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Abstract The gastrointestinal tract plays a vital role in
nutrient supply, digestion, and absorption, and has a cru-
cial impact on the entire organism. Much attention is being
paid to utilize animal models to study the pathogenesis of
gastrointestinal diseases in response to intestinal develop-
ment and health. The piglet has a body size similar to that
of the human and is an omnivorous animal with comparable
anatomy, nutritional requirements, and digestive and associ-
ated inflammatory processes, and displays similarities to the
human intestinal microbial ecosystem, which make piglets
more appropriate as an animal model for human than other
non-primate animals. Therefore, the objective of this review
is to summarize key attributes of the piglet model with
which to study human intestinal development and intestinal
health through probing into the etiology of several gastroin-
testinal diseases, thus providing a theoretical and hopefully
practical, basis for further studies on mammalian nutrition,
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health, and disease, and therapeutics. Given the comparable
nutritional requirements and strikingly similar brain devel-
opmental patterns between young piglets and humans, the
piglet has been used as an important translational model
for studying neurodevelopmental outcomes influenced by
pediatric nutrition. Because of similarities in anatomy and
physiology between pigs and mankind, more emphasises are
put on how to use the piglet model for human organ trans-
plantation research.
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Introduction

It is well established that the gastrointestinal (GI) tract is
responsible for the first physiological step of absorbing
nutrients into the entire body’s cells and has a critical impact
on the regulation of the growth and development of young
mammals (Guilloteau et al. 2010). However, a range of fac-
tors can affect gastrointestinal health and result in all kinds
of gastrointestinal diseases, such as inflammatory bowel dis-
ease (IBDs) (Pouillart et al. 2010), necrotizing enterocolitis
(NEC) (Jiang and Sangild 2014), and short bowel syndrome
(SBS) (Jiang and Sangild 2014; Gonzalez et al. 2015) and
intrauterine growth restriction (IUGR) (Jiang and Sangild
2014; D’Inca et al. 2011). These diseases not only cause
great damage to the human health, but also dampen the eco-
nomic returns of the whole husbandry. Thus, animal models
can be used to study the pathogenesis and mechanism of
the GI development and diseases. Rodent animals are most
frequently utilized because of their low cost in breeding,
feeding, and handling (Heinritz et al. 2013). However, when
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studying intestinal development and diet—microbiota—host
cell interactions, the differences in intestinal morphology,
microbiota, and other distinct physiological states between
rodents and humans cannot be ignored (Corpet and Pierre
2005). Another animal model is the primate, although pri-
mates are comparable to humans and were reported to be
an excellent model for study, the shortcomings of them
are rather expensive, and the most important is the ethical
issues, namely animal welfare (Flamm 2013). The physi-
ological and anatomical similarity between humans and
pigs makes the pig more preferable than other non-primate
models for the study of intestinal development and diseases
(Sciascia et al. 2016). Moreover, the piglet is a human-sized
omnivorous animal with similar nutritional requirements
and the intestinal microbial ecosystem to those in humans
(Heinritz et al. 2013). In addition, the pig has been used
as a model to assess microbiota—host cell interactions, and
pigs show similar IBD pathogenesis and pathophysiology to
humans (Heinritz et al. 2013; Duncan et al. 2008). Finally,
the intestinal metabolism of amino acids (such as arginine,
glutamine, glutamate, and proline) is similar between the
pig and human (Wu 1998; Wu et al. 2004, 2016). The focus
of this review is to outline the similarities between pigs and
other animal models, highlight the suitability and signifi-
cance of the pig model in studying human GI diseases, and
provide the scientific basis for the further research on the
intestinal development and health.

Advances in using the pig as a model for human
GI

There is an increasingly number of scientists using ani-
mal models as a tool to study the mechanism of several
diseases with the intention of improving both animal and
human health. The previous studies have been conducted
on the murine animals to advance our understanding of

Table 1 Comparisons among pig, rodent, and primate animals

human hematopoiesis, innate and adaptive immunity,
autoimmunity, infectious diseases, cancer biology, and
regenerative medicine, which have not only provided some
constructive suggestions for the subsequent researchers,
but also revealed a variety of disadvantages in this model
(Shultz et al. 2007). These models cannot reflect the mech-
anism of pathogenesis and immunity faithfully because
of the difference from human condition. The similarities
between pigs and human, including anatomy, physiology,
biochemistry, genetics, and even pathology (Panepinto
and Phillips 1986; Parsons and Wells 1986; Rispat et al.
1993), make the porcine an optimal model to study vari-
ous microbial infection diseases (Meurens et al. 2012).
Moreover, because of the bacterial resistance and altera-
tions of intestinal flora caused by abuse of antibiotics, a
growing body of probiotics and prebiotics have been used
as the alternative feed additives to improve gut health and
microbiota (Adhikari and Kim 2017; Sanchez et al. 2017).
The swine has been frequently used as an animal model
to study the mechanism of intestinal diseases related to
altered intestinal microbes. Nowadays, obesity has become
a troublesome problem that puzzles people either in devel-
oped countries or in developing countries. Since the pig
has the advantage of low genetic variance, homogene-
ous feeding manner, and the absence of individual living
habits (such as smoking and alcohol drinking), and the
similar pathological response to high in energy intakes
between pigs and humans, the previous studies have used
the genome as a tool for conducting comparative studies
to understand the pathogenesis of high incidence of obe-
sity to support the use of pig model for identifying genes
and their variants associated with energy storage defects
through the activation of both hormonal and biochemical
pathways (Brambilla and Cantafora 2004; Tan et al. 2012).
As is sketched out in Table 1, comparing with the rodent
and primate animal models, the pig has been employed as
a primary model for human gastrointestinal studies.
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Animal models Description
Pigs
Advantages Similar anatomy, physiology, nutritional requirements, microbiota diver-
sity, and digestive and metabolic process.
Disadvantages Different intestinal weight and length.
Rodents
Advantages Low costs in breeding, feeding, and handling.
Disadvantages Great nutritional, physiological, and metabolic differences.
Primates
Advantages Similar diets to the human.
Disadvantages Moral and ethical issues, extremely expensive.
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Pig as a model for human GI development

With the further advancement of animal nutrition research,
many studies have been carried out in the mammalian and
rodent animals at the metabolic level (Patterson et al. 2008).
Rodent models, murine animals in particular, offer several
advantages over other species. However, a few studies, if
any, have been done in the swine in the GIT as the target
organ. What is known to us all is that the GIT plays a vital
role in the nutrient supply, digestion, and absorption, and has
a crucial impact on the entire organism, while gut microbes
are of great significance in human health (Quigley 2017),
which leads to many studies with swine. The diet of weaning
piglets is shifted from high-fat, low-carbohydrate milk to a
high-carbohydrate and low-fat feed (Yang et al. 2016). What
is worse, when combined with the changes in the social and
physiological environments, these contribute to the altera-
tion of the intestinal flora, while the gut microflora in ani-
mals speeds up gut maturity and stimulates a robust immune
response (Butler et al. 2002; Haverson et al. 2007; Scharek
et al. 2005). As a consequence, several intestinal bacterial
populations have been related to comprehensive health con-
ditions, even with conditions not directly connected with
the GIT such as diabetes (Qin et al. 2012), asthma (Azad
and Kozyrskyj 2012), arthritis and pregnancy (Koren et al.
2012), and disorders of the immune system (Wen et al. 2008;
Brown et al. 2012). In the same way, the GIT of human is
easily influenced by the changes in the weather and sur-
roundings. On the other hand, rodent models are ham-
pered by various physiological differences between murine
and primate animals (Rothkdotter and Summerfield 2009).
Moreover, a majority of enteric diseases seen in human can-
not show clinical manifestations typically in mice and rats
(Jeong et al. 2010). In addition, individuals are genetically
diverse and vulnerable to be affected by many environmental
factors and accessible to consume different diets, all of these
factors that have different effects on the intestinal ecology
(Zhang et al. 2013).

Many animal models, including mammals (rats, man,
guinea-pigs, rabbits, pigs, sheep, mice, dogs, cows, and
cats) and non-mammalian vertebrates (chickens and frogs)
have been used to study GIT development (Guilloteau et al.
2010). In the case of the GIT, the animal model whose GIT
function and pattern of development are most similar to
man should be considered (Guilloteau et al. 2010). There
are extensive structural and functional changes in intesti-
nal epithelium in utero, but the stages of intestinal matura-
tion are markedly different in various mammalian species
at birth, and these variations are closely dependent on the
duration of the gestational period (Guilloteau et al. 2010;
Yang et al. 2013). Rodent animals, which are born after a
short gestation, have relatively immature GIT at birth and
do not achieve independence until after weaning. In these

species, adult diets are poorly tolerated until relatively late
in postnatal life, and adult-type GIT functions develop rap-
idly after weaning. In contrast, intestinal development in
precocial animals, which have a long gestation period, such
as pig and sheep, occurs early in utero (Pacha 2000; Guil-
loteau et al. 2010). The major developmental events in GIT
of these animals take place both before and after birth. The
porcine GIT development occurs during in fetal and neo-
natal periods like humans and other primates (Pacha 2000;
Guilloteau et al. 2010). From the perspective of a GIT,
utilizing the ‘sow—piglet’ dyad as a model of the human
‘mother—infant’ dyad seems reasonable when studying the
effects of nutritional programming on human GIT develop-
ment, this knowledge will also lead to nutritional recom-
mendations and therapies for prevention and treatment after
validation in human subjects (Guilloteau et al. 2010). As
mentioned above, swine as a model is fundamental for the
research of human GIT development.

Pig as a model for pediatric nutrition

It is well known that pediatric nutrition plays a critical role
in the growth and development of the whole organism. There
is a growing body of evidence that high rates of neonatal
morbidity and mortality pose a great threat to both medi-
cal and husbandry (Odle et al. 2014). At birth, the new-
born mammal goes through a great transition from a sterile
intrauterine environment with a sustained nutrient supply
from maternal placenta, to an adequate microbe environ-
ment with intermittent intake of maternal milk or infant
formula through the GIT (Sangild et al. 2013). In addition,
after birth, the newborn mammal gets nutrients from mater-
nal milk maintaining the further growth and development.
However, an increasing and constant nutritional require-
ment cannot satisfy the demands of neonates. Fortunately,
the popularity of infant formula may provide a substitute for
the neonates. Owing to an ever increasing number of sub-
stances added to the infant formula, the safety and efficacy
of these substances are the major concern, which prompt
researchers to determine if an appropriate neonatal animal
model could be found for alleviating this phenomena and
testing the toxicity (Swindle et al. 2012). The physiologi-
cal similarity between neonatal pigs and human infants in
terms of digestive and associated metabolic processes places
neonatal pigs in a superior position over other non-primate
models for the study of pediatric nutrition and metabolism
(Heinritz et al. 2013). Furthermore, neonatal pigs have simi-
lar nutritional requirements and are anatomically similar to
newborns, while nutrients regulate GIT function and health
(Sciascia et al. 2016). When it comes to comparing drugs
with substances new to infant, several aspects should be
taken into account. First, the similarities and differences in

@ Springer



2102

L. Yinet al.

biology and physiology of the animal model should be taken
into consideration for the administered substances (Forster
et al. 2010). Second, the mode of administration and matrix
should be analogical to the natural diet of a human infant to
the greatest extent (Flamm 2013). In addition, the chosen
animal models should imitate the stage of development of
the intended target (Swindle et al. 2012), namely a neonate
or an infant. Finally, it is of great importance to set the same
parameters as for drugs when assessing new substances to
infant formula (Swindle et al. 2012), especially the overall
growth. The previous studies have demonstrated that due
to their very immature development of the GIT (Guilloteau
et al. 2009), it is extremely difficult to feed neonatal rodents
through oral administration (Flamm 2013). Consequently,
rodent animals are not fit for testing new substances in infant
formula. In contrast, although neonatal monkeys can utilize
a high-fat diet (Flamm 2013), a concern is that primates are
expensive and their use in research is beset with severe ethi-
cal issues (Odle et al. 2014; Flamm 2013), many researchers
are unpleased to make use of them. From the nutrition and
metabolism point of view, the piglet model has uncovered
mechanistic underpinnings of nutrient function at molecular
and cellular levels and proven effective for whole-animal
preclinical safety screening prior to direct studies with
infants (Odle et al. 2014). The previous studies aim at the
preterm pig and prove that it is a highly translational large
animal model for ameliorating parenteral and enteral feeding
regimens for preterm infants, with some findings relevant
also for the clinical care of term newborn infants and pigs.
Meanwhile, the preterm pig model stands for a collabora-
tive research platform for basic biology, pediatric medicine,
and agricultural and veterinary science (Sangild et al. 2013).
To sum up, the neonatal pigs appear to be the most optimal
neonatal model for testing the safety and efficacy of new
substances in infant formula, and the piglets represent an
adaptable and beneficial model for pediatric nutrition.

Pig as a model for human gastrointestinal diseases

The homeostasis of intestinal microbial ecosystem is of
primary importance to stay health for animals and humans
(Quigley 2017). An alteration of intestinal microflora con-
tributes to a multitude of GI diseases. In recent years, the
prevalence of high-throughput sequencing or “next-gen-
eration” sequencing technology, including 16s RNA and
metagenomics (Maropola et al. 2015; Yang et al. 2014;
Zhang et al. 2013), greatly helps analyzing the microbial
diversity and a certain intestinal microbe population, elu-
cidating the mechanism of specific intestinal diseases, and
developing therapies for preventing or curing them. Ampli-
cons of 16S rRNA V6 region were deep-sequenced to moni-
tor the extent to which the transplanted human microbiomes
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are changed in the pig. Extracting DNA from fecal and ana-
lyzing colonic microbiomes stemming from the same animal
indicate that feces closely replicate the colonic microbiome,
which suggests that the pig intestine can be colonized with
human fecal microbiomes to generate a realistic model of
the human GIT (Zhang et al. 2013). Utilizing the pig model
to explore the interaction between microbiome and host in
healthy and diseased animals will enable further studies car-
ried out on how to cure or alleviate disease of the GI tract.
In addition, swine share a similar gastrointestinal anatomy
and physiology with humans and, therefore, may represent a
more suitable animal model for the study of gastrointestinal
disease therapeutics (Liu et al. 2017).

Inflammatory bowel disease

Inflammatory bowel disease (IBD), a chronic inflammation
of the GIT, is characterized by a dysfunction of the mucosal
immune system and resistance of activated T cells to apop-
tosis (Ahern et al. 2010) and is composed of Crohn’s Disease
(CD) and ulcerative colitis (UC) (Randhawa et al. 2014) with
an expanding worldwide incidence and prevalence (Xavier
and Podolsky 2007). While CD and UC are associated with
alterations of the microbiota (Joossens et al. 2011; Kostic
et al. 2014). Among the various models, trinitrobenzene
sulfonic acid (Pouillart et al. 2010) and dextran sodium sul-
phate induced Crohn’s disease and ulcerative colitis (Kim
et al. 2010) respectively, these colitis models are extensively
used in the pig. The sign of these diseases is crypt absences,
ulceration, increased lamina propria thickness, and inflam-
mation (O’Connor et al. 2009). In addition, acetic acid has
been administered to the colon of pigs to induce intestinal
injury (Hou et al. 2014). Inflammation with inflammatory
cells (such as neutrophilic granulocyte and macrophages)
leads to the deregulation of intestinal immune responses
and a great weight loss. Although the exact pathogenesis
remains poorly understood, mounting evidence showed that
inflammation involves a multiple of interactions between
the immune system, genetic susceptibility, and the environ-
ment, most importantly is the gut microbiota (Campieri and
Gionchetti 2001). That humans and pigs are genetically
similar and are vulnerable to be impacted by the external
environment (Yang et al. 2014). Furthermore, the known
physiological and anatomical similarities between pigs and
humans place the pig in a superior position to other more
common animal models for studying IBD (Dedhia et al.
2016). Because physiological differences between humans
and rodents are significant (Wang and Donovan 2015), the
use of rodent models alone has undoubtedly hindered pro-
gress and complicated the translation of biomedical research
findings into effective preventive or intervention therapies
for IBD.
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Necrotizing enterocolitis and short bowel syndrome

The NEC refers to necrosis of the complete mucosa, and
occurs mainly in the distal small intestine, namely the ileum,
and colon of infants and piglets, whose incidence is greater
in infants born more premature at earlier gestational ages
and associated high morbidity and mortality (Heinritz et al.
2013). Of note, deficiencies of arginine and glutamine occur
in preterm infants 1 week before the onset of NEC (Becker
et al. 2000). Several studies have shown that the constant and
frequent morbidities are linked to both the site and the length
of intestinal resection. Neonates, suffering from severe NEC,
may be subject to intestinal resection and result in SBS. Ana-
tomical or functional loss of a marked length of the small
intestine, which is characterized by a condition with signifi-
cant malabsorption and “intestinal failure”, contributes to
an incapability of avoiding loss of intestinal fluid, absorb-
ing nutrient, and maintaining energy balance (O’Keefe et al.
2006; Aunsholt et al. 2014). Faced with the great challenges,
researchers need to consider whether an animal model can
be used to study the etiology of NEC and SBS, maintain
intestinal health, and guarantee livestock production. Ana-
tomical and physiological similarities between infants and
neonatal pigs make the newborn piglets be preferable to find
therapies for intestinal disorder diseases. Neonatal piglets
are vulnerable to be affected by a range of factors such as
poor nutritional conditions and variable microbe environ-
ment (Jacobi and Odle 2012), while intestinal infections and
digestive syndromes are key causes of neonatal pig morbid-
ity (Ask et al. 2012). Meanwhile, gut immaturity, along with
general bacterial colonization, is the crucial factors that give
rise to clinical NEC (Oosterloo et al. 2014). Compared with
the infant, the superiority of the preterm piglet model animal
to study symptoms of NEC, coupled with a similar develop-
ment of the symptoms, arises from the very parallel clinical
and histological characteristics of this syndrome (Bjornvad
et al. 2008). An essential approach to understanding the eti-
ology and underlying biology of NEC is the use of in vivo
experimental animal models, especially neonatal pigs. More
recently, pigs have emerged as an animal model of NEC and
utilized to identify the role of bacterial colonization, pre-
maturity, parenteral nutrition, and antibiotic therapy (Oost-
erloo et al. 2014). Furthermore, SBS is connected to the
extensive resection of the intestine among preterm infants;
thus, preterm pig models could be utilized for intestinal
resection and SBS studies (Sangild et al. 2009; Vegge et al.
2013). Using pig as an animal model, unknown pathways
and new prognostic disease markers for SBS were identi-
fied by proteomic analysis (Jiang and Sangild 2014). For
example, the finding that citrulline is synthesized de novo in
pigs exclusively from glutamine, glutamate, and proline in
enterocytes led to the use of serum citrulline as a biomarker
for intestinal function in preterm infants with short bowel

syndrome (Wu and Morris 1998; Rhoads et al. 2005). Intes-
tinal HSPs, iron metabolism proteins, and proteins related
to amino acid (e.g., arginine) and glucose metabolism are
consistently affected by NEC progression, and some of these
proteins are also impacted by SBS (Jiang and Sangild 2014).
Explorative non-targeted proteomics provides ideas about
the cellular pathways involved in intestinal adaptation dur-
ing the critical neonatal period. Proteomics, coupled with
other bioinformatics techniques, contributes to get a more
comprehensive understanding of the intestinal adaptation
during NEC and SBS (Jiang and Sangild 2014).

Intrauterine growth restriction

The IUGR, refers to the slowed growth (growth means an
increase in the number and size of cells or in the mass of tis-
sues) and the impaired development (development, in other
words, changes in the structure and function of cells or tis-
sues) of the mammalian embryo/fetus or its organs during
gestation period (Wu et al. 2006), remains a significant issue
in human health and livestock production. Low birth weight,
which resulted from IUGR, is one of the most important
causes of neonatal loss. The IUGR negatively affects the
whole organism growth performance, and causes dam-
age to the life-long health (Wu et al. 2006). The reasons
accounting for the etiology and mechanism of IUGR are
as follows: First, the fetal genome plays a vital role in the
potential growth in utero (Jansson 2016). However, increas-
ing evidence shows that the intrauterine environment has
an indispensable influence on the fetal growth (Dimasuay
et al. 2016). Moreover, in mammals, the fetus obtains nutri-
ents from the maternal blood through the placenta, which
is the sole source of fetal growth and development in utero.
Instead, undernutrition or overnutrition will lead to growth
restriction (Wu et al. 2006). Based on the causes of the
IUGR, studies utilizing animal models of [UGR will supply
the necessary scientific basis to the development of manage-
ment practices to enhance the efficiency of human health and
livestock production. The previous studies compared organ
weights and intestinal structure, function and microbiota
between control and IUGR newborn piglets that were deliv-
ered by cesarean section at full term or prematurely (91%
gestation) during the period 0-5 days of age, and demon-
strated that IUGR affects intestinal development regardless
of gestational age at delivery (D’Inca et al. 2011). Studies in
the pig model also indicated that IUGR reduced the density
of the intestine at birth and the growth of GIT, which may,
therefore, result in slow postnatal growth of [UGR neonates
(Xu et al. 1994; Wang et al. 2005). Finally, the pig model can
be used to study epigenetic regulation of intestinal develop-
ment and health in humans (Ji et al. 2016; Li et al. 2017).
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Conclusions and perspectives

The pig has been utilized in scientific research as an animal
model for humans on intestinal development and health,
due to similarities in anatomical structure, physiological
characteristics, nutritional requirements, and microbiota
diversity. The pig is an appropriate model to study human
GI and new knowledge gained from the pig studies can
be useful to prevent and cure human GI diseases, such
as IBD, NEC, SBS, and IUGR. Moreover, pig model has
exerted dramatic effect on the pediatric nutrition, includ-
ing testing new substances added to the infant formula to
ensure its safety to infants’ growth. Although consider-
able progress has been made through the pig model on
intestinal development and health, these theoretical studies
are in the very early stage far behind production practice,
further research is warranted to make efficient use of pigs
in biomedical research. We anticipate that with the joint
efforts of scientists and livestock workers, results from
basic and applied research with pigs will enhance the effi-
ciency of livestock production and improve the wellbeing
of humans.
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