaining, fluorescence in situ hybridi-
zation, or flow cytometry during intestinal disorders, 
thus developing some targeted strategies.

Compared with Paneth cell differentiation and func-
tions, Paneth cell death attracts less attention. Necrop-
tosis, a particular form of programmed cell death, has 
been observed in Paneth cells of the inflamed human and 
murine small intestine [12]. Paneth cells are susceptible 
to necroptosis due to the high expression of receptor-
interacting protein 3 (RIP3), a key protein of necroptosis 
[12]. Necroptotic cells can release many immuno-stim-
ulating damage-associated molecular patterns (DAMPs) 
such as mitochondrial DNA and ATP, thus triggering the 
immune reaction of immune cells [126]. After LPS chal-
lenge, the elevated expression of RIP1 and high mobility 
group box 1 (HMGB1), two key necroptosis proteins, is 
detected in the porcine jejunal crypts where Paneth cells 
are located [127]. However, this study cannot demon-
strate the presence of necroptotic porcine Paneth cells 
during LPS challenge since the necroptotic cells in por-
cine jejunal crypts might be not Paneth cells. Future work 
should investigate whether Paneth cells in farm animals 
could undergo necroptosis during intestinal inflamma-
tion and the role of potential necroptotic Paneth cells in 
intestinal inflammation (Fig. 3).

Conclusion
Paneth cells serve as the guardians of small intestine due 
to their multiple functions. Although the existence of 
Paneth cells in pigs and chickens had once been contro-
versial, recent studies have confirmed that Paneth cells 
are present in the small intestine of most farm animals, 
as demonstrated by various staining methods. In addition 
to AMPs, there are also some functional proteins existing 
in Paneth cells in farm animals, such as LBP and G6PD. 
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Paneth cells in different livestock species are susceptible 
to intestinal disorders and diets since these factors sig-
nificantly affect Paneth cell number or AMP expression 
in farm animals. Paneth cell identification and Paneth 
cell-derived AMP examination in farm animals are far 
behind the studies of human or murine Paneth cells. In 
this review, we first summarize the current research sta-
tus of Paneth cells in farm animals and provide future 
directions for research on Paneth cells in farm animals. 
Future work is urgently needed to investigate Paneth 
cell function and develop Paneth cell-based intervention 
strategies against intestinal disorders in livestock, thus 
promoting the healthy development of husbandry.

Abbreviations
ADFI  Average daily feed intake
ADG  Average daily gain
AMP  Antimicrobial peptide
ANG4  Angiogenin-4
CD  Crohn’s disease
DAMPs  Damage-associated molecular patterns
DBA  Dolichos biflorus agglutinin
DON  Deoxynivalenol
DSS  Dextran sulfate sodium
EAD-1  Equine α-defensin 1
EGF  Epidermal growth factor
G6PD  Glucose-6-phosphate dehydrogenase
HE  Hematoxylin–eosin

HMGB1  High mobility group box 1
IF  Immunofluorescence
IHC  Immunohistochemistry
IgA  Immunoglobulin A
ISCs  Intestinal stem cells
ITLN2  Intelectin 2
LBP  Lipopolysaccharide-binding protein
LD90  Lethal dose 90%
LPS  Lipopolysaccharide
NEC  Necrotizing enterocolitis
PAS  Periodic acid-Schiff
PCNA  Proliferating cell nuclear antige
PDCoV  Porcine deltacoronavirus
PEDV  Porcine epidemic diarrhea virus
PT  Phloxine tartrazine
PTB  Paratuberculosis
qPCR  Quantitative real-time PCR
RIP3  Receptor-interacting protein 3
ROC  Receiver operating characteristic
ROS  Reactive oxygen species
SBA  Soybean agglutinin
SBD-2  Sheep β-defeinsin-2
scRNA-seq  Single-cell mRNA sequencing
Sox9  Sex determining region Y-box 9
TB  Toluidine blue
TEM  Transmission electron microscopy
TGEV  Transmissible gastroenteritis virus
TLR9  Toll-like receptor 9
WB  Western blot
WGA   Wheat germ agglutinin

Acknowledgements
Not applicable.

Fig. 3 Future directions for the investigation of farm animal Paneth cells mainly include six aspects: the investigation of more detailed information 
of Paneth cells, the effect of dithizone on Paneth cells, the development of Paneth cell-protecting nutritional regulation, the development 
of exogenous AMP products, the examination of Paneth cell-derived inflammatory cytokine, and the investigation of proinflammatory Paneth cell 
death



Page 10 of 13Cui et al. Journal of Animal Science and Biotechnology          (2023) 14:118 

Authors’ contributions
JP and HW conceptualized this review. CC and FW wrote this manuscript. LL, 
LW, XW and YZ corrected the language. JP and CC revised the manuscript. All 
authors read and approved the final manuscript.

Funding
This work was financially supported by the Joint Funds of the National Natural 
Science Foundation of China (U22A20511), China Agriculture Research System 
(CARS-36), and Hubei Provincial Key R&D Program (2021BBA083).

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 21 April 2023   Accepted: 4 June 2023

References
 1. Peng J, Tang Y, Huang Y. Gut health: The results of microbial and 

mucosal immune interactions in pigs. Anim Nutr. 2021;7(2):282–94. 
https:// doi. org/ 10. 1016/j. aninu. 2021. 01. 001.

 2. Adewole DI, Kim IH, Nyachoti CM. Gut health of pigs: challenge 
models and response criteria with a critical analysis of the effective-
ness of selected feed additives - a review. Asian-Australas J Anim Sci. 
2016;29(7):909–24. https:// doi. org/ 10. 5713/ ajas. 15. 0795.

 3. Blikslager AT, Moeser AJ, Gookin JL, Jones SL, Odle J. Restoration of bar-
rier function in injured intestinal mucosa. Physiol Rev. 2007;87(2):545–
64. https:// doi. org/ 10. 1152/ physr ev. 00012. 2006.

 4. Pluske JR, Hampson DJ, Williams IH. Factors influencing the structure 
and function of the small intestine in the weaned pig: a review. Livest 
Prod Sci. 1997;51(1–3):215–36.

 5. Huang W, Kong D. The intestinal microbiota as a therapeutic 
target in the treatment of nafld and ald. Biomed Pharmacother. 
2021;135:111235. https:// doi. org/ 10. 1016/j. biopha. 2021. 111235.

 6. Ernesto Martinez-Gonzalez A, Andreo-Martinez P. Prebiotics, probiotics 
and fecal microbiota transplantation in autism: A systematic review. Rev 
Psiquiatr Salud Ment. 2020;13(3):150–64. https:// doi. org/ 10. 1016/j. rpsm. 
2020. 06. 002.

 7. Martini E, Krug SM, Siegmund B, Neurath MF, Becker C. Mend your 
fences the epithelial barrier and its relationship with mucosal immunity 
in inflammatory bowel disease. Cell Mol Gastroenterol Hepatol. 
2017;4(1):33–46. https:// doi. org/ 10. 1016/j. jcmgh. 2017. 03. 007.

 8. Allaire JM, Crowley SM, Law HT, Chang S-Y, Ko H-J, Vallance BA. The 
intestinal epithelium: central coordinator of mucosal immunity. Trends 
Immunol. 2018;39(9):677–96. https:// doi. org/ 10. 1016/j. it. 2018. 04. 002.

 9. Schwalbe G. Beiträge zur kenntniss der drüsen in den darmwand-
ungen, in’s besondere der brunner’schen drüsen. Arch Mikrosk Anat. 
1872;8(1):92–140. https:// doi. org/ 10. 1007/ BF029 55835.

 10. Paneth J. Ueber die secernirenden zellen des dünndarm-epithels. Arch 
Mikrosk Anat. 1887;31(1):113–91. https:// doi. org/ 10. 1007/ BF029 55706.

 11. Clevers HC, Bevins CL. Paneth cells: Maestros of the small intestinal 
crypts. Annu Rev Physiol. 2013;75:289–311. https:// doi. org/ 10. 1146/ 
annur ev- physi ol- 030212- 183744.

 12. Günther C, Martini E, Wittkopf N, Amann K, Weigmann B, Neumann H, et al. 
Caspase-8 regulates tnf-α-induced epithelial necroptosis and terminal 
ileitis. Nature. 2011;477(7364):335–9. https:// doi. org/ 10. 1038/ natur e10400.

 13. Strigli A, Gopalakrishnan S, Zeissig Y, Basic M, Wang J, Schwerd T, et al. 
Deficiency in x-linked inhibitor of apoptosis protein promotes suscep-
tibility to microbial triggers of intestinal inflammation. Sci Immunol. 
2021;6(65):eabf7473.

 14. White JR, Gong H, Pope B, Schlievert P, McElroy SJ. Paneth-cell-
disruption-induced necrotizing enterocolitis in mice requires live 
bacteria and occurs independently of tlr4 signaling. Dis Model Mech. 
2017;10(6):727–36. https:// doi. org/ 10. 1242/ dmm. 028589.

 15. Zhou JY, Wang Z, Zhang SW, Lin HL, Gao CQ, Zhao JC, et al. Methionine 
and its hydroxyl analogues improve stem cell activity to eliminate 
deoxynivalenol-induced intestinal injury by reactivating wnt/beta-
catenin signaling. J Agric Food Chem. 2019;67(41):11464–73. https:// 
doi. org/ 10. 1021/ acs. jafc. 9b044 42.

 16. Deng Z, Yu H, Yang Z, Hu L, Liu Q, Wang Y, et al. Gly-pro-ala peptide 
and fgshf3 exert protective effects in don-induced toxicity and 
intestinal damage via decreasing oxidative stress. Food Res Int. 
2021;139:109840. https:// doi. org/ 10. 1016/j. foodr es. 2020. 109840.

 17. Wallaeys C, Garcia-Gonzalez N, Libert C. Paneth cells as the corner-
stones of intestinal and organismal health: a primer. EMBO Mol Med. 
2022;15(2):e16427. https:// doi. org/ 10. 15252/ emmm. 20221 6427.

 18. Cui C, Wang F, Zheng Y, Wei H, Peng J. From birth to death: The 
hardworking life of paneth cell in the small intestine. Front Immunol. 
2023;14:1122258. https:// doi. org/ 10. 3389/ fimmu. 2023. 11222 58.

 19. Yokoi Y, Nakamura K, Yoneda T, Kikuchi M, Sugimoto R, Shimizu Y, et al. 
Paneth cell granule dynamics on secretory responses to bacterial 
stimuli in enteroids. Sci Rep. 2019;9:2710. https:// doi. org/ 10. 1038/ 
s41598- 019- 39610-7.

 20. Lueschow SR, Stumphy J, Gong H, Kern SL, Elgin TG, Underwood MA, 
et al. Loss of murine paneth cell function alters the immature intestinal 
microbiome and mimics changes seen in neonatal necrotizing entero-
colitis. PloS One. 2018;13(10):e0204967. https:// doi. org/ 10. 1371/ journ al. 
pone. 02049 67.

 21. Sato T, van Es JH, Snippert HJ, Stange DE, Vries RG, van den Born M, 
et al. Paneth cells constitute the niche for lgr5 stem cells in intestinal 
crypts. Nature. 2011;469(7330):415–8. https:// doi. org/ 10. 1038/ natur 
e09637.

 22. Yilmaz Ö, Katajisto P, Lamming DW, Gültekin Y, Bauer-Rowe KE, Sen-
gupta S, et al. Mtorc1 in the paneth cell niche couples intestinal stem-
cell function to calorie intake. Nature. 2012;486(7404):490–5. https:// 
doi. org/ 10. 1038/ natur e11163.

 23. Moller P, Walczak H, Riedl S, Strater J, Krammer PH. Paneth cells express 
high levels of cd95 ligand transcripts - a unique property among 
gastrointestinal epithelia. Am J Pathol. 1996;149(1):9–13.

 24. Shankman LS, Fleury ST, Evans WB, Penberthy KK, Arandjelovic S, Blum-
berg RS, et al. Efferocytosis by paneth cells within the intestine. Curr 
Biol. 2021;31(11):2469–76. https:// doi. org/ 10. 1016/j. cub. 2021. 03. 055.

 25. Cui C, Wang X, Li L, Wei H, Peng J. Multifaceted involvements of paneth 
cells in various diseases within intestine and systemically. Front Immu-
nol. 2023;14:1115552. https:// doi. org/ 10. 3389/ fimmu. 2023. 11155 52.

 26. Myer MS. Paneth cells in the pig–a controversial issue. J S Afr Vet Assoc. 
1982;53(1):69.

 27. Gonzalez LM, Moeser AJ, Blikslager AT. Porcine models of digestive 
disease: The future of large animal translational research. Transl Res. 
2015;166(1):12–27. https:// doi. org/ 10. 1016/j. trsl. 2015. 01. 004.

 28. Myer MS. The presence of paneth cells confirmed in the pig. Onderste-
poort J Vet Res. 1982;49(2):131–2.

 29. Obremski K, Gajecka M, Zielonka L, Jakimiuk E, Gajecki M. Morphology 
and ultrastructure of small intestine mucosa in gilts with zearalenone 
mycotoxicosis. Pol J Vet Sci. 2005;8(4):301–7.

 30. Gonzalez LM, Williamson I, Piedrahita JA, Blikslager AT, Magness 
ST. Cell lineage identification and stem cell culture in a porcine 
model for the study of intestinal epithelial regeneration. PloS One. 
2013;8(6):e66465. https:// doi. org/ 10. 1371/ journ al. pone. 00664 65.

 31. Verdile N, Mirmahmoudi R, Brevini TAL, Gandolfi F. Evolution of pig 
intestinal stem cells from birth to weaning. Animal. 2019;13(12):2830–9. 
https:// doi. org/ 10. 1017/ s1751 73111 90013 19.

 32. Valini GAC, Duarte MS, Calderano AA, Teixeira LM, Rodrigues 
GA, Fernandes KM, et al. Dietary nucleotide supplementation as 
an alternative to in-feed antibiotics in weaned piglets. Animal. 
2021;15(1):100021. https:// doi. org/ 10. 1016/j. animal. 2020. 100021.

https://doi.org/10.1016/j.aninu.2021.01.001
https://doi.org/10.5713/ajas.15.0795
https://doi.org/10.1152/physrev.00012.2006
https://doi.org/10.1016/j.biopha.2021.111235
https://doi.org/10.1016/j.rpsm.2020.06.002
https://doi.org/10.1016/j.rpsm.2020.06.002
https://doi.org/10.1016/j.jcmgh.2017.03.007
https://doi.org/10.1016/j.it.2018.04.002
https://doi.org/10.1007/BF02955835
https://doi.org/10.1007/BF02955706
https://doi.org/10.1146/annurev-physiol-030212-183744
https://doi.org/10.1146/annurev-physiol-030212-183744
https://doi.org/10.1038/nature10400
https://doi.org/10.1242/dmm.028589
https://doi.org/10.1021/acs.jafc.9b04442
https://doi.org/10.1021/acs.jafc.9b04442
https://doi.org/10.1016/j.foodres.2020.109840
https://doi.org/10.15252/emmm.202216427
https://doi.org/10.3389/fimmu.2023.1122258
https://doi.org/10.1038/s41598-019-39610-7
https://doi.org/10.1038/s41598-019-39610-7
https://doi.org/10.1371/journal.pone.0204967
https://doi.org/10.1371/journal.pone.0204967
https://doi.org/10.1038/nature09637
https://doi.org/10.1038/nature09637
https://doi.org/10.1038/nature11163
https://doi.org/10.1038/nature11163
https://doi.org/10.1016/j.cub.2021.03.055
https://doi.org/10.3389/fimmu.2023.1115552
https://doi.org/10.1016/j.trsl.2015.01.004
https://doi.org/10.1371/journal.pone.0066465
https://doi.org/10.1017/s1751731119001319
https://doi.org/10.1016/j.animal.2020.100021


Page 11 of 13Cui et al. Journal of Animal Science and Biotechnology          (2023) 14:118  

 33. van der Hee B, Loonen LMP, Taverne N, Taverne-Thiele JJ, Smidt H, Wells 
JM. Optimized procedures for generating an enhanced, near physi-
ological 2d culture system from porcine intestinal organoids. Stem Cell 
Res. 2018;28:165–71. https:// doi. org/ 10. 1016/j. scr. 2018. 02. 013.

 34. Li H, Wang X, Wang Y, Zhang M, Hong F, Wang H, et al. Cross-species 
single-cell transcriptomic analysis reveals divergence of cell com-
position and functions in mammalian ileum epithelium. Cell Regen. 
2022;11(1):19. https:// doi. org/ 10. 1186/ s13619- 022- 00118-7.

 35. Chen Y-M, Helm ET, Gabler N, Hostetter JM, Burrough ER. Alterations 
in intestinal innate mucosal immunity of weaned pigs during porcine 
epidemic diarrhea virus infection. Vet Pathol. 2020;57(5):642–52. https:// 
doi. org/ 10. 1177/ 03009 85820 932140.

 36. Seeger B. Farm animal-derived models of the intestinal epithelium: 
Recent advances and future applications of intestinal organoids. Altern 
Lab Anim. 2020;48(5–6):215–33. https:// doi. org/ 10. 1177/ 02611 92920 
974026.

 37. Luo H, Zheng J, Chen Y, Wang T, Zhang Z, Shan Y, et al. Utility evaluation 
of porcine enteroids as pdcov infection model in vitro. Front Microbiol. 
2020;11:821. https:// doi. org/ 10. 3389/ fmicb. 2020. 00821.

 38. Rothenberg ME, Nusse Y, Kalisky T, Lee JJ, Dalerba P, Scheeren F, et al. 
Identification of a  ckit+ colonic crypt base secretory cell that supports 
 lgr5+ stem cells in mice. Gastroenterology. 2012;142(5):1195–205. 
https:// doi. org/ 10. 1053/j. gastro. 2012. 02. 006.

 39. Han X, Wang R, Zhou Y, Fei L, Sun H, Lai S, et al. Mapping the mouse cell 
atlas by microwell-seq. Cell. 2018;172(5):1091–107. https:// doi. org/ 10. 
1016/j. cell. 2018. 02. 001.

 40. Meng Q, Chen L, Xiong B, Kang B, Zhang P, Tang S, et al. Single-cell tran-
scriptome sequencing and proteomics reveal neonatal ileum dynamic 
developmental potentials. Msystems. 2021;6(5):e0072521. https:// doi. 
org/ 10. 1128/ mSyst ems. 00725- 21.

 41. Saqui-Salces M, Huang Z, Vila MF, Li J, Mielke JA, Urriola PE, et al. Modu-
lation of intestinal cell differentiation in growing pigs is dependent on 
the fiber source in the diet. J Anim Sci. 2017;95(3):1179–90. https:// doi. 
org/ 10. 2527/ jas. 2016. 0947.

 42. Wang LX, Zhu F, Li JZ, Li YL, Ding XQ, Yin J, et al. Epidermal growth factor 
promotes intestinal secretory cell differentiation in weaning piglets via 
wnt/beta-catenin signalling. Animal. 2020;14(4):790–8. https:// doi. org/ 
10. 1017/ s1751 73111 90025 81.

 43. Zhao L, Zhang L, Xu Z, Liu X, Chen L, Dai J, et al. Occurrence of afla-
toxin b-1, deoxynivalenol and zearalenone in feeds in china during 
2018–2020. J Anim Sci Biotechnol. 2021;12:74. https:// doi. org/ 10. 1186/ 
s40104- 021- 00603-0.

 44. Wang S, Yang J, Zhang B, Wu K, Yang A, Li C, et al. Deoxynivalenol 
impairs porcine intestinal host defense peptide expression in weaned 
piglets and ipec-j2 cells. Toxins. 2018;10(12):541. https:// doi. org/ 10. 
3390/ toxin s1012 0541.

 45. Shan Y, Liu Zq, Li Gw, Chen C, Luo H, Liu Yj, et al. Nucleocapsid 
protein from porcine epidemic diarrhea virus isolates can antagonize 
interferon-lambda production by blocking the nuclear factor-kappa b 
nuclear translocation. J Zhejiang Univ Sci B. 2018;19:570–80. https:// doi. 
org/ 10. 1631/ jzus. B1700 283.

 46. Shi P, Su Y, Li R, Liang Z, Dong S, Huang J. PEDV nsp16 negatively 
regulates innate immunity to promote viral proliferation. Virus Res. 
2019;265:57–66. https:// doi. org/ 10. 1016/j. virus res. 2019. 03. 005.

 47. Delorme-Axford E, Klionsky DJ. Secretory autophagy holds the key 
to lysozyme secretion during bacterial infection of the intestine. 
Autophagy. 2018;14(3):365–7. https:// doi. org/ 10. 1080/ 15548 627. 2017. 
14014 25.

 48. Okumura R, Takeda K. Roles of intestinal epithelial cells in the mainte-
nance of gut homeostasis. Exp Mol Med. 2017;49(5):e338. https:// doi. 
org/ 10. 1038/ emm. 2017. 20.

 49. Mörbe UM, Jørgensen PB, Fenton TM, von Burg N, Riis LB, Spencer J, 
et al. Human gut-associated lymphoid tissues (galt); diversity, structure, 
and function. Mucosal Immunol. 2021;14(4):793–802. https:// doi. org/ 
10. 1038/ s41385- 021- 00389-4.

 50. Wu A, Yu B, Zhang K, Xu Z, Wu D, He J, et al. Transmissible gastroenteritis 
virus targets paneth cells to inhibit the self-renewal and differentia-
tion of lgr5 intestinal stem cells via notch signaling. Cell Death Dis. 
2020;11(1):40. https:// doi. org/ 10. 1038/ s41419- 020- 2233-6.

 51. Powell RH, Behnke MS. Wrn conditioned media is sufficient for 
in vitro propagation of intestinal organoids from large farm and small 

companion animals. Biol Open. 2017;6(5):698–705. https:// doi. org/ 10. 
1242/ bio. 021717.

 52. Derricott H, Luu L, Fong WY, Hartley CS, Johnston LJ, Armstrong 
SD, et al. Developing a 3d intestinal epithelium model for livestock 
species. Cell Tissue Res. 2019;375(2):409–24. https:// doi. org/ 10. 1007/ 
s00441- 018- 2924-9.

 53. Hamilton CA, Young R, Jayaraman S, Sehgal A, Paxton E, Thomson S, 
et al. Development of in vitro enteroids derived from bovine small 
intestinal crypts. Vet Res. 2018;49(1):54. https:// doi. org/ 10. 1186/ 
s13567- 018- 0547-5.

 54. Tarver AP, Clark DP, Diamond G, Russell JP, Erdjument-Bromage H, 
Tempst P, et al. Enteric beta-defensin: Molecular cloning and charac-
terization of a gene with inducible intestinal epithelial cell expression 
associated with cryptosporidium parvum infection. Infect Immun. 
1998;66(3):1045–56. https:// doi. org/ 10. 1128/ iai. 66.3. 1045- 1056. 1998.

 55. Luenser K, Ludwig A. Variability and evolution of bovine beta-defensin 
genes. Genes Immun. 2005;6(2):115–22. https:// doi. org/ 10. 1038/ sj. 
gene. 63641 53.

 56. Hansen GH, Rasmussen K, Niels-Christiansen L-L, Danielsen EM. 
Lipopolysaccharide-binding protein: Localization in secretory granules 
of paneth cells in the mouse small intestine. Histochem Cell Biol. 
2009;131(6):727–32. https:// doi. org/ 10. 1007/ s00418- 009- 0572-6.

 57. Hailman E, Lichenstein HS, Wurfel MM, Miller DS, Johnson DA, Kelley M, 
et al. Lipopolysaccharide (lps)-binding protein accelerates the binding 
of lps to cd14. J Exp Med. 1994;179(1):269–77. https:// doi. org/ 10. 1084/ 
jem. 179.1. 269.

 58. Rahman MM, Lecchi C, Avallone G, Roccabianca P, Sartorelli P, Ceciliani 
F. Lipopolysaccharide-binding protein: Local expression in bovine 
extrahepatic tissues. Vet Immunol Immunopathol. 2010;137(1–2):28–35. 
https:// doi. org/ 10. 1016/j. vetimm. 2010. 04. 006.

 59. Pemberton AD, Knight PA, Gamble J, Colledge WH, Lee JK, Pierce M, 
et al. Innate balb/c enteric epithelial responses to trichinella spiralis: 
Inducible expression of a novel goblet cell lectin, intelectin-2, and its 
natural deletion in c57bl/10 mice. J Immunol. 2004;173(3):1894–901. 
https:// doi. org/ 10. 4049/ jimmu nol. 173.3. 1894.

 60. Suzuki YA, Lopez V, Lönnerdal B. Mammalian lactoferrin receptors: 
Structure and function. Cell Mol Life Sci. 2005;62(22):2560–75. https:// 
doi. org/ 10. 1007/ s00018- 005- 5371-1.

 61. Blanco Vazquez C, Balseiro A, Alonso-Hearn M, Juste RA, Iglesias N, Can-
ive M, et al. Bovine intelectin 2 expression as a biomarker of paratuber-
culosis disease progression. Animals. 2021;11(5):1370. https:// doi. org/ 
10. 3390/ ani11 051370.

 62. Alonso-Hearn M, Canive M, Blanco-Vazquez C, Torremocha R, Balseiro 
A, Amado J, et al. C Sci Rep. 2019;9(1):14845. https:// doi. org/ 10. 1038/ 
s41598- 019- 51328-0.

 63. Ergun E, Ergun L, Asti RN, Kurum A. Light and electron microscopic 
morphology of paneth cells in the sheep small intestine. Rev Med Vet-
Toulouse. 2003;154(5):351–5.

 64. Meyerholz DK, Gallup JM, Grubor BA, Evans RB, Tack BF, McCray PB, et al. 
Developmental expression and distribution of sheep beta-defensin-2. 
Dev Comp Immunol. 2004;28(2):171–8. https:// doi. org/ 10. 1016/ s0145- 
305x(03) 00105-8.

 65. Coughlin MA, Werner NL, Church JT, Perkins EM, Bryner BS, Barks JD, 
et al. An artificial placenta protects against lung injury and promotes 
continued lung development in extremely premature lambs. ASAIO J. 
2019;65(7):690–7. https:// doi. org/ 10. 1097/ mat. 00000 00000 000939.

 66. McLeod JS, Church JT, Yerramilli P, Coughlin MA, Perkins EM, Rabah 
R, et al. Gastrointestinal mucosal development and injury in pre-
mature lambs supported by the artificial placenta. J Pediatr Surg. 
2018;53(6):1240–5. https:// doi. org/ 10. 1016/j. jpeds urg. 2018. 02. 092.

 67. Kaup FJ, Deegen E. An ultrastructural study of intranuclear bodies in 
granular epithelial cells of the equine small intestine. Equine Vet J. 
1994;26(2):156–8. https:// doi. org/ 10. 1111/j. 2042- 3306. 1994. tb043 57.x.

 68. Takehana K, Masty J, Yamaguchi M, Kobayashi A, Yamada O, Kuroda M, 
et al. Fine structural and histochemical study of equine paneth cells. 
Anat Histol Embryol. 1998;27(2):125–9. https:// doi. org/ 10. 1111/j. 1439- 
0264. 1998. tb001 67.x.

 69. Wong VW, Stange DE, Page ME, Buczacki S, Wabik A, Itami S, et al. Lrig1 
controls intestinal stem-cell homeostasis by negative regulation of 
erbb signalling. Nat Cell Biol. 2012;14(4):401–8. https:// doi. org/ 10. 1038/ 
ncb24 64.

https://doi.org/10.1016/j.scr.2018.02.013
https://doi.org/10.1186/s13619-022-00118-7
https://doi.org/10.1177/0300985820932140
https://doi.org/10.1177/0300985820932140
https://doi.org/10.1177/0261192920974026
https://doi.org/10.1177/0261192920974026
https://doi.org/10.3389/fmicb.2020.00821
https://doi.org/10.1053/j.gastro.2012.02.006
https://doi.org/10.1016/j.cell.2018.02.001
https://doi.org/10.1016/j.cell.2018.02.001
https://doi.org/10.1128/mSystems.00725-21
https://doi.org/10.1128/mSystems.00725-21
https://doi.org/10.2527/jas.2016.0947
https://doi.org/10.2527/jas.2016.0947
https://doi.org/10.1017/s1751731119002581
https://doi.org/10.1017/s1751731119002581
https://doi.org/10.1186/s40104-021-00603-0
https://doi.org/10.1186/s40104-021-00603-0
https://doi.org/10.3390/toxins10120541
https://doi.org/10.3390/toxins10120541
https://doi.org/10.1631/jzus.B1700283
https://doi.org/10.1631/jzus.B1700283
https://doi.org/10.1016/j.virusres.2019.03.005
https://doi.org/10.1080/15548627.2017.1401425
https://doi.org/10.1080/15548627.2017.1401425
https://doi.org/10.1038/emm.2017.20
https://doi.org/10.1038/emm.2017.20
https://doi.org/10.1038/s41385-021-00389-4
https://doi.org/10.1038/s41385-021-00389-4
https://doi.org/10.1038/s41419-020-2233-6
https://doi.org/10.1242/bio.021717
https://doi.org/10.1242/bio.021717
https://doi.org/10.1007/s00441-018-2924-9
https://doi.org/10.1007/s00441-018-2924-9
https://doi.org/10.1186/s13567-018-0547-5
https://doi.org/10.1186/s13567-018-0547-5
https://doi.org/10.1128/iai.66.3.1045-1056.1998
https://doi.org/10.1038/sj.gene.6364153
https://doi.org/10.1038/sj.gene.6364153
https://doi.org/10.1007/s00418-009-0572-6
https://doi.org/10.1084/jem.179.1.269
https://doi.org/10.1084/jem.179.1.269
https://doi.org/10.1016/j.vetimm.2010.04.006
https://doi.org/10.4049/jimmunol.173.3.1894
https://doi.org/10.1007/s00018-005-5371-1
https://doi.org/10.1007/s00018-005-5371-1
https://doi.org/10.3390/ani11051370
https://doi.org/10.3390/ani11051370
https://doi.org/10.1038/s41598-019-51328-0
https://doi.org/10.1038/s41598-019-51328-0
https://doi.org/10.1016/s0145-305x(03)00105-8
https://doi.org/10.1016/s0145-305x(03)00105-8
https://doi.org/10.1097/mat.0000000000000939
https://doi.org/10.1016/j.jpedsurg.2018.02.092
https://doi.org/10.1111/j.2042-3306.1994.tb04357.x
https://doi.org/10.1111/j.1439-0264.1998.tb00167.x
https://doi.org/10.1111/j.1439-0264.1998.tb00167.x
https://doi.org/10.1038/ncb2464
https://doi.org/10.1038/ncb2464


Page 12 of 13Cui et al. Journal of Animal Science and Biotechnology          (2023) 14:118 

 70. Gonzalez LM, Kinnin LA, Blikslager AT. Characterization of discrete 
equine intestinal epithelial cell lineages. Am J Vet Res. 2015;76(4):358–
66. https:// doi. org/ 10. 2460/ ajvr. 76.4. 358.

 71. Rocchigiani G, Ricci E, Navarro MA, Samol MA, Uzal FA. Leukocyte num-
bers and intestinal mucosal morphometrics in horses with no clinical 
intestinal disease. J Vet Diagn Invest. 2022;34(3):389–95. https:// doi. org/ 
10. 1177/ 10406 38721 10319 44.

 72. Bruhn O, Paul S, Tetens J, Thaller G. The repertoire of equine intestinal 
alpha-defensins. BMC Genomics. 2009;10:631. https:// doi. org/ 10. 1186/ 
1471- 2164- 10- 631.

 73. Bruhn O, Regenhard P, Michalek M, Paul S, Gelhaus C, Jung S, et al. A 
novel horse alpha-defensin: Gene transcription, recombinant expres-
sion and characterization of the structure and function. Biochem J. 
2007;407:267–76. https:// doi. org/ 10. 1042/ bj200 70747.

 74. Bruhn O, Cauchard J, Schlusselhuber M, Gelhaus C, Podschun R, Thaller 
G, et al. Antimicrobial properties of the equine alpha-defensin defa1 
against bacterial horse pathogens. Vet Immunol Immunopathol. 
2009;130(1–2):102–6. https:// doi. org/ 10. 1016/j. vetimm. 2009. 01. 005.

 75. Jacks SS, Giguère S, Nguyen A. In vitro susceptibilities of rhodococcus 
equi and other common equine pathogens to azithromycin, clarithro-
mycin, and 20 other antimicrobials. Antimicrob Agents Chemother. 
2003;47(5):1742–5. https:// doi. org/ 10. 1128/ aac. 47.5. 1742- 1745. 2003.

 76. Michalek M, Jung S, Shomali MR, Cauchard S, Soennichsen FD, Groetz-
inger J. Solution structure and functional studies of the highly potent 
equine antimicrobial peptide defa1. Biochem Biophys Res Commun. 
2015;459(4):668–72. https:// doi. org/ 10. 1016/j. bbrc. 2015. 02. 168.

 77. Masty J, Stradley RP. Paneth cell degranulation and lysozyme secre-
tion during acute equine alimentary laminitis. Histochemistry. 
1991;95(5):529–33. https:// doi. org/ 10. 1007/ bf003 15751.

 78. Hellman S. Generation of equine enteroids and enteroid-derived 
2d monolayers that are responsive to microbial mimics. Vet Res. 
2021;52(1):108. https:// doi. org/ 10. 1186/ s13567- 021- 00976-0.

 79. Thorne CA, Chen IW, Sanman LE, Cobb MH, Wu LF, Altschuler SJ. Enter-
oid monolayers reveal an autonomous wnt and bmp circuit controlling 
intestinal epithelial growth and organization. Dev Cell. 2018;44(5):624–
33. https:// doi. org/ 10. 1016/j. devcel. 2018. 01. 024.

 80. Humphrey CD, Turk DE. The ultrastructure of normal chick intestinal 
epithelium. Poult Sci. 1974;53(3):990–1000. https:// doi. org/ 10. 3382/ ps. 
05309 90.

 81. Nile CJ, Townes CL, Michailidis G, Hirst BH, Hall J. Identification of 
chicken lysozyme g2 and its expression in the intestine. Cell Mol Life 
Sci. 2004;61(21):2760–6. https:// doi. org/ 10. 1007/ s00018- 004- 4345-z.

 82. Wang L, Li J, Li J Jr, Li RX, Lv CF, Li S, et al. Identification of the paneth 
cells in chicken small intestine. Poult Sci. 2016;95(7):1631–5. https:// doi. 
org/ 10. 3382/ ps/ pew079.

 83. Bar Shira E, Friedman A. Innate immune functions of avian intesti-
nal epithelial cells: Response to bacterial stimuli and localization of 
responding cells in the developing avian digestive tract. PloS One. 
2018;13(7):e0200393. https:// doi. org/ 10. 1371/ journ al. pone. 02003 93.

 84. Orr B, Sutton K, Christian S, Nash T, Niemann H, Hansen LL, et al. Novel 
chicken two-dimensional intestinal model comprising all key epithelial 
cell types and a mesenchymal sub-layer. Vet Res. 2021;52(1):142. 
https:// doi. org/ 10. 1186/ s13567- 021- 01010-z.

 85. Zhao D, Farnell MB, Kogut MH, Genovese KJ, Chapkin RS, Davidson LA, 
et al. From crypts to enteroids: Establishment and characterization of 
avian intestinal organoids. Poult Sci. 2022;101(3):101642. https:// doi. 
org/ 10. 1016/j. psj. 2021. 101642.

 86. Losada-Medina D, Yitbarek A, Nazeer N, Uribe-Diaz S, Ahmed M, 
Rodriguez-Lecompte JC. Identification, tissue characterization, and 
innate immune role of angiogenin-4 expression in young broiler chick-
ens. Poult Sci. 2020;99(6):2992–3000. https:// doi. org/ 10. 1016/j. psj. 2020. 
03. 022.

 87. Theerawatanasirikul S, Koomkrong N, Kayan A, Boonkaewwan C. Intes-
tinal barrier and mucosal immunity in broilers, thai betong, and native 
thai praduhangdum chickens. TurkJ Vet Anim Sci. 2017;41(3):357–64. 
https:// doi. org/ 10. 3906/ vet- 1609- 58.

 88. Hooper LV, Stappenbeck TS, Hong CV, Gordon JI. Angiogenins: A new 
class of microbicidal proteins involved in innate immunity. Nat Immu-
nol. 2003;4(3):269–73. https:// doi. org/ 10. 1038/ ni888.

 89. Adolph TE, Tomczak MF, Niederreiter L, Ko HJ, Böck J, Martinez-Naves E, 
et al. Paneth cells as a site of origin for intestinal inflammation. Nature. 
2013;503(7475):272–6. https:// doi. org/ 10. 1038/ natur e12599.

 90. Yu L, Xie X, Jiang K, Hong Y, Zhou Z, Mi Y, et al. Paneth cells mediated 
the response of intestinal stem cells at the early stage of intestinal 
inflammation in the chicken. Poult Sci. 2021;100(2):615–22. https:// doi. 
org/ 10. 1016/j. psj. 2020. 11. 055.

 91. Wang Y, Hou Q, Wu Y, Xu Y, Liu Y, Chen J, et al. Methionine deficiency 
and its hydroxy analogue influence chicken intestinal 3-dimensional 
organoid development. Anim Nutr. 2022;8:38–51. https:// doi. org/ 10. 
1016/j. aninu. 2021. 06. 001.

 92. Verediano TA, Martino HSD, Kolba N, Fu Y, Paes MCD, Tako E. Black corn 
(Zea mays L.) soluble extract showed anti-inflammatory effects and 
improved the intestinal barrier integrity in vivo (Gallus gallus). Food Res 
Int. 2022;157:111227. https:// doi. org/ 10. 1016/j. foodr es. 2022. 111227.

 93. Verediano TA, Agarwal N, Duarte Martino HS, Kolba N, Grancieri M, 
Dias Paes MC, et al. Effect of black corn anthocyanin-rich extract (Zea 
mays L.) on cecal microbial populations in vivo (Gallus gallus). Nutrients. 
2022;14(21):4679. https:// doi. org/ 10. 3390/ nu142 14679.

 94. Jackson C, Shukla V, Kolba N, Agarwal N, Padilla-Zakour OI, Tako E. Empire 
apple (Malus domestica) juice, pomace, and pulp modulate intestinal 
functionality, morphology, and bacterial populations in vivo (Gallus gal-
lus). Nutrients. 2022;14(23):4955. https:// doi. org/ 10. 3390/ nu142 34955.

 95. Agarwal N, Kolba N, Khen N, Even C, Turjeman S, Koren O, et al. Quinoa 
soluble fiber and quercetin alter the composition of the gut microbi-
ome and improve brush border membrane morphology in vivo (Gallus 
gallus). Nutrients. 2022;14(3):448. https:// doi. org/ 10. 3390/ nu140 30448.

 96. Agarwal N, Kolba N, Jung Y, Cheng J, Tako E. Saffron (crocus sativus 
l.) flower water extract disrupts the cecal microbiome, brush border 
membrane functionality, and morphology in vivo (Gallus gallus). Nutri-
ents. 2022;14(1):220. https:// doi. org/ 10. 3390/ nu140 10220.

 97. Bialkowski S, Toschi A, Yu L-e, Schlitzkus L, Mann P, Grilli E, et al. Effects 
of microencapsulated blend of organic acids and botanicals on growth 
performance, intestinal barrier function, inflammatory cytokines, and 
endocannabinoid system gene expression in broiler chickens. Poult Sci. 
2023;102(3):102460. https:// doi. org/ 10. 1016/j. psj. 2022. 102460.

 98. Hong Y, Zhou Z, Yu L, Jiang K, Xia J, Mi Y, et al. Lactobacillus salivarius 
and lactobacillus agilis feeding regulates intestinal stem cells activ-
ity by modulating crypt niche in hens. Appl Microbiol Biotechnol. 
2021;105(23):8823–35. https:// doi. org/ 10. 1007/ s00253- 021- 11606-2.

 99. Zanuzzi CN, Fontana PA, Barbeito CG, Portiansky EL, Gimeno EJ. Paneth 
cells: Histochemical and morphometric study in control and solanum 
glaucophyllum intoxicated rabbits. Eur J Histochem. 2008;52(2):93–100.

 100. Ergun E, Ergun L, Ozen A, Kurum A. Studies on the morphology, histo-
chemistry and ultrastructure of paneth cells in the small intestine of the 
angora rabbit. Ankara Univ Vet Fak. 2009;56(1):25–30.

 101. Kardia E, Frese M, Smertina E, Strive T, Zeng X-L, Estes M, et al. Culture 
and differentiation of rabbit intestinal organoids and organoid-derived 
cell monolayers. Sci Rep. 2021;11(1):5401. https:// doi. org/ 10. 1038/ 
s41598- 021- 84774-w.

 102. Satoh Y, Yamano M, Matsuda M, Ono K. Ultrastructure of paneth 
cells in the intestine of various mammals. J Electron Microsc Tech. 
1990;16(1):69–80. https:// doi. org/ 10. 1002/ jemt. 10601 60109.

 103. Ninfali P, Malatesta M, Biagiotti E, Aluigi G, Gazzanelli G. Glucose-6-phos-
phate dehydrogenase in small intestine of rabbit: Biochemical proper-
ties and subcellular localization. Acta Histochem. 2001;103(3):287–303. 
https:// doi. org/ 10. 1078/ 0065- 1281- 00599.

 104. Leopold JA, Cap A, Scribner AW, Stanton RC, Loscalzo J. Glucose-
6-phosphate dehydrogenase deficiency promotes endothelial oxidant 
stress and decreases endothelial nitric oxide bioavailability. FASEB J. 
2001;15(8):1771–3. https:// doi. org/ 10. 1096/ fj. 00- 0893fj e.

 105. Zhang W, Ni C, Sheng J, Hua Y, Ma J, Wang L, et al. Tlqp-21 protects 
human umbilical vein endothelial cells against high-glucose-induced 
apoptosis by increasing g6pd expression. PloS one. 2013;8(11):e79760. 
https:// doi. org/ 10. 1371/ journ al. pone. 00797 60.

 106. Nobrega-Pereira S, Fernandez-Marcos PJ, Brioche T, Carmen Gomez-
Cabrera M, Salvador-Pascual A, Flores JM, et al. G6pd protects from 
oxidative damage and improves healthspan in mice. Nat Commun. 
2016;7:10894. https:// doi. org/ 10. 1038/ ncomm s10894.

https://doi.org/10.2460/ajvr.76.4.358
https://doi.org/10.1177/10406387211031944
https://doi.org/10.1177/10406387211031944
https://doi.org/10.1186/1471-2164-10-631
https://doi.org/10.1186/1471-2164-10-631
https://doi.org/10.1042/bj20070747
https://doi.org/10.1016/j.vetimm.2009.01.005
https://doi.org/10.1128/aac.47.5.1742-1745.2003
https://doi.org/10.1016/j.bbrc.2015.02.168
https://doi.org/10.1007/bf00315751
https://doi.org/10.1186/s13567-021-00976-0
https://doi.org/10.1016/j.devcel.2018.01.024
https://doi.org/10.3382/ps.0530990
https://doi.org/10.3382/ps.0530990
https://doi.org/10.1007/s00018-004-4345-z
https://doi.org/10.3382/ps/pew079
https://doi.org/10.3382/ps/pew079
https://doi.org/10.1371/journal.pone.0200393
https://doi.org/10.1186/s13567-021-01010-z
https://doi.org/10.1016/j.psj.2021.101642
https://doi.org/10.1016/j.psj.2021.101642
https://doi.org/10.1016/j.psj.2020.03.022
https://doi.org/10.1016/j.psj.2020.03.022
https://doi.org/10.3906/vet-1609-58
https://doi.org/10.1038/ni888
https://doi.org/10.1038/nature12599
https://doi.org/10.1016/j.psj.2020.11.055
https://doi.org/10.1016/j.psj.2020.11.055
https://doi.org/10.1016/j.aninu.2021.06.001
https://doi.org/10.1016/j.aninu.2021.06.001
https://doi.org/10.1016/j.foodres.2022.111227
https://doi.org/10.3390/nu14214679
https://doi.org/10.3390/nu14234955
https://doi.org/10.3390/nu14030448
https://doi.org/10.3390/nu14010220
https://doi.org/10.1016/j.psj.2022.102460
https://doi.org/10.1007/s00253-021-11606-2
https://doi.org/10.1038/s41598-021-84774-w
https://doi.org/10.1038/s41598-021-84774-w
https://doi.org/10.1002/jemt.1060160109
https://doi.org/10.1078/0065-1281-00599
https://doi.org/10.1096/fj.00-0893fje
https://doi.org/10.1371/journal.pone.0079760
https://doi.org/10.1038/ncomms10894


Page 13 of 13Cui et al. Journal of Animal Science and Biotechnology          (2023) 14:118  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 107. Ouellette AJ, Lualdi JC. A novel mouse gene family coding for cationic, 
cysteine-rich peptides. J Biol Chem. 1990;265(17):9831–7.

 108. Rumio C, Besusso D, Palazzo M, Selleri S, Sfondrini L, Dubini F, et al. 
Degranulation of paneth cells via toll-like receptor 9. Am J Pathol. 
2004;165(2):373–81. https:// doi. org/ 10. 1016/ s0002- 9440(10) 63304-4.

 109. Shen XM, Cui HX, Xu XR. Orally administered lactobacillus casei 
exhibited several probiotic properties in artificially suckling rabbits. 
Asian-Australas J Anim Sci. 2020;33(8):1352–9. https:// doi. org/ 10. 5713/ 
ajas. 18. 0973.

 110. Wen M, Zhao H, Liu G, Chen X, Wu B, Tian G, et al. Effect of zinc supple-
mentation on growth performance, intestinal development, and intes-
tinal barrier-related gene expression in pekin ducks. Biol Trace Elem Res. 
2018;183(2):351–60. https:// doi. org/ 10. 1007/ s12011- 017- 1143-7.

 111. Anwar SM, Abd-Elhafeez HH, Abdel-maksoud FM, Abdalla KEH. Morph-
anatomic and histochemical study of ileum of goose (alopochen 
egyptiacus) with special references to immune cells, mucous and 
serous goblet cells, telocytes, and dark and light smooth muscle fibers. 
Microsc Res Tech. 2021;84(6):1328–47. https:// doi. org/ 10. 1002/ jemt. 
23692.

 112. da Silva JM, da Silva AV, de Almeida Araujo EJ, Sant’Ana DMG. The 
effects of the infection caused by toxoplasma gondii on the cat duo-
denal wall. Rev Bras Parasitol Vet. 2010;19(1):55–61. https:// doi. org/ 10. 
1590/ s1984- 29612 01000 01000 11.

 113. Zhang C, Sherman MP, Prince LS, Bader D, Weitkamp J-H, Slaughter JC, 
et al. Paneth cell ablation in the presence of klebsiella pneumoniae 
induces necrotizing enterocolitis (nec)-like injury in the small intestine 
of immature mice. Dis Model Mech. 2012;5(4):522–32. https:// doi. org/ 
10. 1242/ dmm. 009001.

 114. Durand A, Donahue B, Peignon G, Letourneur F, Cagnard N, Slomi-
anny C, et al. Functional intestinal stem cells after paneth cell ablation 
induced by the loss of transcription factor math1 (atoh1). Proc Natl 
Acad Sci U S A. 2012;109(23):8965–70. https:// doi. org/ 10. 1073/ pnas. 
12016 52109.

 115. Mori-Akiyama Y, Van den Born M, Van Es JH, Hamilton SR, Adams HP, 
Zhang J, et al. Sox9 is required for the differentiation of paneth cells 
in the intestinal epithelium. Gastroenterology. 2007;133(2):539–46. 
https:// doi. org/ 10. 1053/j. gastro. 2007. 05. 020.

 116. Wu L, Tang Z, Chen H, Ren Z, Ding Q, Liang K, et al. Mutual interaction 
between gut microbiota and protein/amino acid metabolism for host 
mucosal immunity and health. Anim Nutr. 2021;7(1):11–6. https:// doi. 
org/ 10. 1016/j. aninu. 2020. 11. 003.

 117. Meyer AR, Brown ME, McGrath PS, Dempsey PJ. Injury-induced cellular 
plasticity drives intestinal regeneration. Cell Mol Gastroenterol Hepatol. 
2022;13(3):843–56. https:// doi. org/ 10. 1016/j. jcmgh. 2021. 12. 005.

 118. Hu X, Deng J, Yu T, Chen S, Ge Y, Zhou Z, et al. Atf4 deficiency 
promotes intestinal inflammation in mice by reducing uptake of 
glutamine and expression of antimicrobial peptides. Gastroenterology. 
2019;156(4):1098–111. https:// doi. org/ 10. 1053/j. gastro. 2018. 11. 033.

 119. Fu Y, Mei Q, Yin N, Huang Z, Li B, Luo S, et al. Paneth cells protect against 
acute pancreatitis via modulating gut microbiota dysbiosis. Msystems. 
2022;7(3):e0150721. https:// doi. org/ 10. 1128/ msyst ems. 01507- 21.

 120. Larsen IS, Jensen BAH, Bonazzi E, Choi BSY, Kristensen NN, Schmidt 
EGW, et al. Fungal lysozyme leverages the gut microbiota to curb dss-
induced colitis. Gut Microbes. 2021;13(1):1988836. https:// doi. org/ 10. 
1080/ 19490 976. 2021. 19888 36.

 121. Garas LC, Hamilton MK, Dawson MW, Wang J-L, Murray JD, Raybould 
HE, et al. Lysozyme-rich milk mitigates effects of malnutrition in a pig 
model of malnutrition and infection. Br J Nutr. 2018;120(10):1131–48. 
https:// doi. org/ 10. 1017/ s0007 11451 80025 07.

 122. Liu D, Guo Y, Wang Z, Yuan J. Exogenous lysozyme influences clostrid-
ium perfringens colonization and intestinal barrier function in broiler 
chickens. Avian Pathol. 2010;39(1):17–24. https:// doi. org/ 10. 1080/ 03079 
45090 34474 04.

 123. Lee HT, Kim M, Kim JY, Brown KM, Ham A, D’Agati VD, et al. Critical role 
of interleukin-17a in murine intestinal ischemia-reperfusion injury. Am 
J Physiol Gastrointest Liver Physiol. 2013;304(1):G12–25. https:// doi. org/ 
10. 1152/ ajpgi. 00201. 2012.

 124. Park SW, Kim M, Brown KM, D’Agati VD, Lee HT. Paneth cell-derived 
interleukin-17a causes multiorgan dysfunction after hepatic ischemia 
and reperfusion injury. Hepatology. 2011;53(5):1662–75. https:// doi. org/ 
10. 1002/ hep. 24253.

 125. Hirao LA, Grishina I, Bourry O, Hu WK, Somrit M, Sankaran-Walters S, 
et al. Early mucosal sensing of siv infection by paneth cells induces 
IL-1β production and initiates gut epithelial disruption. PLoS Pathog. 
2014;10(8):e1004311. https:// doi. org/ 10. 1371/ journ al. ppat. 10043 11.

 126. Patankar JV, Becker C. Cell death in the gut epithelium and impli-
cations for chronic inflammation. Nat Rev Gastroenterol Hepatol. 
2020;17(9):543–56. https:// doi. org/ 10. 1038/ s41575- 020- 0326-4.

 127. Liu Y, Xu Q, Wang Y, Liang T, Li X, Wang D, et al. Necroptosis is active and 
contributes to intestinal injury in a piglet model with lipopolysaccha-
ride challenge. Cell Death Dis. 2021;12(1):62. https:// doi. org/ 10. 1038/ 
s41419- 020- 03365-1.

https://doi.org/10.1016/s0002-9440(10)63304-4
https://doi.org/10.5713/ajas.18.0973
https://doi.org/10.5713/ajas.18.0973
https://doi.org/10.1007/s12011-017-1143-7
https://doi.org/10.1002/jemt.23692
https://doi.org/10.1002/jemt.23692
https://doi.org/10.1590/s1984-29612010000100011
https://doi.org/10.1590/s1984-29612010000100011
https://doi.org/10.1242/dmm.009001
https://doi.org/10.1242/dmm.009001
https://doi.org/10.1073/pnas.1201652109
https://doi.org/10.1073/pnas.1201652109
https://doi.org/10.1053/j.gastro.2007.05.020
https://doi.org/10.1016/j.aninu.2020.11.003
https://doi.org/10.1016/j.aninu.2020.11.003
https://doi.org/10.1016/j.jcmgh.2021.12.005
https://doi.org/10.1053/j.gastro.2018.11.033
https://doi.org/10.1128/msystems.01507-21
https://doi.org/10.1080/19490976.2021.1988836
https://doi.org/10.1080/19490976.2021.1988836
https://doi.org/10.1017/s0007114518002507
https://doi.org/10.1080/03079450903447404
https://doi.org/10.1080/03079450903447404
https://doi.org/10.1152/ajpgi.00201.2012
https://doi.org/10.1152/ajpgi.00201.2012
https://doi.org/10.1002/hep.24253
https://doi.org/10.1002/hep.24253
https://doi.org/10.1371/journal.ppat.1004311
https://doi.org/10.1038/s41575-020-0326-4
https://doi.org/10.1038/s41419-020-03365-1
https://doi.org/10.1038/s41419-020-03365-1

	Paneth cells in farm animals: current status and future direction
	Abstract 
	Introduction
	Brief retrospect on Paneth cells in small intestine
	Paneth cells in various farm animal species
	Paneth cells in pig
	Paneth cells in cattle
	Paneth cells in sheep
	Paneth cells in horse
	Paneth cells in chicken
	Paneth cells in rabbit
	Paneth cells in other farm animal species

	Future directions for research on Paneth cells in farm animals
	Conclusion
	Acknowledgements
	References


