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Introduction

Prematurity and NEC

Preterm births constituted 7.6% of live births in 2007 in the Netherlands (http://www.
perinatreg.nl). In the United States, premature infants comprised 12.8% of live births
and the incidence of premature live births is rising because of the improved perinatal
care'. With the rising incidence of preterm births and the improving survival rates of (ex-
tremely) very low birth weight neonates, efforts to decrease morbidity concerning short
and long term outcome remain a challenge in the neonatal intensive care unit (NICU).
Necrotizing enterocolitis (NEC) is the most common surgical emergency involving the
gastrointestinal tract of preterm neonates and affects 2-7% of all premature infants?3.
Both the incidence of NEC and its fatality rate are inversely related to birth weight and
gestational age*.

Treatment is still limited to immediate restriction of enteral feeds and broad-spectrum
antibiotics. Although most cases of NEC are managed medically, an estimated 20-40%
of infants undergo surgery®”. Mortality rates from NEC range from 15-30% but mortality
rates for infants requiring surgery are as high as 50%, and are highest for the smallest,
most immature infants?#. Survivors of NEC are at increased risk for complications such
as short bowel syndrome and impaired neurodevelopment®®. Stoll and colleagues?®
reported that between 18 and 22 months of corrected gestational age, infants who
recovered from NEC in the postnatal period were at high risk for adverse outcomes,
including poor growth, cerebral palsy, vision and hearing impairment, and decreased
neuromotor development. Furthermore, infants who are surgically treated are more
likely to have growth impairment and adverse neurodevelopmental outcomes than
infants who were treated medically.

Risk factors for NEC

The etiology of NEC is unknown, however riskfactors identified for the development of
NEC are prematurity and low birth weight, enteral (formula) feeding, and bacterial colo-
nization?'"'. Prematurity is the one risk factor that is most consistently recorded?. NEC
occurs rarely in full term infants, and is different from NEC in preterm infants because
of the association with underlying disorders such as perinatal asphyxia, polycythemia,
and congenital heart disease.

The use of formula as substitute for mother’s milk poses a risk for developing NEC. A
study performed in 1990 showed that NEC was six times more likely to occur in preterm
infants fed formula than those exclusively fed their own mother’s milk or donor human
milk'3. Since then, more studies have shown a risk reduction in NEC when infants were
fed human milk compared to formula#'". However, one should note that the NEC inci-
dence in the formula fed infants was high in these studies. The exact mechanism behind
the suggested protective effect of human milk on NEC still remains to be elucidated.
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However, several growth factors, cytokines, bacteria, and oligosaccharides are present
in breast milk and their activities in the neonatal gut are likely to affect maturation of
the epithelium and immune system, and to improve gut barrier function'®'°. Also, a
potential disruptive effect of cow’s milk protein on the intestinal epithelium cannot be
disregarded. These potential mechanisms and interactions require further study, as they
might have major implications for the future development of improved infant formulae.

The bacterial flora is also thought to play a role in the development of NEC. At birth, the
neonatal intestine is instantly challenged with the introduction of microbiota.
Commensal bacteria interact symbiotically with the mammalian intestine to regulate the
expression of genes important for barrier function and digestion®. Interestingly, com-
mensals have shown to be able to inhibit inflammatory signaling in the intestinal epi-
thelium?'. Delay in enteral feeding and frequent use of antibiotics results in inadequate
and delayed colonization by commensal bacteria??, and could possibly cause hyper-
active inflammation in preterm infants. Furthermore, premature infants are especially
susceptible to intestinal colonization by pathogens because of their daily exposure to
nosocomial flora and the likelihood of exposure to antibiotics during their admission to
the NICU2%. Human milk may decrease the incidence of NEC by decreasing pathogenic
bacterial colonization, promoting growth of nonpathogenic flora, stimulating maturation
of the intestinal barrier, and ameliorating the pro-inflammatory response?:. Recently,
probiotics are immerging as a promising therapy for prevention of NEC. Probiotics
are living micro-organisms which, when administered in adequate amounts, confer a
health benefit to the host?. It has been hypothesized that probiotics can decrease the
incidence of NEC by reducing enteric pathogens, improving gut structure and function,
and enhancing the mucosal barrier®. Different meta-analyses reported a significant re-
duction of NEC incidence by administration of probiotics, but call for a confirmatory trial
because the data could not be extrapolated to extremely low birth weight infants?7-%°,
Moreover, further research is necessary to determine the optimal dose, duration, and
the type of probiotic strains to use for supplementation in preterm infants. Furthermore,
specific mechanisms by which probiotics confer their protective effect to the intestinal
epithelium have yet to be illuminated.

Prebiotics, non-digestible dietary oligosaccharides that selectively promote proliferation
of beneficial enteric bacteria, might confer another strategy to prevent NEC. Prebiotic
supplementation of infant formula has shown to establish a beneficial bifidogenic flora
and reduce the presence of pathogens®'-%. Recently, an infant formula with prebiotic
supplementation has been developed®. However, the function of the complex oligo-
saccharides present in human breast milk is still under investigation to improve our
understanding of the prebiotic effects on the intestine. The findings from these studies
will offer opportunities to improve infant formulae.
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Pathophysiology of NEC

Despite extensive research, and the recognition of certain important risk factors, the
pathogenesis of NEC remains poorly understood. Preterm infants are at increased risk
for NEC because of their immature gastro-intestinal functions, in particular motility and
digestive ability, circulatory regulation, intestinal barrier function, and immune defense?.

The intestinal epithelium

The intestinal epithelium consists of four principal epithelial cell lineages that rise from
the multipotent crypt stem cells (Figure 1). Absorptive enterocytes make up more than
80% of all small intestinal epithelial cells. Goblet cells produce a variety of mucins, while
enteroendocrine cells export peptide hormones. Paneth cells are specialized secretory
cells that play an important role in innate immunity by the secretion of endogenous
antimicrobial peptides. Each small intestinal crypt supplies cells to several adjacent
finger-shaped villi. Enterocytes, goblet cells, and enteroendocrine cells differentiate as
they migrate up towards the villi, whereas precursor Paneth cells migrate and differenti-
ate towards the base of the crypts.
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Figure 1. Schematic representation of the small intestinal epithelium adapted from (34).
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Motility and digestive ability of the preterm intestine

Fetal studies in humans and animal models suggest that development of gastrointestinal
motility begins in the second trimester, and matures in the third trimester®®?%. Intestinal
motility has shown to have an immature pattern in preterm infants compared to full-term
infants, but that enteral feeding can mature these responses®-. In addition to impaired
intestinal motility, the intestinal digestive and absorptive processes are only partially
available before 26 weeks of gestation, whereas gastric and pancreatic secretion is
only basal*'. Enzymatic hydrolysis of disaccharides by disaccharidases such as lac-
tase, sucrase, isomaltase, maltase, and glucoamylase necessary for monosaccharide
uptake, takes place at the brush border membrane of the enterocytes in the proximal
small intestine. Between 26 and 34 weeks of gestation the level of lactase is 30% of the
newborn level, while levels of sucrase-isomaltase, maltase, and glucoamylase reach
70% of the newborn level*2. Thus, impaired digestion of nutrients, coupled with delayed
transit time, could result in injury of the intestines with immature barrier and immune
defenses.

Intestinal barrier function and the mucin layer

The intestinal barrier regulates transport and host defense mechanisms at the mucosal
interface with the outside world. If either the structural or biochemical component of the
intestinal epithelial barrier is not fully developed, bacteria could gain access to deeper
tissues and cause inflammation. An important feature of gut barrier function is the
mucus layer that overlies the intestinal epithelium. Goblet cells synthesize and secrete
large gelforming glycoproteins, called mucins of which MUC2 is the most predominant
secretory mucin in the human intestinal tract**#4. Within the mucus gel, other compo-
nents including water, electrolytes, sloughed epithelial cells, and secreted defensins
and immunoglobulins reside. Together these factors produce a physical and chemical
barrier that protects the epithelium from luminal pathogens and toxic substances that
pose a threat to the mucosa*®“¢. Preterm infants might have immature goblet cells.
Developmental expression of mucin genes changes throughout the intestine and
seems to mimic adult pattern expression between 23 and 27 weeks of gestation*’. A
diminished mucus layer decreases gut barrier function and causes intestinal inflam-
mation and mucosal eruption facilitating bacterial translocation*®. In combination with
an immature immune system, this renders the preterm infant at particular risk for the
development of intestinal inflammation, sepsis, and NEC“®. The peptide backbone of
MUC?2 is particularly rich in the essential amino acid threonine constituting ~30% of
the total amino acids in MUC2%%-%3, Threonine availability is known to impact protein
mucosal synthesis and mucin synthesis in pigs and rats5-". Therefore, threonine might
be of critical nutritional importance in maintaining the protective mucus layer and hence
adequate barrier function.

12
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Immune defense of the preterm intestine

Paneth cells, named after Joseph Paneth®®, are an important feature of the innate im-
mune system by the secretion of bactericidal products such as lysozyme, phospholi-
pase A2, and human defensins (HD) 5 and 6°-%2, Paneth cells secrete their products in
response to microbial stimuli and regulate the composition and distribution of bacterial
populations®-%4, Paneth cell numbers and HD5 and -6 mRNA expression are lower in
premature infants at 24 weeks of gestation compared to term infants, and up to 200-
fold lower than in adults®. In the premature infant, who is often exposed to nosocomial
pathogens and has delayed colonization with beneficial commensals, this phenomenon
could result in higher susceptibility to bacterial infection and inflammation.

Circulatory regulation in the preterm intestine and hypoxic-ischemic injury

Immature regulation of intestinal circulation might lead to intestinal hypoxia-ischemia
in response to feeding or to the presence of pathogenic bacteria. Nitric oxide (NO) is a
signaling molecule that plays a central role in regulating vascular resistance and hence
blood flow in the newborn intestinal circulation®. Reduced endothelial production of
NO might result in a predisposition to ischemic injury. Arginine, an essential amino acid
in neonates, is the sole physiological precursor for NO®. Clinical studies have shown
low levels of plasma arginine in preterm infants which is associated with an increased
incidence of NEC®. Low circulating levels of arginine or arginine precursors might
result in shortage of NO and a decrease in intestinal blood flow, and subsequently may
contribute to the development of NEC. Interestingly, arginine administration has also
been evaluated in a randomized, double-blind, placebo-controlled study where arginine
supplementation to infants less than 28 weeks gestation increased plasma arginine
levels and significantly decreased the incidence of NEC®. However, whether arginine
increases neonatal intestinal blood flow and subsequent mucosal growth needs to be
investigated.

Consideration

In summary, immaturity of the neonatal gut makes the preterm infant vulnerable for
abnormal colonization, feeding intolerance, and hypoxic-ischemic injury that potentially
lead to the development of NEC as presented below (Figure 2).

However, the exact mechanism behind the development of NEC remains inconclusive.
Given the limited therapeutic options, high mortality rates, and the increased risk of
adverse long term outcome, this warrants extensive research to increase our under-
standing of NEC development. Therefore, different aspects within the lumen need to
be illuminated such as the impact of enteral formula feeding on the intestinal barrier
and which factors regulate intestinal barrier function. Furthermore, gaining insight in
the effect of arginine supplementation on intestinal blood flow and gut growth might
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provide evidence for the potential decrease of NEC by arginine. Finally, can we offer
clues for stimulation of intestinal innate defense mechanisms by investigating Paneth
cell presence and functions in preterm infants recovering from NEC? Answers to these
questions should ultimately lead to optimized nutritional support of the preterm neonate
in need of adequate intake of especially proteins for growth and improved develop-
ment. In short, we need to understand what and how to feed the very young premature
infant at risk for NEC.

Prematurity

Immaturity of intestinal:

Motility Circulatory| | Barrier Immune
and digestion| |regulation function | | defense

Hypoxic- > < Abnormal bacterial
Ischemicinjury? NEC colonization

Feeding

Figure 2. Pathophysiology of necrotizing enterocolitis adapted from (2).

Aims and outline of the thesis

The overall aim of the work presented in this thesis was to determine to which ex-
tent various nutritional factors and the intestinal microbiota impact intestinal defense
mechanisms and gut barrier function. The ultimate goal of this thesis was to achieve a
better understanding of factors regulating intestinal defense using in vitro studies, stud-
ies performed in various established animal models, and studies undertaken in preterm
infants. The knowledge gained from the studies presented in this thesis, will provide
insights for the improvement of nutritional care of the preterm infant at risk for NEC.
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Chapter 2 of this thesis highlights the use of animal models as an invaluable tool to
study human neonatal nutrition and related diseases such as NEC. In recent years,
mice, rats, and pigs have become the most frequently used animal models to study hu-
man neonatal nutrition. Mice have great potential for mechanistic and genomic research
in postnatal nutrition and related diseases. The piglet model most closely resembles
the human infant intestinal growth and function, and is invaluable to study acute and
chronic effects of (par)enteral nutrition on intestinal and whole-body metabolism.

Chapter 3 describes the dietary impact on intestinal inflammation. The aim of this
chapter was to determine the effect of standard rodent chow versus a purified diet, and
dietary supplementation of probiotics, on growth and intestinal inflammation in wild
type and Muc2-deficient mice.

Chapter 4 describes a study performed to determine the dietary impact of infant for-
mula compared to bovine colostrum in preterm pigs. The aim of this project was to
determine intestinal threonine utilization for protein and mucin synthesis in preterm pigs
fed either infant formula or colostrum. Second, we aimed to provide a plausible theory
for the impact of nutrition on the development of NEC in the preterm neonate.

Chapter 5 presents a study showing the preferential site of threonine uptake for the
production of mucin MUC2 in both preterm pigs and preterm infants. The aim of this
study was to test the hypothesis that type of enteral nutrition as well as the route of
nutrition, i.e. enteral or parenteral, is important for synthesis of MUC2.

Chapter 6 elucidates the regulation of intestinal MUCZ2 expression by short-chain
fatty acids. We hypothesized that short-chain fatty acids, fermentation products of the
intestinal microbiota, affect MUCZ2 expression and hence alter epithelial protection. The
aim of the study was to investigate the mechanisms that regulate butyrate-mediated
effects on MUC2 synthesis.

Chapter 7 describes the impact of an altered intestinal microbiota on amino acid and
protein metabolism. We hypothesized that modulation of the intestinal microbiota by
antibiotics or probiotics would impact amino acid metabolism. In this study we aimed
to investigate the impact of the gut microbiota whole body nitrogen and amino acid
turnover in neonatal pigs receiving no treatment (control), antibiotics, or probiotics.
We quantified whole body urea kinetics, threonine fluxes, and threonine disposal into
protein, oxidation, and tissue protein, and more specifically MUC2 synthesis.
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Chapter 8 gives insight into Paneth cell presence and function in NEC. Paneth cells
are a major component of intestinal innate defense and enhance the gut barrier by
secretion of endogenous antibiotic peptides. We aimed to investigate Paneth cell pres-
ence, protein expression, and developmental changes in preterm infants with NEC.
Furthermore, we determined Paneth cell products and their antimicrobial capacity in
ileostomy outflow fluid.

Chapter 9 describes the effect of dietary arginine supplementation on intestinal blood
flow and intestinal protein synthesis in neonatal pigs. The aim of this study was to
investigate whether enteral arginine supplementation is a specific stimulus for neonatal
intestinal blood flow and mucosal growth under conditions of total parenteral and
partially enteral nutrition.

Chapter 10 highlights and discusses the most important findings of this thesis. More-
over, we give our recommendations for future research projects to further illuminate the
mechanisms of intestinal defense, and to study gut barrier function in order to further
unravel the predisposition of the preterm neonate to NEC.

Chapters 11 and 12 summarize the main results of the studies described in this thesis.
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Abstract

Purpose of review

The impact of neonatal nutrition on the health status of the newborn and incidence of
disease in later life is a topic of intense interest. Animal models are an invaluable tool to
identify mechanisms that mediate the effect of nutrition on neonatal development and
metabolic function. This review highlights recently developed animal models that are
being used to study neonatal human nutrition.

Recent findings

In recent years, mice, rats, and pigs have become the most frequently used animal
models to study human neonatal nutrition. Techniques for rearing newborn mice, pre-
term rats and preterm pigs have been developed. Neonatal mice have great potential
for mechanistic and genomic research in postnatal nutrition and related diseases. The
neonatal pig model is valuable to study acute and chronic effects of parenteral and en-
teral nutrition on whole-body metabolism as well as specific tissues. To date, a wealth
of information from studies with neonatal pigs has been applied to humans.

Summary

Further development of neonatal animal models related to nutrition is required for the
advancement of research in early postnatal nutrition. Improvement of nutritional support
during this critical period of development will enhance immediate clinical outcomes and
possibly prevent diseases later in life.

22



Animal models

Introduction

Le choix intelligent d’un animal...est souvent la condition essentielle du success d’une
expérience et de /a solution d’un probleme physiologique tres important.

(The success of the enterprise clearly depends upon selecting a suitable animal for the
investigation)

(Claude Bernard, 1865)

The study of nutritional influences on neonatal growth and functional development are
important because of the critical stage of development and potentially long-lasting
impact of intervention. Factors that limit the clinical investigation of human neonates
besides the obvious ethical constraints include small sample size, methodological
difficulties and genetic heterogeneity as well as differences in disease and (intensive
care) treatment. Therefore, animal models are an invaluable tool to study physiologic,
metabolic and cellular events related to early nutrition in both neonatal and later life
under highly controlled circumstances. Studies of neonatal animals have led to the
improvement of nutritional intervention and advanced care of the human neonate. How-
ever, limitation of in vivo animal experimentation lies in the observation that embryology,
physiology and anatomy in animals do not completely resemble that in humans and that
frank disease is not easily reproducible. Hence, the purpose of this review is to describe
neonatal animal models suitable for studying early postnatal nutrition and to provide
guidance for investigators who are new to this field of research.

Neonatal animal models

Animal models used for human neonatal nutrition include mice, rats, rabbits, guinea
pigs, dogs, pigs and nonhuman primates. Traditionally, studies in this field have been
dominated by rodent species like the rat and the mouse and to a lesser extend the
rabbit, guinea pig, pig, and baboon. The latter species, i.e. nonhuman primates are a
good model to study postnatal nutrition in humans because of their close homology in
several organ systems compared to humans. They have been used to study short and
long-term effects of pre- and postnatal (parenteral) nutrition in term as well as preterm
neonates, but expensive housing, lifespan and ethical considerations limit their use'®.
In recent years, techniques to artificially rear rodents and methods to investigate the
effects of neonatal pig nutrition in health and disease have evolved. At present, rodents
and pigs are widely used to study human neonatal nutrition and therefore will be the
focus of this review.
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Chapter 2

Neonatal rodent models

In the current state of neonatal intensive care, with increasing numbers of premature
babies and their rates of survival, neonatal nutrition has to be tailored to specific new-
born populations differentiated by their gestational age and health status. To prevent
nutritional deficits in this critical developmental period and because neonatal nutrition
may determine health in later life, it is important to have appropriate animal models
to study the underlying mechanisms involved®”. Although rodents differ from humans
in many ways including developmental, anatomical and physiological characteristics
they are highly related in terms of similarity of genes and biochemical pathways. Ro-
dent models have the advantage of a relatively uniform genetic background on which
environmental effects during gestation or early postnatal life into adulthood can be
studied. Low cost and advanced breeding programs in rodents, and especially mice,
allow studies that enable the investigation of mechanistic pathways in genetically modi-
fied animals. The length of gestation for rodents, like the rat and mouse, is short (19-22
d), and the pups are born very immature with respect to the stage of gut and brain
development. In newborn pups the gut matures gradually during lactation (0-21 d) and
a particularly rapid maturation takes place during the short period of transition from
milk to solid food (weaning) °"'° (Fig.). This maturation includes anatomical, functional
and immunological aspects of the gut. Considering this developmental pattern, rodents
represent animal species that are quite different from human infants whose intestinal

Gastrointestinal maturation in relation to birth and weaning

:Ccnception Birth Maturity .
Human 280d 10-20 wks 52 wks
Pig 115d 3-6 wks 12 wks
Rat 22d 18-22d 5 wks

Preterm birth of [ Birth cluster of GIT Il Weaning cluster of
viable newborn maturational changes maturational changes

Figure. Timing of gut maturation in three different groups of mammalian species®.

In humans and other primates, gastrointestinal development is slow and maturation starts early (in fetal life). Gut maturation
in pigs is intermediate (i.e., maturation is rapid during the period from shortly before birth to shortly after weaning). In most
small rodents and carnivorous species, the developmental changes occur relatively quickly and late (postnatally around
weaning). Around birth (dark grey areas) and weaning (black areas), maturation is particularly rapid, resulting in a birth and
weaning cluster of maturational changes. Birth of viable preterm neonates occurs over a wider range of gestational ages in
humans compared to pigs and rats (light grey areas).
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tract is more mature at birth®” (Fig.). Therefore, the immature rodent gut resembles
more that of a human infant born prematurely. Furthermore, the rapid development of
the intestinal tract in rodents has the advantage that nutritional effects can be studied
within a relatively short time.

The goal in the clinical management of premature and low birth weight infants is to
achieve growth at a rate that approximates intra-uterine growth; however cumulative
deficits in energy and protein intakes are still a concern in many neonatal intensive care
settings. Limited early nutrition as a result of delayed adequate nutritional support and
the inability to meet the high metabolic demand leads to extra-uterine growth restriction.
This may have devastating short-term consequences, such as increased susceptibility to
infection and lack of organ growth, as well as poor neurodevelopmental outcome. Since
the seminal studies in newborn animals of Widdowson'® and McCance'', it has become
clear that nutrition in early life affects postnatal growth and development. This work ap-
plied a straightforward approach to investigate the effects of over- and undernutrition on
growth and development by manipulating litter size, and is still used today'2. However,
precise control of volume and nutrient intake can only be obtained by artificial rearing. To
date, most studies using artificial rearing to investigate nutrient intake and specific effects
on biochemical mechanisms have been performed in rats. One of the most effective
approaches is the so-called ‘pup in a cup’ model, which has been used more extensively
in recent nutritional neonatal research. This model, first described by Hall'®, has recently
been applied to mouse pups and is a useful adaptation given the greater availability of
transgenic and knockout mice'". Mouse pups for this model are taken from the dam
at postnatal day 5 and put individually in Styrofoam cups that float in a temperature-
controlled water bath, hence the name “pup in a cup”. Subsequently, intragastric feeding
tubes are placed into the pups that allow for regular infusion of rodent milk substitute
(RMS). Recently, a hand-feeding technique using a surrogate nipple for artificial rearing
of mouse pups has been developed's. Although more time consuming, this technique
enables studying pups shortly after birth and prevents physical injury. Furthermore, hand
feeding permits the use of a nursing box housing multiple pups, and mimics natural feed-
ing, that both stimulates physical activity and reduces stress. Newly developed RMS
formulas accomplished a comparable weight gain between artificially reared mouse pups
and breastfed littermates, although differences in organ weight, precocious gut matura-
tion, and altered immune development have been observed'16-18,

In our opinion, artificial rearing of mouse pups provides a means to study the effects
of specific nutrients, food composition and energy intake on gut development and
metabolism within the relatively immature gut. Furthermore, rearing mice from birth
onwards offers the opportunity to investigate whether early nutrition can change ex-
pression of genes and alter epigenetic markings. So far, only maternal nutrition has
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shown to induce epigenetic changes in offspring and it is unknown if early neonatal
nutrition can introduce or modify maternal epigenetic alterations'®2°.

Neonatal piglet model

Compared to rodents, the neonatal pig has more similarities in anatomy, physiology,
immunology, and metabolism with the human neonate. The piglet has a gestational
length of ~115 days and, compared to humans is slightly less mature at birth in several
aspects including digestive system, and body composition (low fat content). However,
during the neonatal period protein deposition is very rapid, and due to similarities of
postnatal nutrition and intestinal development to humans, the piglet can be viewed as
an accelerated model of postnatal growth and development®”. As breast-feeding is
initiated and maintained, the intestine continues to develop and adapt to enteral food
and bacterial colonization. The changes are primarily reflected in rapid intestinal growth
and changes in functional parameters like digestive enzyme activity, nutrient absorption
and immune function. Later on, gut development is more gradual than around birth
and probably reflects the slow transition from milk-based nutrition towards solid food.
The pig is also appropriate for modeling liver function and metabolism as it has similar
hepatic features as humans and, unlike rodents, the presence of a gallbladder. More
importantly, however, due to its body size the piglet model allows extensive surgical
manipulation, repeated blood sampling, and long-term dietary treatment protocols?'-24.

The piglet model is a long established model used for both enteral and parenteral
nutritional studies. We and others have used this model combined with stable isotopic
tracer techniques to investigate postnatal intestinal, splanchnic and whole body nutri-
ent metabolism?52829":30 The indicator amino acid oxidation method (IAAO), initially
developed to measure amino acid requirements in growing pigs also has been applied
to enterally and parenterally fed piglets®". Importantly, these studies have provided a
wealth of information that formed the conceptual basis for similar studies to be con-
ducted in neonates, children and adults?®”#'":32-3 (Table). A series of studies in neonatal
pigs investigated the mechanisms by which feeding stimulates neonatal protein synthe-
sis, a response that decreases with development, particularly in skeletal muscle. These
studies led to the development of the hyperinsulinemic-euglycemic-euaminoacidemic
clamp technique to examine the role of insulin in the regulation of protein synthesis,
independent of changes in circulating amino acids and glucose®®“%", The piglet also has
been proven to be a useful representation of the human neonate when studying lipid
nutrition*'*2 including the effect of long-chain n-3 polyunsaturated fatty acids on protein
metabolism in the neonate during growth*®".

In human neonates, total parenteral nutrition (TPN) is a lifesaving therapy when enteral
nutrition cannot be provided. Besides the pig, neonatal rabbits**5, guinea pigs*®*’, and
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Table. Splanchnic utilization rates of dietary amino acids and glucose as percentage of intake in
piglets, human neonates and human adults?® 33 3¢,

Amino Acid Piglets Neonates Adults
Leucine 42 42-48 21
Phenylalanine 51 - 29
Lysine 43 18 32
Methionine 39 - 33
Threonine 71 70

Glutamine - 53 64
Glutamate 92 75 96
Glucose 40 32

dogs*® have been used to study effects of TPN. However, the prominence of the piglet
in studies concerning multiple aspects of human neonatal nutrition reflects the thought
that the pig is most similar to humans compared to other animals and therefore the
preferred model. The TPN model has been applied to study specific effects of TPN on
intestinal growth, blood flow, digestion, absorptive function, epithelial integrity and gut
barrier function*®-52. TPN-associated liver injury in piglets resembled that seen in human
neonates®*®*. These studies suggest that TPN-induced hepatic steatosis is influenced
by the source of lipid used®. Whether TPN-administration during the neonatal period
affects later health is unknown. Recently, development of insulin resistance and dia-
betes in adult life has been linked to not only being small for gestational age, but also
prematurity alone®"5”. The mode of nutrition in this critical window of development may
be an underlying factor of this phenomenon. In this respect, TPN in early postnatal
life might have a role in metabolic programming. In support of this idea, in our current
studies TPN induced insulin resistance, hepatic steatosis, and greater fat deposition in
TPN-fed compared to formula-fed piglets®.

Most recently, the piglet model has been advanced to the delivery of viable premature
piglets that can be studied using enteral and parenteral feeding protocols®. In com-
parison to mammals with a long gestation, preterm birth of viable offspring is possible
only with a maximum of 10-12 days reduction in pigs (10%) and 1-2 days for rodents
(Fig.). Considering their overall immaturity at full-term birth, preterm delivery of piglets
at 90% of gestation translates into a relatively more premature animal. Preterm piglets
have physiological similarities with human preterm infants and thus, are suitable for
studying preterm gut function, effects of parenteral and enteral nutrition and immunity
using novel in vivo experimental approaches.

Rodent and piglet models related to necrotizing enterocolitis

Necrotizing enterocolitis (NEC) is the most common gastro-intestinal disease in pre-
mature infants and is associated with a high rate of morbidity and mortality. The exact
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etiology is unknown, but major risk factors include intestinal immaturity, enteral feeding
and bacterial colonization. Most NEC models are neonatal rat models in which intes-
tinal injury is induced by (over)feeding with formula, induction of pathogenic bacteria
or endotoxins (LPS), or exposure to stress via hypoxia and/or hypothermia®'-¢”. More
recently these experimental approaches have been extended to mouse models of NEC
that have examined the impact of specific gene products in neonatal NEC, namely
toll-like receptor 4%%%, Asphyxiated rats and piglets have been studied for the role
of hemodynamic and vascular changes in the intestine that could lead to NEC7*7".
However, asphyxia is not believed to be the primary cause in the development of NEC.
Studies performed in a new premature piglet NEC model, solely based on prematurity
and formula feeding, have shown to mimic pathological changes in the gut similar to
that observed in human infants™". This model will enable the use of more invasive
experimental approaches to investigate the role of parenteral nutrition, blood flow, and
digestive capacity for specific nutrients.

Conclusion

In conclusion, neonatal animal models are an effective and valuable tool in understand-
ing the impact of nutrition administered early in life on short- and long-term functional
development and metabolism. Rodents have the advantage of their low cost and pro-
vide a mean of using genetically modified animals to study mechanistic pathways. Us-
ing (preterm) piglets as a neonatal model favors translation to the human neonate with
respect to gut development, nutritional requirements and neonatal disease. In general,
careful choice of an animal model is critical in the design of any study attempting to
answer relevant questions.
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Abstract

Background: Muc2 knockout (Muc2”) mice do not have a protective mucus layer and
spontaneously develop colitis.

Objective: To study the effects of a purified diet and probiotic supplementation on
growth and disease severity in Muc2”- mice.

Methods: Muc2”- and wildtype (WT) mice were fed a non-purified (NP, i.e., standard
chow) diet, a NP-diet with daily administration of B/fidobacterium breve and Bifidobac-
terium animalis subsp. lactis (NP+PRO), or a purified (P) diet during 5 weeks, starting
directly after weaning. The purified diet contains 60% less fibers, and milk-casein pro-
teins instead of plant proteins. Clinical symptoms and colonic morphological changes
were monitored. Inflammation was studied by immunohistochemistry and determina-
tion of cytokine gene expression.

Results: In Muc2” mice, the P-diet significantly increased bodyweight compared to
the NP and NP+PRO diet. Bodyweights of Muc2”- mice fed P-diet were similar to WT
mice. Crypt length was increased in Muc2”- mice compared to WT mice regardless the
type of diet. In Muc2”- mice the P diet limited the increase in crypt length compared to
NP or NP+PRO diet. In Muc2” mice the NP+PRO diet reduced the crypt lengthening
compared to NP diet. Muc2”- mice that were fed the P-diet showed a limited influx of
Cd3e-positive T cells, increased expression of Ebi3 and 1112p35, which as protein dimer
is known as the immune suppressive cytokine 1135, decreased abundance of S100a8
and S100a9-positive cells and increased abundance of Muc4-positive cells compared
to Muc2”- mice fed NP or NP+PRO diet.

Conclusions: Type of diet and, to a lesser extent, probiotic supplementation affect
colitis severity in Muc2”- mice. The type of protein and amount of insoluble fibers modu-
late disease activity in mice prone to develop colitis. Moreover, probiotics might have
beneficial effects in Muc2”- mice as NP+PRO diet reduced crypt lengthening compared
to NP diet. Together, these data imply that feeding strategy in subjects with colitis might
have considerable implications for disease severity.
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Introduction

Innate defense in the gut consists of several components that together prevent bac-
teria and other micro-organisms from invasion into the intestinal epithelium. Mucus
produced by goblet cells is a key component of the physical barrier that covers the
intestinal epithelium. The structural component of this mucus layer is the mucin MUC2.
We previously showed that deficiency of Muc2, as in Muc2 knockout (Muc2”) mice,
leads to the development of clinical and histological signs of colitis'. As the synthesis
of the mucin MUC2 is decreased in human intestinal diseases such as ulcerative colitis
(UC)** and necrotizing enterocolitis (NEC)>®, the Muc2”- mouse model is a powerful
tool, enabling us to study the physiologic role of the epithelial barrier in many aspects.
Nutrition plays an important role in human inflammatory bowel disease (IBD), i.e. enteral
nutrition is an effective therapy for the induction of clinical remission in adult Crohn’s
disease (CD) and is the primary treatment for pediatric CD7-%. The exact mechanisms
through which enteral nutrition exert these beneficial effects is unknown, but most likely
consists of direct anti-inflammatory effects on enterocytes, a suppressive effect on
mucosal inflammatory cytokine levels, promotion of the integrity of the epithelium and
modulation of the intestinal microbiota®'. NEC is an acquired intestinal disease that
predominantly occurs in premature infants. It is known by a very high morbidity and
mortality and currently only supportive therapy is available. Besides prematurity, enteral
feeding, more specifically formula feeding versus human milk feeding, is a risk factor for
the development of NEC'5-6. Although NEC probably develops due to a combination of
risk factors, dietary interventions, such as provision of human milk or supplementation
of probiotics, have been suggested for NEC prevention'®2° an important role in disease
prevention.

One of the big advantages of nutritional therapy is the relatively low cost and mini-
mal risk of side effects. Therefore nutritional therapy forms an interesting target for
prevention of NEC and treatment in IBD. Probiotics are described as ‘live microbial
dietary supplements which beneficially affect the host animal by improving its intestinal
microbial balance'’. Although data concerning the effect of probiotics in IBD are con-
flicting'®'°, enteral supplementation of probiotics significantly reduced the risk of severe
NEC in preterm infants®®. Moreover, colitis was attenuated or prevented in a variety of
experimental colitis models that were treated with probiotics?'-22.

The phenotype of Muc2” mice is variable and might depend on the genotypic back-
ground, a phenomenon that was also described for IL-10-deficient mice®. More
specifically, Velcich et al. used Muc2’- mice on a mixed genotypic background (C57/
BI6-129Sv), which hardly displayed intestinal inflammation, whereas we used Muc2”
mice on a 129Sv background that showed severe colitis' 2*. However, differences in the
diet might also be responsible as animals that developed colitis were fed a standard,
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non-purified rodent diet, whereas animals that did not show a clear colitis phenotype
were fed a purified, AIN-based diet (AIN-76A).

In the present study, we investigated the effect of a purified diet, i.e. semi synthetic AIN
based diet, relative to a non-purified diet, i.e. standard rodent chow, and supplementa-
tion with probiotics on growth and disease severity in Muc2”- mice. We hypothesized
that a purified diet or supplementation with probiotics would decrease disease severity
in Muc2”- mice. Besides clinical disease markers, we studied colonic inflammation
markers, serum cytokine profiles and cytokine gene expression profiles in colonic tis-
sue. Together these studies indicate that disease severity is affected by the type of diet.

Material and methods

Animals

Wild type (WT) and Muc2”- mice were bred as previously described'. All mice were gen-
erated from Muc2+- breedings. Mice were housed in the same specific pathogen—free
environment in a 12-hour light/dark cycle with free access to acidified tap water. Animal
care and procedures were conducted according to institutional guidelines (Erasmus MC
Animal Ethics Committee, Rotterdam, the Netherlands). Mice were maintained in a bar-
rier facility. Wild-type and Muc2”- mice were tested negative for Helicobacter hepaticus
and norovirus infection.

Experimental Setup

The experiment was divided into three groups. Group 1 received a non-purified (NP)
diet, consisting of standard rodent pellets (Special Diets Services, Witham, Essex,
England), group 2 received a purified (P), semi-synthetic diet (AIN93G pellets, Research
Diet Services BV, Wijk bij Duurstede, the Netherlands) and group 3 received the NP
diet supplemented with probiotics (NP+PRO). Animals were weaned from mother’s
milk at the age of approximately 21 days. Supplementation of probiotics was started
immediately thereafter. The probiotic mixture consisted of two probiotic strains: 5/-
fidobacterium breve and Bifidobacterium animalis subsp. /actis (Danone Research,
Wageningen, the Netherlands) in a final concentration of 1x10°CFU/animal/day. The
probiotic freeze-dried powder was dissolved in NaCl 0,9%. Finally, the mixture was
dissolved in sterilized Dutch custard (Stabilac, Campina, the Netherlands). The control
suspension existed of maltodextrin dissolved according to the same method as the pro-
biotic suspension. A daily amount of 200ul per animal was inserted into a custom made
spoon. To guarantee the administration of a well-defined amount of probiotics, animals
were separated by a cage divider during the consumption of the probiotic suspension.
Average consumption time was less than 15 minutes, after which the aforementioned
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cage divider was removed. Body weight, dietary intake and clinical symptoms were
determined thrice weekly. Animals were sacrificed at the age of 8 weeks. Colonic tissue
samples were excised immediately and either fixed in 4% (wt/vol) paraformaldehyde in
phosphate-buffered saline (PBS), stored in RNAlater (Qiagen, Venlo, The Netherlands),
at —20°C, or frozen in liquid nitrogen and stored at —80°C.

The animals in the three experimental groups will be referred to as WT NP and Muc2”
NP for animals that were fed the NP diet, WT P and Muc2”- P for animals that were fed
the P diet and WT NP+PRO and Muc2”-NP+PRO for animals that were fed the NP diet
supplemented with probiotics.

Histology

Tissue fixed in 4% (wt/vol) paraformaldehyde in PBS was prepared for light microscopy,
and 4-um-thick sections were stained with H&E. To detect differences in crypt length
in the colon, 10 well-oriented crypts were chosen per intestinal segment and measured
using calibrated Leica Application Suite software, version 3.2.0 (Leica Microsystems
BV, Rijswijk, The Netherlands).

Immunohistochemistry

Sections were cut and prepared for immunohistochemistry as described previously?
using the Vectastain Elite ABC kit (Vector Laboratories, Burlingame, CA) and 3,3’-di-
aminobenzidine as staining reagent. Antigen unmasking was carried out by heating the
sections for 20 min in 0.01 M sodium citrate (pH 6.0; Merck, Darmstadt, Germany) at
100°C. CD3¢-positive cells were detected using an anti-human CD3¢ antibody (DAKO,
Heverlee, Belgium; 1:800 diluted in 1% bovine serum albumin, 0.1% Triton X-100 in
PBS). As demonstrated by immunocytochemistry, this antibody cross-reacts with the
CD83¢e-equivalent protein in mouse®. Additionally, nonspecific binding was reduced
by blocking with TENG-T (10 mmol/L Tris-HCI, 5 mmol/L EDTA, 150 mmol/L NaCl,
0.25% [wt/vol] gelatin, 0.05% [wt/vol] Tween 20). To detect S100a8 and S100a9, both
known as cytosolic granulocyte proteins expressed in neutrophils and macrophages,
anti-mouse S100a8 and anti-mouse S100a9 antibodies (R&D Systems Europe Ltd.,
Abingdon, United Kingdom) were used (1:1000 diluted in PBS). Muc4 was stained
using an anti-human-MUC4 rabbit-polyclonal antibody (hHA-1) that recognizes the
AGYRPPRPAWTFGD amino acid sequence of the C-terminal peptidic region of MUC4a
subunit, which is homologous in humans and mice. The antibody was diluted 1:6000 in
1% BSA, 0.1% Triton X-100 in PBS.

Serum Cytokine Levels

Serum was obtained from coagulated blood collected by heart puncture and stored at
-80°C until further analysis. The concentrations of several cytokines (lI-12p70, Tnf-a,
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interferon gamma (Ifn-y), monocyte chemoattractant protein-1 (Mcp-1), 1I-10 and 1I-6)
in serum were determined with a BD Cytometric Bead Array mouse inflammation kit
(BD-Pharmingen, San Diego, CA, USA).

Quantitative Real-Time PCR (TagMan Technology)

Total RNA was prepared using the RNeasy midi-kit (Qiagen, Venlo, the Netherlands)
and 1.5 ug was used to prepare cDNA. Cytokine mRNA expression levels as well as
the housekeeping gene actin were quantified using real-time PCR (qRT-PCR) analysis
(TAQman chemistry) based upon the intercalation of SYBR Green on an ABI prism 7900
HT Fast Real Time PCR system (PE Applied Biosystems) as previously described'. All
primer combinations were designed using OLIGO 6.22 software (Molecular Biology
Insights) and purchased from Invitrogen. An overview of the primer sequences used is
given in Table 1.

Table 1: primer sequences for quantitative real time PCR

gene Forward primer Reverse primer

-1 CCCCAACTGGTACATCA AGAATGTGCCATGGTTTC

Il-6 CCCAACAGACCTGTCTAT GGCAAATTTCCTGATTAT

Il-10 CAA GCC TTA TCG GAA ATG CAT GGC CTT GTA GAC ACC
II12alpha (P35 subunit) GCC TTG GTA GCA TCT ATG AG TCG GCA TTA TGA TTC AGA GA
I-12beta (P40 subunit) CAC GGC AGC AGA ATA AAT A GAG GGA GAA GTA GGA ATG G
I1-l35beta (Ebi3 subunit) CCC GGA CAT CTT CTC TCT GAG GCT CCA GTC ACT TG
Tnfa TGGCCTCCCTCTCATC GGCTGGCACCACTAGTT

Ifn-y CGG CAC AGT CAT TGA AA TGC CAG TTC CTC CAG AT
MCP-1 TGG GTC CAG ACA TAC ATT AAA A GGG TCA ACT TCA CAT TCA AA
B-actin GGG ACC TGA CGG ACT AC TGC CAC AGG ATT CCATAC

Statistical analysis

All data are expressed as median + SEM or median values. Statistical significance was
assessed using the Mann-Whitney U test. (Prism, version 5.00; GraphPad software,
San Diego, CA). The data were considered statistically significant at 2 < 0.05.

Results

Type of diet and probiotic supplementation influence disease severity in
Muc2/- mice.

Weight loss or growth retardation can be considered as one of the major clinical symp-
toms of colitis. At the age of 8 weeks, there was a significant difference in body weight
between Muc2”-NP and WT NP mice (Fig. 1A). Contrastingly, in mice that were fed the
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Figure 1. Effect of the type of diet and probiotic supplementation on growth and disease severity.
Body weight (A) and crypt length (B) of wild type (WT) and Muc2-/- mice in dietary subgroups are depicted as mean +SEM.
(C) Crypt length (x-axis) significantly correlates with body weight (y-axis) (R2 = 0.4517, P = .0003). Three subgroups can be
distinguished: (a) all WT animals in which bodyweight and crypt length are not affected by the type of diet, (b) Muc2-/- NP
mice that displayed the highest disease severity reflected in the highest crypt length combined with the lowest bodyweight
and (c) Muc2-/- P mice that form an intermediate group displaying increased crypt length but bodyweights comparable with
WT mice. Groups are depicted as ¥: WT mice that were fed purified (P) diet, A: Muc2-/- mice that were fed the P diet, o:
WT that were fed the non-purified (NP) diet, o: Muc2-/- mice that were fed the NP diet. (* P < .05, ** P < .01, # P < .001)
P diet, there was no difference between Muc2”- and WT mice. Probiotic supplementa-
tion did not influence body weight in WT mice nor Muc2”- mice. Total daily consumption
of pelleted food did not differ between WT and Muc2”- mice, nor between mice fed NP
diet compared to P diet (data not shown).

As bodyweight is a non-specific, general disease marker, we measured crypt length as
a site-specific marker for colitis severity. Similar to body weights, which were different
between Muc2”- NP and WT NP mice, crypt lengths also differed significantly between
Muc2” NP and WT NP mice (Fig. 1B). Specifically, Muc2”- NP mice showed increased
crypt lengths compared with WT NP mice. Crypt lengths were also significantly increased

in Muc2”- mice fed P diet in comparison with WT mice fed P diet. Furthermore, crypt
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length was significantly increased in Muc2”- NP mice compared to Muc2’- P mice. Finally,
supplementation with probiotics significantly decreased crypt length in Muc2”- NP+PRO
mice compared to Muc2’- NP mice. Linear regression analysis showed that there is a
negative correlation between crypt length and body weight (~ < .0003) (Fig. 1C). Three
subgroups can be distinguished: a) all WT animals in which bodyweight and crypt length
are not affected by the type of diet, (b) Muc2”- NP mice that displayed the highest disease
severity reflected in the highest crypt length combined with the lowest bodyweight and (c)
Muc2”- P mice that form an intermediate group as these mice displayed increased crypt
length but had bodyweights comparable with WT mice.

Increased Lymphocyte Infiltration and altered cytokine expression in Muc2/-
NP mice

The observed differences between the previously described groups might be explained
by an altered inflammatory status of the intestinal mucosa. Therefore, the influx of C3e-
positive T-cells was studied as a marker for inflammation. In mice that were fed the
NP diet, the amount of CD3¢-positive T-cells was increased in Muc2”- mice compared
with WT mice (Fig. 2). Interestingly, NP-fed Muc2”- mice showed an increased influx of
CD83¢-positive T cells compared to P-fed Muc2”- mice.
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Figure 2. Influx of Cd3¢-positive T-cells

The extent of inflammation in the distal colon was assessed by immunohistochemistry for Cd3e. Representative stained tissue
samples for all groups are shown. Normal WT mice hardly show any Cd3e-positive T-cells (left panel), whereas Muc2-/-
mice that were fed the non-purified (NP) diet show an increased amount of Cd3e-positive T-cells that are localized along the
complete crypt length, but also cluster together at the luminal side of the epithelium (middle panel). Muc2-/- mice that were
fed the purified (P) diet showed a decreased amount of CD3e-positive T-cells compared to Muc2-/- NP mice, that was still
increased compared to WT mice (right panel). Crypt lengthening in Muc2-/- mice, as quantified in Fig. 2B, is evident when
WT are compared with Muc2-/- NP or Muc2-/- P mice.

No differences in Cd3s mRNA expression were seen upon treatment with probiotics
(not shown). To study the increase of CD3e-positive T-cells into further detail, gene
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Figure 3. mRNA expression of (anti-)inflammatory cytokines in distal colon of Muc2-/- mice in
dietary subgroups
mRNA expression of inflammatory cytokines Tnfa (A), I11-8 (B), 16 (C), Mcp-1 (D), Ifny (E), and II-12 p35 (F) and p40 (G)
and anti-inflammatory cytokines II-10 (H) and Ebi3 (I) in distal colonic tissue of Muc2-/- mice that were fed a non-purified
diet (NP), purified diet (P) or a non-purified diet supplemented with probiotics (NP+PRO). IIl-12 p35 and Ebi3 mRNA
expression were significantly increased in Muc2-/- that were fed P-diet compared to the NP-diet. Gene expression levels
were normalized for f-actin mRNA expression and depicted as median. Groups are depicted as A: Muc2-/- mice that were
fed the purified (P) diet, o: Muc2-/- mice that were fed the non-purified (NP) diet, o: Muc2-/- mice that were fed the NP diet
substituted with probiotics (NP+PRO)

expression levels of the pro-inflammatory cytokines 7nf-a, /7-B, /-6, /fn-y, and /-72
(heterodimer of p35 and p40), chemokine Mcp-7 and anti-inflammatory cytokines //-
70 and //-35 (heterodimer of p35 and Ebi3), were determined in the distal colon of
Muc2” mice (Fig. 3). The pro-inflammatory cytokines 7nf-a, /7B, /-6, and /fn-y and
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Figure 4. Protein expression of pro- and anti-inflammatory cytokines in serum of wild type and
Muc2-/- mice in dietary subgroups

Expression of serum cytokines Il-12 p70 (A), Mcp-1 (B), Tnfa (C), I-10 (D), Ifn+y (E) and I1-6 (F) in ¥: WT mice that were fed
purified (P) diet, A: Muc2-/- mice that were fed the P diet, o: WT that were fed the non-purified (NP) diet and o: Muc2-/-
mice that were fed the NP diet, m WT mice that were fed the NP diet substituted with probiotics (NP+PRO) and o: Muc2-/-
mice that were fed the NP+PRO. Expression of the pro-inflammatory cytokine Tnf-a was significantly increased in serum of
Muc2-/- NP mice compared to Muc2-/- P mice. Values are depicted as median.

42



Diet influences colitis-development

the chemokine Mcp-7 were not differentially expressed in Muc2”- NP compared with
Muc2” P mice. Expression levels of the //-72 p35 subunit and £b/3 were significantly
increased in Muc2”- P mice compared to Muc2”- NP mice. In contrast, expression of the
/-712 p40 subunit was not significantly different between WT and Muc2”- mice.

Serum cytokine levels only showed significantly increased expression of Tnf-a protein
in Muc2”- NP mice compared to Muc2” P mice. All other serum cytokine levels (lI-
12-p70, Mcp-1, Tnf-a, Ifn-y and 1I-6, 11-10) showed variable expression levels that were
not significantly different between the different study groups (Fig. 4).
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Figure 5. Expression and localization of $100a8 and Muc4 protein in Muc2-/- mice

Expression of $100a8 (upper panels) and Muc4 (lower panel) is depicted in WT (left panel), Muc2-/- mice that were fed the
non-purified NP diet (middle panel) and Muc2-/- mice that were fed the purified (P) diet (right panel). The tissue samples are
representative for all mice in the studied groups. Note that the expression of S100a8 is increased in Muc2-/- mice compared
to WT mice. Moreover, Muc2-/- NP showed increased amounts of S100a8-positive cells compared to Muc2-/- P mice. For
Muc4, expression was decreased in Muc2-/- compared to WT mice and with a more pronounced decrease in Muc2-/- NP
mice compared fo Muc2-/- P mice.

Purified diet reduces expression of $100a8 and $100a9 and increases
expression of Muc4 in Muc2/- mice

To assess the amount of mucosal damage, we performed immunohistochemistry for two
S100 proteins, which are produced by neutrophils and macrophages, and are related to in-
flammation of the intestine, namely S100a8 and S100a9. Moreover, we studied the expres-
sion of Muc4 as a marker for epithelial damage. First, the numbers of both S100a8-positive
cells (Fig. 5) and S100a9-positive cells (not shown) were increased in Muc2”- NP mice
compared to Muc2”- P mice. No difference was observed in the number of S100a8-positive
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and S100a9-positive cells between Muc2”- mice that received probiotics and control mice.
Contrastingly, the expression of Muc4 was decreased in Muc2”’- NP mice compared to
Muc2” P mice. Like the S100 proteins, Muc4 expression was not different between Muc2-
~ NP+PRO and Muc2”- NP mice. Increased S100 protein expression and decreased Muc4
expression were seen in the areas where inflammation was the most severe.

Discussion

The present study investigates the effect of two different diets and probiotic supplemen-
tation on colitis-severity in Muc2”- mice. We demonstrate that a purified diet decreases
disease severity in Muc2”- mice and therefore the choice of diet plays a crucial role in
this colitis model.

Beneficial effects of the purified diet reflected in increased body weight combined
with decreased crypt length in Muc2”- P mice, indicating that the purified diet reduces
disease severity in Muc2”’ mice. As bodyweight and crypt length in WT mice were not
affected by the type of diet, the quality of the diet seems to be particularly important
in case of disease, more specifically colitis in Muc2”- mice. Overall, digestibility of the
purified diet seems to be more efficient compared to the non-purified diet, resulting in
increased availability of nutrients needed for growth, as reflected in increased body
weight in Muc2”- P mice.

Two major differences exist between the two diets used in this study, which might explain
the observed difference in disease severity in Muc2”- mice. First, protein content in the
NP diet mainly consists of plant proteins, whereas casein is the main protein source in
the purified diet. Although protein composition does not influence the effectiveness of
enteral nutrition in the treatment of active adult Crohn’s disease?, a beneficial effect of
a casein-based diet in pediatric Crohn’s disease has been proposed® 2-2°, Second, the
amount of insoluble fiber is considerably higher in the NP diet. Bacterial fermentation of
insoluble fiber in the proximal colon is less compared to soluble fiber, and thereby limits the
amounts of short chain fatty acids (SCFAs) that are produced?®’-3'. The protective effect of
butyrate, one of the major SCFAs, has been described by several authors, as reviewed by
Hamer et al.?2. Interestingly, butyrate has an anti-inflammatory effect, which is exerted by
suppression of nuclear factor kappa B (NF-kB) activation®. Colonic contents form a nutri-
ent source for bacteria in the colon and therefore presumably lead to differences in the
composition of the microbiota and SCFA production between the two dietary subgroups.
Therefore, differences in intestinal inflammation between Muc2”- NP and Muc2”- P mice
might be related to the amount of SCFAs, more specifically butyrate, that are produced.
Finally, insoluble fiber has a more pronounced laxative effect compared to soluble fiber®,
consequently accelerating small bowel transit. This might increase symptoms of diarrhea
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that already exist in Muc2”- mice, regardless of the diet. To further elucidate the effect of
specific proteins and the type of fiber on colitis severity in Muc2”- mice, diets that differ
in their protein and fiber content need to be studied into further detail. However, from the
current study it is clear that the diet needs to be thoroughly considered in the experimen-
tal design as it might significantly influence the disease model. The mechanisms through
which probiotics may exert their potential beneficial effects are still largely unknown. We
demonstrate that probiotic supplementation leads to a decreased crypt length in Muc2-
mice. As probiotics can influence cytokine expression®*-” and we previous showed that
Tnf-a. and /L- 7B are up-regulated in Muc2”- mice', we hypothesized that probiotic supple-
mentation might restore the disbalanced cytokine profile in Muc2”’- mice and thereby
limit disease severity. However, although crypt length was decreased in Muc2”- NP+PRO
mice compared to Muc2”- NP mice, the abundance of Cd3s-positive T-cells as well as
cytokine expression levels were not different between these mice. Our findings suggest
that probiotics might directly influence epithelial proliferation of the intestinal epithelial
cells and thereby limit excessive proliferation as seen in Muc2”- mice that were fed the NP
diet without probiotic supplementation. Yet, as probiotics did not restore the disbalance
in cytokine expression levels in Muc2”’- NP+PRO mice, disease severity is most likely
not limited by the probiotics used in this study. This is in line with the fact that not all
probiotic strains have an effect on cytokine expression, let alone have the same effect
on the immune system. Interestingly, differing immunological effects have been reported
even within the same species of bacteria3-°.

Several inflammation markers, namely the reduced influx of Cd3e-positive cells, in-
creased serum Tnf-a levels, and the limited mucosal expression of S100a8 and S100a9
proteins indicate that inflammation is significantly reduced in Muc2”- mice that were fed
P diet compared to Muc2”- mice that were fed the NP diet. Interestingly, serum cytokine
levels only showed significant increased Tnf-a levels in Muc2”- NP mice compared to
Muc2” P mice. Tnf-a mRNA levels in the distal colon of Muc2- mice were not affected
by the type of diet, neither by probiotic supplementation. All other serum cytokines were
not affected. Therefore, systemic Tnf-a levels can be regarded as a general marker for
colitis in Muc2”- mice.

Of all cytokines studied in the distal colon, only II-12 related cytokines showed differ-
ences between the studied diets. The interleukin-12 cytokine family includes IL-12,
IL-283, IL-27, and the recently identified IL-35%. All four are heterodimeric cytokines,
composed of an a-chain (p19, p28, or p35) and a p-chain (p40 or Ebi3). IL-12 and
IL-23 are highly expressed in the gut of mice and patients with inflammatory bowel
diseases*'2. [I-12, which consists of a heterodimer of a p35 and a p40 subunit, is
known as a pro-inflammatory cytokine, whereas 1I-35, the heterodimer of p35 and Ebi3
is linked to regulatory T-cells and possesses immune suppressive capacities. As II-12
p40 also showed a trend towards increased levels in Muc2”- mice that were fed the
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P-diet, together with significantly increased levels of 1I-12 p35, might indicate increased
pro-inflammatory 1l-12 expression. However, Muc2”- P mice do not show increased
colitis severity. On the contrary, Muc2”- mice fed the P diet showed a decrease in colitis
severity compared to Muc2’- mice fed the NP diet. Given that Ebi3 is also significantly
increased in Muc2”- mice fed the P-diet, the above described data are in favor of in-
creased 11-35 production (i.e. heterodimer formation of Ebi3 and 1112p35). As 1I-35 is
known as an immune suppressive cytokine, increased I1-35 levels would also explain
the decreased disease severity in Muc2”- mice that were fed the P-diet compared to
Muc2”- mice that were fed the NP-diet. Yet, further studies are necessary to confirm
whether the P diet indeed increases 1135 levels in Muc2”- mice.

Highest numbers of S100a8- and S100a9-positive cells were observed in Muc2”- NP
mice (Fig. 5). Interestingly these mice also showed the highest disease severity as
reflected by lowest body weights and highest increase in crypt lengthening (Fig. 1C).
Therefore, the S100 proteins can be regarded as indicators for the degree of colonic
inflammation in Muc2”- mice. In accordance with our findings, fecal calprotectin, the
heterodimer of S100a8 and S100a9, is regarded as a marker for inflammation in the
gastrointestinal tract, and has been used clinically to follow disease activity in IBD*3-44,
Immunohistochemical staining for Muc4 revealed that abundance of Muc4-positive cells
is decreased in Muc2”- NP mice compared to Muc2” P mice. This finding corresponds
with previous studies that show decreased numbers of Muc4-positive goblet cells in
adult Muc2”- mice and decreased Muc4 protein expression in patients with CD*-%,
Interestingly, the areas with the highest abundance of S100a8-positive cells showed the
lowest numbers of Muc4-positive cells. We recently showed that Muc4 protein is local-
ized in the intestinal goblet cell*’, implying that Muc4 is not only a membrane bound
mucin, but also a secretory mucin in the mouse intestine. Increased secretion of Muc4
in Muc2”- mice that were fed the NP diet might therefore explain the decreased number
of Muc4-positive cells in these mice compared to Muc2-- mice fed the P diet. Speculat-
ing, increased secretion of Muc4 might be caused by a greater need for Muc4 secretion
to compensate for Muc2-deficiency in Muc2”- NP mice. In Muc2”- P mice the need for
this compensatory Muc4 secretion is less as the diet ameliorates colitis-symptoms, and
therefore Muc4 protein remains stored in the goblet cell granules of these mice.

In summary, the type of diet significantly influences disease severity, as measured by
differences in bodyweight and crypt lengths, in the Muc2” colitis model. Secondly,
supplementation of the NP diet with probiotics limited crypt lengthening in Muc2”- mice
compared to Muc2”- mice fed the NP diet only. Compared to Muc2” mice fed NP diet,
Muc2”- mice fed the P diet showed a reduced influx of Cd3e-positive cells that was
accompanied by differences in |I-12 related cytokines. These data point to an immune
suppressive effect of the P diet, most likely by means of increased [I-35 production.
Moreover, a systemic increase of Tnf-a was seen in Muc2”- mice fed the NP diet, which
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was not seen in Muc2” mice fed the P diet. Finally, mucosal inflammatory markers
S100a8 and S100a9 and the epithelial damage marker Muc4 showed that histological
signs of colitis are significantly increased in Muc2’- mice that were fed the NP diet com-
pared to the P diet. The above described differences, namely decreased growth retarda-
tion, reduced crypt lengthening and decreased inflammation markers in Muc2”- P mice
compared to Muc2”- NP mice might be explained by the type of protein and the type
and amount of fibers in the diet. In conjunction, these data imply that feeding strategy in
subjects with colitis might have considerable implications for disease severity.
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Abstract

Threonine is an essential amino acid necessary for synthesis of intestinal (glyco)proteins
such as mucin MUC2 to maintain adequate gut barrier function. In premature infants,
reduced barrier function may contribute to the development of necrotizing enterocolitis
(NEC). Human milk protects against NEC when compared to infant formula. Therefore,
we hypothesized that formula feeding decreases MUC2 synthesis rate concomitant
with a decrease in intestinal first-pass threonine utilization, predisposing the preterm
neonate to NEC. Preterm pigs were delivered by caesarian section and received enteral
feeding with formula (FORM; n=13) or bovine colostrum (COL; n=6) following an initial
period of total parenteral nutrition. Pigs received a dual stable isotope tracer infusion
of threonine to determine intestinal threonine kinetics. NEC developed in 38% of the
FORM pigs, whereas none of the COL pigs were affected. Intestinal fractional first-pass
threonine utilization was decreased in FORM pigs compared to COL pigs (49 + 2% vs.
60 + 4%, respectively; p=0.02). In FORM pigs compared to COL pigs, protein synthesis
(369 + 31 mg-kg'-d"'vs. 615 + 54 mg-kg'-d-, respectively; p=0.003) and MUC2 syn-
thesis (121 + 17 %/d vs. 184 + 15 %/d, respectively p=0.02) were reduced in the distal
small intestine. Our results suggest that formula feeding in preterm piglets reduces
mucosal growth with a concomitant decrease in first-pass splanchnic threonine utiliza-
tion, protein synthesis, and MUC2 synthesis in the distal small intestine compared to
colostrum feeding. Hence, decreased intestinal threonine metabolism and subsequently
impaired gut barrier function may predispose the formula-fed infant to developing NEC.
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Introduction

Necrotizing enterocolitis (NEC) is the most common gastrointestinal disorder that af-
fects preterm neonates'. Because of the rising incidence of preterm births and improved
survival rates of very low birth-weight babies, NEC still remains a challenge in neonatal
intensive care. Treatment is limited, and reported mortality rates are as high as 50%
for infants requiring surgery?. Infants who recover from NEC have an increased risk
for complications, such as short bowel syndrome® and impaired neurodevelopment*?.
Despite extensive research, the pathogenesis of NEC remains poorly understood. Ma-
jor risk factors identified for the development of NEC are immaturity, enteral (formula)
feeding, and bacterial colonization®. Therefore, the responses of the immature gut to
enteral feeding and bacterial colonization require further investigation.

Feeding preterm infants formula increases NEC incidence compared to their own
mother’s milk or donor human milk”®. Human milk, especially colostrum, contains
various growth factors and immunoglobulins that may reduce the NEC incidence. In
preterm piglets, the NEC incidence is greatly increased with formula feeding compared
to bovine or porcine colostrum feeding'®. Formula feeding in preterm pigs decreases di-
gestive capacity, induce mucosal atrophy and disruption, causes microbial overgrowth,
and increases gut permeability’®'2. This negatively affects the gut barrier function that
is necessary for epithelial protection.

An important feature for gut barrier function is the mucus layer that overlies the gut
epithelium. Goblet cells synthesize and secrete large gel-forming glycoproteins, called
mucins. MUC2 is the predominant secretory mucin in the human intestinal tract''4. The
mucus layer provides protection against luminal pathogens and toxic substances, and
disruption of the mucus layer causes intestinal inflammation and mucosal eruption's-.
Decreased gut barrier function caused by a diminished mucus layer may facilitate bac-
terial translocation and, in combination with an immature immune system, render the
preterm infant at risk for the development of intestinal inflammation, sepsis, and NEC'".
The peptide backbone of MUC2 is particularly rich in the essential amino acid threo-
nine, which constitutes ~30% of the total amino acids in this protein'-22, Threonine
availability impacts protein mucosal synthesis and mucin synthesis in pigs and rats?*-2.
Using a dual stable isotope tracer method, which allows the determination of dietary
first-pass threonine utilization, we showed that in preterm infants, the splanchnic tis-
sues extract 70-82% of dietary threonine, which indicates a high need for threonine?.
Because very little of the sequestered threonine in the gut is oxidized, a majority is used
for gut protein and glycoprotein synthesis®2°. However, the effect of colostrum and
formula feeding on dietary threonine utilization, protein, and mucin synthesis has not
yet been investigated.
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We hypothesize that formula feeding predisposes the preterm neonate to developing
NEC by a mechanism of a decreased MUC2 synthesis rate, which is accompanied by
a decrease in the first-pass intestinal threonine utilization that is necessary for protein
and MUC2 synthesis. Thus, the aim of the present study was to determine differences
in NEC incidence and first-pass threonine utilization, measured by dual stable isotope
tracer technique, in preterm piglets that were fed either formula or colostrum. Further-
more, we aimed to determine differences in gut barrier function in preterm piglets that
were fed formula or colostrum by measuring intestinal proteins and MUC2 synthesis.

Materials and methods

Experimental design
Nineteen preterm pigs (Danish landrace X Yorkshire) from three sows were delivered
via cesarean section at day 105-107 of gestation, as described in detail previously'.
Animal protocols and procedures were approved by the Danish National Committee on
Animal Experimentation.

Diets

Total parenteral nutrition (TPN) was administered for the first 2 days to mimic the clinical
setting in a neonatal intensive care unit, where most preterm infants initially receive
TPN. In addition, TPN administration in preterm piglets predisposes them to develop
NEC when enteral nutrition is commenced'®. The parenteral nutrition solution was pre-
pared aseptically and was based on the infusion product Nutriflex Lipid Plus (B. Braun,
Melsungen, Germany). The nutrient composition of the TPN solution (glucose, 72 g/L;
lipid, 31.1 g/L; amino acids, 45 g/L; solution was provided at a rate of 4-6 ml-kg'-h")
was identical to that described in detail previously'®. After 48 h, TPN was discontinued,
and the pigs received either human milk formula (FORM, n=13) or bovine colostrum
feeding (COL, n=6) via an orogastric tube (at a rate of 15 ml-kg™'-3 h™") for 2 days. The
milk formula consisted of a mix of three different commercial formulas for human infants
(80 g/L pepdite; 70 g/L maxipro; 75 mL/L Liquigen-MCT, all products kindly donated by
SHS International, Liverpool, UK) to meet protein and energy requirements. The nutrient
composition of the formula mix was calculated from the specifications of the commer-
cial formulas. Bovine colostrum was obtained from the first milking of Holstein-Friesian
cows and irradiated (1 x kGy) before use. To make the diets isocaloric, the colostrum
was diluted 2:1 with water. An aliquot of the diluted colostrum was assayed for protein
content using the Pierce assay (BCA, Protein Assay, Thermo Scientific, Rockford, USA).
The macronutrient compositions of the formula and colostrum administered are shown
in Table 1. The threonine concentration of both formula and colostrum were determined
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using gas chromatography-mass spectrometry. An aliquot of colostrum and formula
was hydrolyzed for 24 h at 110°C in 6 N HCI and dried (Speedvac Savant, Thermofisher,
Breda, the Netherlands). Samples were then esterified, derivatized, and analyzed using
the same method used for plasma threonine concentrations.

Table 1. Macronutrient composition of formula and colostrum (per L)

COLOSTRUM* FORMULAt
Energy, k 4,000 4,151
Protein, g 86 64
Carbohydrate, g 1620 47
Lactose, g 16-20 53
Fat, g 30-44 61

* Protein content was measured by the Pierce assay. Energy, lactose, and fat contents of colostrum were adapted from (39-
42) and adjusted for a 2:1 dilution with water.

t Data were calculated from the specifications of the commercially available products used to prepare the formula: 80 g
Pepdite, 70 g Super Soluble Maxipro, 75 mL MCT Liquigen per 1 L formula

Isotope infusion protocol

FORM pigs (n=7, randomly assigned) and COL piglets (n=6) were both subjected to the
dual stable isotope tracer infusion protocol. The stable isotope infusion was started 9
h prior to euthanasia to measure intestinal threonine utilization, protein synthesis, and
Muc2 synthesis. A primed (25 pmol-kg™"), continuous (25 pmol-kg-'-h-") infusion of [U-'3C]
threonine (99.47 atom%, Cambridge Isotope Laboratories, Endover, Massachusetts)
was administered through an arterial catheter. Simultaneously, a primed (25 pmol-kg™)
hourly bolus (25 pmol-kg-h") of [**N]threonine (98 atom%, Cambridge Isotope Labo-
ratories) was administered via an orogastric tube. During the infusion protocol, piglets
were switched from 3-h feeding intervals to 1-h feeding intervals. Blood samples were
taken at 0 h, 6 h, 8.5 h, and 9 h after the start of the tracer infusion for mass spectrom-
etry analyses. Blood samples were centrifuged immediately after collection to separate
plasma and cells. The plasma was stored at -80°C until further analysis. After the 9
h-infusion protocol, piglets were euthanized with an overdose of pentobarbital (200 mg/
kg iv; LIFE Faculty Pharmacy, University of Copenhagen, Denmark).

Tissue collection

Immediately after the animal was euthanized, the entire small intestine (Sl) and colon
were removed, weighed, and sampled for protein analysis and histology as previously
described in detail'®. From each S| segment, the ratio of mucosa to total intestine (in
%) was determined after drying both the mucosa and the underlying tissues. Mucosal
scraping of the last 10 cm of the distal Sl was frozen in liquid nitrogen for mucin analysis
(below). The lungs, liver, spleen, heart, kidneys, and stomach were removed, and wet
weights recorded.
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NEC evaluation & histology

The piglets were evaluated for clinical symptoms of NEC every 3 h as previously de-
scribed™?. If any suffering was observed from NEC prior to the end of the study protocol,
euthanasia and tissue collection were immediately performed. Upon removal of the gut,
the proximal, middle, and distal SI segments and colon were evaluated for NEC lesions
and scored from 1 (no/minimal inflammation) to 6 (severe extensive hemorrhage and
necrosis), as described previously'. A score > 3 was indicative of NEC.

Distal small intestinal and colonic tissue sections (5 pm) were stained with Alcian blue
— periodic acid Schiff (AB-PAS) to study morphological changes of the mucosa and
identify the presence of neutral and acidic mucins in goblet cells. Goblet cell numbers
were analyzed using Visiopharm integrator system in a blinded manner (Visiopharm,
Hoersholm, Denmark). The number of goblet cells and the total amount epithelial
cells were counted using a specially constructed counting grid, which moved around
randomly in the tissue section and analyzed ~25% of the section. In total, five tissue
sections per animal were analyzed. The number of goblet cells was expressed as a
percentage of total epithelial cells per crypt or villous.

Protein content

Intestinal tissue samples were pulverized in liquid nitrogen and homogenized in ice-
cold HIS buffer (50 mM Tris/HCI (pH 7.5), 5 mM EDTA (pH 8), 1% triton, 10 mM iodacet-
amide, SBTI (100 pg/mL), pepstatin A (10 pg/mL), leupeptin (10 ug/mL, aprotinin (1%),
and 1 mM PMSF) at a concentration of 100 mg/mL. Samples were assayed for protein
concentration using the Pierce assay.

MUC2 isolation

In the distal SI and colon, MUC2 was isolated using a cesium chloride (CsCl) density
gradient ultracentrifugation method combined with gravity gel filtration chromatogra-
phy, as previously described for human MUC2 in detail #3031,

Mass Spectrometry

Threonine plasma concentration and enrichment analyses

Plasma samples were prepared to determine threonine concentration and enrichment
by GC-MS, as described previously®®®' with minor modifications. [2,3,4,4,4-D,,"N]
threonine was used as internal standard, and an additional derivatization step was
performed to block the free hydroxyl group of threonine by adding 20 pL of pyridine
and 50 pL of acetic anhydride to the dried ethyl chloroformate derivatives. The samples
were briefly vortexed and incubated for 60 min at 60°C. After cooling, the samples were
dried under a gentle nitrogen flow at room temperature and resuspended in 50 pL of
ethyl acetate. Standard curves were prepared by mixing aqueous solutions of natural
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and labeled threonine for both enrichment and concentration determination. GC-MS
analyses were performed in selective ion-monitoring mode (SIM) after electron impact
ionization (El) with a MSD 5975C Agilent GCMS (Agilent Technologies, Amstelveen,
Netherlands). SIM was carried out at m/z of 146.1, 147.1, 149.1, and 152.1. Separation
was achieved on a VF17MS (30 m x 0.25 mm i.d., 0.25 um film thickness) fused-silica
capillary column (Varian, Middelburg, the Netherlands). Helium was used as a carrier
gas at a constant flow of 1.2 mL/min. The column was held at 55°C for 1 min, after which
the program was altered to 160°C at 30°C/min, then to 200°C at 5°C/min, and finally to
300°C at 10°C/min, with an 8-min hold time. Threonine enrichment was expressed in
mole percent excess (MPE). Threonine concentration was expressed in pmol/L.

Intestinal free amino acids and protein-bound amino acids.

Intestinal tissues from the middle SI, distal Sl, and colon were homogenized with ice-
cold water to achieve a 100 mg/mL concentration. The protein fraction was isolated
as described previously?. Isotopic enrichment and concentrations of L-[U'3C]threonine
in the amino-acid-free tissue pool was determined by GC-MS analysis of the acetyl-
ethoxycarbonyl-ethylester using El with an MSD 5975C Agilent GCMS, as described
above with the plasma samples. The washed pellets were hydrolyzed by adding 1 mL of
6 N HCI and incubated at 110°C for 20 h. An aliquot was dried at room temperature in a
speedvac, and the residue was dissolved in 0.2 mL MQ. Amino acids were isolated by
cation exchange separation, as described above for the plasma amino acid fraction. To
measure the enrichment of [U'*C]threonine in the protein-bound tissue pool, hydrolyzed
samples were derivatized to form acetyl-ethoxycarbonylethyl esters. The ['*C/2C] ratio
of threonine in protein isolates was measured using GC-IRMS according to the method
used in our previous work?3', Enrichment was expressed in MPE.

Mucin MUC2 synthesis
Dried MUC2 samples were hydrolyzed and derivatized, and the [*C/'2C] ratio of threo-
nine analyzed, as described above for the protein hydrolysates.

Calculations

Plasma enrichments of threonine were used to calculate the rate of threonine turnover
or flux. The rate of threonine flux obtained with the enteral [**N]threonine or the intra-
venous [U'3C]threonine and the determination of first-pass uptake of dietary threonine
was calculated, as previously described?”. The fractional protein synthesis rate (FSR
in %-d") of the middle SI, distal Sl, and colon is expressed as a percentage of the
total protein pool synthesized per day, and these values were calculated as previously
described®. The FSR of MUC2 was calculated similarly; the threonine enrichment of
the intracellular free amino acid pool in the ileum or colon was used as a precursor.
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FSR MUC2 was expressed as a percentage of the total MUC2-pool that was newly
synthesized per day. The absolute protein synthesis rate (ASR) of the middle SI, distal
Sl, and colon, reflecting the total amount of protein that was newly synthesized per day
(in g-d"), was measured as the FSR multiplied by the protein mass of the organ in g/kg
of body wt, measured by Pierce assay®.

Statistics

The primary endpoint of the study was the MUC2 FSR. Based on our previous studies
on threonine kinetics in piglets and preterm infants?’2¢. and Muc2 FSR measurements
in human preterm infants®', we estimated that six piglets per group would detect a
difference of 20% (80% power, type 1 error of 0.05) on MUC2 FSR. Furthermore, based
on our previous studies, we anticipated a mortality rate of up to 50% in the FORM
group, and hence, we doubled the number of piglets studied in this group'®'2. Minitab
statistical software (Minitab, State College, PA) was used for statistical analysis. Data
were analyzed by one-way ANOVA - General Linear Model. The difference in NEC inci-
dence between COL and FORM was analyzed using the Fisher’s exact test. Data were
analyzed for a correlation with NEC score using the Pearson test. Data are presented as
the mean + SEM, and P < 0.05 was considered statistically significant.

Results

NEC development and intestinal evaluation

Before the completion of the study, four pigs were euthanized due to suffering from
severe clinical symptoms of NEC. The incidence of NEC, defined as a score >3 and a
severity of NEC based on the intestinal scoring, was not significantly different between
groups (Table 2).

There was no difference in birth weight between FORM and COL piglets. Weight gain
was lower in FORM pigs compared to COL pigs (Table 2). A negative correlation be-
tween weight gain and NEC score was found (r -0.69, p = 0.001).

No difference was observed between FORM and COL pigs with respect to the wet
weights of the small intestine and colon. However, the proportion of mucosa and dry
matter (mucosa percentage) was lower in FORM pigs than in COL pigs (Table 2). Wet
weights of the heart, lungs, liver, stomach, kidneys, and spleen were not different
among groups (data not shown).

Histology was performed and showed mucosal damage in the distal small intestinal
and colonic tissue in FORM pigs, as described previously®. When extensive damage of
the mucosa in FORM pigs was observed, samples were excluded from further analysis
(distal SI, n=5; colon, n=1). Intestinal epithelial cells that were stained with AB-PAS had
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Table 2. NEC incidence and organ weights in preterm pigs fed formula or colostrum’

COLOSTRUM FORMULA p
NEC incidence' 0% (0/6) 38% (5/13) 013
NEC score 1.5+02 28+0.5 0.08
Birth weight, g 872 + 47 940 + 52 0.43
Final body weight, g 941+ 50 965 + 56 0.79
Weight gain, g-kg'-d" 200+ 1.7 59+3.8 0.02
Small intestinal length, cm/kg body wt 305+ 13 323+ 18 0.60
Small infestinal weight, g/kg body wt 29.8+0.8 327 £22 0.38
Colon weight, g/kg body wt 87+0.5 10.3+£0.8 0.20
Mucosa dry weight, % 72+1.2 65+ 1.9 0.046

“Values are presented as the means + SEM. COLOSTRUM n=6, FORMULA n=13.
INEC incidence was defined as a NEC severity score of >3.

the typical morphology of goblet cells in both FORM- and COL-fed piglets. In the distal
small intestinal crypts, blue-stained goblet cells, representing the presence of acidic
sialylated mucins, were more abundant than in the villi. Cells showing only PAS stain,
i.e., pink goblet cells containing neutral mucins, occasionally occurred at all levels of
the crypt or villous. The majority of goblet cells were shades of purple, contained both
acidic and neutral mucins, and occurred mainly between the tops of the crypts to the
tops of the villi (Figure 1A-B). A similar pattern was found in colon samples; more blue-
stained goblet cells were present in the lower crypt, whereas pink- and purple-stained
cells were found in the upper crypt and surface (Figure 1C-D). Quantitative analysis of
goblet cells expressed as a percentage of total epithelial cells in the distal SI (FORM 5.1
+ 0.6 %; COL 6.6 + 1.2 %) and colon (FORM 23.8 + 1.7 %; COL 27.6 + 1.9 %) showed
no difference between FORM and COL piglets. In the colon, lower goblet cell counts
correlated with a higher NEC score (r -0.74; p = 0.000).

Distal small intestine

Formula Colostrum Formula

Figure 1. Histology of the distal ileum (A-B) and colon (C-D).

A and C are representative of tissue samples from FORM piglets; B and D are representative of tissue samples from COL
piglets.
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Threonine kinetics

One pig in the FORM group was excluded from isotopic analyses because of infusion
failure of the tracer. All remaining threonine infused pigs (FORM n=6; COL n=6) had
a NEC score below 3. Threonine kinetics are presented in Table 3. Plasma threonine
concentrations were higher in FORM pigs compared to COL pigs, although their intake
was much lower. Plasma threonine flux, based on the iv-infused [U'*C]threonine tracer,
was higher in FORM pigs compared to COL pigs. Plasma threonine flux, based on the
intragastric infused ['*N]threonine tracer, was not different between FORM and COL
pigs. Fractional first-pass utilization of threonine was lower in FORM pigs compared to
COL pigs. When corrected for enteral threonine intake, the absolute first-pass utilization
of threonine was much lower in FORM pigs compared to COL pigs, which corresponds
to the difference in plasma threonine concentrations found.

Table 3. Threonine kinetics in preterm pigs fed colostrum or formula’

COLOSTRUM FORMULA p

Concentration in diet, g/L 4.8 4.52

Intake, mg-kg-d" 576 534 0.000
Plasma concentration, pmol/L 304 + 50 672 + 82 0.003
Flux [U'*C]+threonine (iv) tracer, pmol-kg'-h"! 160+ 14 218+ 24 0.08
Flux [1-'*N]-threonine (ig) tracer, pmol-kg-h"! 404 + 19 422 + 39 0.68
First-pass splanchnic utilization, % of intake 60 +4 49 + 2 0.02
Firstpass splanchnic utilization, mg-kg'-d" 343 + 20 260 + 11 0.004

* n=6 piglets / group.
The measured threonine concentration of formula was in the same range as the calculated threonine content from the formula
specifications (4.0 g/L).

Intestinal protein

The protein contents of the middle SI, distal Sl, and colon were determined, and FORM
piglets had lower protein contents in the distal SI and colon compared to COL piglets
(Table 4). Protein FSR in the middle S| and colon tended to be higher in FORM pigs
vs. COL pigs, whereas no difference was observed between the groups in protein FSR
in the distal Sl (Table 4). Protein ASR in both groups was the highest in the middle S,
decreased towards the distal Sl, and declined even further towards the colon (Table 4).
However, protein ASR in the distal small intestine was lower in FORM pigs compared to
COL piglets, whereas no difference in protein ASR was found in the middle Sl or colon
between the groups (Table 4).

Mucin MUC2 synthesis

Purified MUC2 isolates from distal Sl and colon tissue were further analyzed to deter-
mine MUC2 FSR, which is an indication of the percentage of newly synthesized MUC2
per day. In the distal SI, the MUC2 FSR was high, and it was decreased in FORM pigs
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Table 4. Protein content, fractional synthesis rate (FSR), and absolute synthesis rate (ASR) in the
small intestine and colon of colostrum- and formula-fed piglets

COLOSTRUM FORMULA p
Middle small intestine
Protein content, g/kg BW 876 + 69 786 £ 138 0.57
FSR, %/d 55+ 4.0 68 5.0 0.06
ASR, mg-kg'-d" 487 £ 72 523 +78 0.75
Distal small intestine
Protein content, g/kg BW 945 + 42 678 + 64 0.006
FSR, %/d 65+ 6.2 57 + 6.8 0.36
ASR, mg-kg'-d" 615+ 54 369 = 31 0.003
Colon
Protein content, g/kg BW 615 + 44 448 + 32 0.012
FSR, %/d 30+3.6 3819 0.08
ASR, mg-kg'-d" 191 £ 31 171+ 14 0.58

Values are presented as the means + SEM; n=6 per group.

compared to COL pigs (121 + 17 %/d vs. 184 + 15 %/d, p = 0.02; Figure 2). The FSR
of colon MUC2 was approximately half of the MUC2 FSR in the distal SI; however, no
difference was detected between the FORM and COL group (73 = 8 % vs. 69 + 5 %;
Figure 2).

Distal Small Intestine Colon
2501 1001
*
2004
- -
o 1504 o
X X
1004
504
e T 0 T
FORM COL FORM COL

Figure 2. Fractional synthesis rate of MUC2 in the distal SI (A) and colon (B).
Mean £ SEM; n=6 per group.

Discussion

Preterm infants who are fed formula have an increased risk of developing NEC com-
pared to infants who are fed donor or own mother’s milk™®. Similarly, formula feeding
in preterm pigs increases NEC incidence and induces mucosal atrophy and intestinal
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dysfunction when compared to colostrum feeding'®'2. Colostrum, containing growth
factors, immunoglobulins, and other immunostimulatory products may directly stimulate
gut barrier function by inducing proliferation and/or differentiation of intestinal epithelial
cells and increasing nutrient absorption®33. However, colostrum may indirectly stimu-
late gut barrier function by activating different metabolic pathways or via enhanced
colonization with beneficial bacteria releasing products, such as short-chain fatty acids
that stimulate MUC2 synthesis'®'234, We investigated the effect of formula vs. colostrum
feeding on intestinal threonine metabolism, which is important for gut growth and barrier
function. Our results showed that formula feeding reduced mucosal growth, first-pass
threonine utilization, protein synthesis, and mucin synthesis compared to colostrum
feeding, whereas NEC incidence was increased.

Fractional and absolute first-pass splanchnic utilization of threonine was markedly
decreased in FORM pigs compared to COL pigs. The lower first-pass intestinal threo-
nine utilization in FORM pigs corresponded well with the results obtained for protein
and MUC2 synthesis. Both were lower in FORM piglets compared to COL piglets. The
fractional first-pass threonine utilization in preterm pigs was lower than that found in
4-wk-old pigs and preterm infants?-%. However, the preterm pigs in our study were
only enterally fed for 72 hours and still had a low gut-mass/kg of body weight that likely
accounted for the lower threonine utilization that we found.

In FORM pigs, lower [U'®C]-threonine enrichment and a higher threonine flux or turnover
was found compared to COL pigs. Because similar amounts of intravenous threonine
were infused, the threonine tracer must have been diluted from either increased dietary
threonine amounts passed on to the circulation and / or from endogenous threonine
release from protein breakdown. Splanchnic utilization was lower in FORM pigs result-
ing in increased transport of threonine to the systemic circulation. However, proteolysis
might have contributed to the increased threonine turnover and the high threonine
plasma concentrations found in FORM pigs as well. Studies in rats and humans have
shown that during sepsis, catabolism of muscle protein allowed the mobilization of
amino acids required for increased synthesis of defensive proteins in the liver and in-
testine®-%7. Because first-pass threonine utilization was lower in FORM pigs, increased
threonine supply for protein synthesis in the liver and gut may have been demanded
from the systemic pool, most likely at the expense of muscle protein.

Adequate gut barrier function involves multiple intestinal mechanisms for the defense
against NEC, such as synthesis of immune cells, defensins, tight junctions, and mu-
cins, such as MUC2"". In FORM pigs, protein synthesis was decreased in the distal SI
compared to COL pigs. Decreased protein synthesis may reflect decreased synthesis of
defensive proteins, which was observed for MUC2. The importance of threonine avail-
ability on protein and mucin synthesis has been confirmed in neonatal pigs and rats?+26.
In mini-pigs with induced ileal colitis, intestinal threonine utilization for mucin synthesis
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was increased®. Interestingly, feeding increased amounts of mucin precursors, i.e.,
threonine, cysteine, and proline, enhanced mucin synthesis in a rat model of colitis,
which emphasizes the importance of adequate nutrition during inflammation3. Future
studies will have to elucidate whether increasing amounts of protein and/or threonine
in the formula may counteract the negative effect of formula feeding on intestinal threo-
nine metabolism and gut barrier function in preterm piglets.

In the present study we did not investigate the effects of formula vs. colostrum feeding
on whole body protein metabolism. Using a whole body protein kinetics model, addi-
tional data may be elucidated regarding whole body protein synthesis and proteolysis.
Furthermore, because four piglets developed NEC and had to be euthanized, we were
unable to study those animals. Therefore, threonine kinetics in an earlier stage of formula
feeding may illuminate whether piglets developing NEC have a more affected intestinal
threonine metabolism compared to formula fed piglets that were not developing NEC.
Additionally, we previously showed that TPN-administration prior to colostrum feeding
in preterm pigs diminished intestinal functions and increased NEC, although not to the
same extent as formula feeding'®. Therefore, the differences between the COL- and
FORM-fed piglets in intestinal threonine metabolism and protein and mucin MUC2
synthesis found in the present study may be even more pronounced with colostrum vs.
formula feeding starting from birth.

In conclusion, our results suggest that feeding preterm piglets formula decreases
mucosal mass and first-pass splanchnic threonine utilization when compared to co-
lostrum feeding. This decrease in intestinal threonine metabolism is concomitant with a
decrease in both protein and mucin MUC2 synthesis in the distal small intestine. Hence,
decreased intestinal threonine metabolism and the subsequently impaired gut barrier
function may explain why the formula-fed infant is more prone to develop NEC.
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Chapter 5

Abstract

Mucin MUC2 is the major secretory mucin synthesized by goblet cells. Threonine given
enterally as well as systemically is rapidly incorporated into small intestinal MUC2 of
preterm infants. However, it remains unknown whether there is preferential uptake
of enteral or systemic threonine for MUC2 synthesis. Underlining the importance of
enteral nutrition in the preterm neonate, we hypothesized that enteral threonine would
be the preferred source. We determined the preferential site of threonine absorption
for MUC2 synthesis in preterm pigs (n=12) and preterm infants with ileostomies (n=5).
We conducted a dual-isotope tracer infusion, allowing incorporation of both enteral
and systemic threonine isotope tracers into collected MUC2. Threonine from both the
basolateral and luminal side was used for MUC2 synthesis in preterm infants and
preterm pigs. Preterm pigs showed higher MUC2 synthesis rates than preterm infants
recovering from intestinal disease and surgery.

In preterm pigs, colostrum feeding stimulated threonine uptake for MUC2 synthesis
from the luminal vs. the basolateral side, and increased MUC?2 fractional synthesis rate
when compared to formula feeding (177 + 17 vs. 121 + 17%/d respectively). Firstly, we
concluded that goblet cells use both luminal and basolateral threonine for synthesis of
MUC2. Secondly, colostrum feeding stimulated MUC2 synthesis while increasing threo-
nine absorption from the luminal side. Collectively, colostrum feeding may enhance gut
barrier function via stimulation of luminal threonine uptake for MUC2 synthesis.
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Introduction

The neonatal gut is in need of threonine to synthesize mucins necessary for epithelial
protection. The mucin MUC2 is the most predominant secretory mucin in the human
intestinal tract synthesized by goblet cells'3. The peptide backbone of MUC2 is par-
ticularly rich in threonine constituting ~30% of the total amino acids*®. Hence, it is not
surprising that threonine availability impacts mucosal protein and mucin synthesis in
pigs and rats®2.

A diminished or disrupted mucus layer causes intestinal inflammation and mucosal
eruption, facilitating bacterial translocation and, in combination with an immature
immune system, renders the preterm infant at particular risk for the development of
sepsis and necrotizing enterocolitis (NEC)'®. Therefore, adequate threonine uptake by
the mucin producing cells is pivotal for prevention of NEC. Intestinal mucosal cells are
unigue among body cells in that they are presented with substantial quantities of threo-
nine from both the diet and the mesenteric arterial circulation. However, it is unknown
whether goblet cells, known to be secretory cells, are able to use enteral substrates
like enterocytes do, or whether they are dependent on basolateral absorption as site of
precursor uptake.

In preterm neonates, the splanchnic tissues extract 70-82% of dietary threonine'. In
infants pigs, the intestine is responsible for >70% of splanchnic first-pass metabolism
and there is continuous removal of arterial amino acids by the portal-drained viscera
which appear to be channeled towards mucosal constitutive protein synthesis's-°.
Arterial threonine is incorporated rapidly into small intestinal MUC2 of partially enteral
fed preterm infants following bowel resection for NEC'. However, this study could
not determine whether there is a preference for luminal or arterial threonine for MUC2
synthesis. This is of importance for the preterm neonate at risk for NEC when enteral
feeding is withheld or delayed. The lack of luminal nutrients, in particular threonine, may
decrease MUC2 synthesis and hence gut barrier function.

We hypothesized that enteral threonine would preferentially be used over arterial threo-
nine for MUC2 synthesis by goblet cells, underlining the importance of enteral nutrition
in the preterm neonate. We conducted a dual-isotope tracer infusion in preterm pigs
and preterm infants, allowing incorporation of both enteral and systemic threonine
isotope tracers into MUC2. To be able to compare porcine and human MUC2, our first
aim was to isolate and identify porcine MUC2 and determine its homology to human
MUC2. Our second aim was to determine the preferential site of threonine absorption
for MUC2 synthesis in preterm pigs fed formula or colostrum, and in preterm infants
with ileostomies.
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Materials and Methods

Materials

Stable isotopes of L-threonine (thr) [**N]thr (98 atom%) and [U-'®C]thr (99.5 atom%)
were purchased from Cambridge Isotope Laboratories, Andover, Massachusetts. All
isotopes were tested and found sterile and pyrogen free.

Preterm pigs

Preterm pigs (Danish landrace X Yorkshire) were delivered via cesarean section at day
105 -107 of gestation, as described in detail previously'®. Animal protocols and proce-
dures were approved by the Danish National Committee on Animal Experimentation.
Total parenteral nutrition (TPN) was administered for the first 2 days as described previ-
ously'®. After 48 h, TPN was discontinued and the pigs were assigned to receive either
infant formula (FORM, n=6) or bovine colostrum feeding (COL, n=6) via an orogastric
tube (15 ml-kg-3 h) for 2 days. The formula consisted of a mix of three different com-
mercial formula’s for human infants as described previously to meet protein and energy
requirements'®. Bovine colostrum was derived from the first milking of Holstein-Friesian
cows and eradiated (1 x kGy) before use. To make the diets isocaloric, the colostrum
was diluted with water in a 2:1 ratio. An aliquot of the diluted colostrum was assayed for
protein content using Pierce assay (BCA, Protein Assay, Thermo scientific, Rockford,
USA). The threonine concentration of both formula and colostrum were determined us-
ing gas chromatography - mass spectrometry. An aliquot of colostrum and formula was
hydrolyzed for 24 h at 110°C in 6 mol/L HCI and dried (Speedvac Savant, Thermofisher,
Breda, the Netherlands). Samples were then derivatized and analyzed using the same
method as that for tissue samples (below).

Isotope infusion protocol

Piglets received a dual- isotope tracer infusion for 9 h before euthanasia. A primed (25
pmol-kg™), continuous (25 pmol-kg'-h-") infusion of [U-'3*C]thr was administered through
the arterial catheter. Simultaneously, a primed (25 pmol-kg™), hourly bolus (25 pmol-kg
-h") of ["®*N]thr was administered via the orogastric tube. During this protocol, piglets
were switched to 1-h feeding intervals. Blood samples were taken at 0, 6, 8.5, and
9 h after start of the tracer infusion for mass spectrometry analyses. Blood samples
were centrifuged immediately and the plasma fraction was stored at -80 °C until further
analysis. After the 9h-infusion protocol, piglets were euthanized with an overdose of
pentobarbital (200 mg/kg iv; LIFE Faculty pharmacy, University of Copenhagen, Den-
mark).
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Tissue collection

Immediately after animals were killed, the entire small intestine (SlI) and colon were
removed as described in detail previously®. The small intestine length was divided into
three segments, which were designated proximal, middle, and distal SI. Tissue samples
were frozen in liquid nitrogen and stored at -80 °C. Mucosal scraping of the last 10 cm
of the distal Sl was frozen in liquid nitrogen for MUC2 analysis (below).

Preterm infants

The study was conducted at Erasmus MC - Sophia Children’s Hospital (Rotterdam, the
Netherlands) after approval from the Erasmus MC Institutional Review Board. Written
informed consent was obtained from the parents. Infants who had a bowel resection in
the neonatal period and received a temporary ileostomy during surgery were eligible for
this study. Exclusion criterion for this study was cystic fibrosis. We included five infants
in the study who underwent surgery for NEC (n=2), milk curd obstruction (n=1), midgut
volvulus (n=1), and meconium ileus (n=1). Table 1 lists their main clinical characteristics.

Table 1. Demographics and enteral threonine intake of preterm infants

Patient Sex GA BW AS Al Type of enteralEnteral intake  Enteral threonine  Parenteral intake Parenteral threonine

(wk) (g) (d) (d) feeding (ml-kg'-h") intake (ml- kg'-h") intake (pmol- kg'-h")
(vmol-kg-h")
1 F 34.62345 1 31 MM+ NP1 2.2 10.1 1.0 31.5
2 M 2791130 15 34 Nen 15.4% 3.8 31.9 0.5 16.0
3 M 256 865 22 40 Nen 16.5% 4.3 453 0.8 25.1
4 M 256 755 22 59 MM +BMF 4.4 33.6 0.5 15.8
5 F 33.0 1460 10 28 MM + BMF 4.6 353 0.4 12.4

GA gestational age; BW birth weight; AS age at surgery; Al age at isotope infusion; MM mother’s milk; NP1 nutrilon
premium 1 13.5% (Nutricia, Zoetermeer, the Netherlands); Nen nenatal (Nutricia); BMF breast milk fortifier 4.2% (Nutricia).
Parenteral intake: Primene 10% (Baxter, Utrecht, the Netherlands).

Isotope infusion protocol

The study was performed when the infants were clinically stable, i.e. 24 + 4 days fol-
lowing bowel resection, and received partial enteral nutrition. Then, a primed (10.5
pmol-kg), continuous 12-h infusion (10.5 pmol-kg'-h-") of [U-'3C]thr was administered
intravenously. Simultaneously, a primed (21 pmol-kg™), hourly bolus (21 pmol-kg'-h-")
of ["N]Jthr was administered via the nasogastric tube. At baseline, after 9 h, and 12 h
of tracer administration, blood samples were collected by heel stick. Blood was cen-
trifuged immediately and the plasma was stored at -80°C. Beginning at the start of the
isotope infusion, ileostomy outflow fluid samples were collected at 3-h intervals for 36
h for MUC2 isolation and stored at -80°C.

71

e}
—
[3]
-—
o
O
=
O




Chapter 5

Mucin MUC2 isolation

MUC?2 isolation was performed using a cesium chloride (CsCl) density gradient ultracen-
trifugation method combined with gravity gel filtration chromatography, as described in
detail previously® '7-°. Briefly, samples were homogenized and, after chemical reduc-
tion of the mucin disulfide bonds and carboxymethylation of the sulfhydryl groups,
mucins were purified by equilibrium ultracentrifugation (Beckmann Coulter, 50.2 Ti rotor
at 250,000 g for 72-88 h at 4°C) on a CsClI (Roche, Uppsala, Sweden) density gradient
of 1.40 g/mL. CsCl-gradient fractions were collected, dialyzed, and analyzed for the
presence of mucins. MUC2 containing fractions, i.e. fractions 3-6 identified by periodic
acid schiff?® positive bands after SDS-PAGE, had a buoyant density between 1.45 and
1.53 mg/mL. This corresponded to relatively high hexose levels in the MUC2 fractions
as determined by hexose assay according to Frangois et al.?! (Figure 1). MUC2 contain-
ing fractions were pooled, and further purified by gravity gel filtration chromatography
using a Sepharose CL-2B column. MUC2 samples were then extensively dialyzed,
analyzed for presence of MUC2 by Western blot, and stored freeze-dried at -20°C.
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Figure 1. Isolation and determination of porcine Muc2 in intestinal tissue.

Gray area represents periodic acid schiff 20 positive fractions 3-6 after ultracentrifugation. Closed line represents the
buoyant density of the fractions. Staggered line represents the hexose content of the fractions. Western blot analysis shows
positive bands for porcine MUC2 in colostrum (COL) and formula (FORM) fed piglets.

Porcine MUC2 DNA sequence analysis

To identify porcine MUC2 and further investigate its homology to human MUC2, we
used reverse transcriptase-polymerase chain reaction (RT-PCR) and sequence analysis
according to the method described previously??. Total RNA was isolated from colon
samples according to the manufacturer’s protocol (RNeasy midi RNA-isolation, Qiagen)
and transcribed into cDNA using reverse transcriptase. The final reaction condition was:
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2.5 pM pdN6/20 nM oligodT (mix of random hexamers), 200 uyM dNTP’s, 1 U/uL RNAsin,
8 U/puL mmLV. The entire RT reaction was performed as follows: 45 min at 37°C, then 15
min at 42°C, and was stopped at 94°C (5 min). This was followed by a PCR-reaction in
a total volume of 50 pL using 5 yLcDNA as template in combination with human MUC2
primers (Table 2). In one PCR- reaction primer P133-149 was used in combination with
P697-713 and P607-623 was used with P1144-1160. Final PCR-reaction conditions
were: 4mM MgCl,, 200 pM dNTP’s, Tag DNA polymerase, and 0.3 pmol of each primer
(forward and reverse). The PCR-reaction was carried out as follows: 5 min 95°C, and
30 cycles of 1 min 95 °C, 1 min 55°C and 1 min 72°C. After the last cycle a 10 min
extension step at 72°C followed. The resulting PCR-product was isolated after analysis
on a 1.2% agarose gel using Wizard SV Gel and PCR Clean-up System (Promega).
Then, BigDye terminator cycle sequencing was performed in a 3130x| Genetic analyzer
(Applied Biosystems). Sequencing reactions were prepared as follows: 3-5 ng of PCR-
product template, 3 pmol/uyL primer, Ready Reaction Primix and BigDye Sequencing
buffer. Amplification was over 25 cycles at 96°C for 10 seconds, 50°C for 5 seconds,
and 60°C for 4 minutes. The amplification products were ethanol precipitated for 10-15
minutes at room temperature, centrifuged at maximum speed for 20 minutes, washed
with 70% ethanol, and dried by opening the tubes to remove unincorporated dyes.
Then pellets were dissolved in HiDi-formamide and run on the sequence analyzer.

Table 2. Human MUC2 primer sequences used for RT-PCR on mRNA isolated from pig colonic
tissue.

Primers Primer sequences
P133-149 5.GTCTGCAGCACCTGGGG %
P697-713 5-GAGTGTGAGAGGCTGCT 3
Pe07 - 623 5. GGGAACATGCAGAAGAT 3
P1144-1160 5-TGTGTCTGTAACGCTGG 3

Mass spectrometry

Threonine enrichment analyses

Plasma samples were prepared to determine threonine enrichment by GC-MS as de-
scribed previously'” ?® with some modifications. As internal standard [2,3,4,4,4-D,"*N]
thr was used and an additional derivatization step was performed to block the free
hydroxyl group of threonine by adding 20 pL of pyridine and 50 pL of acetic anhydride
to the dried ethyl chloroformate derivatives. The samples were briefly shaken on a vor-
tex mixer and left for 60 min at 60 °C. After cooling down, the samples were dried under
a gentle nitrogen flow at room temperature and resuspended in 50 pL of ethyl acetate.
Standard curves were prepared by mixing aqueous solutions of natural and labeled
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threonine for both enrichment and concentration determination. GC-MS analyses were
performed in selective ion-monitoring mode (SIM) after electron impact ionization (El)
on a MSD 5975C Agilent GCMS (Agilent Technologies, Amstelveen, Netherlands). SIM
was carried out at m/z 146.1, 147.1, 149.1 and 152.1. Separation was achieved on
a VF17MS (30m x 0.25mm i.d., 0.25 um film thickness) fused-silica capillary column
(Varian, Middelburg, the Netherlands). Helium was used as a carrier gas at a constant
flow of 1.2 mL/min. The column was held at 55°C for 1 min, and then programmed at
30 °C/min to 160 °C, 5 °C/min to 200°C, and at 10°C/min to 300°C, with a 8-min hold.
Threonine enrichment was expressed in mole percent excess (MPE).

Determination of intestinal intracellular free threonine

Intestinal tissues from the distal SI were homogenized with ice cold water in a 100 mg/
mL concentration. The protein fraction was isolated as described previously?. Isotopic
enrichment and concentration of [U-*C]thr and ["*N]thr in the tissue amino acid free
pool was determined by GC-MS analysis of the acetyl-ethoxycarbonyl-ethylester using
El with a MSD 5975C Agilent GCMS as described before for plasma samples.

Mucin MUC2 synthesis

Dried MUC2 samples were hydrolyzed by adding 1 mL of 6 mol/L HCI and incubat-
ing at 110°C for 20 h. Dried hydrolysates (Speedvac Savant, Thermofisher, Breda, the
Netherlands) were dissolved in 0.2 mL MilliQ water and amino acids isolated by cation
exchange separation as described for the blood amino acid fraction. Enrichment of
[U-"3C]thr in MUC?2 isolates was determined using GCMS as described above.

Calculations and interpretation of threonine labeling.

The FSR of MUC2 is expressed as percentage of the total MUC2-pool newly synthe-
sized per day and calculated as follows'":

FSR = (SL-E [U-"*C]thr,

/ E [U-"C]thr )* 24 h * 100% )

MUC2 Plasma/TF:

where SL-E [U-*Clthr,, ., uG2
E [U-"Clthr,, ., is the isotopic enrichment of [U-'*C]thr incorporated into MUC2. In preterm
pigs, SL-E [U-*Clthr,, ., was determined from the slope of the increase of E [U-"*Clthr,, .,
at the time of euthanasia. E [U-"°Clthr,, ., at baseline was assumed to be 0 MPE. [U-"*C]thr

enrichment of the intracellular tissue free (TF) amino acid pool (E [U-"*C]thr, ) was used as

is the slope of the linear hourly increase of E [U-'®Clthr,, ., where

the precursor to calculate MUC2 FSR. For preterm infants, [U-3C]thr plasma enrichments
(E [U-"*C]thr,_.
samples for obvious ethical reasons. Similarly, in the following equations, plasma and tissue

) were used as the precursor pool because of the absence of intestinal

free (TF) precursor pools will be depicted as E thr, for neonates and piglets respectively.

Plasma/TF
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In the fed state, threonine can be derived from the diet, i.e. luminal uptake, or from the
systemic supply, i.e. basolateral uptake. The infusion of intravenous [U-*C]thr leads
to exclusive uptake from the basolateral side. During an intragastric ['*N]thr infusion,
the input of the label is from the luminal side but, after transport by the enterocyte into
the systemic pool, can also be derived from the basolateral side. Thus, by the end of
the dual-tracer infusion, there are two populations of labeled threonine molecules in
MUC2: [U-"3C]thr directly from the basolateral side, and [®*N]thr derived from both the
luminal and basolateral side. The enrichment of the ["*N]thr in MUC2 absorbed from
the basolateral side (E ["*N]thr,, ., 5/
plasma or tissue free [U-'3C]thr incorporated into MUC2 as precursor pool:

can be calculated by using the percentage of the

E ['N]thr = E [*N]thr * (E [U-"*Clthr,,, ., / E [U-*C]thr

MUC2-BL Plasma/TF MUC2 PIasma/TF) (2)

where E ["*N]thr,__ . is the enrichment of ["*N]thr in the plasma or tissue free (TF) pool,
E [U-*Clthr, ., is the enrichment of the [U-®*C]thr in MUC2, and E [U-"*Clthr,__ .
enrichment of the [U-'3C]thr tracer in the plasma or the tissue free (TF) pool.
Then, the proportion of threonine expressed as % absorbed basolaterally into MUC2
can be calculated by:

is the

Basolateral THR absorption (%) = (E ['*N]thr / E ["*N]thr, ) " 100% (3)

MUC2-BL Plasma/TF-B

where E ['*N]thr.

TF-BL
the basolateral side.

is the enrichment of the ['*N]thr tracer in the TF pool taken up from

Following, the enrichment of the [**N]thr in MUC2 absorbed from the luminal side (E

["*NJthr,, ... €an be calculated by:

E PsN]thrMUCZ-LUM =E [15N]thrMUC2 -E PSN]thrMUCZ-BL (4)

where E ['*N]thr,, ., is the total enrichment of the ["*N]thr tracer, i.e. from both the luminal
and basolateral side, in MUC2.

The proportion of threonine expressed as % absorbed luminally can then be calculated by:
Luminal THR absorption (%) = (E ['*N]thr

/ E ['N]thr ) * 100% )

MUC2-LUM DIET/TF-LUM:

where the enrichment of the [*®*N]thr tracer in the diet (E[**N]thr
in the infants, and the enrichment of the [**N]thr tracer in the TF pool taken up from the

oier) 1S used as a precursor
luminal side is used as precursor for the piglets. From the rate of the dietary threonine
intake of the patients during the isotope infusion and the rate of the intragastric ["*N]thr

administration, E['*N]thr, _. was calculated.

DIET
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Statistics

Minitab statistical software (Minitab, State College, PA) was used for statistical analysis.
Data were analyzed by one-way ANOVA - General Linear Model. Data are presented as
the mean + SEM and P < 0.05 was considered statistically significant.

Results

Porcine MUC2

Isolated pig MUC2 showed high similarity to MUC2 found in human preterm infants with
respect to its buoyant density, molecular weight, PAS stainability, and hexose content'”
9, Specifically, pig MUC2 has a buoyant density between 1.45 and 1.53 mg/mL, has a
relative high molecular weight, is visible with PAS on SDS-PAGE (not shown), and con-
tained relatively high amounts of hexose (Figure 1). Recognition of the purified porcine
MUC2 samples by western blotting with anti-HCM, i.e. an antibody specific for human
MUC222, suggested high homology between porcine and human MUC2 (Figure 1).
Overlapping parts of pig MUC2 cDNA were cloned by RT-PCR on pig ileal mRNA fol-
lowing the strategy as shown in Figure 2. Pig MUCZ2 cDNA sequences were amplified,
sequenced and combined to one fragment of 1028 bp, which showed 85% homology
to human MUC2 cDNA. This 1028 bp fragment was found to encode a fragment of 342
amino acids of the N-terminus of pig MUC2, which showed 81% homology to human
MUC?2 (Figure 3).

hMUC2: 133 GTCTGCAGCA CCTGGGGCAA CTTCCACTAC AAGACCTTCG ACGGGGACGT
pMUC2: GTCTGCAGCA CCTGGGGCGA CTTCCACTAC AAGACCTTCG ACGGCGACGT
hMUC2: 183 CTTCCGCTTC CCCGGCCTCT GCGACTACAA CTTCGCCTCC GACTGCCGAG
pMUC2: CTTCCGCTTC CCGGGCCTGT GCGACTACAA CTTCGCCTCC GACTGCCGGG
hMUC2: 233 GCTCCTACAA GGAATTTGCT GTGCACCTGA AGCGGGGTCC GGGCCAGGCT
pMUC2: ACGCCTACAA GGAGTTCGCT GTGCACCTGA GACGGGGCCC CGGCGGCAGT
hMUC2: 283 GAGGCCCCCG CCGGGGTGGA GTCCATCCTG CTGACCATCA AGGATGACAC
pMUC2: GGGGGCCCCT CCCAGGTCGA GTACATCCTG CTGACGGTCA AGGATGACAC
hMUC2: 333 CATCTACCTC ACCCGCCACC TGGCTGTGCT TAACGGGGCC GTGGTCAGCA
pMUC2: CATCTACCTC ACTCAGCAGC TGGTCGTGGT GAACGGGGCC ATGGTCAGCA
hMUC2: 383 CCCCGCACTA CAGCCCCGGG CTGCTCATTG AGAAGAGCGA TGCCTACACC

pMUC2: CCCCGCACTATAGCCCGGGG CTGCTCATTG AGAGGAGTGC CGTCTACACC
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AAAGTCTACT CCCGCGCCGG CCTCACCCTC ATGTGGAACC GGGAGGATGC
AAGGTCTATT CCCGAGCTGG CCTTGCTCTC GTGTGGAACA GAGAGGACTC

ACTCATGCTG GAGCTGGACA CTAAGTTCCG GAACCACACC TGTGGCCTCT
GGTCATGCTG GAGCTGGACA GTAAGTTCCA GAACCACACG TGTGGCCTCT

GCGGGGACTA CAACGGCCTG CAGAGCTATT CAGAATTCCT CTCTGACGGC
GCGGAGACTA CAACGGCCTG CAGACCTACT CAGAGTTCCT CTCGGAGGGC

GTGCTCTTCA GTCCCCTGGA GTTTGGGAAC ATGCAGAAGA TCAACCAGCC
ATCCCCTTCA GCCCCTTGGA GTTCGGGAAC ATGCAGAAGA TCAACAAGCC

CGATGTGGTG TGTGAGGATC CCGAGGAGGA GGTGGCCCCC GCATCCTGCT
CGAGGAGAAG TGTGACGACC CCGAGGAGGC ACAGGCCAAG CTGTCCTGCT

CCGAGCACCG CGCCGAGTGT GAGAGGCTGC TGACCGCCGA GGCCTTCGCG
CTGAGCACCG CGCCGAGTGC GAGAGGCTGC TGACGGACGT GGCCTTCGAG

GACTGTCAGG ACCTGGTGCC GCTGGAGCCG TATCTGCGCG CCTGCCAGCA
GACTGCCAGG GGCTGGTGCC ACTGGAGCTG TACGTGCAGG CCTGCGTGCA

GGACCGCTGC CGGTGCCCGG GCGGTGACAC CTGCGTCTGC AGCACCGTGG
GGACCGCTGT CAGTGCCCGC AGGGCACCTC CTGCGTCTGC AGCACGATCG

CCGAGTTCTC CCGCCAGTGC TCCCACGCCG GCGGCCGGCC CGGGAACTGG
CCGAGTTCTC CCGCCAGTGC TCCCACGCCG GTGGGCGGCC TGGGAACTGG

AGGACCGCCA CGCTCTGCCC CAAGACCTGC CCCGGGAACCTGGTGTACCT
AGGACCGCCA AGCTCTGCCC TAAGAGCTGC CCTGGGAACA TGGTTTACCT

GGAGAGCGGC TCGCCCTGCA TGGACACCTG CTCACACCTG GAGGTGAGCA
GGAGAGCAGC TCGCCCTGCG TGGACACCTG CTCGCACCTG GAGGTCAGCA

GCCTGTGCGA GGAGCACCGC ATGGACGGCT GTTTCTGCCC AGAAGGCACC
GCCTGTGCGA GGAACACCGC ATGGATGGCT GTTTCTGCCC AGAAGGCACT

GTATATGACG ACATCGGGGA CAGTGGCTGC GTTCCTGTGA GCCAGTGCCA
GTGTATGATG ACATCGCGGG CAGAGGCTGC ATCCCCGTGA GCCAGTGTCA

CTGCAGGCTG CACGGACACC TGTACACACC GGGCCAGGAG ATCACCAATG
CTGCAAGCTG CACGGGCACC AGTATGCGCC CGGCCAGCAG GTCACCAACA

ACTGCGAGCA GTGTGTCTGT AACGCTGG
ACTGCGAGCA ATGTGTCTGT AACGCTGG

Figure 2. Part of the 5’ cDNA sequence of porcine MUC2, and sequence comparison with human

MuC2.

The sequence of the 1028 bp-long 5’ part of porcine MUC2 (pMUC?2) is aligned to the 5’ sequence of human MUC2
(hMUC2). The pMUC2 sequence is for 85% identical to h(MUC2. Mismatches are indicated in bold script in the pMUC2
sequence. Underlined sequences correspond with sequences of primers designed on human MUC2 cDNA sequences that
were used to amplify porcine MUC2 cDNA.
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hMUC2: 36 VCSTWGNFHYKTFDGDVFRFPGLCDYNFASDCRGSYKEFAVHLKRGPGQA
pMUC2: VCSTWGDFHYKTFDGDVFRFPGLCDYNFASDCRDGYKEFAVHLRRGPGGS

hMUC2: 86 EAPAGVESILLTIKDDTIYLTRHLAVLNGAVVSTPHYSPGLLIEKSDAYT
pMUC2: GGPSQVEYILLTVKDDTIYLTQQLVVVNGAMVSTPHYSPGLLIERSAVYT

hMUC2: 136 KVYSRAGLTLMWNREDALMLELDTKFRNHTCGLCGDYNGLQSYSEFLSDG
pMUC2: KVYSRAGLALVWNREDSVMLELDTKFQNHTCGLCGDYNGLQTYSEFLSEG

hMUC2: 186 VLFSPLEFGNMQKINQPDVVCEDPEEEVAPASCSEHRAECERLLTAEAFA
pMUC2: IPFSPLEFGNMQKINKPEEKCDDPEEAQAKLSCSEHRAECERLLTDVAFE

hMUC2: 236 DCQDLVPLEPYLRACQQDRCRCPGGDTCVCSTVAEFSRQCSHAGGRPGNW
pMUC2: DCQGLVPLELYVQACVQDRCQCPQGTSCVCSTIAEFSRQCSHAGGRPGNW

hMUC?2: 286 RTATLCPKTCPGNLVYLESGSPCMDTCSHLEVSSLCEEHRMDGCFCPEGT
pMUC2: RTAKLCPKSCPGNMVYLESSSPCVDTCSHLEVSSLCEEHRMDGCFCPEGT

hMUC?2: 336 VYDDIGDSGCVVSQCHCRLHGHLYTPGQEITNDCEQCVCNAG
pMUC2: VYDDIAGRGCIVSQCHCKLHGHQYAPGQQVTNNCEQCVCNAG

Figure 3. Part of the N-terminal amino acid sequence of porcine MUC2, and sequence
comparison with human MUC2.

The sequence of the 342 amino acidslong N-erminal part of the porcine MUC2 (pMUC2) polypeptide fragment is aligned to
the N-terminal sequence of human MUC2 (hMUC?2). The pMUC2 sequence is for 81% identical to h(MUC2. Mismatches are
indicated in bold script in the pMUC2 sequence.

Preterm pigs

Body and organ weights

As shown in Table 3 there was no difference in birth weight between FORM and COL
piglets. Weight gain was lower in FORM pigs compared to COL pigs. No difference was
observed between FORM and COL pigs with respect to the length or wet mass weights
of the small intestine. The percentage of mucosa weight to intestinal weight was also
not different between groups.

Table 3. Body and organ weights in preterm pigs fed formula or colostrum’

COLOSTRUM FORMULA P
Birth weight, g 871 +47.3 805 + 46.7 0.2
Final body weight, g 941 + 49.7 832 +54.4 0.1
Weight gain, g-kg'-d" 200z 1.7 8.4+6.2 0.2
Small intestinal length, cm/kg body wt 305+ 12.7 362+17.4 0.05
Small infestinal weight, g/kg body wt 29.8+0.8 325+1.8 0.3
Mucosa dry weight, % 69.5+2.8 67.5+47 0.4

“Values are presented as means + SEM; n=6/group

Threonine tracer kinetics
One pig in the FORM group was excluded from isotopic analyses because of infusion
failure of the tracer. Enrichments of both ['*N]thr and [U-'3C]thr were measured in the
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plasma (steady state), in the intracellular free pool of the distal S, and in purified MUC2
samples derived from the distal Sl (Table 4). In FORM piglets, 60 + 6.8 % of threonine
in MUC2 was absorbed from the basolateral side and 40 + 6.8 % was absorbed from
the luminal side (Figure 4). In COL piglets opposite results were obtained; 41 + 4.3 % of
dietary threonine in MUC2 was absorbed from the basolateral side and 59 + 4.3 % was
absorbed from the luminal side (Figure 4). MUC2 FSR, representing the percentage of
newly synthesized MUC2 per day in the distal SI, was relatively high, and was lower in
FORM pigs (121 + 17 %/d) compared to COL pigs (177 + 17 %/d) (Figure 5).

Table 4. Threonine kinetics in piglets fed colostrum or formula’

COLOSTRUM FORMULA
E ['*NJthrDIET [MPE) 11.039 11.804
E ['*N]thrPlasma (MPE] 5.9+0.30 5.7 +0.53
E [U"*C]thrPlasma (MPE) 13+0.85 9.8+0.97
E ['SNJthTF (MPE) 1.5+0.10 52+15
E [U'SC]thrTF (MPE) 1.7 £ 0.07 3.9:025
E ['*N]thrMuc2 (MPE] 1.2+0.10 1.7 + 0.46
E [U"C]thrMuc2 [MPE) 1.1£0.09 1.7 +0.24
Muc2 FSR (%/d) 177 £ 17.1 121+ 167

“Values are presented as means + SEM; COLOSTRUM n=5; FORMULA n=6.
T Muc2 FSR COLOSTRUM vs. FORMULA P = 0.047.

THR threonine; MPE mole percent excess; FSR fractional synthesis rate.

1004

80+

60+

40-

% of threonine

20+

0+

coL FORM INFANTS
Figure 4. Percentage of luminal and basolateral threonine absorption for MUC2 synthesis in
preterm pigs fed colostrum (COL) or formula (FORM) and preterm infants.
Black bars represents luminal absorption of threonine and white bars remaining basolateral absorption of threonine
incorporated into MUC2.

Preterm infants

Enrichments of both ['*N]thr and [U-'3C]thr were measured in the plasma at steady state
and in purified MUC2 samples from the ileal outflow fluid (Table 5). In preterm infants, 91
% of the dietary threonine in MUC2 was absorbed from the basolateral side, whereas
9 % was absorbed from the luminal side (Figure 4). The mean MUC2 FSR in the ileum
was 108 + 17 %/d (Figure 5, Table 5).
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Figure 5. MUC2 FSR expressed as percentage of newly synthesized MUC2 per day in preterm
pigs fed either colostrum (COL) or formula (FORM), and in preterm infants.

Table 5. Threonine kinetics in preterm infants.

Patients 1 2 3 4 5
Enteral threonine intake (pmol-kg'-h") 10.1 31.9 45.3 33.6 353
E ['>N]thrDIET (MPE) 40.0 56.7 45.6 57.1 62.8
E ["*N]thrPlasma (MPE) 9.0 7.9 7.2 7.6 5.5
E [U'3C]thrPlasma (MPE) 3.8 4.2 3.1 3.3 3.1
E ["*N]thrMuc2 (MPE) 7.9 5.1 4.1 3.3 4.2
E [U"*C]thrMuc2 (MPE) 1.9 1.4 1.6 0.9 1.1
Muc2 FSR (%/d) 147 76 144 61 114

THR threonine; MPE mole percent excess; FSR fractional synthesis rate

Discussion

Threonine is important for mucosal protein and mucin synthesis to provide epithe-
lial protection. The preferential site of threonine uptake, i.e. basolateral or luminal, for
mucin synthesis has implications for nutritional therapy in the preterm infant since
disruption of the mucus layer increases the risk of NEC. We studied the preferential
site of threonine absorption for MUC2 synthesis in partially enterally fed preterm infants
and in colostrum or formula-fed preterm pigs. First, we showed by two independent
techniques that porcine MUC2 is expressed in the ileum, and that it is 81% homologous
to human MUC2. Second, our results show that threonine from both the basolateral
and luminal side is used for MUC2 synthesis in preterm pigs and infants. Under these
conditions, luminal threonine uptake for MUC2 synthesis and MUC2 synthesis rate
was higher in preterm pigs than in partially enterally fed preterm infants. Furthermore,
colostrum feeding in preterm pigs stimulated threonine uptake from the luminal side,
and increased MUC?2 fractional synthesis rate compared to formula feeding.

In both preterm pigs and preterm infants, threonine was taken up for MUC2 synthe-
sis from both the arterial and luminal side. Uptake of both systemically and enterally
derived nutrients for synthesis of peptides such as glutathione has been described
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before?*. However, mucin producing goblet cells are secretory cells and according
to present day knowledge not designed for nutrient uptake. Amino acids in the small
intestinal lumen are actively absorbed across the apical enterocyte membranes?. The
major apical neutral amino acid transporter is B°AT1 and transports all neutral amino
acids including threonine, albeit to a varying extent?. The apical ASCT2 transporter
has a higher affinity for small neutral amino acids such as threonine?. However, it is
unknown whether goblet cells exhibit these transporters on their apical membrane.
Studies performed on human and murine tissues have shown that goblet cells do not
exhibit the PEPT1 transporter responsible for peptide transport on their apical mem-
brane?-2%, Based on all these data, it is not likely that goblet cells transport amino
acids via the apical membrane. Hence, the uptake of threonine coming directly from the
luminal side might come from inter- or paracellular trafficking between enterocytes and
goblet cells. It is argued that paracellular transport becomes highly significant at high
substrate concentration?®. At the mucosal surface high amino acid concentrations are
present due to local peptidases. However, future studies are warranted to elucidate the
detailed mechanisms regulating uptake of threonine from the luminal side. Transporters
4F2/LAT2 and SNAT2 are responsible for basolateral uptake of neutral amino acids?®.
Interestingly, the transporter is upregulated by amino acid depletion and is likely to
provide amino acids to intestinal epithelial cells, when recruiting few amino acids from
the lumen®. Whether this takes place at the basolateral membrane of the goblet cells
remains to be investigated as well.

Luminal threonine uptake, as a percentage of the enteral intake, and MUC2 synthesis in
preterm infants was lower compared to that observed in preterm pigs. Preterm infants
were only partially enterally fed, after receiving full TPN for some time after intestinal
surgery, which might have impacted luminal threonine uptake. In piglets receiving TPN,
the first pass splanchnic uptake is bypassed, and gut atrophy occurs that is likely
to result in diminished gastro-intestinal requirements®'-2. This is consistent with the
finding that whole body threonine requirements of neonatal piglets receiving TPN is
considerably lower than that of piglets receiving an identical diet intragastrically®.
Interestingly, decreased luminal threonine concentrations negatively affected mucin
synthesis in piglets™. Therefore, in preterm infants the lower luminal threonine uptake
might have resulted in the reduced MUC2 synthesis rates observed. Consequently, it
is possible that parenteral nutrition, by restricting the supply of enteral threonine, might
severely restrict MUC2 synthesis, causing deterioration of gut barrier function. If so, it
is possible that, under circumstances of TPN, the provision of additional threonine via
the intestine as a factor in trophic feeding, might provide significant functional benefit
to the preterm infant at risk for NEC.
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Our finding that porcine MUC?2 is highly homologous to human MUC2, provides the
opportunity to study human MUC2 synthesis and regulation by nutritional factors in

an animal model. Our preterm pig model shows that, besides the route of nutrition,

type of enteral nutrition, i.e. colostrum or formula, impacts luminal threonine uptake for
MUC2 synthesis. MUC2 synthesis rate was higher in colostrum fed piglets, and was
accompanied by a higher luminal threonine uptake. Alternatively, luminal threonine
concentrations are known to stimulate mucin synthesis but were in the same range for
colostrum and formula fed piglets'®. Therefore, the mechanism for these effects might
be indirectly regulated by colostral growth factors and immunoglobulins stimulating
mucosal growth, or directly by stimulation of intestinal metabolic pathways. Colostrum
feeding in preterm pigs has shown to decrease NEC incidence by stimulation of gut
maturation, nutrient absorption, and protection against colonization, in which adequate
threonine supply and hence stimulation of MUC2 synthesis might play an important
role'® 34,

The difference in luminal threonine uptake and MUC2 synthesis between colostrum and
formula fed piglets, could not be observed between the preterm infants fed formula or
their own mothers’ milk. However, the sample size was very limited and therefore there
was a lack of power to detect any effect. Furthermore, patients were still recovering
from intestinal disease and surgery, and were not on full enteral feeds, and hence might
not resemble physiological MUC2 synthesis. However, the isotope infusion protocol
had to be performed before removal of the (central) venous catheters required for the
isotope infusion, according to our NICU guidelines when close to full enteral intake was
reached.

The isotopic data from our experiments suggest that there is threonine uptake from
both the luminal and basolateral side for MUC2 synthesis. Furthermore, both luminal
threonine uptake and MUC2 synthesis seem to be influenced by the amount and type
of enteral nutrition. Firstly, luminal threonine uptake and MUC2 synthesis was low in
partially enterally fed preterm infants. Therefore, restriction of enteral threonine might
diminish MUC2 synthesis, and might cause the deterioration of gut barrier function that
occurs when nutrients are supplied predominantly by the parenteral route. Hence, pro-
vision of threonine via the intestine during TPN administration might provide significant
functional benefit to the preterm infant at risk for NEC. Secondly, type of enteral feeding,
i.e. colostrum feeding, enhances luminal threonine uptake and MUC2 synthesis when
compared to formula feeding. Thus, the beneficial effect of human or own mother’s milk
on prevention of NEC in the preterm infant might not only reside in the direct effect of
immune- and growth factors, but also indirectly by stimulation of nutrient uptake, and
in this case luminal threonine uptake to enhance the MUC2 synthesis necessary for
adequate gut barrier function.
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Abstract

SCFAs (short-chain fatty acids), fermentation products of bacteria, influence epithelial-
specific gene expression. We hypothesize that SCFAs affect goblet-cell-specific mucin
MUC?2 expression and thereby alter epithelial protection. In the present study, our aim
was to investigate the mechanisms that regulate butyrate-mediated effects on MUC2
synthesis. Human goblet cell-like LS174T cells were treated with SCFAs, after which
MUC2 mRNA levels and stability, and MUC2 protein expression were analysed. SCFA-
responsive regions and cis-elements within the MUC2 promoter were identified by
transfection and gel-shift assays. The effects of butyrate on histone H3/H4 status at
the MUC2 promoter were established by chromatin immune precipitation. Butyrate (at
1 mM), as well as propionate, induced an increase in MUC2 mRNA levels. MUC2 mRNA
levels returned to basal levels after incubation with 5-15 mM butyrate. Interestingly, this
decrease was not due to loss of RNA stability. In contrast, at concentrations of 5-15
mM propionate, MUC2 mRNA levels remained increased. Promoter-regulation studies
revealed an active butyrate-responsive region at —-947/-371 within the MUC2 promoter.
In this region we identified an active AP1 (c-Fos/c-Jun) cis - element at —-818/-808
that mediates butyrate induced activation of the promoter. Finally, MUC2 regulation by
butyrate at 10-15 mM was associated with increased acetylation of histone H3 and H4
and methylation of H3 at the MUC2 promoter. In conclusion, 1 mM butyrate and 1-15
mM propionate increase MUC2 expression. The effects of butyrate on MUC2 mRNA
are mediated via AP-1 and acetylation/methylation of histones at the MUC2 promoter.
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Introduction

Short chain fatty acids (SCFAs) are produced by fermentation of undigested carbo-
hydrates. SCFAs, and more specifically acetate, propionate and butyrate, are the
major anions in the lumen of the large intestine. Several functions of SCFAs have been
described, i.e. lowering intestinal pH, energy-source for colonocytes, stimulation of
colonic blood flow, smooth muscle contraction, transepithelial chloride secretion and
exertion of proliferative stimuli of colonic epithelial cells’. It is known that dietary fibers
and SCFA have beneficial effects in inflammatory bowel disease (IBD), e.g. by inhibition
of proinflammatory cytokine-induced NFkB activation and absorption of sodium and
water?*. In addition, SCFAs and especially butyrate are known to influence intestinal
specific gene expression, thereby influencing immune responses and oxidative and
metabolic stress®®.

The composition of SCFAs in the intestine is determined by the composition of the mi-
crobiota, which in its turn is influenced by the diet. For example, prebiotics selectively
stimulate the growth, and or, activity of bifidobacteria and thereby influence the SCFA
composition™®.

Moreover, in human milk-fed infants the large bowel is generally dominated by bifido-
bacteria and lactic acid bacteria. The flora of formula-fed infants on the other hand,
is more diverse, less stable and often contains more Bacteroides, Clostridium and
Enterobactericeae''*. This difference in the composition of the microbiota results in
a different SCFA composition between human milk-fed and formula-fed infants. It is
well known that the ratio between the SCFAs butyrate, propionate, and acetate differ in
breast-fed infants compared to formula-fed infants (i.e. 2:6:90 in human milk fed infants
versus 5:20:70 in formula fed infants)'®. Based on the fact that more than 90% of the
infants who develop necrotizing enterocolitis (NEC), which is the most common gastro-
intestinal emergency in premature infants, have received formula feeding, as opposed
to human milk solely, one could suggest that the production of SCFAs by bacteria
and the composition of SCFAs in the intestine might play a role in the pathogenesis of
NEC. Altered fecal concentrations of butyrate have also been reported in patients with
ulcerative colitis (UC). In addition, a diminished capacity of the intestinal mucosa to
oxidize butyrate has been reported in patients with active UC'6-'8,

Both UC and NEC share the feature of an impaired intestinal barrier function. Mucins
are required for the maintenance of an adequate mucus layer that covers the intestinal
epithelium and thereby forms a physical barrier that protects the intestinal epithelium
against toxic agents. The mucin MUC2 is the predominant mucin in the colon and
MUC?2 synthesis is diminished in UC'®2° and presumably also NEC.

It has been shown in cell line studies, experimental animal models and fresh human
intestinal tissue specimens, that butyrate alters MUC2 expression in a dose dependent
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manner?'-25, However, the mechanisms that are responsible for these alterations have
not been studied in detail so far.

In the present study, we investigated the role of increasing concentrations of butyr-
ate, as well as acetate and propionate on MUC2 expression in LS174T cells, a human
goblet cell-like cell line. Furthermore, The effects of butyrate on MUC2 expression were
respectively studied at the promoter, mMRNA and protein levels. We identified butyrate-
responsive regions and cis-elements within the MUC2 promoter and determined the
effects of butyrate treatment on histone H3 and H4 status at the MUC2 promoter.

Experimental

Cell culture

The LS174T colonic cancer cell line was cultured in a 37 °C incubator with 10% CO2
in Dulbecco’s modified Eagle’s minimal essential medium supplemented with non-
essential amino acids and 10% foetal calf serum (Boehringer Mannheim) as before?.

Cell proliferation assay and morphological alterations

LS174T cells (2 x 105) were pre-cultured in 24-well plates overnight to allow them to
adhere. Subsequently cells were stimulated with physiological concentrations of butyr-
ate (0, 1, 5, or 10 mM) (sodium butyrate, Sigma-Aldrich, Steinheim, Germany) diluted
in cell culture medium for 24 h. After removal of the culture medium, cells were treated
with trypsin—-EDTA solution and counted. All experiments were performed in triplicate
in at least three separate experiments. In addition, cell proliferation and cell death were
determined using the WST-I (WST-I proliferation agent, Roche Molecular Biochemicals,
Germany) and trypan blue exclusion assays, respectively. Further, butyrate-induced
morphological changes were studied microscopically.

Quantitative real- time PCR

LS174T cells were seeded in 6-well plates at 0.5x106 cells/well. Cells were incubated 16
hours after seeding with either a low (1mM), moderate (5 mM) or high (10 and 15 mM)
concentration of butyrate, acetate or propionate (Sigma-Aldrich, Steinheim, Germany).
After 24 hours of stimulation, cells were lysed and harvested. Total RNA was prepared
using the Nucleospin RNA II-kit from Macherey-Nagel. 1.5 ug of total RNA was used to
prepare cDNA. The mRNA expression levels of MUC2 as well as the housekeeping gene
GAPDH were quantified using real-time PCR (gRT-PCR) analysis (TAQman chemistry)
based upon the intercalation of SYBR Green on an ABI prism 7900 HT Fast Real Time
PCR system (PE Applied Biosystems) as previously described?’. The primer combina-
tions for MUC2 (5’-CTC CGC ATG AGT GTG AGT -3’, and 5’-TAG CAG CCA CAC TTG

88



Effect of short chain fatty acids on MUC2 synthesis

TCT G -3’) and GAPDH (5’-GTC GGA GTC AAC GGA TT -3’, and 5’-AAG CTT CCC GTT
CTC AG -3’) were designed using OLIGO 6.22 software (Molecular Biology Insights) and
purchased from Invitrogen. The effect of butyrate on MUC2 transcription and de novo
protein synthesis was respectively studied by co-incubating cells with butyrate and
either actinomycin D (0.5 ug/ml) or cycloheximide (10 ug/ml) (Sigma-Aldrich, Steinheim,
Germany). gRT-PCR was performed as described above.

RNA stability assay

LS174T cells were seeded at 1x106 cells/well in a 6-well cluster 24h prior to the experi-
ment. At t=0, the cells were treated with either 0 mM or 5 mM butyrate in combination
with 4 ug/ml actinomycin D (Sigma-Aldrich, Steinheim, Germany). Cells were harvested
after 0, 4, 6, 8, 10 and 24 h of butyrate/actinomycin D treatment. RNA isolation, cDNA
synthesis and gRT-PCR were performed as mentioned above. To verify the amplification
efficiency as well as the amount of mRNA present in the treated cells, a serial dilution of
cDNA derived from non-treated LS174T cells was amplified in duplicate on each plate.

Cell transfections

pGL3-MUC2 promoter constructs covering the -371/+27, -947/-1, -2096/+27 and
-2627/-1 regions of MUC2 promoter were previously described27. The AP-1-Luc re-
porter construct was a kind gift from Dr Avery (Pennsylvania State University, USA).
LS174T cells were seeded at 2.0 x 105/well in 24-well plates. Transfections and co-
transfections were performed the next day by adding 0.25 pg of the pGL3 construct of
interest and 0.15 pg of phRG-B as an internal control. Transfection and co-transfection
experiments were performed using Effectene® reagent (Qiagen) as described previ-
ously®. Cells were incubated with the transfection mixture for 24 h at 37 °C. Stimulation
with variable dosage of butyrate was performed during 24 h. Total cell extracts were
prepared using 1x passive lysis buffer (Promega), as described in the manufacturer’s
instruction manual. 10 pl of cell extract was used to determine luciferase activity in
a Glomax luminescence counter (Promega) using the dual luciferase assay system
(Promega). The luciferase activity is expressed as fold induction of the nonstimulated
sample compared with that of the SCFA-stimulated samples, after correction for trans-
fection efficiency as measured by the Renilla luciferase activity. All experiments were
performed in triplicate in at least three separate experiments.

Site-directed mutagenesis

The consensus AP-1 site (ATGAGTCAGA) found in the MUC2 promoter at -817/-808 was
mutated using the QuickChange site-directed mutagenesis kit (Stratagene) according to
the manufacturer’s instructions. The sequence of the oligonucleotides used to mutate
the AP-1 site are depicted in table 1. The mutation was confirmed by DNA sequencing.
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Table 1. Sequences of the sense oligonucleotides used for site-directed mutagenesis and EMSA.

Mutations Sequence 5'—3’

Site directed mutagenesis

WT 114 (-830/-795) CAG GAT CCC CAC CAT GAG TCA GAG GTA GTT CTG GGG

Mutated T114 CAG GAT CCC CAC CAG GAG CCA GAG GTA GTT CTG GGG
EMSA

T282 (-822/-804) CCA CCATGA GTC AGA GGT A

Mutated T282 CCA CCATIA GTG AGA GGT A

AP-1 consensus sequence is italicized. Mutated nucleotides are bold and underlined. Antisense oligonucleotides were also
synthesized and annealed to the sense oligonucleotide to produce double-stranded DNA.

Electrophoretic mobility shift assay (EMSA)

Nuclear extracts from LS174T cells, untreated or treated with butyrate were prepared
as described before?, quantified using the bicinchoninic acid assay (Pierce, Perbio
Science, Brebiéres, France) and stored at -80°C. Oligonucleotides were synthesized
by MWG-Biotech (Germany), sequences are shown in Table 1. Annealed oligonucle-
otides were radiolabeled using T4 polynucleotide kinase (Promega) and [y32P]-dATP
(GE Healthcare) and purified by chromatography on a Bio-Gel P-6 column (Bio-Rad,
Marnes-la-Coquette, France). Nuclear protein incubation with radiolabeled probes and
competitions with unlabeled probes were as described in Perrais et al.?%. For super-shift
analyses, 2 pl of the antibody of interest [anti-c-fos (K-25, SC-253X) and anti-c-jun (SC-
44X), Santa-Cruz laboratories, Tebu-Bio, Le-Perray-en-Yvelines, France, were added to
the proteins and left for 1 h at room temperature (22°C) before adding the radiolabeled
probe. Electrophoresis conditions and gel processing were as described before?.

Western Blotting

Nuclear proteins (10 pg) were separated by running a 10% SDS-polyacrylamide gel
electrophoresis, followed by electrotransfer onto a 0.45 pm PVDF membrane (Milli-
pore, Saint-Quentin en Yvelines, France). The membranes were incubated either with
specific antibodies against c-fos (sc-253, 1:10,000) or c-jun (sc-44, 1:5,000) (Santa
Cruz laboratories) for 1 h at room temperature, or with specific antibodies against
histone H3 (anti-acetylated lysine, mono-/di-/trimethylated lysine 4) and histone H4
(anti-acetylated lysine) (Upstate #06-599 (1:10,000 dilution), #05-791 (1:10,000 dilution)
and #06-598 (1:1,000 dilution), respectively for 2 h at room temperature. Secondary
antibodies used were horseradish peroxidase-conjugated anti-rabbit IgGs (Pierce).
For detection, blots were processed with West® Pico chemiluminescent substrate
(Pierce) and the signal was detected by exposing the processed blots to HyperfilmTM
ECL® (enhanced chemiluminescence; Amersham Biosciences). For Sp1 detection, the
membranes were incubated 1 h at room temperature with anti-Sp1 antibody (sc-59,
1:10,000, Santa Cruz laboratories) and alkaline phosphatase-conjugated anti-goat IgGs
(Promega) as secondary antibody. For detection, the membrane was incubated with
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Nitro Blue Tetrazolium Chloride and 5-bromo-4-chloro-3-indolyl phosphate substrate
(Life Technologies, Cergy-Pontoise, France)?®.

Immunocytochemistry

LS174T cells were grown on poly-L-Lysine coated microscope glass slides 24 h prior to
butyrate treatment. Cells were treated with 0, 1, 2, 5 and 10 mM butyrate for 24h. Cells
were fixed in ice-cold methanol at —20°C for 10 min and rinsed in phosphate-buffered
saline (PBS). The MUC2 mucin expression was determined by immunocytochemistry.
For this purpose, cells were incubated for 60 min at room temperature with the mono-
clonal MUC2 antibody (WE9)* diluted in PBS (1:200), rinsed four times with PBS, and
incubated at room temperature for 60 min with the biotinylated horse-anti-mouse anti-
body (Vector) diluted in PBS (1:1000), followed by 1h incubation with ABC-PO complex
(Vectastain Elite Kit, Vector laboratories), each component diluted 1:400 in PBS. After
incubation, binding was visualized using 0.5mg/ml 3,3’-diaminobenzidine (DAB), 0.02%
v/v H202 in 30mM Immidazole, 1 mM EDTA (pH7.0). The slides were counterstained
with hematoxylin.

Chromatin Immunoprecipitation (ChIP)

Cells untreated or treated with butyrate (10x106) were fixed in 1% (v/v) formaldehyde
and chromatin was sonicated and immunoprecipitated as described in Piessen et al.?'
with either 5 pg of specific antibodies against histone H3 (anti-acetylated lysine, mono-/
di-/trimethylated lysine 4, methylated lysine 9 and trimethylated lysine 27) and histone
H4 (anti-acetylated lysine) (Upstate) or with normal rabbit IgGs (Upstate) at 4°C. Im-
munoprecipitated chromatin (50 ng) was then used as a template for PCR using the
following pairs of primers: forward primer1: 5’-TTGGCATTCAGGCTACAGGG-3’ and
reverse primer1: 5° GGCTGGCAGGGGCGGTG-3’, covering the -236/+24 region of
MUC2 promoter. PCR was performed using AmpliTag Gold polymerase as described
by Piessen et al.3'. PCR products (15 pl) were separated on a 2% (w/v) agarose gel
containing ethidium bromide run in 1X TBE [Tris/borate/EDTA (1xTBE=45 mM Tris/
borate and 1 mM EDTA)] buffer.

Statistical analysis
All values in this article are mean values + standard deviation (SD).
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Results

Butyrate affects cell morphology and proliferation

SCFAs are known to affect epithelial proliferation, differentiation, apoptosis, and gene
expression. Butyrate is, compared to acetate and propionate, the most effective SCFA
in inducing alterations in these processes. Therefore, we first analyzed the effects
of various concentrations of butyrate on morphology, proliferation and apoptosis of
LS174T cells. Butyrate induced marked changes in morphology, which are character-
ized by elongation/stretching of the cells (Fig. 1A). Furthermore, butyrate treatment
inhibited the proliferation of the LS174T cells in a dose-dependent manner, as reflected
by a decrease in cell number upon butyrate treatment (Fig. 1B). These data were con-
firmed by WST-1 cell proliferation assays (data not shown). Finally, none of the butyrate
concentrations (1-10 mM) used in this study induced cell death of LS174T cells, as
determined by trypan-blue exclusion assays and analysis of cell morphology.
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Figure 1. Butyrate affects cell morphology and proliferation

(A) LS174T cells stimulated with 1, 5 or 10 mM butyrate (right panel) demonstrate stretching/ elongation and flattening
compared to untreated cells (left panel). (B) Cell counts before and after butyrate stimulation show a dose-dependent decrease
in cell number after butyrate stimulation.

SCFAs alter MUC2 mRNA expression

LS174T cells were stimulated with increasing concentrations, from 1 mM to 15 mM,
of butyrate, propionate, or acetate to determine the effects of the different SCFAs on
MUC2 mRNA expression (Fig. 2A). One mM butyrate induced a 2.5-fold increase in
MUC2 mRNA levels compared to untreated cells. In contrast, stimulation with higher
concentrations, i.e. 5-15 mM butyrate, did not induce an increase in MUC2 mRNA levels,
as at these concentrations MUC2 mRNA levels were comparable with control levels.
Similar to butyrate, 1 mM propionate induced a 2.5 fold increase in MUC2 mRNA levels.
Furthermore, at 5 mM propionate, MUC2 mRNA levels increased 4.2 fold, whereas at
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Figure 2. SCFAs alter MUC2 mRNA expression

(A) MUC2 mRNA fold activation in LS174T cells upon stimulation with SCFAs (butyrate, propionate and acetate) compared
to untreated cells (ref.). (B) To determine whether butyrate stimulation influences MUC2 synthesis on transcriptional or
translational level, LS174T cells were stimulated with butyrate (B) (1 mM) in the presence of cycloheximide (CHX) or
actinomycin D (ActD). (C) Stability of MUC2 mRNA (left panel) and GAPDH mRNA (right panel) over time was measured
by RT-PCR. LS174T cells were stimulated with butyrate (5 mM) after which mRNA synthesis was ceased through addition

of actinomycin D. Relative mRNA expression was determined at the given time points (0, 4, 6, 8, 10 and 24 hours after
addition of actinomycin D). All results represent means + SD obtained in friplicate in three separate experiments

higher concentrations MUC2 mRNA levels decreased again. Acetate treatment resulted
in a dose-dependent increase in MUC2 mRNA levels as of 5 mM reaching a 2.2 fold
induction at 15 mM. To determine whether the activating effect of SCFAs on MUC2 ex-
pression occurred at the transcriptional level, cells were pretreated with actinomycin D,
which inhibits transcription. The results indicate that activation of MUC2 expression by
1 mM butyrate occurred at the transcriptional level, as MUC2 mRNA levels returned to
basal levels when cells were pretreated with actinomycin D (Fig. 2B). This process also
requires de novo protein synthesis as pretreatment of LS174T cells with cycloheximide,
an inhibitor of MRNA translation, decreased MUC2 mRNA levels to basal levels as well
(Fig. 2B). Similar results were obtained when cells were stimulated with propionate or
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acetate instead of butyrate (data not shown). Since butyrate increased MUC2 mRNA
levels at low concentrations (1 mM) in contrast to no effect at moderate (5 mM) and
high (10 and 15 mM) concentrations, we studied whether this decrease was due to a
decrease in MUC2 RNA stability. For that we pre-treated cells with actinomycin D over
a 24h period of time, and then incubated cells with 5 mM butyrate before measuring
MUC2 mRNA amount by gRT-PCR. The results show no differences in MUC2 mRNA
stability between butyrate-stimulated and non-stimulated cells (Fig. 2C).

Effect of butyrate on MUC2 protein expression

To determine whether butyrate also induced an increase in MUC2 protein expression
in LS174T cells, immunocytochemistry was performed with an antibody specific for
MUC2. In non-stimulated cells MUC2 staining was hardly visible (Fig. 3). Stimulation
with 1 mM of butyrate clearly shows an increase in MUC2 staining. This effect was even
more pronounced in cells stimulated with 2 mM of butyrate (Fig. 3).
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Figure 3. Effect of butyrate on MUC2 protein expression
MUC2 apomucin expression by immunocytochemistry in non-stimulated (O mM) and butyrate (1 and 2 mM) stimulated
LS174T cells. (Magnification x40)

Identification of butyrate responsive regions in the MUC2 promoter

Transfections with MUC2 promoter constructs were performed to identify butyrate-
responsive regions. The MUC2 promoter constructs used are indicated in Figure 4A.
Stimulation of LS174T cells with low (0.5-2 mM) concentrations of butyrate demon-
strated a dose-dependent increase in luciferase-activity after transfection with each
of the promoter construct used (Fig. 4B). The highest transactivation was seen using
MUC2 promoter construct -947/-1 indicating a possible butyrate-responsive element
within the -947/-372 region. Analysis of the MUC2 promoter sequence indeed revealed
the presence of a consensus putative binding site (ATGAGTCAGA) for the transcription
factor AP-1 at —-817/-808, a transcription factor known to mediate butyrate-induced
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Figure 4. Identification of butyrate responsive regions in the MUC2 promoter

Schematic representation of MUC2 promoter and the different constructs used to study MUC2 promoter activity (A).
Numbering refers to transcription initiation site designated +1. (B) Transfected cells were stimulated with butyrate as
described in experimental procedures. Results are expressed as fold activity in the butyrate-stimulated cells compared to non-
stimulated cells. Results represent means + SD obtained in triplicate in three separate experiments.

transcriptional effects. To determine whether this putative AP-1 binding site was
responsible for the butyrate-induced MUC2 promoter transactivation, specific nucleo-
tides within the sequence were mutated (Table 1). The mutation resulted in a 50%
reduction of the butyrate-induced MUC2 transactivation (Fig. 5A). Activation of AP-1
by butyrate in LS174T cells was confirmed by treating AP-1-Luc-transfected cells with
butyrate. The stimulation was dose-dependent with a maximal 13.3-fold induction at 2
mM butyrate (Fig. 5B).
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Figure 5. The effect of site directed mutagenesis on MUC2 promoter activation by butyrate

(A) Relative luciferase activity diagram showing the effect of site-directed mutagenesis on MUC2 promoter activation by
butyrate. Cells were transfected either with the wildtype -947/-1 construct (WT, white bars) or with the AP-1 mutated
construct (mut, grey bars) before being stimulated with butyrate as described in experimental procedures. (B) Luciferase
activity in cells transfected with AP-1-Luc reporter construct and stimulated with butyrate. Results are expressed as fold activity
of the butyrate-stimulated compared to non-stimulated cells. Results represent means + SD obtained in triplicate in three
separate experiments.
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C-fos and c-jun bind to the AP-1 element in MUC2 promoter

As the transcription factors c-fos and c-jun are known to bind as a complex to AP-1
binding elements within promoters, EMSAs were carried out to show the binding of
these two transcription factors to the AP-1 element found at -817/-808. When incubated
with nuclear extract from untreated and butyrate-stimulated (1 mM and 10 mM) LS174T
cells, the radiolabeled probe T282 (containing the putative AP-1 binding site, see table
I) produced one retarded band (Fig.6, lane 2). Specificity of the protein-DNA complex
was confirmed by strong decrease of the shifted band when unlabeled competition was
performed with a 50 times excess of unlabeled T282 probe (lane 3), whereas competi-
tion with a 50 times excess of unlabeled mutated T282 probe (lane 4) did not affect the
shifted band. Involvement of ¢c-jun and c-fos in the complex formation was then proven
in supershift experiments carried out with antibodies specific for c-jun (lane 5) and c-fos
(lane 6), respectively. Addition of the two antibodies indeed resulted in a supershift
that was observed both in untreated cells and butyrate-stimulated cells. This was well-
correlated with the amount of c-fos and c-jun found in the cells (Fig. 7). Altogether, this
suggests that the decreased MUC2 mRNA levels after stimulation of cells with 5 mM or
10 mM butyrate compared to 1 mM butyrate stimulation (see Fig. 2), are not caused by
a decreased binding capacity of AP-1 (i.e. the c-fos/c-jun complex) to its cis-element
within the MUC2 promoter.
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Figure 6. C-fos and c-jun bind to the AP-1 element in MUC2 promoter

Identification of an AP-1 ciselement in MUC2 promoter by EMSA. Nuclear extracts from untreated cells or cells treated with
either 1 or 10 mM butyrate. Radiolabeled probe T282 alone (lane 1), radiolabeled 7282 with nuclear extract (lane 2), cold
competition with 50x excess of unlabeled wt 7282 probe (lane 3), cold competition with 50x excess of unlabeled mutated
T282 (lane 4). Supershift analysis was performed by preincubating the nuclear extract with 1 pl of anti-c-jun (lane 5) and
anti-c-fos (lane 6) antibodies, respectively. Arrows and stars indicate positions of the shifted and supershifted (ss) protein-DNA
complexes.
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Butyrate alters histone status at the MUC2 promoter in a dose-dependent
manner

Since butyrate is known to affect histone deacetylase (HDAC) activity, and that MUC2
promoter is known to be regulated by HDAC??, we hypothesized that histone status at
MUC?2 promoter may be involved in MUC2 regulation by butyrate. To determine whether
alterations in MUC2 expression correlated to changes in histone acetylation and/or
methylation we first examined the effect of butyrate on the levels of acetylated H3 and
H4 histones as well as m/d/t methylated H3K4 in LS174T cells by Western blotting (Fig.
7). Acetylated histone H3 and H4 and mono-/di-/tri-methylated H3 on lysine (K) 4, which
correlate with activation of transcription, were strongly increased after stimulation with
both moderate (5 mM) and high (10 mM) concentrations of butyrate.
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Figure 7. Expression of acetylated histones upon butyrate stimulation
Study of the expression of acetylated histones H3 and H4, m/d/t methylated H3K4, c-Fos, c-Jun and Sp1 in untreated (- and
butyrate-treated (1, 5 and 10 mM) LS174T cells by western-blotting.

To establish the effects of butyrate on histone H3 and H4 status at the MUC2 promoter,
ChIP assays were performed with chromatin from non-stimulated and butyrate-stimulat-
ed LS174T cells (Fig. 8). In untreated and 1 mM butyrate-treated cells, MUC2 promoter
covering the -236/+24 region was mainly associated with mono-/di-/tri-methylated
K4H3 as well as to a lower extent with acetylated histone H3 and H4, which correlate
with activation of transcription. At 5 mM butyrate this status of chromatin activation was
confirmed with a stronger association with acetylated H3. At these two concentrations
we also observed an increase of 3mK27H3, which is usually indicative of transcrip-
tion inhibition. At 10 mM butyrate, histone modifications at the MUC2 promoter were
characterized by modifications inducing active chromatin (AcH3, AcH4 and m/d/tK4H3)
and usually indicative of inactive chromatin (mK9H3).
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Figure 8. Butyrate alters histone status at the MUC2 promoter in a dose-dependent manner
Study of the histone status at the MUC2 promoter by ChiP. Acetylated histone H3 (AcH3, lane 1), acetylated histone H4
(AcH4, lane 2), and m/d/tK4H3 (lane 5) are representative of activation of transcription whereas histone H3 methylated on
lysine 9 (mK9H3, lane 3) and histone H3 trimethylated on lysine 27 (3mK27H3, lane 4) are representative of inhibition of
transcription. Lane 6: negative control with IgGs. Lane 7: Input.

Discussion

In the present study we analyzed the effect of SCFAs on epithelial cell morphology,
proliferation, and, as marker for epithelial protection, MUC2 expression. Moreover,
we identified the mechanisms responsible for the butyrate-induced changes in MUC2
expression. By studying these parameters in conjunction we aimed to gain more insight
in the effects of SCFAs on epithelial protection.

The present study revealed that butyrate altered the morphology of LS174T cells by
inducing cell elongation/stretching. This suggests that butyrate affects LS174T cell dif-
ferentiation. Additionally, butyrate caused a dose-dependent decrease in cell number.
As this SCFA did not induce apoptosis at the concentrations used in this study, we
conclude that butyrate inhibits epithelial proliferation. Several in vitro studies support
our finding that butyrate inhibits proliferation®*-%”. For example, butyrate inhibited the
proliferation of non-confluent and sub-confluent HT-29 cells in a dose-dependent
manner (1-8 mM)3%. Furthermore, Siavoshian et al. demonstrated that the mechanism
through which butyrate inhibits proliferation in HT-29 cells is exerted via the induction of
cyclin D3, an inhibitor of cell cycle progression and p21, a stimulator of cell differentia-
tion3s.

Next, we studied the effect of SCFAs on MUC2 synthesis in the LS174T cell line. Butyr-
ate, propionate, as well as acetate, were able to increased MUC2 mRNA synthesis.
Specifically, butyrate increased MUC2 mRNA levels at low concentrations and had no
effect at moderate and high concentrations. Both low and moderate propionate concen-
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trations increased MUC2 mRNA levels, whereas at higher concentrations, MUC2 mRNA
levels were still increased but to a lesser extent. Finally, a dose-dependent increase in
MUC2 mRNA levels was seen after stimulation with acetate, with the smallest increase
at low concentrations and highest increase at high concentrations.

Of the SCFAs studied in this paper, only the effects of butyrate on mucin expression
have been described extensively. Hatayama et al. also showed that concentrations of
1-2 mM butyrate increased MUC2 expression in LS174T cells?2. Barcelo et al.?® demon-
strated a significant discharge of mucins at concentrations of 5 mM of butyrate, while
increasing the concentration to 100 mM decreased this mucus response in mice. Highly
relevant, ex vivo stimulation of macroscopically normal fresh colon tissue with 0.05-1
mM butyrate stimulates MUC2 synthesis, whereas at stimulation with 10 mM butyrate
MUC2 synthesis levels returned to basal levels?4. These studies correlate with our data
with respect to the effects of butyrate on MUC2 expression (i.e. increase in MUC2 at
low concentration and no effect at high concentrations).

Despite previous studies showing induction of MUC2 by butyrate, no precise analysis
of the molecular mechanisms has been performed?'-?°. Since butyrate is known to
mediate its effects via the AP-1 transcription factor, and because we found a putative
consensus binding site (ATGAGTCAGA) for AP-1 at -817/-808 in the MUC2 promoter,
we studied its regulation by AP-1. AP-1 is a multiprotein complex, composed of the
products of c-Jun and c-Fos proto-oncogenes. Growth factors, neurotransmitters,
polypeptide hormones, bacterial and viral infections as well as a variety of physical and
chemical stresses, employ AP-1 to translate external stimuli, both into short-term and
long-term changes of gene expression. Interestingly, we found that butyrate was able to
activate an AP-1 reporter construct and to induce c-Fos and c-Jun protein expression
in the LS174T cell line, indicating that butyrate-induced MUC2 transcription might oc-
cur via AP-1 binding to the MUC2 promoter. That is what we indeed demonstrated by
mutating the consensus AP-1 binding site, which abolished both binding of AP-1 and
inhibited butyrate-induced MUC2 activation. As butyrate only increased MUC2 mRNA
and protein levels at low concentrations (1-2 mM), but not at high concentrations (5-10
mM), this suggested that activation of the MUC2 promoter, and up-regulation of MUC2
RNA and protein levels, at low concentration of butyrate was, at least partly, regulated
by AP-1.

Since butyrate is a well-known HDAC inhibitor, butyrate-induced alterations in gene ex-
pression can also reflect changes in histone modification status and chromatin marks. To
assess whether the increase of MUC2 expression following butyrate treatment was as-
sociated with chromatin status, we performed ChIP experiments. As expected, our data
indicate that butyrate treatment is associated with dose-dependent increased of both
global histone acetylation levels and histone H3 and H4 acetylation at MUC2 promoter
region. Since cross talk between histone post-translational modifications are important
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in establishing the histone code, increased mono-/di-/trimethylation of K4H3 observed
at MUC2 promoter after butyrate treatment may be directly linked to increased histone
H3 acetylation, as previously shown by Nightingale et al.*®. For a long time methylation
of K9H3 has been considered as a chromatin mark associated with heterochromatin
and gene silencing. However, a recent study showed that higher H3K9 monomethylation
levels are detected in active promoters surrounding gene transcription start sites, sug-
gesting that this modification may be associated with transcription activation®. These
data are concordant with our present results, showing that in LS174T cells, the proximal
region of MUC2 promoter is associated with monomethylation of K9H3. However, to our
knowledge, this is the first time that a positive effect of high concentrations of butyrate
on K9H3 methylation is shown. Strikingly, we found that treatment with low concentra-
tion of butyrate induced an increase of H3K27 trimethylation at MUC2 promoter, which
therefore adopted a bivalent chromatin pattern. This bivalent profile has already been
described for embryonic stem cell genes as well as DNA-hypermethylated genes which
were reexpressed by demethylation*°. We previously showed that MUC2 is regulated by
a complex combination of DNA (de)methylation and establishment of a (de)repressive
histone code*'. The changes of global epigenetic profile stated at MUC2 promoter may
thus be partly responsible for the increase in MUC2 expression level induced by low
concentration of butyrate.

Surprisingly, treatment with moderate and high concentrations of butyrate, yet associ-
ated with active chromatin marks at the MUC2 promoter, did not induce increased
MUC?2 expression. Dual effects of HDAC inhibitors on gene expression have already
been shown for numerous genes*, including mucin genes. In particular, Augenlicht
et al.*2 demonstrated that cell treatment with butyrate induce an inhibition of MUC2
expression, correlated with repression of secretory functions of colonic cells. This re-
pression may be due to changes in histone modification patterns, since trichostatin A,
another HDAC inhibitor, has the same inhibiting effect on MUC2 expression in LS174T
cells*'. However, our results clearly show that MUC2 promoter is associated with active
chromatin marks at high concentrations of butyrate. Therefore, the dual effect observed
at high concentrations, is most likely due to dramatic butyrate-induced changes in the
global chromatin landscape*, rather than direct histone modifications at MUC2 pro-
moter. Numerous studies showing that expression and post-translational modifications
of factors known to positively or negatively regulate MUC2 transcription (including,
among others, Sp3, CDX-2 or p53 transcription factors*) is dramatically affected by
butyrate, support this hypothesis.

Taken together, we have shown that butyrate stimulates MUC2 expression at low
concentrations, but has no effect on MUC2 expression at moderate and high concen-
trations. We therefore hypothesize that low concentrations of butyrate could have a
protective effect on intestinal barrier function by increasing mucus production, whereas
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moderate to high concentrations may decrease intestinal barrier function by decreas-
ing MUC2 production. This effect might partially explain the difference in incidence of
NEC between the formula-fed and human milkfed newborn infants. Manipulation of
the SCFA profile can be established by influencing the composition of microbiota, for
instance by treatment with prebiotics, probiotics and/or human milk. This approach
seems to be promising in the treatment of IBD and NEC. In summary, the in vitro results
in the present study indicate that low concentrations of butyrate stimulate MUC2 mucin
expression, which in vivo would lead to an increased intestinal epithelial barrier func-
tion. In contrast, high concentrations of butyrate decrease MUC2 expression which
might diminish intestinal barrier function. Moreover, identification of AP-1 and histone
modifications as mechanisms involved in MUC2 regulation by butyrate may represent
pathways to target prevention of IBD and NEC by influencing SCFA production by the
intestinal microbiota.
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Chapter 7

Abstract

Production and utilization of amino acids by the intestinal microbiota may impact
amino acid requirements in neonates. We hypothesized that modulation of the intes-
tinal microbiota by antibiotics or probiotics would impact amino acid metabolism. We
investigated the impact of the gut microbiota whole body nitrogen and amino acid
turnover in neonatal pigs receiving no treatment (control), antibiotics, or probiotics.
We quantified whole body urea kinetics, threonine fluxes, and threonine disposal into
protein, oxidation, and tissue protein synthesis. Compared to controls, antibiotics
reduced the amount of bacterial species in the distal small intestine (Sl) and colon.
Antibiotics decreased plasma urea concentrations via decreased urea synthesis. Anti-
biotics elevated threonine plasma concentrations and turnover, as well as whole body
protein synthesis and proteolysis. Antibiotics decreased protein synthesis rate in the
proximal Sl and liver but did not affect the distal Sl, colon or muscle. Probiotics induced
a bifidogenic microbiota. Probiotics decreased plasma urea concentrations, but did
not affect whole body threonine or protein metabolism. Probiotics decreased protein
synthesis in the proximal S| but not in other tissues. Probiotics tended to increase
mucin MUC2 synthesis rate and increased MUC2 expression in the colon. In conclu-
sion, alteration of the gut microbiota by antibiotics or probiotics differentially affected
urea and threonine kinetics as well as intestinal protein synthesis and mucin expression.
Alteration of the gut microbiota may therefore have implications for protein homeostasis
in human neonates treated with antibiotics or probiotics.
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Introduction

Optimal nutritional support remains a challenge in clinical care of preterm infants. Most
preterm infants, especially those born very preterm with extremely low birth weight,
are not fed sufficiently to achieve normal, i.e. fetal, growth rate and as a result end
up growth-restricted during their hospital period after birth'. Growth restriction is a
significant problem, as numerous studies have shown that undernutrition at critical
stages of development, especially of protein, produces long-term short stature, organ
growth failure, and adverse behavioral and cognitive outcomes?3. Dietary protein and
amino acids are essential not only for body growth, but for metabolic signaling, protein
synthesis, and protein accretion.

The prominent role of the gut microbiota in host metabolic homeostasis has become an
intense topic of research with the advent of rapid advances in the genomic character-
ization of the microbiome**®. The nitrogenous and carbohydrate substrates derived from
dietary input and host secretions are utilized for growth of the intestinal microbiota, but
microbial derived substrates can also become available to the host”. Recent studies in
growing pigs show that amino acids considered to be dietary essential, such as lysine,
are synthesized by gut microbiota and absorbed in the small intestine®®. Thus, bacterial
amino acid synthesis appears to contribute to the host nitrogen requirements, however,
the quantitative importance is not well defined; recent estimates suggest that microbial
lysine contributes up to 12-68 mg/kg per day''.

The potential of the intestinal microbiota to support growth and amino acid homeosta-
sis in neonates is unknown. The use of broad-spectrum antibiotics in neonatal care for
prophylactic treatment of infections negatively impacts both the number and diversity
of commensal bacteria that normally colonize the infant gut, especially lactobacilli and
bifidobacteria'®'®. Decreased bacterial colonization might translate into a reduction in
gut bacterial amino acid synthesis and hence limit their availability for host body protein
synthesis in neonates. On the other hand, probiotics, most commonly Lactobacillus
and Bifidobacteria, have been used to induce a more beneficial microbiota and there is
increasing interest in the potential health benefits of proactive colonization of the gas-
trointestinal tract of (preterm) infants. Enteral supplementation of some probiotics has
shown to decrease the risk of severe necrotizing enterocolitis and mortality in preterm
infants'*'6. There is compelling evidence for beneficial effects of probiotics on intestinal
barrier function'’, yet there is a very limited understanding of how probiotics affect
intestinal and/or host body protein metabolism.

We hypothesized that suppression of the intestinal microbiota by antibiotic treatment
would decrease gut amino acid utilization and whole body urea production and thereby
increase the systemic availability of dietary amino acids. We also hypothesized that
probiotic supplementation would reduce gut ammonia and thus urea production. Our
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aim was to investigate the impact of an altered intestinal microbiota resulting from
treatment with either antibiotics or probiotics on nitrogen metabolism in neonatal pigs
by stable isotope infusions of urea to determine whole body urea kinetics. Additionally,
we used a stable isotope infusion of threonine to determine threonine flux, threonine
first-pass splanchnic utilization, threonine disposal into protein, and threonine oxida-
tion. We chose threonine because of its importance in intestinal amino acid metabolism
and protein synthesis, specifically that of mucin MUC2.

Materials and methods

Animals and design

The study protocol was approved by the Animal Care and Use Committee of Baylor
College of Medicine and conducted in accordance with the Guide for the Care and
Use of Laboratory Animals [Department of Health and Human Services publication no.
(National Institutes of Health; NIH) 85-23, revised 1985, Office of Science and Health
Reports, NIH, Bethesda, MD]. Three-day-old, crossbred piglets (n=21) were obtained
from the Texas Department of Criminal Justice (Huntsville, TX), transported to the ani-
mal facility at the Children’s Nutrition Research Center (Houston, TX), and immediately
placed in cages in a heated room (30°C). Piglets were weaned to a non-medicated
milk-replacer formula (40 g-kg'-d"'; Advance Liqui-Wean; Milk Specialties Company,
Dundee, IL), fed 4-5 times per day, and weighed daily to adjust their intake.

At five days of age, surgery was performed after overnight fasting under isoflurane
general anesthesia. Silastic catheters were inserted into the jugular vein, carotid artery,
and gastric fundus as previously described™. Piglets received no prophylactic antibiotic
treatment but did receive one dose of analgesic (0.1 mg’'-kg" butorphenol tartrate;
Torbugesic®, Fort Dodge Laboratories, Fort Dodge, |A) post surgery. During the initial
24 hours postoperatively, all pigs received total parenteral nutrition (TPN) at 50% of full
intake providing (in g-kg'-d") 25 glucose, 13 amino acid, 5 lipid, and 108 kcal'-kg'-d"
at a volume of 120 mL-'-kg~'-d-'. Thereafter, TPN was stopped and enteral feeding was
commenced.

On day eight of life, after complete recovery from surgery and adjustment to full enteral
nutrition, piglets were assigned to one of three groups based on equal body weights:
1) Control (CO, n=7), receiving no additional treatment or supplementation; 2) Antibiotic
(AB; n=7) receiving intravenous administration of ampicillin (150 mg-kg'-d""), gentamicin
(4 mg-kg'-d-"), and metronidazole (30 mg-kg'-d"); or 3) Probiotic (PRO; n=7) receiving a
mixture of Bifidobacterium breve and Bifidobacterium animallis subspecies lactis (BB12)
orally once daily before the first feeding (1:1; 2*10'° CFU/d; kindly provided by Danone
Research, Friedrichsdorf, Germany).
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Infusion protocols and sample collection

After eight treatment days, piglets received a primed (150 pmol-kg body wt™), 6-h
continuous, intravenous infusion (15 pmol-kg body wt'-h") of ['*N_ ]Jurea (98 atom%,
Cambridge Isotope Laboratories, Andover, Massachusetts, USA) to quantify urea kinet-
ics. Blood samples were collected hourly for [N, Jurea enrichment. After 10 treatment
days, piglets received a primed (5 pmol-kg body wt), 2-h (0-120 min) continuous intra-
venous infusion (5 pmol- kg body wt'-h-") of [**C]bicarbonate (99 atom%, Cambridge
Isotope Laboratories) to determine CO, production rate. The bicarbonate infusion was
followed by a primed (80 pmol-kg body wt), 6-h (120-480 min) continuous intragastric
infusion (80 pmol-kg body wt'-h") of [U-'3C,*N]threonine (97-99 atom%, Cambridge
Isotope Laboratories) and a primed (40 pmol-kg™), continuous intravenous infusion (40
pmol-kg-h") of ['"®N]threonine (98 atom%, Cambridge Isotope Laboratories) adminis-
tered simultaneously. Blood samples were collected at 0, 90, 105, 120, 360, 420, 450,
and 480 min. Measurements of '*C and '®*N enrichment were used to determine whole
body threonine flux, threonine disposal into protein, threonine oxidation, and tissue
protein synthesis rates. On the day of stable isotope infusions, pigs were fed a bolus
meal before start of the urea and threonine infusions and maintained in the fed state
throughout the infusions by continuous administration of diet through the intragastric
catheter. Pigs were fasted during [**C]bicarbonate infusion and given their daily dose of
AB or PRO before the start of feeding. Four hours prior to euthanasia, each animal was
injected with an intravenous bolus of 5-bromodeoxyuridine (BrdU; 50 mg-kg body wt;
Sigma Aldrich, St. Louis, MO) to measure the /7 vivo crypt cell proliferation index'®. After
completion of the tracer infusion protocol, pigs were euthanized with a venous injection
of pentobarbital sodium (50 mg-kg body wt') and sodium phenytoin (5 mg-kg body wt,
Beuthanasia-D®; Schering-Plough Animal Health, Kenilworth, NJ). The intestine was
excised from the ligament of Treitz to the rectum. The Sl was divided into 2 segments
of equal length, which were designated as proximal and distal Sl. Intestinal content
from proximal and distal Sl, and colon was sampled for analysis of the gut microbiota.
The Sl and colon were quickly flushed with ice-cold saline and weighed. Sl and colon
segments were placed in 10% buffered formalin for morphological and BrdU analysis.
Stomach, liver, spleen, and kidneys were removed and wet weights recorded. An aliquot
of each intestinal segment, liver, and muscle was snap-frozen in liquid nitrogen.

Analysis of intestinal microbiology

Terminal restriction fragment length polymorphism (T-RFLP) analysis was used to
analyze the intestinal microbiota. Total DNA was extracted from contents from the
proximal and distal Sl, and colon by the QlAamp DNA Mini kit (Qiagen, West Sussex,
UK) according to the manufacturer’s instructions, with the addition of a bead-beating
step for 3 min. T-RFLP was profiled and analyzed as described previously®. The uni-
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versal bacterial primers S-D-Bact-0008-a-S-20 (5’-AGAGTTTGATCMTGGCTCAG-3")?°
and S-D-Bact-0926-a-A-20 (5’-CCGTCAATTCCTTTRAGTTT-3’) were used for the
PCR™. Primer S-D-Bact-0008-a-S-20 was labeled with 5’-FAM (carboxyfluorescein-
N-hydroxysuccinimide ester dimethylsulfoxide). Similarly, bifido-specific primers Lm26
(5’-GATTCTGGCTCAGGATGAAC-3’) and LM3-new (5’-CTRCCCACTTTCATGACT-3’)
were used for determination of intestinal Bifidobacterial population'®. Primer Lm26 was
labeled with 5’JOE (4’,5’-dichloro-2’,7’-dimethoxyfluorescein). Purified PCR products
were digested by restriction enzymes and analyzed by electrophoresis on an automatic
sequence analyzer (ABI Prism 373, PE Biosystems, Foster City, CA). ABI traces were
imported into BioNumerics version 4.5 (Applied Maths, Belgium) and T-RF’s between 35
and 625 basepairs were analyzed.

Plasma urea and amino acids

Plasma amino acids were analyzed by reverse-phase HPLC of their phenyl isothio-
cyanate derivatives (Pico Tag, Waters, Milford, MA, USA). Urea concentrations were
measured with the use of an end-point enzyme assay (Thermo Scientific, Rockford, IL).

Analysis of plasma tracer enrichment

Plasma samples were analyzed for ["*N,Jurea enrichment and measured by electron
ionization mass spectrum of the 2-pyrimidinol-tBDMS derivative of urea as previously
described?'. The cluster of ions at 153 - 155 /m7/z was used for selected ion monitoring
of the isotopic enrichment by gas chromatography-mass spectrometry (GC-MS).
Whole blood samples were analyzed for *C enrichment in CO, from [**C]bicarbonate
and [U-"3C,5N]threonine using gas isotope ratio-mass spectrometry, with monitoring of
ions at /77/z 44 and 45.

Plasma samples were analyzed for ['*N]threonine and [U-'3C,'*N]threonine enrichment.
Threonine was isolated by cation exchange chromatography (AG-50W resin, Bio-Rad,
Hercules, CA) and analyzed as itsn-propyl ester n-heptafluorobutyramide derivative us-
ing methane-negative chemical ionization and monitoring ions at /7/z 533 to 539 (5890
series Il gas chromatograph linked to a model 5989B quadrupole mass spectrometer,
Hewlett Packkard, Palo Alto, CA). In a subset of pigs (n=3 per group) ['*C,,"*N]glycine
enrichments were measured for determination of threonine oxidation through the L-
threonine 3-dehydrogenase (TDG) pathway. GC-MS analysis for glycine was performed
in the same derivatized samples as for threonine by monitoring ions at /72/z 293 to 296.

Protein synthesis

Protein and DNA concentrations of tissue samples from jejunum, ileum, colon, liver,
and muscle were determined and aliquots were prepared for GC-MS analysis as previ-
ously described??. The isotopic enrichment of ['*N]threonine and [U-'3C,"*N]threonine in
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the tissue amino acid free pool was determined as described for plasma samples. To
measure the enrichment of ['*N]threonine and [U-'3C,"*N]threonine in the tissue protein-
bound pool, hydrolyzed samples were analyzed as their A-pivaloyl-i-propyl esters and
measured by gas chromatography-combustion-isotope ratio mass spectrometry (GC-
C-IRMS, Thermo Finnigan Deltaplus XL GC-C-IRMS; Thermo Electron Corp.,Waltham,
MA)23,

MUC2 isolation and synthesis

MUC2 was isolated from colonic tissue using a cesium chloride (CsCl) density gradi-
ent ultracentrifugation method combined with gravity gel filtration chromatography, as
previously described for human MUC2 in detail>2. A small aliquot of purified MUC2
was used for confirmation of MUC2 by Western blot and the remaining was hydrolyzed
as described above for the tissue protein hydrolysates. To measure the enrichment
of [U-'3C,"®N]threonine, hydrolyzed samples were analyzed as their acetyl-ethoxycar-
bonylethyl esters. The ['*C/2C] ratio of threonine in MUC2 isolates was measured by a
Delta-XP isotope ratio MS linked online with a Trace gas chromatograph and a combus-
tion interface type 3 (Thermo Fischer, Bremen, Germany) according to?27. Enrichment
was expressed in mole percent excess (MPE).

MUC2 Western blotting

Colon tissue samples were homogenized in HIS buffer containing protease inhibitors
and an aliquot was used for Western blotting of MUC2 as described previously?*. MUC2
expression was normalized to f-actin immunoreactivity.

Histology and Immunohistochemistry

Morphometry analysis was performed on formalin-fixed, paraffin embedded, hema-
toxylin and eosin-stained intestinal sections (5 ym) as described previously?. Villus
height, crypt depth, intestinal surface area and muscularis thickness were measured in
15 vertically well-oriented crypt-villus units. /n vivo crypt cell proliferation was measured
by BrdU crypt-cell labeling®.

Calculations

Plasma enrichments of ['°N,Jurea turnover or flux (Q,,, umol - kg™ - h) were used to

calculate the rate of whole body urea turnover or flux as described previously?'.
Plasma enrichments of ["*N]threonine and [U-'3C,"N]threonine were used to calculate
the rate of whole body threonine turnover or flux as described previously?°.

8CO, enrichments at steady state during ['*C]bicarbonate infusion were used to calcu-

late CO, production rate as described before?'*® and '*CO, enrichments at steady state
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during [U-3C,"®N]threonine infusion were used to calculate threonine oxidation?'. Under
the assuming that threonine flux (Q,,,.)

Q,,x = synthesis + oxidation = proteolysis + intake

the non-oxidative threonine disposal (NOTD), an indication of whole body protein

synthesis, equals threonine flux (Q minus threonine oxidation (Ox Threonine

) ).
THR THR:
appearance from protein (endogenous Ra), an indication of whole body proteolysis,

equals Q.. minus threonine intake (325 pmol - kg™ - h™") calculated from the infusion

THR
and the diet. Threonine intake from the diet (231 pymol - kg - h") was determined by
analysis of the amino acid composition of the diet as described previously?'. Ultimately,
protein net balance was calculated from protein synthesis minus protein degradation.

Plasma glycine enrichment was measured to determine the contribution of threonine
to glycine production. The fractional contribution of threonine to glycine production

(FCTHR—GLY
The fractional protein synthesis rate (FSR, %-d™") of intestinal, liver, and muscle proteins

in %) was calculated as described previously?'.

reflects the percent protein mass synthesized in a day®. The FSR of MUC2 is expressed
as percentage of the total MUC2-pool newly synthesized per day. Threonine enrichment
of the intracellular free amino acid pool in the ileum or colon was used as a precursor.
Absolute protein synthesis rates (ASR) of intestinal and liver proteins (g-kg body wt'-d-"),
reflecting the absolute protein mass synthesized in a day, were calculated according as
previously described®.

Statistics

Minitab statistical software (Minitab 15, State College, PA) was used for statistical
analysis. Plasma amino acid data were first analyzed by one-way ANOVA using a
general linear model and followed by a Bonferoni post analysis. All other data were first
analyzed by one-way ANOVA using a general linear model and followed by a Tukey’s
means comparison test. For correlations between urea plasma levels, urea enrichment
and flux the Pearson correlation test was used. Data are presented as the mean + SEM
and P < 0.05 was considered statistically significant. Intestinal bacterial diversity was
analyzed using principal component analysis (PCA) generated by BioNumerics on band
patterns. Division by the variances over the entries and subtraction of the averages over
the characters was included in the PCA. Curve-based pairwise comparisons of T-RFLP
profiles were calculated by BioNumerics using the Pearson’s correlations.
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Results

Weight data and histology

During the course of the study piglets were active and healthy. Data on body weight,
organ weights, and intestinal morphometry are summarized in Table 1. Initial body
weights, final body weights, and daily weight gain were not different amongst groups.
Wet mass weight, protein content, and DNA content of proximal Sl were lower in AB
and PRO treated animals compared to CO. In the distal Sl and colon no differences
were observed between groups with respect to organ weights and protein and DNA
content. Wet mass weight of liver was not different between groups whereas protein
content of the liver was significantly lower in AB pigs compared to PRO pigs, and
tended to be lower when compared to CO. DNA content of livers of AB and CO pigs
was lower compared to PRO pigs. Wet mass weights of stomach, spleen, kidneys and
heart were not different amongst groups (data not shown).

Intestinal microbiology

AB and PRO differentially affected the colonic and small intestinal microbiota. First, the
colonic universal bacterial Terminal restriction fragments (T-RFs) from AB pigs digested
with Hhal revealed a total of 34.0 + 4.4 different T-RF’s in the T-RFLP analysis. The num-
ber of T-RF’s, representing bacterial species, was significantly lower in AB compared
to CO pigs (48.3 = 2.5; P = 0.04), and tended to be lower compared to PRO pigs (47.4
+ 4.9; P = 0.06). Principal component analysis (PCA) of the representative T-RF’s for
each treatment group showed that there was a high diversity in bacterial composition
among the AB treated pigs (Figure 1A). Moreover, AB treatment did not only diminish
the amount of T-RF’s, but also altered the composition of the microbiota compared
to CO and PRO. The difference in microbial diversity between CO and PRO could be
identified when PCA was performed excluding the AB pigs. T-RF’s, and thus bacterial
species, within the colon showed great diversity both within the CO and PRO group, as
well as between the CO and PRO group. This demonstrates that PRO supplementation
altered the composition of the colonic microbiota when compared to CO pigs (Figure
1B). No differences between groups were detected in the amount of T-RF’s in the T-
RFLP analysis of the ileum-derived samples (CO 45.7 + 9.1; AB 49.2 + 8.2; PRO 67.1 +
10.3) or jejunum-derived samples (CO 8.8 + 3.7; AB 8.7 = 2.6; PRO 15.0 = 5.3) although
PRO pigs tended to have higher T-RF counts in both intestinal segments. The small
intestinal microbiota is known to be less stable than the colonic microbiota. For this
reason, combined with the wide diversity of the bacterial composition found within all
treatment groups, differences between groups might not have been detected.

Second, the digested Bifidobacteria-specific T-RFs from colon, ileum, and jejunum
samples demonstrated the absence of Bifidobacterium species in AB pigs. In CO
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pigs, limited bifidobacterial T-RF’s were detected in the colon, whereas no T-RF’s
were detected in the ileum or jejunum (Figure 2). In contrast to AB and CO pigs, PRO
supplementation resulted in the detection of Bifidobacterium breve and Bifidobacterium
animalls subspecies /actis in colon, ileum, and jejunum. Interestingly, Bifidobacterium
breve was more abundant in the jejunum and ileum, whereas Bifidobacterium animalis
subspecies /actis was abundant in ileum and colon (Figure 2). Moreover, analysis of the
bifidogenic microbiota of PRO pigs resulted in more Bifidobacterium-specific T-RF’s
than only those representing the supplemented probiotics, suggesting increased spe-
cies diversity (Figure 2).

Table 1 Weight gain, organ weights, and tissue analyses in CO, AB and PRO pigs*.

CcO AB PRO P-value
Final body weight, g 4039 + 204 4240 £ 212 4137 £ 163 NS
Weight gain, g-kg'-d" 40.7+ 1.9 443 £1.9 42.6 +2.0 NS
Proximal small intestine
Weight, g-kg' 19.4 + 0.8*1 17.6 + 0.6* 16.6 + 0.5 *0.02 10.0007
Protein mass, mg-kg' 2007 + 70*t 1778 + 79* 1707 + 811 *0.038 10.007
DNA mass, mg-kg'! 143 £ 11.7*t 113 £9.6* 113 £ 8.67 *0.006 10.005
Villus height, pm 855 + 64 875 + 42 729 + 26 NS
Crypt depth, pm 140 £ 3.9 133+4.4 136 £ 2.1 NS
Muscularis thickness, pm 148 + 6.6 155+ 10.2 144 +11.5 NS
Surface area, mm? 82+6.5 78 £4.0 68 2.4 NS
BrdU positive crypt cells, % 31+£1.9 28+ 1.6 29+24 NS
Distal small intestine
Weight, g-kg' 204 +1.4 21617 18.0+0.7 NS
Protein mass, mg-kg’ 1937 £ 161 1947 + 120 1677 + 67 NS
DNA mass, mg-kg' 161 +13.8 189 £ 15.1 166 + 9.3 NS
Villus height, pm 485 + 76 651+ 92 547 + 79 NS
Crypt depth, pm 140 + 4.6 142 + 6.6 134+ 6.3 NS
Muscularis thickness, pm 226 +9.4 186 + 14.3 179 +18.2 NS
Surface area, mm? 44 +7.0* 68 + 13.0* 55+10.8 0.04
BrdU positive crypt cells, % 20+ 2.4 20£29 19+ 3.6 NS
Colon
Weight, g-kg' 8.8+0.6 8.1+07 7.7+03 NS
Protein mass, mg-kg' 736 + 44 695 + 101 669 + 43 NS
DNA mass, mg-kg'! 51+54 51+6.2 45+2.7 NS
Crypt depth, pm 327 + 18.9* 270 £ 13.5* 279 £10.7 0.037
Liver
Weight, g-kg' 33.2+1.3 30.7 = 1.1¢ 35.0£2.2¢ 10.046
Protein mass, mg-kg" 4570 + 206 3972 £ 127¢ 4735 + 249+ 0.043
DNA mass, mg-kg' 174 £ 10.71 172 £ 9.5¢ 196 + 15.21% 10.017 $0.01

AMean + SEM; n=7 pigs per group
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Figure 1. Principal component analysis (PCA) of the treatment effect on bacterial composition in
colonic content of CO pigs or pigs treated with AB or PRO.

A. PCA of TRF's of all treatment groups. The PCA plot shows a markedly different bacterial composition in AB compared to
CO and PRO (x= 16.9 % Y= 10.6%). Among the AB pigs there was a high variation in the bacterial composition but they
clustered in the same area. B: PCA of TRF’s of CO and PRO treated pigs. The PCA plot shows a high variation in bacterial
composition both between (X= 11.7 %; Y= 8.6%) and within groups.
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Figure 2. Graph representing Bifidobacterial T-RFs of PRO pigs in proximal SI, and T-RFs of CO

and PRO pigs in dist SI and colon.
Bifidobacteria were undetectable in proximal Sl in CO pigs. In AB pigs no bifidobacteria were present in all intestinal

segments.

Plasma amino acid concentrations

Plasma concentrations of ornithine, cystine, glycine, threonine, and tyrosine were
higher in AB piglets compared to CO (Table 2). Except for lower histidine levels in PRO,
no differences were observed between PRO and CO pigs. Plasma concentrations of
citrulline, glycine, histidine, ornithine, serine, threonine, and tyrosine were higher in AB
compared to PRO pigs, whereas glutamine was lower in AB than in PRO pigs (Table 2).
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Table 2 Plasma amino acids in CO, AB, and PRO pigs*.

Amino acids ® CcOo AB PRO P-value
Alanine 452 £ 36 529 + 36 453 £ 30 NS
Arginine 82+9.1 97 £10.6 84 £92 NS
Asparginine 91+7.7 100 + 7.3 91+94 NS
Aspartate 7212 6.4+1.0 7.0+0.8 NS
Citrulline 44 + 4.8 58 + 4.5% 31 £ 3.6 #0.002
Cysteine 263 + 22 253 £ 17 316 + 43 NS
Cystine 19+ 1.7* 28 £ 1.3* 24 1.9 *0.003
Glutamine 347 + 31 308 + 23# 419 £ 31+ ¥0.046
Glutamate 120 + 21 116+ 14 128+ 15 NS
Glycine 553 £ 29* 682 + 57*+ 515+ 41¢ *0.036 $0.006
Histidine 19 + 4.41 24 + 5.2¢ 11 £ 4.4% 10.035 $0.002
Isoleucine 146 + 6.2 155+9.4 162+ 11.0 NS
Leucine 184+ 11 21116 204 15 NS
Lysine 185+ 16 210+ 14 201 +£13 NS
Methionine 136 + 8.8 156 + 3.4 144 +17.4 NS
Ornithine 21 £ 1.6* 33 £1.8* 21 £ 1.0¢ *10.0001
Phenylalanine 43+ 6.1 47 +7.3 43 +3.5 NS
Proline 285 + 20 33217 298 £ 17 NS
Serine 164 +7.2 202 + 114 160 = 14¢ ¥0.035
Taurine 57 £ 49 71+£4.6 58+53 NS
Threonine 522 + 22* 794 + 31*¢ 476 + 40% *10.000
Tryptophan 14+£1.1 18+1.5 15+£2.0 NS
Tyrosine 89 + 8.0* 123 + 7.4** 84 + 8.3¢ *0.015 #0.006
Valine 204 + 8.5 219+ 14 233+ 15 NS

AMean = SEM, n=7 pigs per group.
8 Plasma amino acids, pmol/L.

Urea kinetics

Plasma levels of urea were lower in AB pigs compared to CO (P = 0.03) and PRO pigs
(P = 0.03) (Figure 3A). Plasma ['*N,Jurea had reached isotopic steady state during the
last 4 h of infusion (Figure 3B). Urea enrichment was higher (£ = 0.004) (Figure 3B), and
consequently urea flux was lower (P = 0.009) (Figure 3C) in AB pigs compared to CO
pigs. Urea enrichment and flux in PRO pigs was not significantly different from either
CO or AB pigs. Urea plasma levels from all pigs correlated negatively with urea enrich-
ments (£ = 0.001) and thus correlated positively with urea flux (£ = 0.000).

Whole body threonine kinetics

Threonine kinetics are depicted in Table 3.Threonine flux was significantly higher in
AB pigs compared to CO and PRO pigs. CO, production and threonine oxidation were
not affected by treatment. Protein synthesis (NOTD) was higher in AB pigs vs. CO (P
= 0.019) and PRO pigs (P = 0.039) (Figure 4A). Proteolysis (endogenous Ra) was also
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Figure 3. Whole body and plasma urea kinetics in neonatal pigs in control (CO), antibiotic (AB)
and probiotic (PRO) treated groups. Statistics based on ANOVA and Tukey'’s test.

Panel A shows plasma urea concentration measured at the end of the 8-day treatment period; CO vs. AB P = 0.03, CO vs.
PRO P = 0.03. Panel B shows the steady-state plasma 15N-urea enrichments during the 6 hr infusion of 15N-urea in control
(solid diamond), AB (open square) and PRO (open circle) groups; CO vs. AB P = 0.004. Panel C shows the calculated whole
body urea flux in CO (solid bar), AB (open bar) and PRO (shaded bar) groups; CO vs. AB P = 0.009, CO vs. PRO P = 0.09.

increased in AB pigs vs. CO (P = 0.008) and PRO pigs (P = 0.02) (Figure 4B). The
net result was that net balance was not different amongst treatment groups (CO, AB,
PRO: 273, 270, 267 pmol - kg™ - h"). The fractional contribution of threonine to glycine
production (FC,,; ;) Was not different amongst groups, and accounted for 29% in CO,
32% in AB, and 29% in PRO pigs.

Table 3 Whole body threonine kinetics in CO, AB, and PRO pigs*.

CO AB PRO P-value
Intake, mg-kg'-d" 325 325 325
Flux [U'3C]threonine (ig) tracer, pmol-kg™-h! 541 +22* 661 +£27*f 559 +27¢+  *.008+%.022
Flux ['*N]threonine (iv) fracer, pmol-kg'-h' 521+ 20 573 +13 53119 NS
First-pass splanchnic utilization, % of intake 3.5+3.0 129 +2.5 4237 NS
First-pass splanchnic utilization, mg-kg'-d" 2320 85+1.6 28+25 NS
CO, production, mmol-kg'-h! 48 £5.9 47 £5.4 47 + 4.0 NS
13C THR oxidized, pmol-kg'-h! 56 +8.4 55+77 57 +6.2 NS
% of flux oxidized, % 106+ 1.8 85+1.4 105+ 1.5 NS
FCrpoy %° 29565 32222  29:56

AMean + SEM; n=7 pigs per group.® n=3 pigs per group

Tissue protein synthesis

Protein synthesis rates in proximal Sl, distal SI, and colon were measured by mass
spectrometry analysis of incorporation of the intravenous administered ['*N]threonine
tracer (Table 4). Protein FSR was lower in AB compared to CO pigs, whereas protein
ASR in both AB and PRO were lower compared to CO. Protein FSR and ASR in the
distal SI were not different between groups. Protein FSR and ASR in the colon was
lower compared to the small intestine but were not affected by treatment. In the liver,
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protein FSR was lower in AB compared to CO pigs, whereas protein ASR was lower in

AB pigs compared to both CO and PRO pigs. In muscle, protein FSR was not different
between treatment groups.
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Figure 4. Whole body protein synthesis and proteolysis based on threonine kinetics in neonatal
pigs.

Panel A shows whole body protein synthesis rate in CO (solid bar), AB (open bar) and PRO (shaded bar) groups; CO vs. AB
P =0.019, AB vs. PRO P = 0.039. Panel B shows whole body proteolysis CO (solid bar), AB (open bar) and PRO (shaded
bar) groups; Proteolysis; CO vs. AB P = 0.008, AB vs. PRO P = 0.02

Table 4 Protein FSR and ASR in the small intestine, colon, liver, and muscle in CO, AB, and PRO
pigsA.

CO AB PRO Pralue

Proximal small intestine

FSR, %/d 71+£7.1* 56 £ 4.0* 65 £ 4.1 *.013

ASR, g-kg?! -d’ 1.4 +0.12*1 1.0 + 0.05* 1.1 £ 0.04t *.0013 1.011
Distal small intestine

FSR, %/d 66 £5.2 57 £6.2 68 + 3.6 NS

ASR, g-kg' -d" 13015 12018 1101 NS
Colon, g'-kg'

FSR, %/d 52+3.7 44 £ 3.1 52 +4.0 NS

ASR, g-kg?! -d’ 0.4 +0.03 0.3 +0.03 0.4 +0.04 NS
Liver,

FSR, %/d 54 £ 4.1% 46 £ 2.6 52 +3.6 *.047

ASR, g'kg! -d’ 2.5+0.22* 1.8 +0.12*+ 2.5 +0.20¢ *.022 +.024
Muscle

FSR, %/d 39+1.9 43 £2.7 39+1.2 NS

AMean + SEM; n=7 pigs per group.

MUC2 analyses

Identified MUC2 fractions showed great similarity to that found in human preterm in-
fants242%. Colonic MUC2 FSR representing the percentage of MUC2 newly synthesized
per day was 48, 34, and 57 %/d in CO, AB, and PRO pigs respectively (Figure 5A).
MUC2 FSR was not significantly different between treatment groups although a trend
towards a higher MUC2 FSR was observed in PRO pigs compared to AB pigs (P =
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0.07). Quantitative Western blotting showed increased colonic MUC2 expression in
PRO pigs compared to CO (P = 0.007) and AB (P = 0.016) (Figure 5B).
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Figure 5. Fractional synthesis rate (FSR) and relative expression of MUC2 kinetics in neonatal
pigs in control (CO), antibiotic (AB) and probiotic (PRO) treated groups.

Panel A shows the MUC2 FSR in CO (solid bar), AB (open bar) and PRO (shaded bar) groups; PRO vs. AB p = 0.07. Panel
B shows colonic expression of MUC2 performed by quantitative Western blotting; CO vs. PRO P = 0.007, AB vs. PRO P =
0.016

Histology

Histology measurements of villus height, crypt depth, intestinal surface area, and mus-
cularis thickness showed no significant differences between treatment groups for all
segments (Table 1). However, villus height and intestinal surface area in the proximal Sl
tended to be decreased by PRO treatment. Analyses of BrdU positive cells indicating
proliferation in proximal and distal Sl were not affected by treatment.

Discussion

The intestinal microbiota utilizes and synthesizes amino acids that are available to the
host and contributes to amino acids requirements®:. In the neonate, modulation of the
gut microbiota by treatment with antibiotics and probiotics, might therefore impact
amino acid and hence protein metabolism. We investigated the impact of antibiotics
and probiotics on urea production and both whole body and intestinal threonine kinet-
ics in neonatal pigs. Consistent with our hypothesis, we found that antibiotics lowered
urea production and increased threonine turnover, whole body protein synthesis, and
whole body proteolysis, but this did not translate into a net increase in body threonine
balance. Furthermore, antibiotics decreased Sl weight, Sl protein synthesis, and liver
protein synthesis. Probiotics decreased urea plasma levels, but did not affect whole
body threonine or protein metabolism. Probiotics did decrease small intestinal weight
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and protein synthesis similar to AB pigs, but increased MUC2 expression suggesting
stimulation of the intestinal mucus layer and enhanced gut barrier function.

Antibiotics and probiotics differentially changed urea kinetics in our piglet model. Anti-
biotic treatment reduced urea production reflected as both lower plasma urea concen-
tration and urea rate of appearance compared to CO. Urea is synthesized in mammals
as part of the urea cycle, to dispose of ammonia generated mainly from deamination
of amino acids in the gut lumen or liver. In this cycle, amino groups donated by am-
monia and aspartate are converted to urea, while ornithine, citrulline, argininosuccinate,
and arginine act as intermediates. Decreased urea production from host amino acid
oxidation is unlikely to be responsible for the observed effect since threonine oxidation
was not different amongst groups. A large proportion of amino acids extracted in first
pass by the gut are catabolized by the neonatal pig intestine3435. A more recent report
studying isolated intestinal epithelial cells indicated that there was neither produc-
tion of CO, or citric acid cycle intermediates from carbons of various essential amino
acids, nor activity of amino acid catabolizing enzymes®. The extensive in vivo first
pass catabolism of essential amino acids by the pig SI may result from oxidation by
luminal microbes®”. Therefore, in the present study, we suspect that antibiotics resulted
in decreased bacterial mass and thus amino acid catabolism and resulting in decreased
amino acid deamination, ammonia production and hepatic urea synthesis.

Similar to antibiotics, probiotics reduced plasma urea concentrations and tended to
lower urea rate of appearance versus CO pigs. In pigs and human infants about 50%
of urea secreted into the gut lumen is hydrolyzed by bacteria and used for recycling3®®.
Thus, increased urease activity by the intestinal microbiota could explain the reduced
plasma urea concentrations observed in probiotic treated pigs. However, earlier re-
ports showed that probiotic supplementation decreased urease activity by diminishing
urease-producing bacteria?®®. Nonetheless, different probiotic products with different
species and even different strains may exhibit different results. We suspect that probi-
otic treatment also reduced body urea production by increasing the utilization of free
ammonia produced in the gut for bacterial amino acid synthesis.

Threonine is an essential amino acid important for intestinal and whole body protein
metabolism, and may therefore be influenced by modulation of the intestinal microbiota.
Threonine oxidation was not different amongst treatment groups whereas AB pigs had
significantly higher threonine plasma concentrations and threonine flux compared to
CO and PRO pigs. Proteolysis resulting in endogenous threonine release was increased
in AB pigs and responsible for the higher threonine flux and plasma concentration.
Yet, the higher threonine flux with unchanged oxidation of threonine in AB pigs also
reflects increased protein synthesis. Despite the finding of higher whole body protein
synthesis, this was not explained by increased protein synthesis rates in the gut, liver
and muscle tissues. Interestingly, protein synthesis rates in liver and proximal S| were
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lowest in AB pigs. A major question that arises from our study is why AB treatment
resulted in increased proteolysis and decreased protein synthesis rates in liver and gut.
One might expect that AB treatment could translate into a lower need for synthesis of
immune defensive and acute phase proteins associated with reduced bacterial-related
inflammatory stimulation*'-*3. Another explanation might be that increased proteolysis
was caused by AB as a side effect of the treatment. Gentamicin is an aminoglycoside
antibiotic that causes mistranslation of mMRNA as a consequence of binding to the
bacterial 70S ribosomal A-site decoding region of rRNA*. Mistranslation of mRNA then
interrupts bacterial protein synthesis and hence induces cell death. Although eukaryotic
cells mainly comprise 80S ribosomes, clinical use of aminoglycosides has shown to be
potentially be toxic to human cells, possibly by mistranslation by the proposed mecha-
nism above. We are not aware of any reports describing changes in tissue proteolysis
induced by aminoglycosides or other antibiotics. Further studies are needed to confirm
proteolysis by antibiotic treatment in preterm infants and to elucidate the mechanism
responsible.

Despite the wide-spread nutritional use and application of probiotics in human nutrition,
there are surprising few reports of their impact on protein and amino acid metabolism.
We found that probiotic supplementation did not affect threonine oxidation, whole body
protein synthesis, or protein synthesis of liver and muscle proteins compared to CO.
Recently, a stimulatory effect of probiotics on plasma and liver protein synthesis was
reported in a study concerning a piglet colitis model*. However, the presence of colitis
in that model, as well as difference in probiotics and microbial microbiota, might ex-
plain the difference in results. Interestingly, protein content and hence absolute protein
synthesis rates in the proximal S| were decreased in PRO compared to CO pigs. This
decrease in protein synthesis in the proximal gut in PRO pigs remains open for further
investigation. The proximal Sl preferentially uses dietary threonine for mucosal protein
synthesis?’. Therefore, the presence of probiotic bacteria in the proximal SI might have
resulted in competition for dietary amino acid with the host and hence decreased
availability of threonine for protein synthesis. It is also possible that probiotics induced
an anti-inflammatory action in the mucosal tissue resulting in lower protein synthesis
rates17,41-43,48.

MUC2, the most predominant intestinal secretory mucin forming the protective mucus
layer, is a major component of gut barrier function?s4’. Probiotics are associated with
increased gut barrier function and a decrease in the incidence of necrotizing entero-
colitis in preterm infants''”. Thus, we were interested to examine how either probiot-
ics or antibiotic treatment would alter MUC2 synthesis in the neonatal intestine. Our
results show that PRO pigs increased colonic MUC2 protein expression and synthesis
compared to CO and AB. This provides further evidence that certain probiotic bacteria
increase MUC2 synthesis in colonic epithelial cells*-5°. Moreover, it suggests a specific
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action of probiotic bacteria on epithelial innate immune function, since the total protein
synthesis rates were not different between groups. We have recently shown that MUC2
synthesis is upregulated by short chain fatty acids, especially butyrate®'. It was also
shown that supplementing infant formula with prebiotics increased bifidogenic micro-
biota and altered short chain fatty acid composition mimicking that of the breastfed
infant®2. Therefore, increased butyrate levels in PRO treated pigs might have accounted
for the increase in MUC2 observed.

In summary, this study is among the first to comprehensively examine the impact of
gut microbiota on gut growth and metabolism of both nitrogen and amino acids in a
neonatal animal model highly relevant to human infants. Our results show that antibiot-
ics commonly given to premature infants and to a lesser extent probiotic treatment both
decreased urea production in neonatal pigs. We suspect that the changes in whole
body urea kinetics are due to suppressed gut ammonia production and not host amino
acid deamination. Furthermore, while AB pigs exhibited increased threonine turnover,
whole body protein synthesis and proteolysis the fractional protein synthesis rates in
the proximal Sl and liver were decreased. These changes in metabolism were not as-
sociated with changes in intestinal growth or mucosal structure despite the significant
suppression of gut colonization due to AB treatment. In contrast, probiotics did not
markedly alter whole body threonine or protein metabolism despite the modest decrease
in protein synthesis in the proximal gut. A major finding was the stimulatory effect of
PRO on colonic MUC2 synthesis and MUC2 protein expression indicating increased
gut barrier function and specific induction of mucosal innate immunity. Again, this was
despite any remarkable changes in intestinal villus structure or crypt cell proliferation
in AB-treated pigs. Our results indicate that neither antibiotic nor probiotic result in
adverse outcomes associated with nitrogen and amino acid metabolism. Contrary to
our expectation, neither antibiotic nor probiotic had a measurable net anabolic effect on
whole body protein metabolism. However, clearly more studies are warranted in infants
to confirm the observed effects of antibiotics and probiotics. Finally, our results suggest
that rather than positive protein anabolic effects related to infant growth, probiotics lead
to localized stimulation of intestinal mucosal defense that translates into longer term
health and development outcomes.
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Chapter 8

Abstract

Paneth cell dysfunction has been suggested in necrotizing enterocolitis (NEC). The aim
of the present study was to: i) study Paneth cell presence, protein expression, and
developmental changes in preterm infants with NEC; ii) determine Paneth cell products
and antimicrobial capacity in ileostomy outflow fluid. Intestinal tissue from NEC patients
(n=55), preterm control infants (n=22), and term controls (n=7) was obtained during sur-
gical resection and at stoma closure after recovery. Paneth cell abundance and protein
expression were analyzed by immunohistochemistry. RNA levels of Paneth cell proteins
were determined by quantitative real-time RT-PCR. In ileostomy outflow fluid, Paneth
cell products were quantified and antimicrobial activity was measured in vitro. In acute
NEC, Paneth cell abundance in small intestinal tissue was not significantly different
from preterm controls. After recovery from NEC, Paneth cell hyperplasia was observed
in the small intestine concomitant with elevated human alpha-defensin 5 (HD5) mRNA
levels. In the colon, metaplastic Paneth cells were observed. lleostomy fluid contained
Paneth cell proteins and inhibited bacterial growth. In conjunction, these data suggest
an important role of Paneth cells and their products in various phases of NEC.
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Introduction

Paneth cells, named after Joseph Paneth', play a significant role in the innate immune
response. Localized at the base of the base of the crypts of Lieberkiihn, Paneth cells are
abundant in the ileum and only occasionally found in the proximal colon?. Paneth cells
have defensive functions including: 1) protection of stem cells in response to invading
microbes®**; 2) eradication of ingested pathogens®7; 3) regulation of the composition,
distribution, and number of commensal bacteria in the intestinal lumen®?®; 4) induc-
tion of cytokine secretion, immune cell recruitment, and chloride secretion to flush the
intestinal crypts of pathogens'-'".

Paneth cells execute their functions by production of antimicrobial proteins/peptides
such as lysozyme'>'3, secretory phospholipase-A2 (sPLA2)™, and human a-defensins
(HD5 and -6)'>'8, In the human fetal intestine, Paneth cells are present from 20 weeks
of gestation, however HD5 and -6 mRNAs are expressed from 13.5 weeks onwards'".
Both Paneth cell numbers and HD5 and -6 mRNA expression are lower in premature
infants at 24 weeks of gestation compared to term infants, and up to 200-fold lower
than in adults™. In the premature infant, who is often exposed to nosocomial pathogens
and has delayed colonization with beneficial commensals, this phenomenon could
result in higher susceptibility to bacterial infection and inflammation.

Although Paneth cell dysfunction in necrotizing enterocolitis (NEC) has been sug-
gested'?, little is known about Paneth cell abundance and function in preterm infants
at risk for NEC. NEC is the most common gastrointestinal disease in premature infants
with mortality rates up to 50% for infants needing surgery?*?'. Risk factors for NEC
are prematurity, very low birth weight, enteral formula feeding, and bacterial coloniza-
tion?>24, However, the underlying etiology and the impact of the innate immune system
on the development of NEC require further investigation.

We hypothesized that preterm infants with acute NEC have fewer Paneth cells compared
to control patients, and that Paneth cell numbers are up-regulated during recovery from
NEC, thereby enhancing the innate immune response. Our aim was to i) study Paneth
cell presence, Paneth cell protein expression, and disease-related changes in Paneth
cell numbers over time in premature infants with NEC compared to control patients, and
i) to measure Paneth cell products in ileostomy outflow fluid during NEC recovery and
to determine the bactericidal activity of ileal outflow fluid.
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Methods

Study population.

Premature infants, who underwent bowel resection for NEC between August 2003 and
September 2009, were eligible for the study. NEC was diagnosed and staged according
to Bell’s criteria?®. Diagnosis was confirmed during surgery and by histopathological
evaluation of resected intestinal tissue. Samples of both ends of the resected intestine
represented macroscopically vital tissue and were collected for histology and quantita-
tive real-time RT-PCR (qRT-PCR).

Approximately 3-5 weeks after surgery, when infants received an enteral intake of at
least 100 ml-kg'.d", enterostomy outflow fluid was collected every 3h for 24h and im-
mediately stored at -20°C. After full recovery, patients underwent a second surgical
procedure when eligible for reanastomosis (i.e. stoma closure). To allow proper reanas-
tomosis tissue was resected, which was collected for histology.

Patients who underwent surgery for resection of post-NEC strictures, as a result of
obstructive fibrotic intestinal tissue that developed during non-surgical therapy for
NEC, were also included. These samples were not subjected to surgical manipulation
or exposed to the extra-abdominal environment, and are thus representative for the
effects of NEC only. Again, samples were taken from both the proximal and distal part
of the resected intestine.

Finally, both preterm and term neonates who underwent resection for developmental
defects or diseases other than NEC were included as control patients, and intestinal
tissue was collected as described above. Infants diagnosed with cystic fibrosis were
excluded.

The study protocol was approved by the ‘Central Committee on Research involving
Human Subjects’ (The Hague, the Netherlands) and written informed consent was
obtained from the parents.

Histology and Immunohistochemistry.

Intestinal tissues were fixed in 4% (wt/vol) paraformaldehyde in phosphate buffered
saline for 24h at 4°C and processed for light microscopy. Five micrometer-thick sections
were cut and deparaffinized through a graded series of xylol-ethanol. For histology,
tissue samples were stained with hematoxylin and eosin. To determine Paneth cell-
specific expression of lysozyme, trypsin and HD5, immunohistochemistry was per-
formed as described previously?*?’. Antibodies used were anti-human lysozyme (Dako,
Glostrup, Denmark), anti-human trypsin (MAB 1482; Millipore, Billerica, MA, USA) and
anti-human HD5 (HyCult Biotechnology, Uden, the Netherlands). Secondary antibodies
applied were biotinylated horse anti-mouse IgG diluted (Vector Laboratories, Burlin-
game, England) and biotinylated goat anti-rabbit IgG (Vector Laboratories). Detection
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was performed using the ABC-PO complex (Vectastain Elite Kit, Vector Laboratories).
Staining was developed using diaminobenzidine.

Collected tissue samples were assigned to intestinal segments according to their
origin: jejunum, ileum, coecum, colon ascendens, colon transversum, colon descen-
dens, and rectosigmoid. When samples originated from the same intestinal segment,
only one sample per segment was analyzed. Samples from NEC and control infants
were matched and analyzed according to their segment of origin. Tissue morphology
was qualitatively assessed by 2 trained observers (PJP&IBR). A semi-quantitative as-
sessment of Paneth cell abundance based on lysozyme and HD5 positive cells was
performed. Paneth cells within 10 crypts per tissue sample were scored blinded as
follows: 0: no Paneth cells; 1: 0-1 Paneth cells per crypt and at least 1 Paneth cell per
10 crypts; 2: 1-4 Paneth cells per crypt; 3: more than 4 Paneth cells per crypt. Scores
were given by one observer and validated by the second observer.

Quantitative real-time RT-PCR.

RNA was isolated from snap-frozen ileal tissue (RNeasy Midi kit; Qiagen Benelux,
Venlo, the Netherlands) and used for cDNA synthesis. Expression levels of DEFA5
(HD5), LYZ (lysozyme), TRY2 (anionic trypsin), and PLA2G2A (sPLA2) were quantified
using gRT-PCR analysis based upon the intercalation of SYBR Green on an ABI prism
7900HT Fast Real-Time PCR system (PE Applied Biosystems, Foster City, CA, USA) as
described previously?®. Messenger RNA levels were expressed relative to the epithelial-
specific housekeeping gene VIL1 (Villin). Primer combinations are given in table 1.

Table 1. Primer sequences used for quantitative real time RT-PCR

Gene Forward primer Reverse primer

Lyz 5 TTT GCT GCA AGA TAA CAT C -3’ 5'-GAC GGA CATCTC TGT TTT G -3'
DEFA5 5'-TGC AGG AAA TGG ACT CTC -3’ 5'- GCC ACT GAT TTC ACA CAC -3’
PLA2G2A 5'-TGG CAC CAA ATT TCT GA -3’ 5'- GCA GCC TTA TCA CAC TCA -3’
TRY2 5'- GCT CCA AGG AAT TGT CTC -3’ 5'-GGG GCT TTA GCT GTT G -3/

viL1 5-CTG CCT TCT CTG CTC TG -3/ 5'- ATC GGT GAG AAA ATG AGA C -3’

Primers for DEFA5 (HD35), LYZ (lysozyme), TRY2 (anionic trypsin), and PLA2G2A (secretory phospholipase A2) were designed
using OLIGO 6.22 software (Molecular Biology Insights, Cascade, CO, USA).

Protein isolation and Western blot analyses.

To isolate proteins from the small intestinal outflow fluid, cesium-chloride density
gradient ultracentrifugation was performed as described previously?®®°. Fractions with
a buoyant density >1.35 g/ml, containing high density proteins, were discarded. Frac-
tions with a buoyant density <1.35 g/ml were pooled, dialyzed, and used to quantify
lysozyme, trypsin, and sPLA2 by Western-blot. The used dialysis membrane had a
cut-off size of 10 kD and therefore did not allow analysis of HD5 as HD5 is smaller than
10 kD. Primary antibodies used were rabbit anti-lysozyme (Dako), rabbit anti-sPLA2 (H-
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74) (Santa Cruz Biotechnology, Santa Cruz, CA, USA), and mouse anti-a-trypsin (MAB
1482, Chemicon International). Bound antibodies were detected using HRP-conjugated
goat anti-rabbit or anti-mouse antibodies and Luminol Enhancer (Pierce, Thermo Fisher
Scientific Inc., Rockford, IL, USA). Western-blots were analyzed using densitometry.

Antimicrobial assay.

Escherichia coli (E. colj), Lactococcus lactis (L. lactis), and Lactobacillus rhamnosus
(LGG) were grown overnight in LB medium, GM17 medium, and MRS medium (BD,
Franklin Lakes, NJ, USA) respectively, at 37°C. The pooled antimicrobial protein frac-
tions (100 pg) were added to 200 pl of bacterial cultures of 2x107 colony forming units
(CFU)/ml and incubated for 1h at 37°C. A 10-4 dilution was prepared and 100 pl of the
suspension was plated. After overnight incubation at 37°C, CFUs were counted. Bacte-
rial growth inhibition was analyzed by calculating the number of CFUs in comparison
to untreated bacteria.

Statistical analysis.

Comparisons between patient groups were made using ANOVA with a post-hoc Tukey
T-test for normally distributed data or the Kruskal-Wallis Test followed by Dunn’s Mul-
tiple Comparison Test for not-normally distributed data. Protein and mRNA levels of
antimicrobial proteins were determined using the Mann Whitney test. Analyses were
performed using GraphPad Prism version 5.0 (GraphPad Software, San Diego, CA,
USA). Significance was defined at P < .05.

Results

Study population.

A total of 84 infants were included in the study. Patient characteristics are shown in
table 2. Forty-nine preterm infants underwent bowel resection for stage Il acute NEC,
further referred to as A-NEC. After resection of necrotic tissue, primary anastomosis
was performed in 4 patients, an enterostomy was created in 40 infants, and in 5 patients
NEC lesions were too extensive to allow further surgical treatment compatible with life.
In total 13 infants (27%) died of complications of NEC. After recovery, 31 out of the 40
enterostomy patients were eligible for reanastomosis (further referred to as NEC-R),
allowing repeated tissue collection. Additionally, six premature infants were included,
who had received non-surgical treatment for NEC, but developed post-NEC strictures
requiring surgery (Post-NEC Stricture).

Twenty-two premature infants were included as control (Preterm CO). These patients
were diagnosed with small intestinal atresia (n=8), milk curd obstruction (n=3), perfora-
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tion due to herniation (n=2), solitary perforation (n=1), ileus (n=1), Meckel’s diverticulum
(n=1), volvulus (n=2), gastroschizis (n=3) and cloacal malformation (n=1). After intestinal
resection, 6 infants received a primary anastomosis and 16 an enterostomy. Post-sur-
gically 1 patient died of additional clinical complications. After full recovery, 13 infants
were eligible for stoma closure (Preterm CO-R), allowing repeated tissue collection.
Seven term infants who were resected for small intestinal atresia (n=3), intestinal perfo-
ration (n=3), and volvulus (n=1), were included as term controls (Term CO).

Figure 1 depicts the corrected gestational age at the time of tissue sampling during
surgery for all patient groups.

Table 2. Patient Demographics

NEC Post-NEC Stricture Preterm CO Term CO P-value
No. of patients 49 6 22 7
Demographics
Sex, % male 61 67 50 57
Gestational age (wk) 295+3 31.8+3.7 329+3.9 382+1.2 a,c,ik
Birth weight (g) 1239 £ 501.8 1618 £ 507.5 2051 £ 874.8 2946 £ 738.9* ach,j
Apgar score 1 min 7 (4-9) 7.5(2.9-9) 8(5-9)* 9(8-9)t NS
Apgar score 5 min 9(8-10) 9.5(8.3-10) 9(8-9)* 9(9-10)t NS
Clinical and surgical outcome
Postnatal age at 11(7-17.5) 40 (35.8-51) 1.5(0-1¢) 2(0-3) b,degh
Tst surgery (d)
Gestational age at 31.7(29.2-34) 38(35.8-40.5) 34.4(31-36.1) 38(37.6-40.3) b,cf
1st surgery (wk)
Primary anastomosis, % 8 100 27 42.3
Jejunostomy, % 12 - 23 14.3
lleostomy, % 61 - 45 42.3
Colostomy, % 8
Deaths, % 27
Patients eligible for 63 - 59
reanastomosis, %
Postnatal age at 95 (57 -125) - 55 (44 -102) - NS
reanastomosis (d)
Gestational age at 43 (40.1 - 46.6) - 41 (39.5 - 46.4) - NS

reanastomosis (wk)

Data provided are percentages or means = SD. Medians (interquartile range) are provided for variables that are not normally
distributed.

a P <.001 for comparisons between NEC and Preterm controls.

b P < .05 for comparisons between NEC and Preterm controls.

¢ P <.001 for comparisons between NEC and Term Controls.

d P < .05 for comparisons between NEC and Term Controls.

e P < .05 for comparisons between NEC and PostNEC Strictures.

fP < .001 for comparisons between NEC and Post-NEC Strictures.

g P <.001 for comparisons between Post-NEC Strictures and Preterm Controls.
h P <.001 for comparisons between PostNEC Strictures and Term controls.

i P <.01 for comparisons between PostNEC Strictures and Term controls.

j P < .05 for comparisons between Preterm controls and Term controls.

k P < .01 for comparisons between Preterm controls and Term controls.

NS not significant.

*Data on 1 patient was not recorded. t Data on 2 patients was not recorded.
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Term CO
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Figure 1. Time-frame representing an overview of intestinal tissue sampling according to
gestational age. Bars represent interquartile ranges.

A-NEC patients are significantly younger than Preterm CO (Mann-Whitney P < .01), but corrected gestational age is
comparable during reanastomosis. Corrected gestational age during reanastomosis is in both groups not different from
patients with Post-NEC strictures and Term Controls during surgery.

Sample evaluation.

In most infants the resected intestine covered multiple intestinal segments. Samples
were cut from both ends of the resected material and therefore sample numbers do
not correlate with the number of patients included. Samples from jejunum, ileum, and
colon were used for morphological analysis (n=157). Samples that showed complete
mucosal erosion were excluded from further analyses (n=36). The remaining samples
were stained for lysozyme, HD5, and trypsin to analyze Paneth cell-specific protein
expression. Scoring was based upon both lysozyme and HD5 staining. Table 3 demon-
strates the number of samples that were obtained and evaluated for each patient group.

Table 3. Sample evaluation of intestinal tissue obtained during acute surgery (A) and
reanastomosis (B)

A. Acute surgery Small Intestine Colon

Patient Groups Total Excluded Evaluated Total Excluded Evaluated
NEC 46 16 30 18 8 10
Post-NEC Stricture 0 0 0 5 0 5
Preterm CO 21 4 17 2 1 1
Term CO 7 1 6 1 0 1

B. Reanastomosis Small Intestine Colon

Patient Groups Total Excluded Evaluated Total Excluded Evaluated
NEC 29 3 26 13 2 1
Preterm CO 12 1 11 3 0 3

Note: Tissue samples were obtained from both ends of resected intestine and might originate from multiple intestinal
segments. Therefore patient numbers do not correlate with sample numbers.

Paneth cell hyperplasia during NEC recovery.

Paneth cells were present in small intestinal tissue of NEC patients and Preterm CO,
and were positive for lysozyme (Figure 2A-D), HD5 (Figure 2E-H), and trypsin (not
shown). Abundance of Paneth cells, determined by lysozyme and HD5 staining, was
not significantly different between A-NEC and Preterm CO (Figure 3). In reanastomosis
samples, no differences in Paneth cell abundance between NEC-R and Preterm CO-R
were observed (Figure 3). However, small intestinal samples in both NEC-R and Preterm
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CO-R showed increased numbers of Paneth cells, determined by lysozyme and HD5
staining, when compared to A-NEC and Preterm CO samples, respectively (Figure 3).
To determine whether this increase in Paneth cell numbers was age- or disease-related,
we compared Term CO samples to NEC-R and Preterm CO-R samples, as the corrected
gestational age at time of surgery was not significantly different between these groups
(Figure 1). Interestingly, Paneth cell abundance in small intestinal NEC-R and Preterm
CO-R tissue was increased compared to Term CO indicating a disease-related effect.
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Figure 2. Immunohistochemistry for lysozyme- (LYS) (A-D) and HD5-positive (E-H) Paneth cells
in ileal tissue from NEC patients and Preterm CO. (A, E) A-NEC; (B, F) NEC-R; (C, G) Preterm CO;
(D, H) Preterm CO-R. Images are representative of 19 A-NEC, 21 NEC-R, 9 Preterm CO, and 6
Preterm CO-R specimens derived from the ileum.
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Figure 3. Paneth cell abundance in small intestinal tissue from A-NEC and NEC-R patients,
Preterm CO and Preterm CO- R, and Term CO obtained during acute surgery and reanastomosis.
Scoring of HD5-positive (A) and lysozyme—positive (B) Paneth cells, based upon the number of stained cells per crypt from
an average of 10 crypts (see methods). Lines represent medians. Statistics were performed using the Kruskal-Wallis - Dunn'’s
Multiple Comparison test. * P < .05; ** P < .01; § P <.001.
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Paneth cell metaplasia during NEC recovery.

In 9 out of 10 samples, no Paneth cells were found in colonic tissue from A-NEC patients
(Figure 4 and 5). Unexpectedly, at the time of reanastomosis nearly all proximal and dis-
tal colon samples showed metaplastic Paneth cells, determined by lysozyme and HD5
staining (Figure 4). This finding was confirmed by the Post-NEC Stricture colon samples
which all displayed metaplastic Paneth cells (Figure 4). Figure 5 presents the scoring
of Paneth cell-abundance in the colon and demonstrates the induction of metaplastic
Paneth cells, assessed by staining for HD5 (Figure 5A) and lysozyme (Figure 5B), in
NEC-R and Post-NEC Stricture. In Preterm CO-R, only few colon samples (n=3) were
obtained, nevertheless all samples showed Paneth cell metaplasia (not shown).

COLON
A-NEC NEC-R Post-NEC Stricture
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Figure 4. Representative immunohistochemistry for lysozyme (LYS; A-C) and HD5 (D-F) in
metaplastic Paneth cells in colonic tissue from NEC patients.

(A, D) ANEC. (B, E) NECR. (C, F) PostNEC Stricture. Images are representative of 10 ANEC, 11 NECR, and 5 PostNEC
Stricture specimens.
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Figure 5. Scoring of Paneth cell abundance in colonic tissue from NEC A-NEC, NEC-R and Post-
NEC Stricture patients. Scoring of HD5-positive (A) and lysozyme-positive (B) Paneth cells, based
upon the number of stained cells per crypt from an average of 10 crypts (see methods).

Lines represent medians. Statistics were performed using the Kruskal-Wallis - Dunn’s Multiple Comparison test. * P < .05;**
P<.01.
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LYZ, TRY2, PLA2G2A, and DEFA5 mRNA levels in NEC.

Analyses of ileal samples from 21 NEC patients by gRT-PCR showed that LYZ, TRY2,
and PLA2G2A mRNA levels were not different in tissue from A-NEC (n=8) vs. NEC-R
(n=13) (Figure 6). However, expression of DEFA5 was significantly higher in NEC-R
compared to A-NEC (Figure 6A-D). Although sample numbers obtained from preterm
control infants were limited, expression of LYZ, TRY2, PLA2G2A, and DEFA5 tended to
be higher in Preterm CO-R samples (n=5) compared to Preterm CO (n=4) (Figure 6E-H).
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Figure 6. Expression of anti-bacterial peptide genes in A-NEC and NEC-R (A-D) and Preterm
CO and Preterm CO-R (E-H): (A, E) DEFAS, (B, F) LYS, (C, G) PLA2G2A, and (D, H) TRY2. DEFA5
expression was upregulated in NEC Reanastomosis; Mann Whitney test P = .013. Lines
represent medians.

Antimicrobial products in the ileostomy outflow fluid and antimicrobial
activity.

lleostomy outflow fluid from 12 patients was collected during the regenerative phase
of NEC (Table 4). Isolates of the outflow fluid samples contained lysozyme, trypsin, and
sPLA2. As lysozyme and trypsin are present in breast milk, we analyzed whether levels
of these antimicrobial products would differ between infants receiving breast milk (n=6)
or formula (n=6). There was no statistically significant difference between the groups
(data not shown).
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Table 4. Baseline characteristics of NEC patients sampled for ileostomy outflow fluid

No. of patients 12

Demographics

Sex, % male 92
Gestational age (wk) 29.1 £ 3.1
Birth weight (g) 1210 + 524
Postnatal age at 1st surgery (d) 11.5(7.8-13.5)
Time of enterostomy outflow collection post-surgery (d) 22 (18.3-25)
Patients receiving breast milk, % 50
Patients receiving antibiotic treatment during sampling, % 33

Data provided are percentages or means = SD. Medians (interquartile range) are provided for variables that are not normally

distributed.

Bactericidal activity of the outflow fluid isolates was demonstrated by growth inhibition
of £. coli with 52% (+18%), L. /actis with 81% (£x20%) and LGG with 43% (+17 %) (Figure
7A). Increasing concentrations of protein isolates (n=7) were used to determine bacte-
rial growth inhibition capacity. Growth inhibition up to 100% was reached as presented
in figure 7B. To evaluate whether antibiotic treatment influenced the observed effect, we
compared bacterial growth inhibition from isolates of antibiotic-treated patients (n=4)
to isolates from patients without antibiotics, but no difference was observed (Figure 7).
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Figure 7. (A) Antimicrobial assay showing bactericidal activity of protein isolates from ileostomy
outflow fluid samples (n=12) on E. coli, LGG and L. lactis. Bactericidal activity is expressed as %
growth inhibition compared to non-treated controls.

Open symbols denote antibiotic-treated patients. Lines represent means. (B) Bacterial challenge assay showing up to 100 %
growth inhibition of E. coli, LGG and L. Lactis with increasing doses of protein isolates (n=7). Bars represent means + SEM.

Discussion

Paneth cells play a key role in the innate immune response and host defense. Although
Paneth cell dysfunction has been suggested, little is known about Paneth cell presence
and function in the immature gut and gastrointestinal complications of prematurity
such as NEC. In the present study we analyzed Paneth cell-presence, function, and
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disease-related changes in Paneth cell abundance over time in preterm infants with
NEC. Our results show Paneth cell hyperplasia and metaplasia in premature infants
recovering from NEC. Furthermore, Paneth cell-products from ileostomy outflow fluid
of NEC patients exhibited strong bactericidal activity.

First, Paneth cell presence and protein expression in small intestinal samples of A-NEC
patients vs. Preterm CO was investigated. We found that Paneth cells were present
in both A-NEC and Preterm CO. Coutinho and colleagues observed an absence of
lysozyme-positive Paneth cells in acute NEC, and suggested a developmental defect
in Paneth cells, i.e. delayed maturation of Paneth cells, leading to lack of antimicrobial
agents such as lysozyme and defensins'®. Besides the fact that 40% of their NEC-
patients were term newborns in whom the disease is thought to be different from pre-
mature infants®'-%, the absence of lysozyme-positive Paneth cells might be explained
by enhanced secretion of lysozyme. Nevertheless, our study demonstrates Paneth
cell-specific lysozyme and HD5 mRNA and protein in A-NEC contradicting Paneth cell
deficiency in preterm infants.

Similarly to our results, Salzman et al. showed presence of Paneth cells in acute NEC
patients®4. Semi-quantitative analysis of the 6 preterm acute NEC infants investigated in
that study revealed an increase in Paneth cell numbers and HD5 mRNA levels in infants
with NEC compared to (near) term control infants. In our study we did not observe a dif-
ference between A-NEC and Term CO with respect to Paneth cell abundance; however
we did when we compared NEC-R infants to Term CO. Another point of interest is
that in the study of Salzman, intracellular peptide levels in NEC did not coincide with
the observed rise in mMRNA. Although we did not quantify intracellular peptide levels
per Paneth cell, low HD5 mRNA levels coincided with low numbers of HD5-positive
Paneth cells, whereas high HD5 mRNA levels correlated with the hyperplasia of HD5-
positive Paneth cells during reanastomosis. Therefore, our study is the first to report
small intestinal Paneth cell hyperplasia after recovery from NEC and strongly implies
an up-regulation of Paneth cell abundance. We did not detect differences in lysozyme,
sPLA2, and trypsin mRNA levels in A-NEC vs. NEC-R. However, in contrast to HD5,
these products are not restricted to Paneth cells for their production and therefore don’t
necessarily reflect changes in Paneth cell abundance.

In concordance to the hyperplasia observed in NEC, Paneth cell numbers in Preterm
CO-R were also up-regulated compared to Preterm CO. Moreover, both Preterm CO-R
and NEC-R tissue showed higher numbers of Paneth cells compared to Term CO. Most
likely severe or prolonged intestinal inflammation, which to a lesser extend was also
seen in preterm control infants, might explain the observed hyperplasia. However, the
effect of increased postnatal age in this preterm population compared to Term CO
cannot be excluded.
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A novel finding in our study is the occurrence of Paneth cell metaplasia in colon samples
during NEC-recovery. The expression of lysozyme, trypsin, and HD5 indicated the pres-
ence of well-differentiated cells able to exert Paneth cell-defensive functions. Although
Paneth cell metaplasia has not been described in NEC, this phenomenon has been
reported in inflammatory bowel disease®®. Metaplasia can occur through restitution or
regeneration of tissue after intestinal mucosal surface loss, either due to resection,
and/or inflammation®. However, as our Post-NEC stricture patients had not undergone
resection during acute NEC, but did show Paneth cell metaplasia, we suggest that
inflammation caused Paneth cell-metaplasia.

During recovery, lysozyme, trypsin, and sPLA2 were present in intestinal outflow fluid
and outflow fluid inhibited bacterial growth in vitro. Similar outcomes were found in in
vitro studies performed with human and mouse peptide isolates®*°. A caveat is that
these antibacterial products are not Paneth cell specific. However, the presence of
Paneth cells in A-NEC and the presence of these peptides in the ileal outflow fluid,
imply that Paneth cells in preterm infants are present and at least partially functional by
secreting antimicrobial products. Therefore, Paneth cell deficiency, i.e. a lack of Paneth
cells, in preterm infants with NEC seems unlikely. However, we cannot exclude that
there are abnormalities in Paneth cells that limit their functioning in infants with NEC.
A limitation of the present study is that interpretation of our findings is difficult since
preterm controls also exhibit signs of inflammation, numbers of age-matched control
patients are limited, and collecting material from a healthy control group is not feasible.
Nevertheless, our results indicate the presence of Paneth cells in preterm infants with
NEC, and imply that Paneth cell hyperplasia and metaplasia is most likely caused by
inflammation. Subsequently, increased Paneth cell numbers suggests enhanced secre-
tion of active antimicrobial products and might be indicative of an enhanced innate
defense response during prolonged inflammation which might contribute to NEC-
recovery. However, it still remains to be elucidated which possible cell signaling and
regulatory pathways are involved in these processes to target improvement of therapy
and clinical outcome.
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Abstract

Arginine is an essential amino acid in neonates synthesized by gut epithelial cells and
a precursor for nitric oxide (NO) that regulates vasodilatation and blood flow. Arginine
supplementation has been shown to improve intestinal integrity in ischemia-reperfusion
models and low plasma levels are associated with necrotizing enterocolitis. We hypoth-
esized that enteral arginine is a specific stimulus for neonatal intestinal blood flow and
mucosal growth under conditions of TPN or PEN. We first tested the dose-dependence
and specificity of acute (3 h) enteral arginine infusion on SMA blood flow in pigs fed TPN
or PEN. We then determined whether chronic (4 d) arginine supplementation of PEN
increases mucosal growth and if this was affected by treatment with the NO synthase
inhibitor, L-NAME. Acute enteral arginine infusion increased plasma arginine dose-
dependently in both TPN and PEN groups, but the plasma response was markedly
higher (100-250%) in the PEN group than in the TPN group at the two highest arginine
doses. Baseline SMA blood flow was 90% higher in the PEN (2.37 + 0.32 L-kg'-h)
pigs than in the TPN pigs (1.23 + 0.17 L-kg'-h""), but was not affected by acute infu-
sion individually of arginine, citrulline, or other major gut fuels. Chronic dietary arginine
supplementation in PEN induced mucosal growth in the intestine, but this effect was
not prevented by treatment with L-NAME. Intestinal crypt cell proliferation, protein syn-
thesis and phosphorylation of mTOR and p70S6K were not affected by dietary arginine.
We conclude that partial enteral feeding, but not acute enteral arginine, increases SMA
blood flow in the neonatal pig. Furthermore, supplementing arginine in partial enteral
feeding modestly increased intestinal mucosal growth and was NO independent.
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Introduction

Arginine is a nutritionally essential amino acid in neonates and required for protein syn-
thesis and growth'. Although arginine production in adults occurs mainly in the kidneys,
in the neonate arginine is exclusively synthesized in gut epithelial cells from amino
acid precursors like citrulline, glutamine, glutamate and proline?. Except for serving as
a building block for proteins, arginine has been shown to exert beneficial effects on
intestinal integrity and function as it is the major amino acid precursor of polyamines
essential for gut healing®, an enhancer of cell migration and activator of protein synthe-
sis*®, and the sole physiological precursor for nitric oxide (NO)2.

NO is a signaling molecule that plays a central role in regulating vascular resistance
and hence blood flow in the newborn intestinal circulation”. NO is a potent vasodila-
tor that is produced by NO synthase (NOS) that catalyzes the production of NO from
arginine?. There are three different isoforms of NOS: nNOS (type 1 NOS) which was first
discovered in neuronal tissues; INOS (type 2 NOS), which is inducible under inflamma-
tory conditions; and eNOS (type 3 NOS), which was first identified in endothelial cells.
nNOS and eNOS are expressed constitutively at low levels in a variety of cell types and
tissues, whereas iINOS is normally not expressed at a significant level in cells or tissues.
NO synthesis is regulated by the availability of arginine®. Low plasma levels of arginine
have shown to lead to decreased NO synthesis and subsequently diminished blood
flow in the small intestine in low grade endotoxemia in the rat'.

Clinical studies have shown low levels of arginine in preterm infants and arginine defi-
ciency is associated with an increased incidence of NEC''-'4. NEC is the most common
intestinal emergency in the preterm infant with reported mortality rates of up to 50%7.
A detrimental series of pathophysiological events involving intestinal inflammation and
ischemia, leads to mucosal eruption, invasion of bacteria into the intestinal wall, necro-
sis, and subsequently sepsis. Low circulating levels of arginine or arginine precursors
result in shortage of arginine and arginine derived products like NO, which subsequently
may contribute to the actual development of NEC'®.

In neonatal intensive care, most preterm infants receive full TPN or TPN with minimal
or partial enteral nutrition (PEN), because of enteral feeding intolerance. Although TPN
is a lifesaving therapy, arginine synthesis is greatly diminished in TPN fed pigs'’. More
importantly, we have previously shown in pigs that TPN significantly reduced iNOS
activity, decreased superior mesenteric artery (SMA) blood flow and induced mucosal
atrophy'’. Lack of enteral substrate and mucosal atrophy might decrease arginine
synthesis by epithelial cells leading to inadequate production of NO by the intestinal
vasculature, and predispose the preterm infant to vasoconstriction and tissue injury.
Several investigators have evaluated arginine administration in animal models of isch-
emia-reperfusion and experimental NEC. Increased bioavailability of arginine caused a
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significant increase in NO production and tissue perfusion in the rat microcirculation’®.
Arginine administration enhanced serum NO production and decreased mucosal injury
in rat models of ischemia-reperfusion-2'. Actual blood flow measurements during
intestinal ischemia-reperfusion showed an increase in blood flow upon arginine admin-
istration in both mice and pigs?23. Moreover, administration of arginine has been shown
to decrease the incidence of experimental NEC in an acidified casein piglet model®
and a hypoxia—-reoxygenation model in young mice?. Arginine administration has also
been evaluated in a randomized, double-blind, placebo-controlled study where arginine
supplementation to infants less than 28 weeks gestation increased plasma arginine
levels and significantly decreased the incidence of NEC?®.

Several possibilities may explain how arginine supplementation reduces intestinal
injury and NEC in the neonate. First, supplemental arginine may lead to increased local
NO production via eNOS in the intestinal vasculature, leading to vasodilatation and
preservation and/or restoration of intestinal blood flow. Second, the ability of arginine
to prevent NEC and gut injury may be due to the trophic physiological effects on the
intestinal epithelium. Arginine supplementation in /n vitro and /n vivo models stimulated
intestinal protein synthesis and increased epithelial cell survival via enhanced mTOR
and p70S6K signaling*®. However, it is unknown whether this trophic effect of arginine
on the epithelium is NO and/or blood flow dependent in the neonate. We hypothesized
that enteral arginine is a specific stimulus for neonatal intestinal blood flow and sub-
sequent mucosal growth. The objectives of this study were: 1) To establish the dose-
dependency and specificity of enteral arginine infusion on SMA blood flow in neonatal
pigs fed TPN or PEN; 2) To test whether enteral arginine supplementation increases
intestinal mucosal growth and protein synthesis by a NO-dependent mechanism.

Materials and Methods

Animals.

The study protocol was approved by the Animal Care and Use Committee of Baylor
College of Medicine and conducted in accordance with the Guide for the Care and
Use of Laboratory Animals [Department of Health and Human Services publication no.
(National Institutes of Health; NIH) 85-23, revised 1985, Office of Science and Health
Reports, NIH, Bethesda, MD]. Three-d-old, crossbred pigs were obtained from the
Texas Department of Criminal Justice (Huntsville, TX), transported to the animal facility
at the Children’s Nutrition Research Center (Houston, TX), and immediately placed in
cages in a heated room (30°C) until surgery the following day.
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Study protocol: In vivo blood flow studies.

Pigs underwent surgery under isoflurane general anesthesia. Silastic catheters were in-
serted into the jugular vein, carotid artery and gastric fundus as previously described?”.
An ultrasonic blood flow probe was placed around the superior mesenteric artery.
Pre-operatively, pigs received enrofloxacin (2.5 mg-kg™'; Baytril, Bayer, Shawnee Mis-
sion, KS), and this was continued on each postoperative day. After surgery, each piglet
received one dose of analgesic (0.1 mg-kg™ butorphenol tartrate; Torbugesic, Fort
Dodge Laboratories, Fort Dodge, |A). During the initial 24 h postoperatively, all pigs
received TPN at 50% of full intake; the 100% TPN intake provided (in g-kg'-d"") 25
glucose, 13 L-amino acids, 5 lipid, and 452 kd-kg"-d" at a volume of 120 mL-kg'-d'.
The L-arginine intake during 100% TPN was 0.630 g-kg™'-d™".

On d 2, pigs were assigned to receive either TPN (n=5, 240 mL-kg-d""), or PEN (n=9,
40% enteral at 96 mL-kg'.d"") with a liquid cow’s milk-replacer formula (Litter Life, Mer-
rick, Middleton, WI) fed in three oral meals per day. Pigs were weighed daily to adjust
their intake. On postoperative d 3-5 blood flow was measured in pigs of both groups
(TPN and PEN). Pigs were given a continuous, intragastric infusion in a randomly
assigned cross-over design with saline (0.9% NaCl; 4 mL-kg'-h"") for 1 h (baseline),
followed by a primed, continuous 3-h intragastric infusion with different doses of ar-
ginine at 50, 100, 200, 400, 800 pmol-kg"'-h-'. The priming dose equaled the amount
of amino acid infused within 2 h for the respective treatments. During enteral arginine
infusions, pigs were also given TPN infused intravenously at 10 mL-kg™-h", such that
pigs received parenteral arginine at a rate of 150 pmol-kg'-h-'. Pigs only received one
arginine dose per day and were placed back on their respective basal diet of either TPN
or PEN during the rest of the day. A third group of pigs were fed PEN (n=8, 40% enteral
at 96 mL-kg™'-d"") and were infused enterally with citrulline, glutamate, glutamine, or
glucose as a control at 800 pmol-kg'-h-'. In pigs given PEN, parenteral nutrition was
infused intravenously at 6 mL-kg'-h"" and enteral formula was infused intragastrically
as a priming bolus (8 mL/kg) followed by a continuous infusion at 2 mL-kg'-h-'. The
PEN pigs received a parenteral arginine intake of 150 pmol-kg'-h-'. In all three infu-
sion groups, SMA blood flow was monitored continuously throughout the 4-h infusion
protocol. Arterial blood samples (1 mL) were collected at 1 and 4 h for measurement of
plasma amino acid concentrations. After completion of the protocol, pigs were killed
with a venous injection of pentobarbital sodium (50 mg/kg) and sodium phenytoin (5
mg/kg, Beuthanasia-D; Schering-Plough Animal Health, Kenilworth, NJ).

Study protocol: Chronic arginine supplementation.

Pigs (n=32) underwent surgery as described above without the implantation of a gastric
catheter and SMA blood flow probe, followed by 24 h of TPN as above. Beginning
on postoperative d 2, pigs were weighed and assigned to one of three treatments
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based on equal body weights. Pigs received PEN (20% enteral at 48 mL-kg'-d™') with
a cow’s milk-replacer formula (Litter Life) via an orogastric bolus 5 times per day for 4
d supplemented with 1) arginine (ARG; 800 pmol-kg-h-'; n=11), 2) arginine plus a NO
synthase inhibitor NCé-nitro-L-arginine methyl ester (ARG+L-NAME, ARG 800 pmol-kg
-h"" + L-NAME 200 pmol-kg'-h"'; n=9) or 3) L-alanine (CO, 800 pmol-kg'-h'; n=11) as
a control. At the end of the 4-d treatment period, 4 h prior to termination, each pig was
injected with an intravenous bolus of 5-bromodeoxyuridine (BrdU; 50 mg/kg; Sigma
Aldrich, St. Louis, MO) to measure the /n7 vivo crypt cell proliferation index?’. Addition-
ally, 30 min prior to euthanasia, each animal received an intravenous flooding dose
of L-phenylalanine (1.5 mmol/kg, containing 0.15 mmol/kg L-[ring-'*C ] phenylalanine;
Cambridge Isotope Laboratories, Andover, MA) to measure the rate of tissue protein
synthesis'’. Arterial blood samples were taken at 0 and 30 min of L-phenylalanine infu-
sion. Pigs were then killed with an intravenous injection of pentobarbital sodium and
sodium phenytoin. The small intestine was excised, flushed with saline, and divided into
2 segments, designated as jejunum and ileum, and weighed. Tissue sections were fixed
in 10% buffered formalin for morphological and bromodeoxyuridine (BrdU) analysis.
An aliquot of each segment was snap-frozen in liquid nitrogen and stored at -80°C
until analysis for protein and DNA content, and isotopic tracer enrichment for protein
synthesis analysis.

Plasma and tissue analyses.

Plasma samples were assayed for amino acids by reverse-phase HPLC (Pico Tag,
Waters, Milford, MA), glucose by glucose oxidase (Sigma-Aldrich) and insulin by radio-
immunoassay as previously described?. Frozen intestinal and liver tissue samples were
homogenized and assayed for protein and DNA content'”.

Histology and Immunohistochemistry.

Morphometry analysis was performed on formalin-fixed, paraffin-embedded, hema-
toxylin and eosin-stained intestinal sections (5 pm) as described previously?®. Villus
height, crypt depth, and muscularis thickness were measured by using an Axiophot
microscope (Carl Zeiss Inc, Werk Gottingen, Germany) and NIH IMAGE software, ver-
sion 1.60 (National Institutes of Health, Bethesda, MD). /n vivo crypt cell proliferation
was measured by BrdU crypt-cell labeling®.

Tissue protein synthesis.

Samples of jejunum, ileum, liver, muscle and pancreas were homogenized and
deproteinized with 2 mol/L perchloric acid as described previously'. The perchloric
acid-soluble (free amino acid pool) and acid-insoluble (protein-bound amino acid pool)
fractions were subjected to mass spectrometric analysis. The acid-insoluble fraction
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was hydrolyzed with 6 mol/L HCI for 24 h before gas chromatography-mass spectrom-
etry (GC-MS) analysis. To measure the enrichment of ['*C,] phenylalanine in the tissue
protein-bound pool, hydrolyzed samples were derivatized to form A-pivaloyl-i-propyl
esters and measured by gas chromatography-combustion-isotope ratio mass spec-
trometry (GC-C-IRMS, Thermo Finnigan Deltaplus XL GC-C-IRMS; Thermo Electron
Corp.,Waltham, MA)%°.

Fractional protein synthesis rates (FSR, %-d") of jejunum, ileum, liver, and muscle were
calculated as follows:

/IE

fre

FSR = (IE, )/ (1440/)]- 100

ound
and |IE
of the perchloric acid-insoluble and perchloric acid-soluble pool, respectively, #is the
time of labeling (min), and 1440 is the number of minutes per day'’. Absolute synthesis
rates (ASR, g-kg'-d™") of jejunum, ileum, and liver were calculated as follows:

where IE are the isotopic enrichments (mol% excess) of ['°C Jphenylalanine

bound free

ASR = (FSR/100) - protein
where protein is the protein content of the organ in gram per kg body weight.

Tissue Imnmunoblotting.

The tissue abundance of phosphorylated mTOR and p70s6k were measured as by
immunoblotting. Frozen muscle and intestinal tissue samples (200 mg) were homog-
enized in buffer A containing: 50 mmol/L HEPES (pH 7.4), 1 mmol/L EDTA, 1 mmol/L
dithiothreitol, 5 mg/L phenylmethylsulfonyl-fluoride, 5 mg/L aprotinin, 5 mg/L chymo-
statin and 5 mg/L pepstatin. The homogenate was then sonicated and centrifuged at
12,000 g for 15 min at 4°C. From the resulting extracts were separated via 7-15%
SDS-PAGE and transferred to nitrocellulose membranes. Membranes were blocked
with 5% non-fat milk in Tris-buffered saline (TBS, 20 mmol/L Tris, 150 mmol/L NaOH,
pH 7.4). Membranes were incubated with a primary antibody diluted in 5% non-fat milk
in TBS + 0.1% Tween-20. Membranes were incubated with a secondary antibody (goat
anti-rabbit IgG-HRP, or goat anti-mouse IgG-HRP, 1:5,000, Santa Cruz Biotech Inc.),
and the bands were detected as described below. The membranes were probed with
mTOR, phosphorylated mTOR, p70S6K or phosphorylated p70S6K antibodies (1:1000
to 3000). Bands were detected with an enhanced chemiluminescence detection kit
(ECL Plus, Amersham Biosciences), and semi-quantitative data were obtained using a
computer densitometer (Quantity One, Bio-Rad). Phosphorylated and total mTOR and
p70S6K measurements were normalized to alpha-tubulin immunoreactivity.
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Statistical Analyses.

Minitab statistical software (Minitab, State College, PA) was used for statistical analysis.
Data from acute arginine dose infusions were first analyzed by one-way ANOVA and
then linear regression. Data from acute substrate infusions and chronic arginine supple-
mentation were analyzed by one-way ANOVA, followed by a Tukey’s means comparison
test or paired t-test when compared to saline baseline values. Differences in plasma
arginine concentrations between TPN and PEN groups across arginine dose levels
(50-800 pmol-kg™-h-') were tested by two-way ANOVA, with feeding mode and arginine
dose as main effects, followed by a Tukey’s means comparison test. Data are presented
as the mean + SEM and P < 0.05 was considered statistically significant.

Results

In vivo blood flow studies: SMA blood flow response to acute infusion of
arginine or arginine precursors.

It is important to note that during both TPN and PEN protocols, pigs were receiving
parenteral arginine at the rate of 150 and 90 pmol-kg'-h-', respectively. Plasma arginine
concentrations were measured during the saline basal infusion and not significantly
different among the dose levels and thus have been averaged for simplicity. Plasma
arginine and ornithine concentrations increased upon arginine infusion in both TPN (P
< 0.05) and PEN (P < 0.05) (Fig. 1 and Table 1). In addition, the plasma arginine and
ornithine concentrations in PEN pigs were significantly higher compared to TPN pigs
during both the basal saline infusion and with arginine infusion (Fig. 1 and Table 1).

15007 -o- TPN Saline
~®- TPN Arginine d
A~ PEN Saline

1000{ 4 PEN Arginine
PEN > TPN, P<0.01

500

Plasma arginine
(umol/L)

0 T T é T T T T T <\)
0 100 200 300 400 500 600 700 800

Arginine infusion rate (umolekg-1*h-)

Figure 1. Plasma arginine concentrations in TPN and PEN fed pigs infused intragastrically with
arginine.

Values are means + SEM, n=4-6 pigs per dose in TPN group and n=9 pigs per dose in PEN group. Plasma arginine
concentrations increased (P < 0.05) upon arginine infusion in both TPN and PEN compared to the respective saline baseline
values. Plasma arginine concentrations increased dose-dependently (linear, P <0.01) with arginine infusion concentrations
in both TPN and PEN groups. Within a group, labeled means without a common letter differ, P<0.05 based on Tukey's test.
Plasma arginine concentrations in PEN pigs were higher (P <0.05) compared to TPN based on two-way ANOVA.
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TABLE 1. Selected plasma amino acid concentrations in TPN- and PEN-fed pigs acutely infused
intragastrically with saline or arginine’

Arginine infusion rate (pmol-kg'-h")

Amino acid  Leeding Salinet 50 100 200 400 800
Group
pmol/L
Arginine PN 66 + 7 124 25>  186+35  283+37° 336+ 105 404 + 87¢
PEN? 119 + 6o nd 252215 385:30°  685:43¢ 1394 38
Ornithine®  TPN' 25 & 3 34270 47 £ 75 71£10%  82:20% 11325
PEN? 51 & 50 nd 75+ 7 108 7% 17842 252+ 124
Citrulline®  TPN 11317 118=17 105+ 8 125+ 12 11317 11114
PEN 142+ 4 nd 1529 1349 153+ 8 165 £ 12
Proline’ PN 640 £ 100 57465 55637  610£52  596+61 677 90
PEN 493 = 140 nd 352+ 96 397 £33 387 £26° 389 %25
Glutamine®  TPN 811125 61961 665+ 42 645 8] 666 +92 628 +74
PEN 447 + 45 nd 392+ 49  396+45 41053 341 :34
Glutamate”  TPN 353+82  302+36  256+39  334:x45  295:35 31031
PEN 234+7 nd 188 + 12 198 £ 19 19017 19416
Threonine  TPN 1161£333 1151125 1188152 1196+180 1121£169 936+ 198
PEN 1089 = 32 nd 989+67  905+87  986+85 937 :82
Lysine PN 295+85  318+46 30733 30543  254:41 261 48
PEN* 365+ 10 nd 273+27 23711 251+22 25010

‘Means + SEM, n=4-6 pigs per dose in TPN group and n=9 pigs per dose in PEN group. Means in a row with superscripts
without a common letter differ, P < 0.05. nd = not determined.

Values for saline represent overall mean from each arginine dose level (n=24 for TPN group and n=36 for PEN group)
"Significant effect of treatment (TPN vs. PEN) P < 0.05 based on two-way ANOVA.

*Significant arginine dose effect, linear P < 0.01 based on one-way ANOVA.

#Significant arginine dose effect, linear P < 0.05 based on one-way ANOVA.

The plasma arginine and ornithine concentrations during the basal saline infusion were
80 to 100% higher in PEN vs. TPN pigs; this may have been due to either the arginine
absorbed from the formula or endogenous synthesis by enterocytes. Plasma concentra-
tions of citrulline were higher, whereas those of glutamine, glutamate, and threonine were
lower in PEN pigs than in TPN pigs across all arginine doses. Plasma glutamine, gluta-
mate, and lysine were unaffected while concentrations of proline were decreased during
arginine infusion compared to the basal saline infusion, but in PEN pigs only. Plasma
glucose and insulin concentrations were measured in PEN pigs, but were not affected
by the enteral arginine infusion rate (Supplemental Table 1). In general, the SMA flow
rates within a given arginine dose treatment were not significantly different during the 3
hr treatment period (Supplemental Table 2). SMA blood flow was continuously measured
in TPN and PEN pigs during intragastric arginine infusion. Interestingly, baseline SMA
blood flow during saline infusion was higher in PEN (2.48 + 0.32 L-kg'h"") vs. TPN (1.35
+ 0.17 L-kg':h"") (P < 0.05). However, despite increased plasma arginine concentrations,
arginine infusion did not change SMA blood flow in either TPN or PEN pigs (Fig. 2 AB).
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TABLE 2. Selected plasma amino acid concentrations in PEN pigs acutely infused intragastrically
with either saline or various arginine precursors and substrates’

Substrate' Salinet Citrulline Glutamine Glutamate Glucose
Arginine 115+ 19 561 £ 32° 206 + 32¢ 150 = 10 107 + Q¢
Citrulline 125 + 5¢ 2481 + 100° 233 + 22¢ 134 + 12¢ 153 + 12¢
Glutamine 291 £17¢ 249 + 10 842 + 76b 400 = 15¢ 311+ 21¢
Glutamate 172 + 16° 178 + 14¢ 285+ 18° 282 + 29 189 + 12¢
Ornithine 48 £ 2° 150 £ 11® 68 + 6° 85+ 7° 46 £ 3°
Proline 411 £ 120 432 + 20 483 + 18° 490+ 27 447 £ 16°
Glucose, mmol/L 6.27 £0.14 6.64 + 0.39 6.01 £0.28 6.85+0.18 6.54£0.26

*Means + SEM, n=8 pigs per substrate group. Means in a row with superscripts without a common letter differ, P < 0.05.
Intragastric infusion rate of citrulline, glutamine, glutamate, and glucose was 800 pmolekg'eh.

tAmino acid plasma concentrations, pmol/L except where noted otherwise.

#Values for saline represent overall mean from each arginine dose level (n=32).

4- 4-
— 3 TPN Saline 3 PEN Saline
s ,|®m TPNAginine 5| PEN Arginine
D .
N 2
- 2_
H
= .
8 1 1-
[
0- 0
50 100 200 400 800 100 200 400 800
Arginine infusion rate (umol-kg™'-h™) Arginine infusion rate (umol-kg™"-h™")

Figure 2. Mean SMA blood flow during enteral arginine infusion for 3 hours in TPN (A) and PEN
(B) pigs infused intragastrically with saline or arginine.

Values are means + SEM, n=3-5 pigs per dose in TPN group and n=5-7 pigs per PEN group. Baseline SMA blood flow in
PEN-fed pigs was 90% higher compared to TPN (P <0.01) based on two-way ANOVA; the mean baseline SMA flow in TPN
and PEN groups is shown as dashed line for comparison.

We also measured plasma arginine concentrations and SMA blood flow in PEN pigs
during acute intragastric infusion of citrulline, glutamine, glutamate, or glucose. Plasma
concentrations of glutamine, glutamate, and citrulline were increased when they were
acutely infused intragastrically (Table 2). Interestingly, the arterial plasma arginine
concentration increased during citrulline and glutamine, but not glutamate infusion.
Equimolar infusion of citrulline and arginine resulted in plasma arginine concentrations
of 561 and 1394 ymol/L (Table 1 and 2). However, none of the amino acids or glucose
affected SMA blood flow (Fig. 3) despite the increased plasma arginine concentrations.

In vivo response to chronic arginine supplementation.

In the ARG+L-NAME group, one piglet died post-surgery and three pigs were euthanized
before the end of the study because of clinical signs of sepsis and breathing difficulties. In
the remaining pigs there were no complications although occasional diarrhea was observed
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473 saline
Bl Substrate

1in

Arginine  Glutamate Glutamine Citrulline Glucose

Enteral substrate infusion

Blood flow (L'kg™-h")
- N

Figure 3. SMA flow in PEN pigs acutely infused intragastrically with citrulline, glutamine,
glutamate, or glucose during the 3 hr infusion protocol.

Values are means + SEM, n=6-7 pigs per group.

but not quantified. Arginine supplementation markedly increased plasma arginine and
ornithine concentrations, whereas glutamate, glutamine and lysine levels were decreased
(Table 3). Concentrations of other amino acids were similar in all groups (Data not shown).
Weight gain during the treatment period was lower in the ARG and ARG+L-NAME
groups compared to CO group (Table 4). However, ARG increased proximal intestinal
weight, protein and DNA mass compared to the CO group, but not in the distal intestine.
Interestingly, jejunal weight, protein mass, but not DNA, were higher in the ARG+L-
NAME group than in the CO group. In contrast to ARG, ARG+L-NAME increased distal
intestinal weight and protein mass compared to CO pigs. There was no treatment
effect on liver growth, protein and DNA mass (Table 4). Furthermore, the weights of
kidney, stomach or spleen were also not different amongst groups (Data not shown).
Despite the observed changes in jejunal weight, protein and DNA mass, there were no
differences in mucosal villous height, crypt depth, muscularis thickness, or crypt cell
proliferation between any of the three groups (Table 4).

TABLE 3. Plasma amino acid concentrations in pigs fed PEN supplemented with CO, ARG, or
ARG +L-NAMFE’

Amino acid Cco ARG ARG+L-NAME
pmol/L

Alanine 993 = 84° 434 + 53° 479 + 64°
Arginine 5270 647 + 85° 375 £ 66¢
Citrulline 60+ 12 70 22 7517
Glutamine 659 £ 70° 371 £ 60° 440 = 93°
Glutamate 238 + 36° 134 + 9> 121 £ 110
Ornithine 18 + 2° 290 + 58° 223 + 500
Proline 524 + 27 488 + 89 497 + 44
lysine 254 £ 25° 173 £ 15b 228 + 44

‘Means + SEM, n=9-11 pigs per group. Means in a row with superscripts without a common letter differ, P < 0.05.
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Table 4. Weight gain, organ weights and tissue analyses in pigs fed PEN supplemented with
CO, ARG, or ARG+L-NAME'.

co ARG ARG+L-NAME
Body weight final, g 3057 + 120 2846 + 114 2671 +173
Weight gain, g-kg'-d" 80.6 + 4.5 59.7 £ 4.0 49.5 £ 4.3
Proximal small intestine
Weight, g-kg' 11.7 £ 0.5 14.7 + 0.6 14.2 £ 0.9
Protein mass, mg-kg' 1140 + 54¢ 1497 + 63° 1365 + 60°
DNA mass, mg-kg'! 80.5 + 4.6° 103.9 + 5.4 89.6 + 6.2¢
Villus height, pm 569 = 46 590 £ 35 615 £ 65
Villus area, mm 428 +2.7 44.5 + 2.1 457 + 4.4
Crypt depth, pm 140.3 £ 3.9 143.5+ 6.9 143.2 9.6
Muscularis thickness, pm 149.4 + 4.0 147.6 + 6.7 153.6 + 10.6
BrdU positive crypt cells, % 18.0+ 1.5 153+ 1.4 16.8+1.9
Distal small intestine
Weight, g-kg' 14.4 + 0.9° 16.3 + 1.0 170+ 1.3
Protein mass, mg-kg’ 1346 + 106° 1577 + 115 1609 + 155°
DNA mass, mg-kg' 94.7 £5.2 113.5+£8.2 107.5£12.7
Liver
Weight, g-kg' 357+0.6 33.8=x 1.1 365+ 1.4
Protein mass, mg-kg’ 5213 + 160 5159 + 197 5714 + 203
DNA mass, mg-kg' 1725+ 5.1 1822+7.7 181.3+10.7

*Means + SEM, n=9-11 pigs per group. Means in a row with superscripts without a common letter differ, P < 0.05.

Protein FSR measured in the jejunum, ileum, liver, muscle and pancreas and the protein
ASR’s (data not shown) were not significantly different among the treatment groups
(Table 5). We performed immunoblotting to determine whether arginine supplementa-
tion activated p70S6K and phospho-mTOR. However, levels of p70S6K and mTOR
phosphorylation in gut and muscle tissue were similar among the groups (data not

shown).

Table 5. Fractional protein synthesis rates in PEN pigs supplemented with CO, ARG, or ARG+L-

NAME’
Cco ARG ARG+L-NAME
%/d

Jejunum 48.8 + 3.1 44.2 £ 3.1 41.6 £ 6.1
lleum 403+ 3.0 42.9+2.8 455+7.9
Liver 69.1 3.9 73.3+3.6 712+ 67
Muscle 12.5+£0.8 143+ 1.1 13915
Pancreas 65.7 £3.5 80.8+7.7 60.4 + 6.1

"Means + SEM, n=9-11 pigs per group.
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Discussion

In neonatal intensive care, full TPN or TPN combined with partial enteral feeding is
standard treatment in preterm infants because of enteral feeding intolerance. However,
TPN has shown to significantly decrease SMA blood flow and induce mucosal atrophy
in neonatal pigs'’. During TPN, the absence of enteral nutrition reduces luminal arginine
availability, which could limit NO synthesis and predispose the neonatal intestine to
vasoconstriction and ischemia contributing to the development of mucosal atrophy and
NEC. We hypothesized that provision of enteral arginine under conditions of TPN or
partial enteral nutrition would increase small intestinal blood flow and mucosal growth
and that these effects would be mediated by increased NO production. Our results
demonstrate that over a wide range of enteral infusion rates, arginine does not acutely
affect blood flow in neonatal pigs fed TPN or partial enteral nutrition. Moreover, we
show that chronic dietary arginine supplementation during partial enteral nutrition only
modestly increased intestinal growth and that this response was NO independent.

The main aim of our study was to address whether arginine stimulates blood flow in a
clinically relevant situation of parenteral or partial enteral nutrition in neonatal pigs. We
previously showed that a minimum of 40% enteral nutrition is necessary to stimulate
intestinal growth?. Interestingly, the current study showed that providing 40% partial
enteral nutrition almost doubled the SMA blood flow compared to that in TPN pigs.
However, despite markedly increased circulating arginine concentrations, we found that
neither enteral arginine nor the arginine precursor citrulline, or glutamine, glutamate
or glucose acutely increased SMA blood flow in partially enterally fed pigs. The effect
of enteral arginine on SMA blood flow has not yet been investigated in a neonatal
model. Three studies performed in adult mice, rat and pigs reported increased intestinal
blood flow upon arginine administration'® 2223, Studies in similar models of ischemia-
reperfusion injury have reported a positive effect of arginine on NO synthesis thereby
suggesting increased blood flow'® 2", Thus it seems that in a state of injury and influx of
inflammatory cells, increased amounts of plasma arginine might increase arginine avail-
ability for NO production and as a consequence increase blood flow. However, these
studies were performed in adult animals where intestinal circulation, NO concentration,
NO-response and eNOS expression is more developed than in neonates” 3.

Several factors may explain the lack of response of enteral arginine on SMA blood flow.
First, blood flow stimulation may be limited by the availability of co-factors necessary
to produce NO from arginine®. Our partially enterally fed pigs were only fed 40% of total
nutrient requirements enterally, so it might be possible that some factors were limiting
for NO synthesis, namely tetrahydrobiopterin (BH4). Tetrahydrobiopterin is an essential
cofactor for all three NOS isoforms and BH4 bioavailability within the endothelium is
a critical factor in regulating the balance between NO and superoxide production by
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eNOS32®%, Arginine can increase BH4 synthesis and thus given the marked increase
in luminal and plasma arginine with enteral supplementation, BH4 availability would
likely be increased. In support of this is the fact that SMA flow was higher in partial
enteral nutrition versus TPN suggesting that the mucosal mechanisms that sense
luminal nutrients were functional. Second, NO synthesis may be linked to the rate of
arginine transport by cationic amino acid transporter CAT-1 in endothelial cells and
thus not dependent on plasma arginine concentration®. Third, endogenous inhibitors
of NOS isoforms such as asymmetric dimethylarginine (ADMA) may play a limiting role
in NO production?®®. Fourth, and most likely, endothelin (ET)-1 (vasoconstrictor) and NO
(vasodilator) dysregulation might account for the lack of response. Insufficient supply of
luminal nutrients undermining epithelial integrity, might induce influx of proinflammatory
cytokines resulting in ET-1 mediated vasoconstriction'? 37-%8, Interestingly, submucosal
arterioles harvested from human intestine resected for NEC did not demonstrate evi-
dence of eNOS function and showed vasoconstriction, presumably by lack of eNOS
derived NO%.

Despite the lack of effect on SMA blood flow, we observed remarkable changes in
circulating amino acid concentrations in response to enteral amino acid infusions in
TPN- and PEN-fed neonatal pigs. Studies in neonatal pigs have shown that the small
intestine is a major determinant of arginine synthesis and catabolism and these are
substantially decreased in pigs fed TPN compared to enteral nutrition*®*'. We show
here that the circulating arterial arginine concentrations were dose-dependently in-
creased with increasing enteral arginine level. However, there were significantly greater
increases in plasma arginine in pigs fed partial enteral nutrition than in TPN-fed pigs.
We suspect that this occurred because of reduced arginine catabolism during first-pass
through the intestinal mucosa associated with partial enteral nutrition; we would not
expect intestinal absorption of free arginine to be a limiting process. It is also pos-
sible that PEN increased the mucosal epithelial mass and/or capacity of enterocytes to
synthesize arginine, which led to increased intestinal arginine release. It also appeared
that the major product of intestinal arginine catabolism was ornithine based on the
marked increase circulating ornithine concentration, whereas citrulline and proline were
unchanged, with increasing enteral arginine intake. We also found that citrulline and
glutamine, but not glutamate, increased the plasma arginine concentration. Interest-
ingly, the plasma arginine concentration was 1394 and 561 yM during equal molar
infusions of arginine and citrulline, respectively, suggesting that dietary arginine was a
better precursor than citrulline for maintaining blood arginine. This finding is contrary
to recent reports indicating that dietary citrulline may be more effective than arginine in
increasing circulating arginine levels*>. Yet, these results confirm the fact that citrulline
is a more important precursor for de novo arginine synthesis compared to glutamine or
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glutamate and highlights the differences in first-pass splanchnic metabolism between
arginine and citrulline.

In addition to acute effects of arginine, we next investigated the effects of longer term
arginine administration on the intestinal growth. The ability of arginine to prevent NEC
and gut injury may be due to trophic physiological effects on the intestinal epithelium.
Arginine supplementation in /n vitro and /n vivo models stimulated intestinal protein
synthesis and increased epithelial cell survival through the mTOR mediated pathway**®.
However, it is unknown whether this trophic effect of arginine on the epithelium is NO
dependent. Our current results demonstrate that chronic arginine supplementation with
partial enteral feeding only modestly stimulated gut growth.

Enteral arginine for 4 days increased the mass of tissue, protein and DNA in the proximal
small intestine but not the distal small intestine. Despite the increase in intestinal mass,
we found no change in intestinal protein synthesis, villus height or cell proliferation. In
addition, we found no change in intestinal phosphorylation of mTOR or p70S6K. The
fact that we didn’t find an effect on protein synthesis or cell proliferation suggests that
the observed trophic effect was due to a decrease in intestinal protein breakdown.
These results are in contrast to others that have found a positive effect of arginine on
protein synthesis and mTOR signaling®. Another important finding was that the addi-
tion of L-NAME in the formula did not reduce the trophic effect of enteral arginine on
intestinal growth, suggesting that the effects were not NO-dependent.

Finally, we found that body weight gain was reduced in arginine supplemented pigs.
This finding is in contrast to previously published studies in pigs where arginine re-
sulted in increased weight gain in weanling pigs*“¢. These previous studies provided
fully enterally fed weanling pigs with arginine resulting in modest increases in plasma
arginine concentrations within the physiological range. In the present study we used
supraphysiological concentrations (3 times arginine requirement of 1.08 g-kg'-d")*
since endogenous arginine synthesis in our partially enterally fed pigs was expected to
be greatly decreased*®*'. The plasma arginine concentration in supplemented pigs was
more than tenfold higher than controls. This markedly high intake of arginine may have
negatively impacted protein metabolism. However, plasma concentrations of lysine
were in the normal range suggesting that lysine-arginine competition for cell-entry did
not occur and hence does not explain decreased weight gain. Moreover, the protein
synthesis rate in other organs, including the liver, pancreas and skeletal muscle were
numerically higher but not statistically different from control pigs. This would imply
pharmacological effects of arginine to suppress weight gain occurred by proteolytic
mechanisms. It is not clear why supplementing L-NAME with arginine resulted in low-
ered plasma arginine compared to arginine alone; it is possible that L-NAME blocked
intestinal absorption or increased the catabolism of L-arginine.
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In summary, this study aimed to further investigate the effects of enteral arginine on
intestinal blood flow and mucosal growth in neonates fed TPN or partial enteral nutri-
tion. Our results show that partial enteral feeding increased SMA blood flow compared
to TPN. However, enteral arginine infusion did not affect SMA blood flow across a wide
range of doses, including physiological and pharmacological. We also found that enteral
infusion of arginine precursors, citrulline and glutamine did not affect SMA flow, despite
the fact that they resulted in increased circulating arginine levels. Consistent with the
lack of effect on SMA blood flow, we found that a pharmacological dose of enteral
arginine only marginally increased intestinal mucosal growth and without significant
changes in protein synthesis, cell proliferation, or activation on mTOR signaling. Our
results were unexpected and contrary to considerable literature reports that increased
circulating arginine via exogenous infusion increases blood flow. We postulate that the
immature vascular mechanisms involved in intestinal NO synthesis and blood flow may
explain our results, however, this question warrants further study in neonatal animals.
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SUPPLEMENTAL

SUPPLEMENTAL TABLE 1. Plasma arterial glucose and insulin concentrations in PEN pigs infused
intragastrically with saline or arginine'.

Arginine infusion rate
100 200 400 800
Hmolekgoh!

Substrate Saline Arginine Saline Arginine Saline Arginine Saline Arginine

i:g‘l’;f 7.15+0.21 7.22 +0.23 7.48 £ 0.36 7.61 £ 0.23 6.80 +0.11 7.12 £ 0.41 7.27 +0.15 7.02 + 0.31

Insulin, 327 215 54x12 25+ 4 24 + 4 275 32:6 22+ 4
nmol/L

'Means + SEM, n= 9-11 pigs per group.

SUPPLEMENTAL TABLE 2. SMA flows during saline infusion and each time interval in response
to arginine dose in pigs TPN or PEN pigs'?

Treatment Saline 1h 2h 3h
Lok
TPN group
Arginine dose
50 1.52 £0.34 1.48 £ 0.20 1.35+0.26 1.41 £0.29
100 1.04+0.13 1.09 £0.13 1.07 +0.13 1.11£0.15
200 1.20+0.18 1.30 £ 0.24 1.17 £ 0.22 1.17+£0.19
400 1.42 £0.48 1.48 +0.42 1.49 +0.43 1.43 £0.42
800 1.57 £0.23 1.53£0.11 1.48+0.18 1.68 £ 0.20
PEN group
Arginine dose
100 2.08 £0.21 2.34+0.35 2.41+0.21 2.55+0.31
200 2.24+£0.35 2.49 +0.47 2.40 + 0.46 2.50£0.53
400 2.39 £0.39 2.87 +0.51 2.71+0.63 2.32+0.43
800 2.77 £0.56 2.77 £ 0.60 2.89 + 0.63 2.65+£0.54

'Means = SEM, n=3-5 pigs per TPN group and n=5-7 pigs per PEN group.
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Chapter 10

‘Necrotizing enterocolitis (NEC) is the most common gastro-intestinal emergency in
preterm neonates and affects 2-7% of all premature infants'2. Unfortunately, treatment
is still limited to immediate restriction of enteral feeds and broad-spectrum antibiotics
while an estimated 20-40% of infants require additional surgery®*. Mortality rates from
NEC range from 15-30% but are as high as 50% in infants requiring surgery®. Survivors
of NEC are at increased risk for complications such as short bowel syndrome and im-
paired neurodevelopment” 8. Therefore, extensive research is necessary to gain insight
in the prevention and treatment of this devastating disease.

Prematurity, enteral formula feeding and bacterial colonization are proposed risk factors
for NEC. The responses of the immature gastro-intestinal tract in preterm infants with
respect to motility and digestive ability, intestinal barrier function, immune defense, and
circulatory regulation, in relation to enteral formula feeding and bacterial colonization
are all thought to play key roles in the development of NEC'%'°. However, the exact
etiology of NEC remains to be elucidated. Therefore, this thesis aimed to determine the
impact of nutrition and the intestinal microbiota on intestinal defense mechanisms and
gut barrier function. The findings presented in this thesis provide tools for the develop-
ment of strategies to prevent NEC.

Overall, four main conclusions can be drawn from the work presented in this thesis:

1. Animal models are a valuable tool to study neonatal nutrition (Chapter 2).

2. Nutrition impacts gut barrier function and intestinal circulation (Chapters 3, 4, 5 and
9).

3. The intestinal microbiota influence gut barrier function and protein metabolism
(Chapters 3, 6 and 7).

4. Paneth cells enhance the innate defense response in NEC (Chapter 8).

Animal models are a valuable tool to study
neonatal nutrition.

Animal models are a valuable tool to identify mechanisms that mediate the effect of
nutrition on neonatal development and metabolic function. This is underlined in chapter
2 that discusses recently developed animal models that are being used to study neo-
natal human nutrition. Techniques for rearing newborn mice, preterm rats and preterm
pigs have been developed to study the impact of neonatal nutrition on the intestine.
Mice have great potential for mechanistic and genomic research in postnatal nutrition
and related diseases as is presented in chapter 3. The neonatal piglet model most
closely resembles the human neonate regarding intestinal growth and function, and
provides us with an excellent model to investigate the nutritional impact on gut func-
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tion and NEC as well as acute and chronic effects of parenteral and enteral nutrition
on whole-body metabolism and specific tissues. However, the results obtained from
animal models cannot be translated directly into the human situation and need to be
validated. Studies using the (preterm NEC-like) piglet model are presented in chapters
4,5, 7 and 9. Further development of neonatal animal models related to nutrition is
required for the advancement of research in early postnatal nutrition as improvement
of nutritional support during this critical period of development will enhance immediate
clinical outcomes and possibly prevent diseases later in life.

Nutrition impacts gut barrier function and intestinal
circulation.

As discussed in chapter 1, preterm infants are at high risk for NEC because of their
immature gastro-intestinal functions. The studies described in this thesis show that
nutrition affects certain aspects of these gut functions, in particular intestinal gut barrier
function and intestinal circulation, and subsequently influences the clinical course of
intestinal inflammation and NEC.

Nutrition impacts gut barrier function

An important feature of gut barrier function and the front line of innate host defense is the
mucus layer coating the intestinal epithelium. Goblet cells synthesize large gel-forming
mucin glycoproteins of which mucin MUC2 is the most predominant secretory mucin
in the human intestinal tract'"'2. Within the mucus gel components such as secreted
defensins and immunoglobulins reside, producing a physical and chemical barrier that
protects the epithelium from luminal pathogens and toxic substances' 4. The impact
of nutritional factors on MUC2 synthesis is poorly investigated but may alter gut barrier
function and play a significant role in the development of NEC.

A valuable model to study the impact of nutritional factors on the intestine at risk for
inflammation is the Muc2-deficient mouse. This mouse model lacks an adequate mu-
cus layer and spontaneously develops colitis'®. As shown in chapter 3, a purified diet,
containing a different type of protein and a low amount of insoluble fibers, markedly de-
creased intestinal inflammation and improved body growth in comparison to standard
rodent chow in Muc2-deficient mice. In wild type mice, no difference was observed
between the two feeding groups. Muc2-deficient mice, fed the purified diet, exhibited
decreased signs of inflammation such as crypt lengthening, influx of Cd3 -positive
T cells, expression of TNF- and interleukin 12 related cytokines, and abundance of
S100a8 and S100a9-positive cells. Furthermore, abundance of Muc4-positive Goblet
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cells was decreased in Muc2-deficient mice fed the standard chow compared to the
purified diet, pointing towards a lower need for Muc4 to enhance epithelial protection.
These findings indicate the importance of adequate nutrition in a condition of dimin-
ished barrier function by decreased mucin synthesis such as colitis or NEC. At least two
plausible explanations can be provided for the observed prevention of severe colitis in
Muc2-deficient mice. First, the purified diet contained casein-derived protein that might
have increased the digestion and hydrolysis of proteins and nutrient uptake compared
to plant-derived proteins. Protein digestion and hence absorption of dietary amino
acids by the gut varies according to the type of ingested dietary protein'. Improved
availability and utilization of amino acids affects postprandial protein metabolism and
thus boosts intestinal and whole body growth. This hypothesis is supported by our
observations made in chapter 4 where an increased intestinal utilization of the amino
acid threonine coincided with an increase in intestinal protein and MUC2 synthesis.
This matter is discussed in greater detail below.

Second, the lower amount of insoluble fibers might provide another explanation for im-
proved gut barrier function in the Muc2-deficient mice fed the purified diet. The amount
and type of fibers can modulate the gut microbiota and hence change the composition
of the short chain fatty acids produced by the intestinal bacteria. As shown in chapter 6,
short chain fatty acids regulate MUC2 gene expression influencing mucin synthesis and
protection of the epithelial barrier. This matter is discussed in greater detail in paragraph
“The intestinal microbiota influence gut barrier function and protein metabolism”.

The impact of type of nutrition on intestinal protein and MUC2 synthesis affecting gut
barrier function becomes evident in chapter 4. We demonstrated that infant formula
feeding in preterm piglets decreased intestinal first pass threonine utilization when
compared to bovine colostrum feeding. Impaired threonine availability decreases intes-
tinal protein and mucin synthesis in piglets'. Similarly, our study showed that the lower
intestinal threonine utilization in formula fed piglets was concomitant with lower syn-
thesis rates of intestinal proteins and MUC2 when compared to colostrum fed piglets.
Lower MUC2 synthesis rates will diminish gut barrier function and might accounts for
the higher incidence of NEC observed in the formula fed pigs. From the presented data
we suggested that formula-induced reduction of MUC2 synthesis and intestinal threo-
nine utilization will cause a breach in the intestinal barrier and might provide a possible
explanation for the predisposition of the preterm neonate to develop NEC. However,
the question remains which characteristic(s) of formula feeding are responsible for the
hampered MUC2 synthesis and utilization of threonine. Three potential properties are
discussed:

First, formula lacks various growth factors and cytokines, which are present in colos-
trum and breast milk'®'°. The capacity of these specific proteins to persist and exert
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their activity in the neonatal gut, affect maturation of the immune function and exert
a trophic effect on the intestinal epithelium. This will increase nutrient utilization for
growth, protein synthesis, and hence increased synthesis of defensive products such
as defensins or MUC2. The lack of these factors in formula might therefore negatively
affect gut immune and barrier function. Different studies in preterm pigs have shown
that formula compared to colostrum feeding increases NEC incidence comparable to
the results presented in chapter 402!, The above discussed results might therefore
provide evidence that in preterm infants at risk for NEC, formula feeding reduces MUC2
synthesis because of lower enteral threonine absorption and decreased splanchnic
utilization due to decreased gut maturation and growth. Alternatively, decreased enteral
threonine absorption and splanchnic utilization by formula feeding might also directly
lead to decreased MUC2 synthesis.

Another possible explanation for decreased MUC2 synthesis and threonine utilization
in formula fed piglets might be the preferential site of threonine uptake for MUC2 syn-
thesis. The results from chapter 5 show that threonine uptake for MUC2 synthesis in
colostrum fed piglets is preferred from the luminal side, whereas threonine uptake in
formula fed piglets is preferred from the basolateral side, i.e. threonine coming from
the systemic pool. Other studies have reported that enteral presented nutrients are
preferentially used over parenteral supply of nutrients for the synthesis of glutathione
and arginine??23, However, the fact that the #ype of enteral nutrition affects the preferred
site of absorption is a novel finding. Additionally, in chapter 5 we have investigated
the preferred site of threonine uptake for MUC2 synthesis in preterm infants with an
ileostomy and recovering from gastro-intestinal surgery. Preterm infants on combined
enteral and parenteral nutrition preferably used basolateral threonine (91%) over luminal
threonine (9%) for synthesis of MUC2. This was in contrast to preterm piglets on full
enteral nutrition, where luminal uptake of threonine for MUC2 synthesis was 40-60%
depending on the type of nutrition. Under these conditions, MUC2 synthesis was lower
in the preterm infants than in the preterm pigs. Although the data from our pigs and
infants cannot be directly compared, these data might suggest that preterm infants on
TPN with partial enteral nutrition have lower MUC2 synthesis rates due to lower luminal
threonine uptake. Hence, the above discussed findings not only imply an important role
for enteral nutrition over parenteral nutrition, but also for the type of enteral nutrition
provided.

The third explanation confers a more indirect effect of the type of nutrition on the mucosa.
Type of nutrition is a major determinant for the composition of the intestinal microbiota,
which at least partially contributes to the results discussed above. In breast fed hu-
man infants the intestinal microbiota is markedly different from formula-fed infants242°.
Similarly, between colostrum and formula fed piglets differences in intestinal bacterial
composition have been observed?'. The composition of the intestinal microbiota affects
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short chain fatty acid (SCFA) production and composition?®. We described in chapter
6, that higher butyrate concentrations, as found in formula fed preterm infants?¢, limit
MUC2 expression and therefore restrict MUC2 synthesis.

Collectively, the data presented provide possible mechanisms for the suggested
benefits of feeding breast milk to human preterm infants, other than the long known
beneficial immunomodulatory effects. However, future studies investigating splanchnic
utilization of threonine and possibly other amino acids in preterm infants fed breast
milk compared to formula will have to confirm the data obtained from the preterm pig.
Furthermore, illumination of the proposed mechanisms responsible for the influence
of type of nutrition on MUC2 synthesis, i.e. altered threonine metabolism, preferential
site of threonine uptake, and/or bacterial colonization, provide a challenge for future
research. Moreover, unraveling these aspects will likely provide nutritional tools for
enhancement of gut barrier function and the prevention of NEC in preterm infants.

Nutrition impacts intestinal blood flow

In neonatal intensive care, many extremely preterm infants receive full total parenteral
nutrition (TPN) or parenteral nutrition combined with partial enteral nutrition because
of feeding intolerance. Although TPN is considered a lifesaving therapy when enteral
nutrition is not tolerated, deprivation of enteral feeding during TPN administration has
shown to decrease intestinal growth, blood flow and nitric oxide (NO) synthesis in neo-
natal pigs®’. In chapter 9 we reported that TPN fed piglets had markedly lower superior
mesenteric arterial (SMA) blood flow compared to pigs fed partial enteral nutrition.
Enteral nutrition showed to be a major determinant for blood flow as only partial (40%)
enteral feeding induced a twofold increase in SMA blood flow compared to pigs only
receiving TPN.

In the same study, we investigated the effect of acute enteral arginine administration
in a supraphysiological dose on SMA blood flow. Arginine is an essential amino acid
in neonates and the sole precursor for NO, a signaling molecule that plays a central
role in regulating vascular resistance and hence blood flow in the newborn intestinal
circulation?®?®, Clinical studies have shown that preterm infants who developed NEC
had significant lower plasma arginine than those who did not®. Low circulating levels
of arginine or its precursors might result in shortage of NO and a decrease in intestinal
blood flow, and subsequently may contribute to the development of NEC. The results
presented in chapter 9 show that enteral arginine supplementation acutely increased
arginine plasma concentrations although more dramatically in partial enterally fed pigs
than in TPN fed pigs. However, enteral arginine supplementation did not increase SMA
blood flow in either group. Chronic enteral arginine supplementation for 4 days in TPN
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fed piglets with 20% partial enteral feeding modestly affected gut growth and interest-
ingly, this response was NO independent.

Arginine supplementation in preterm infants less than 28 weeks gestation increased
plasma arginine levels and decreased the incidence of NEC®'. However, the authors of
this study also included ‘stage 1 NEC’, which is hard to differentiate from feeding intol-
erance, which could explain the high incidence of NEC in the control group. Therefore,
the data from this single study are insufficient to support a recommendation for arginine
supplementation as standard practice. A multicentre randomized controlled trial of
arginine supplementation in preterm neonates is needed, focusing on the incidence of
stage 2 and 3 NEC. The results from chapter 9 do support a positive effect of supra-
physiological arginine supplementation on plasma concentrations and a modest effect
on gut growth that might enhance the epithelial barrier. However, a blood flow mediated
effect of arginine supplementation for prevention of NEC cannot be supported from our
study results. Finally, despite the ambiguous results of arginine supplementation, our
study showed the importance of enteral nutrition as a major determinant for SMA blood
flow. Hence it can be concluded that enteral feeding stimulates nutritive blood flow and
is essential to support intestinal function.

The intestinal microbiota influence gut barrier
function and protein metabolism

Colonization of the intestinal microbiota in the preterm infant is delayed and negatively
affected because of the use of broad-spectrum antibiotics and the environmental flora
on the NICU%. Although NEC has not been associated with a specific pathogen, in-
teractions between the immature intestinal cells and pathogenic bacteria might lead
to exaggerated immune responses and increased susceptibility to inflammation®. In
breast fed neonates B/fidobacterium and Lactobacillus species dominate the intestinal
microbiota, whereas a more adult type microbiota in which Enterobacteriaceae, Clos-
tridium, and Bacteroides predominate is seen in formula-fed infants?*32. The potential
mechanisms for the protective effects of a commensal or Bifidobacterium dominated
microbiota are reduction of pathogenic strains, modulation of inflammatory reactions,
and maturation of the gut, all leading to enhancement of the intestinal barrier and pos-
sibly reduction of NEC®33-%,

Impact of the intestinal microbiota on gut barrier function

Colonization by commensal bacteria is limited to the upper loose mucus layer, and
interacts with the diverse oligosaccharides of mucin glycoproteins®. The intestinal mi-
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crobiota and the intestinal mucus layer have an extensive interplay. Studies in germ free
animals show differences in mucus-related indexes®. Certain specific probiotic strains
have shown to induce different mucins such as MUCZ2 in vitro, although direct regula-
tion of MUCZ through bacterial-host interactions /7 vivo remains uncertain®®. Indirectly,
the microbiota can impact MUCZ2 regulation via production of short chain fatty acids
via fermentation of undigested carbohydrates®-4'. Our results, discussed in chapter 6,
have shown that butyrate and propionate in physiological concentrations, similar to
that found in stools of breastfed infants®®, induce MUC2 expression via activation of an
AP-1 (c-Fos/C-Jun)cis-element on the promoter. Interestingly, higher concentrations of
butyrate, similar to that found in stools of formula-fed infants, were tested and found
to downregulate MUC2 expression. This might implicates that the intestinal microbiota,
influenced by the type of feeding, i.e. breast milk or formula, indirectly regulate MUC2
expression and thus MUC2 synthesis and hence impact epithelial protection of the
mucosa by the mucus layer.

The beneficial impact of Bifidobacterium bacteria on MUC2 synthesis is supported by
our findings in chapter 7. We observed an increased MUC2 protein expression and
tendency to increase MUC2 synthesis rates in probiotic supplemented pigs that exhib-
ited a bifidogenic flora. In a study performed in rats, a probiotic mix containing Bi/fido-
bacterium bacteria, showed increased MUCZ2 gene expression and mucin secretion*.
Hence, we suggest that regulation of MUC2 expression by butyrate, via induction of a
bifidogenic flora, improves epithelial protection and defense by an enhanced mucus
layer.

Other beneficial effects of butyrate shown in /7 vifro and animal models involve enhanced
intestinal growth and differentiation**44, regulation of apoptosis*>, and inflammatory
suppression*“7. Described in chapter 3, Muc2-deficient mice exhibit epithelial crypt
lengthening as a sign of intestinal inflammation. The reduction in crypt lengthening in
Muc2-deficient mice supplemented with Bifidobacterium bacteria might have been due
to butyrate as a mediating factor.

In summary, induction of a bifidogenic microbiota in preterm infants might enhance
short-chain fatty acid-mediated regulation of MUC2, epithelial cell proliferation and
apoptosis, and immune functions, and subsequently improve gut barrier function that
could provide an advantage in reducing intestinal inflammation and NEC.

Impact of the intestinal microbiota on protein metabolism

Short-chain fatty acids are not the only bacterial products that are thought to provide a
health benefit to the host. Intestinal bacteria digest nitrogenous secretions and ingested
carbohydrates and produce nutrients such as amino acids for their own sustenance.
These bacterial amino acids are also available to the host upon bacterial degradation
or secretion and have shown to contribute to human amino acid requirements*4°. The

170



General discussion

potential of the intestinal microbiota to support protein metabolism in neonates is un-
known. Therefore, as described in chapter 7, we investigated the impact of a modulated
intestinal microbiota by antibiotics and probiotics on both intestinal and whole body
protein metabolism in neonatal pigs. Although we hypothesized that antibiotics would
decrease intestinal and whole body protein metabolism by diminishing the intestinal
microbiota, we observed only in the proximal small intestine decreased protein syn-
thesis rates whereas in the colon, most abundant in bacteria, no effect was observed.
Surprisingly, probiotics also decreased proximal small intestinal protein synthesis and
did not affect the distal small intestine or colon. Although our study was not designed
to investigate the etiology responsible for this effect, two plausible hypotheses can be
deducted from the literature. First, both antibiotics and probiotics may have diminished
the need for defensive proteins and thus reduced protein synthesis. Second, an altered
inflammatory cytokine expression, due to administration of the antibiotics or probiotics,
could have moderated protein translation-initiation and hence protein synthesis®%-54.
However, future studies will have to confirm these results and further illuminate the
responsible mechanism(s).

On a whole body level, antibiotic treated piglets showed an increased proteolysis rate
but also an increased protein synthesis rate resulting in a similar net balance compared
to control pigs. Probiotic treatment in our neonatal pigs did not affect amino acid ho-
meostasis.

Meta-analyses have shown that administration of probiotics reduces the incidence and
severity of NEC in preterm infants®®. However, the data could not be extrapolated to
extremely low birth weight infants and hence call for a confirmatory trial. Furthermore,
determination of the optimal dose, duration, and the type of probiotic strains to use for
supplementation in preterm infants as well as the specific mechanisms by which probi-
otics confer their protective effect to the intestinal epithelium have yet to be determined
fully. Overall, the results from the studies presented in this thesis support the protective
effects of supplementation of Bifidobacterium bacteria on improved gut barrier function
via MUCZ regulation. However, we did not find a direct nutritional benefit from probiotic
supplementation with Bifidobacterium bacteria.

Paneth cells enhance the innate defense response in
NEC.

Paneth cells are an important feature of the innate immune system by the secretion of
endogenous antibiotics such as lysozyme, phospholipase A2, and human defensins®
5 and 6°-%. Paneth cells secrete their bactericidal products in response to microbial
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stimuli and regulate the composition and distribution of bacterial populations®'-¢2. Pan-
eth cell numbers and HD5 and -6 mRNA expression are lower in premature infants at 24
weeks of gestation compared to term infants, and up to 200-fold lower than in adults®?.
Furthermore, the preterm infant is often exposed to nosocomial pathogens and has
delayed colonization with beneficial commensals®®. Therefore, decreased Paneth cell
abundance could result in higher susceptibility to bacterial infection and inflammation.
We performed an extensive study investigating intestinal histopathological specimens
from children with acute NEC and after recovery from NEC, which is described in
chapter 8. We showed that in acute NEC, Paneth cell abundance in small intestinal
tissue was not significantly different from preterm controls. After recovery from NEC,
Paneth cell hyperplasia was observed concomitant with elevated HD5 mRNA levels.
Surprisingly, metaplastic Paneth cells were found in colonic tissue after recovery from
NEC. Furthermore, ileostomy fluid contained Paneth cell proteins and inhibited bacte-
rial growth implying secretion of functional Paneth cell products in the small intestine.
From the results described above we can conclude that NEC is unlikely to be caused by
Paneth cell deficiency, but that the gut recovering from intestinal inflammation augments
its innate defense system by increasing Paneth cell abundance and hence Paneth cell
protein expression and secretion. Future studies concerning /.7 vitro and animal models
will have to provide further insight into the mechanism responsible for the occurrence
of Paneth cell hyperplasia and metaplasia. Understanding these mechanisms could
lead towards the development of a direct therapeutic intervention to enhance the innate
defense in a state of inflammation. Another clinically relevant intervention might be to
improve maturation of the immature intestine by nutrition and hence indirectly increase
Paneth cell abundance and thus innate defense. However, suitable /7 vitro experiments
and animal models would have to be designed to study the effect of nutrition on Paneth
cell development and Paneth cell protein expression.

Recommendations & Future perspectives

Although the studies described in this thesis contributed to the understanding of nu-
tritional and microbial factors affecting the preterm gut, there are still several issues
to resolve in future research. Most importantly, the impact of type and route of nutri-
tion and supplementation of specific nutrients on NEC development still need further
research before they can be used for NEC prevention or therapy. Additionally, there are
some promising topics we want to highlight in the following paragraphs.
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Optimizing nutritional support as a tool for prevention of NEC

Minimal enteral or trophic feeding

In a state of parenteral feeding such as during bowel rest for active NEC, initiation of
trophic feeds containing various nutrients has been advocated rather than extended
bowel rest which can lead to gut atrophy. Theoretically, trophic feeds are thought to
improve the activity of digestive enzymes, enhance the release of digestive hormones,
and increase intestinal blood flow in premature infants®%. Studies suggest that infants
receiving early trophic feeds have better feeding intolerance, improved growth, reduced
days of hospitalization, and decreased episodes of sepsis in comparison to infants not
receiving trophic feeds®. However, a recent meta-analysis of the available data did
not provide any strong evidence that early trophic feeding affects feeding tolerance or
growth rate in very low birth weight infants®”. Importantly, early trophic feeding does
not increase susceptibility to NEC?. It could be worth investigating enteral threonine
supplementation as a factor in trophic feeding on the novo synthesis of MUC2 in pre-
term neonates during TPN administration. Supplementation of other MUC2 precursors
to trophic feeds such as proline, serine and cysteine might also enhance MUC2 synthe-
sis®8. In addition, it could be interesting to investigate the effect of arginine or arginine
precursors as a factor in trophic feeding to stimulate endogenous arginine synthesis.
Although arginine supplementation in supraphysiological levels only modestly affected
gut growth in our neonatal pigs, studies using lower amounts of arginine supplementa-
tion have shown beneficial effect on intestinal protein synthesis and body growth and
has been suggested to decrease the incidence of NEC3',

Enteral feeding

Mother’s milk is considered to be the best type of nutrition for preterm infants. However,
provision of sufficient mother’s milk to meet their infants’ requirement is often not fea-
sible for mothers of extremely premature infants™. In addition, the nutrient composition
often does not meet the quantitative requirements of rapid growing preterm infants
and is the basis for our practice to fortify breast milk. Donor milk could be an attractive
substitution for mother’s milk. Donor breast milk is associated with a lower risk of NEC,
but the quality of the evidence is limited”'. Recently, a study performed in extremely
preterm infants showed that an exclusive human milk-based diet with donor human
milk-based breast milk fortifier was associated with a significant lower rate of NEC and
surgical NEC when compared to mother’s milk-based diet that also included bovine
milk-based breast milk fortifier’2. Although a promising future perspective, the results of
this study will need a large confirmatory randomized control trial and should compare:
a) infants fed either formula or human donor milk supplemented mother’s milk; and b)
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human donor milk or mother’s milk fortified with human vs. bovine milk-based breast
milk fortifier, starting immediately from birth onwards.

To optimize infant formula we need to determine the breast milk-composition and
investigate the effect of breast milk factors on the intestine and more specifically on
intestinal threonine metabolism and gut barrier function. The differences between for-
mula or colostrum feeding in preterm pigs with respect to NEC incidence and intestinal
threonine utilization for protein and MUC2 synthesis we observed in our studies raise
further research questions. First, the exact role of formula and colostrum feeding in
threonine metabolism and MUC2 synthesis in early stages of NEC development need
to be further elucidated. Second, possible changes in intestinal threonine utilization in
preterm infants fed either formula or mother’s milk will need to be confirmed in order to
translate our findings into clinical recommendations or therapeutic interventions.

Dietary supplementation: Probiotics, Prebiotics, and Postbiotics

Probiotics are emerging as a new preventive strategy against NEC development. Clini-
cal trials have shown reduction of incidence and severity of NEC with probiotic supple-
mentation®73. However, the data could not be extrapolated to the extremely low birth
weight infant and there is continuing debate about the administration of the optimal
probiotic strain, dosage, timing and safety. Although probiotics convey a promising
future dietary supplement to promote intestinal health also in extremely low birth weight
neonates, the mechanisms of bacterial-host interactions need to be further illuminated.
Often Bifidobacterium, Lactobacillus and Streptococcus species are used as a probi-
otic supplement. Consumption of Bifidobacterium bacteria can contribute to barrier
function by enhancing the physical impediment of the mucus layer as shown in this
thesis. Additionally, various effects of probiotics on the epithelial barrier in /n vitro and
animal models have been shown in terms of increased antimicrobial peptides and slgA
production, competitive adherence for pathogens and increased tight junction integrity
of epithelial cells®. However, conclusive evidence is impeded owing to the wide range
of candidate strains and doses. Understanding the specific effects that probiotic strains
have on the host should ultimately lead to a scientifically-based choice for the best
strain(s) to use and facilitate the use of probiotics in extremely low birth weight infants.

The predominance of beneficial bacteria in the gut microbiota of breast-fed infants is
thought to be supported by the fermentation of oligosaccharides, i.e. non-digestible di-
etary carbohydrates that selectively promote proliferation of beneficial enteric bacteria,
present in human breast milk. Therefore, optimizing infant formula with prebiotics might
be another potential strategy to prevent NEC in preterm infants. Oligosaccharides are
not absorbed by the small intestine and reach the colon where they are fermented by bi-
fidobacteria to short-chain fatty acids and lactic acid and create a pH of approximately
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5.7 in the colonic lumen. In contrast, the microbiota in formula-fed infants produces a
different profile of short-chain fatty acids concomitantly with a pH of 7.0 in the luminal
environment. Besides indirect effects of prebiotics on the intestinal microbiota and
short-chain fatty acid production®, prebiotics also exert direct effects on the gastro-
intestinal tract such as enhancement of gastric emptying in preterm infants, possible
improvement of intestinal tolerance to enteral feeding, increased intestinal transport,
and reduction of pathogens by prevention of pathogen binding to the epithelium”+78.
Recently, an infant formula with prebiotic supplementation has been developed.
However, investigating the function of the complex oligosaccharides present in human
breast milk will improve our understanding of the prebiotic effects of human breast milk
on the intestine and subsequently improve infant formulae.

Bacterial metabolites or postbiotics, such as butyrate supplementation, have been
suggested as a possible therapy for intestinal inflammation because of the beneficial
effects of butyrate shown in various /7 vifro and animal studies concerning intestinal
growth and differentiation*344, inflammatory suppression*#’, and apoptosis*. However,
our own data suggest that butyrate supplementation leading to high intraluminal con-
centrations of butyrate could lead to decreased MUC2 synthesis and hence diminish
the protective mucus layer. Furthermore, butyrate supplementation passing the small
intestine is unlikely to exert a similar effect to butyrate production by the intestinal
microbiota. Therefore, it might be better to use short-chain fatty acid profiling, i.e. the
determination of short-chain fatty acid composition, as a tool for monitoring and adjust-
ment of nutritional therapy to establish a beneficial intestinal microbiota similar to that
observed in breast-fed infants.

Concluding remarks

The results presented in this thesis illuminated the impact of nutritional and bacterial
factors, and disease on innate defensive mechanisms of the neonatal gut. Until the
exact cause for NEC has been pinpointed, we need to gain further understanding of the
dietary influence on the immature gut and the interaction of the immature cells of the
host with intestinal bacteria colonizing the gut. The use of animal models will continue
to increase our physiological knowledge and provide an opportunity for development
of new strategies optimizing nutritional support as a tool for prevention of NEC. In
this thesis the importance of optimal enteral feeding for the improvement of nutrient
absorption, utilization and favorable bacterial colonization is stressed. However, we are
in great need of further research to continue in our determination to optimize prevention
and therapy of NEC in preterm infants on the neonatal intensive care unit.
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Summary

In chapter 1 a general overview is provided of the incidence of necrotizing enterocolitis
(NEC), the risk factors associated with the occurrence of NEC, and the pathophysi-
ological mechanisms in the premature intestine that are thought to play a role in the
development of NEC. The increase in preterm births and improved survival rates of
(extremely) low birth weight preterm infants, challenges us with the continuing battle
against NEC. Although prematurity, enteral formula feeding, and bacterial colonization
are identified as risk factors for NEC, the exact etiology of NEC remains to be fully
elucidated. Treatment for NEC is limited and the morbidity as well as the mortality
rate remains high. Therefore, extensive research is warranted to gain insight in this
devastating disease. The overall goal of this thesis was to achieve a better understand-
ing of factors regulating intestinal defense. This thesis aimed to determine to which
extent various nutritional factors and the intestinal microbiota impact intestinal defense
mechanisms and gut barrier function. The studies described in this thesis comprised
of in vitro studies, studies performed in various well established animal models, and
studies undertaken in preterm infants recovering from NEC.

Chapter 2 of this thesis describes and emphasizes the use of animal models as an
invaluable tool to study human neonatal nutrition and related diseases such as NEC.
Mice have great potential for mechanistic and genomic research in postnatal nutri-
tion and related diseases as described in chapter 3. The neonatal piglet model most
closely resembles the human neonate regarding intestinal development and function,
and provides us with an excellent model to investigate the nutritional impact on gut
function and NEC. The (preterm) piglet model was used in various studies in this thesis
as described in chapters 4, 5, 7 and 9.

Chapter 3 describes the dietary impact on intestinal inflammation in Muc2-deficient
mice that exhibit a compromised barrier function by a diminished mucus layer. The aim
of this study was to determine the effect of standard rodent chow versus a purified diet,
and dietary supplementation of probiotics, on growth and intestinal inflammation in wild
type and Muc2-deficient mice. The purified diet markedly decreased intestinal inflam-
mation and improved body growth in comparison to standard rodent chow in Muc2-
deficient mice. This underlines the importance of optimal nutrition for maintenance and
improvement of gut barrier function and overall health, especially under conditions that
increase the risk of intestinal inflammation. Furthermore, supplementation of probiotics
to standard chow in the Muc2-deficient mice improved intestinal epithelial morphometry
and decreased inflammation. These beneficial effects of probiotics provide evidence for
enhanced epithelial protection and increased gut barrier function in the compromised
intestine.
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Chapter 4 describes the dietary impact of infant formula vs. colostrum on the premature
gut. The aim of this study was to determine intestinal threonine utilization necessary
for intestinal protein and mucin MUC2 synthesis in preterm pigs fed either formula
or colostrum. The results of the study depict the negative effect of formula feeding
on growth, NEC incidence, intestinal protein synthesis, and intestinal MUC2 synthesis
when compared to colostrum feeding. These findings provide a possible explanation for
the predisposition of the formula-fed preterm neonate to develop NEC.

Chapter 5 shows that both luminal and systemic threonine are used for mucin MUC2
synthesis secreted by goblet cells in preterm pigs and preterm infants with an ileostomy.
In this study we determined the preferential site of threonine uptake for MUC2 synthe-
sis. Both luminal threonine uptake and MUC2 synthesis seemed to be influenced by the
amount and type of enteral nutrition. In preterm infants on partial enteral nutrition, 91%
of threonine absorption for MUC2 synthesis was extracted basolaterally. In the preterm
pigs, threonine uptake switched from predominantly basolateral in formula fed piglets
to luminal in colostrum fed piglets. Concomitantly, the colostrum fed piglets with higher
luminal threonine absorption showed increased MUC2 synthesis rates compared to
formula fed piglets. Based on these results, we stressed the importance of optimal
enteral feeding for the enhancement of mucin synthesis and hence improvement of gut
barrier function in preterm neonates.

Chapter 6 illuminates the regulation of intestinal mucin MUC2 expression by short-
chain fatty acids. We hypothesized that short-chain fatty acids, fermentation products
of bacteria, affect MUC2 expression and hence alter epithelial protection. The aim of the
study was to investigate the mechanisms that regulate short-chain fatty acid-mediated
effects on MUC2 synthesis. The results clearly show that butyrate and propionate in
physiological concentrations, similar to that found in stools of breastfed infants, induce
MUC?2 expression via activation of an AP-1 (c-Fos/C-Jun) c/s-element within the pro-
moter. Higher concentrations of butyrate, similar to that found in stools of formula-fed
infants, downregulate MUC2 expression. This implicates that the intestinal microbiota,
influenced by the type of feeding, i.e. breast milk or formula, indirectly regulate MUC2
expression leading to MUC2 synthesis and hence impact epithelial protection of the
mucosa by the mucus layer.

Chapter 7 describes the impact of an altered intestinal microbiota on amino acid and
protein metabolism in piglets. We hypothesized that modulation of the intestinal micro-
biota by antibiotics or probiotics affect both intestinal and whole body protein metabo-
lism. In this study we showed that antibiotics reduced the amount of intestinal bacterial
species, decreased urea synthesis, and elevated threonine plasma concentrations and
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turnover, as well as whole body protein synthesis and proteolysis. Furthermore, antibi-
otics decreased protein synthesis rate in the proximal small intestine and liver. Probiotic
supplementation of BJfidobacterium bacteria induced a bifidogenic microbiota, de-
creased plasma urea concentrations but did not affect whole body threonine or protein
metabolism. Probiotics decreased protein synthesis in the proximal small intestine,
increased MUC2 synthesis rate, and enhanced MUC2 protein expression in the colon.
We concluded that alteration of the microbiota by antibiotics or probiotics differentially
impacted urea and threonine kinetics as well as intestinal protein synthesis and MUC2
protein expression. Therefore, alteration of the microbiota might have implications for
protein homeostasis in human neonates treated with antibiotics or probiotics.

Chapter 8 provides insight into Paneth cell presence and function in NEC. Paneth
cells are a major component of intestinal innate defense and enhance the gut barrier
by secretion of endogenous antibiotic peptides. We found that in infants with acute
NEC, Paneth cell numbers tended to be lower in small intestinal tissue compared to
preterm controls. After recovery from NEC, Paneth cell hyperplasia was observed in
the small intestine concomitant with elevated human alpha-defensin 5 (HD5) mRNA
levels but Paneth cell numbers were not different from control preterm infants. A novel
finding was the presence of metaplastic Paneth cells in the colon after recovery from
NEC. Furthermore, analysis of ileostomy fluid containing Paneth cell proteins inhibited
bacterial growth suggesting secretion by and functionality of Paneth cells. Collectively,
our results indicate the presence of Paneth cells in preterm infants with NEC, and imply
that Paneth cell hyperplasia and metaplasia is most likely caused by inflammation. The
increase in Paneth cell numbers suggests enhanced secretion of active antimicrobial
products and might be indicative of an enhanced innate defense response during pro-
longed inflammation which might contribute to the recovery from NEC. However, it still
remains to be elucidated which possible cell signaling and regulatory pathways are
involved in these processes to target improvement of therapy and clinical outcome.

Chapter 9 describes the effects of enteral arginine on intestinal blood flow and mucosal
growth in neonatal pigs fed total parenteral nutrition (TPN) or partial enteral nutrition. Our
results show that partial enteral feeding increased superior mesenteric arterial (SMA)
blood flow compared to TPN. However, enteral arginine infusion did not affect SMA
blood flow across a wide range of doses, including physiological and pharmacological.
We also found that enteral infusion of arginine precursors, citrulline and glutamine did
not affect SMA flow, despite the fact that they resulted in increased circulating arginine
levels. Despite the lack of effect of arginine or precursors on SMA blood flow, we did
find that a pharmacological dose of enteral arginine, although only marginally, increased
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intestinal mucosal growth. However, this was observed without significant changes in
protein synthesis, cell proliferation, or activation of mTOR signaling.

The main results of the studies described in this thesis are highlighted and discussed
in chapter 10. With the gained knowledge from these studies we contributed to the
understanding of the factors that affect the preterm gut and render the preterm infant
at increased risk for NEC. The thesis is finalized by the provided recommendations for
future research projects to further investigate the mechanisms of intestinal defense and
gut barrier function in the preterm lumen. Ultimately, this might illuminate the predispo-
sition of the preterm neonate to NEC and lead to improvement of nutritional care.
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Necrotizerende enterocolitis (NEC) is de meest voorkomende darm-aandoening bij
premature pasgeborenen die zich kenmerkt door een zich snel ontwikkelende ernstige
ontsteking van de dunne en/of dikke darm. Van alle prematuur geboren baby’s krijgt
2-7% NEC. Helaas zijn er slechts weinig behandelingsopties en is men beperkt tot
darmrust door te stoppen met voeden via de darm en het geven van antibiotica om de
ontsteking te beperken. Bij ongeveer 20-40% van alle kinderen met NEC is de ontste-
king zodanig ernstig dat chirurgische verwijdering van het aangedane deel van de darm
noodzakelijk is. Sterfte ten gevolge van NEC komt voor bij 15-30% van de kinderen maar
loopt op tot 50% bij kinderen met een ernstige vorm van NEC waarvoor een operatie
nodig is. Kinderen die NEC overleven hebben veelal complicaties zoals voedings- en
groeiproblemen door een verkorte darm na operatieve verwijdering waardoor voedings-
stoffen niet meer opgenomen kunnen worden. Ook is er een verhoogd risico op een
vertraagde ontwikkeling van het kind. Gezien de ernst van NEC, de complicaties, en de
hoge sterfte is uitgebreid onderzoek noodzakelijk om meer inzicht te verschaffen in het
voorkémen en behandelen van deze ziekte.

Inmiddels is bekend dat vroeggeboorte, kunstvoeding, en de bacteriéle kolonisatie van
de darm risicofactoren zijn voor het ontstaan van NEC. De onrijpheid van het darmstel-
sel in te vroeg geboren kinderen zorgt voor verminderde darmpassage en vertering van
voeding, verlaagde barriere van het darmweefsel voor schadelijke bacterién en stof-
fen, slechte functie van het afweersysteem, en een nog niet goed werkzame regulatie
van de bloedsomloop in de darm. Deze factoren, in combinatie met kunstvoeding en
darmbacterién, worden gedacht een belangrijke rol te spelen in het ontstaan van NEC.
Echter, wat nu precies de oorzaak is van NEC is onbekend en dient verder te worden
onderzocht. Daarom is met dit proefschrift getracht om de invloed van voeding en
darmbacterién op de beschermingsmechanismen van de darm toe te lichten. De resul-
taten die gepresenteerd worden in dit proefschrift leveren handvaten voor de verdere
ontwikkeling van strategieén om NEC te voorkomen.

Over het algemeen kunnen 4 conclusies worden getrokken uit dit proefschrift:

1. Diermodellen zijn onmisbaar voor het bestuderen van voeding voor pasgeborenen
(Hoofdstuk 2).

2. Voeding heeft invloed op de barriere functie en de bloedsomloop van de darm
(Hoofdstukken 3, 4, 5 en 9).

3. Darmbacterién hebben een effect op de barriére functie en stofwisseling van dedarm
(Hoofdstukken 3, 6 en 7).

4. Paneth cellen in de darm vergroten de aangeboren afweer als reactie op het ontstaan
van NEC (Hoofdstuk 8).
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In hoofdstuk 1 wordt een algemeen overzicht gegeven van het véérkomen van NEC,
van de risicofactoren geassocieerd met het ontstaan van NEC en van de mechanismen
in de premature darm die verondersteld worden een rol te spelen in de ontwikkeling
van NEC. Door de toename van het aantal extreem te vroeg geboren kinderen en de
verbeterde overlevingskansen worden we voortdurend uitgedaagd NEC te voorkdmen
en bestrijden. Ondanks het feit dat prematuriteit, kunstvoeding en bacteriéle kolonisatie
van de onrijpe darm geidentificeerd zijn als risicofactoren, is de precieze oorzaak van
NEC nog niet volledig opgehelderd. De behandeling van NEC is beperkt en de kans
op complicaties en sterfte door NEC blijven hoog. Daarom is uitgebreid onderzoek
gerechtvaardigd om beter inzicht in deze verwoestende ziekte te verkrijgen. Het al-
gemene doel van dit proefschrift was om meer kennis te vergaren van de factoren die
invloed hebben op de bescherming van de darm. Met dit proefschrift werd gepoogd
om te bepalen in welke mate diverse voedingsfactoren en de darmflora de intestinale
afweermechanismen en barriére functie van de darm beinvloeden.

Hoofdstuk 2 van dit proefschrift beschrijft en benadrukt het belang van het gebruik
van proefdieren als hulpmiddel voor het bestuderen van voeding bij pasgeborenen en
darmziekten zoals NEC. Studies verricht met muizen bieden veel mogelijkheden voor
onderzoek naar mechanistische en genetische factoren gepaard gaande met postna-
tale voeding en geassocieerde ziekten zoals beschreven in hoofdstuk 3. De big lijkt het
meest op de humane pasgeborene als het gaat om de ontwikkeling en functie van de
darm, en voorziet ons daarom van een uitstekend model om effecten van voeding op
darmfunctie en NEC te onderzoeken. De big als model voor de humane pasgeborene
werd gebruikt in diverse studies in dit proefschrift zoals beschreven in hoofdstukken 4,
5,7en9.

Hoofdstuk 3 beschrijft het effect van voeding op ontsteking van de darm in muizen
die een gecompromitteerde barrierefunctie van de darm hebben door een verminderde
aanmaak van de slijmlaag die de darm normaliter beschermt. Het doel van deze studie
was om het effect van standaard knaagdiervoer tegenover een synthetisch dieet te be-
palen op de groei en darmontsteking in normale muizen en muizen met een verminderde
slijmlaag, alsmede het effect van toevoeging van probiotica aan het standaard dieet. In
muizen met een verminderde slijmlaag ontbreekt het gen om het slijmeiwit Muc2 aan te
maken waardoor ze gevoelig zijn voor het ontwikkelen van darmontsteking. Het synthe-
tische dieet verminderde duidelijk de darmontsteking en verbeterde de lichaamsgroei
in de Muc2-deficiente dieren in vergelijking met dieren die het standaard voer kregen.
Dit onderstreept het belang van optimale voeding voor zowel het onderhouden als het
verbeteren van de barriére functie van de darm en de algemene gezondheid, vooral
in aanwezigheid van factoren die het risico op darmontsteking verhogen. De toevoe-
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ging van probiotica, dat wil zeggen bacterién waaraan een gezondheidsbevorderende
werking wordt toegeschreven, op het standaardvoer in de Muc2-deficiénte muizen
verbeterde de structuur van het darmweefsel en verminderde de darmontsteking. Deze
gunstige effecten leveren bewijs voor een verbeterde bescherming van de gevoelige
darm door probiotica.

Hoofdstuk 4 beschrijft het effect van kunstvoeding voor pasgeborenen op de onrijpe
darm in vergelijking met colostrum, oftewel biest. Het doel van deze studie was het
verbruik van het aminozuur threonine in de darm te bepalen in premature biggen
gevoed met kunstvoeding of met colostrum. Threonine is een belangrijke bouwsteen
van de eiwitten en de slijmlaag in de darm en daarom noodzakelijk voor een goede
aanmaak van deze producten en bescherming van de darm. De resultaten van deze
studie laten een negatief effect zien van kunstvoeding op de groei, het ontstaan van
NEC, de eiwitaanmaak in de darm, en de aanmaak van het slijmeiwit MUC2 in de darm
in vergelijking met colostrum. Deze bevindingen geven een mogelijke verklaring voor
de aanleg van premature en kunstgevoede pasgeborenen om NEC te ontwikkelen.

Hoofdstuk 5 toont aan dat zowel threonine aanwezig in de darmholte, oftewel het
darm lumen, als threonine in het circulerende bloed voor de aanmaak van het slijmeiwit
MUC2 gebruikt worden. Dit vindt plaats in de goblet cellen gelokaliseerd in het darm-
weefsel. Met deze studie hebben we onderzocht wat de voorkeur van de darm voor
de opname van threonine is; opname vanuit het lumen of opname vanuit het bloed. Dit
hebben wij gedaan in prematuur geboren biggen als ook in prematuur geboren kinderen
met een stoma na een darmoperatie. De resultaten laten zien dat threonine van beide
kanten wordt opgenomen voor aanmaak van MUC2, maar dat dit beinvioed wordt door
de hoeveelheid voeding als ook het type voeding. In de premature kinderen die na de
operatie gedeeltelijke enterale voeding kregen aangevuld met voeding via het infuus,
werd 91% van de threonine uit het bloed opgenomen. In de premature biggen die alleen
enteraal gevoed werden, was de threonine opname voornamelijk uit het darm lumen
wanneer ze gevoed werden met colostrum en voornamelijk uit het bloed wanneer ze
gevoed werden met kunstvoeding. Tevens was er bij de biggen gevoed met colostrum
sprake van een verhoogde aanmaak van het slijmeiwit MUC2 in vergelijking met kunst-
voeding gevoede biggen. Gebaseerd op deze resultaten, benadrukken wij het belang
van optimale enterale (via de darm) voeding voor de verhoging van slijmaanmaak en
daarmee verbetering van de barriére functie van de darm in premature pasgeborenen.

Hoofdstuk 6 geeft inzicht in de regulatie van het slijmeiwit MUC2 in de darm door
korte keten vetzuren. Onze hypothese was dat korte keten vetzuren, dit zijn producten
onder andere afkomstig van bacterién, effect hebben op de regulatie van het slijmeiwit
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MUC?2 in de darm en zo de bescherming van het darmweefsel kunnen beinvioeden.
Het doel van de studie was de mechanismen te onderzoeken die zorg dragen voor het
effect van de korte keten vetzuren op MUC2 aanmaak. De resultaten tonen duidelijk
aan dat de vetzuren butyraat en propionaat in concentraties zoals die gevonden zijn in
de ontlasting van borstgevoede zuigelingen MUC2 stimuleren via activatie van het ap-1
(c-Fos/C-Jun) c/s-element op het gen van MUC2. Hogere concentraties van butyraat,
gelijkend op concentraties in de ontlasting van zuigelingen gevoed met kunstvoeding,
onderdrukken MUC2 regulatie. Dit suggereert dat darmbacterién, die qua samenstelling
beinvlioed worden door het type voeding, d.w.z. moedermelk of kunstvoeding, indirect
de aanmaak van MUC2 reguleren en zodoende de bescherming van het darmweefsel
door de slijmlaag beinvioeden.

Hoofdstuk 7 beschrijft het effect van de darmbacterién op de aminozuur- en eiwit-
stofwisseling in pasgeboren biggen. Wij veronderstelden dat een verandering in de
samenstelling van darmbacterién door het geven van antibiotica of probiotica zowel
de eiwitstofwisseling van de darm als die van het gehele lichaam zou beinvlioeden. In
deze studie toonden wij aan dat het toedienen van antibiotica de hoeveelheid soorten
darmbacterién vermindert en de aanmaak van ureum vermindert. Tevens werd de
concentratie en het verbruik van threonine in het bloed verhoogd, evenals de aanmaak
maar ook afbraak van eiwitten in het lichaam. Echter, in de dunne darm en lever ver-
minderde het geven van antibiotica de aanmaak van eiwitten. Het geven van probiotica
stimuleerde kolonisatie van de darm met Bifidobacterien die een gunstig effect op de
darm hebben. Tevens was er sprake van een verminderde ureum concentratie in het
bloed maar zagen wij geen effect op de stofwisseling van threonine of eiwitten in het li-
chaam. Wel verminderde het geven van probiotica de aanmaak van eiwitten in de dunne
darm, maar verhoogde het de aanmaak en de hoeveelheid van het slijmeiwit MUC2 in
de dikke darm. Wij concludeerden dat het veranderen van de darmflora door het geven
van antibiotica of probiotica van invloed is op ureum en threonine in het bloed en op
aanmaak van eiwitten en MUC2 in de darm. Kortom, wanneer pasgeboren kinderen
met antibiotica of probiotica worden behandeld leidt dit tot een verandering van de
darmflora wat gevolgen zou kunnen hebben voor de eiwitstofwisseling in het lichaam.

Hoofdstuk 8 geeft inzicht in de hoeveelheid en functionaliteit van Paneth cellen in
prematuur geboren kinderen met NEC. Paneth cellen zijn een belangrijk onderdeel van
de afweer van de darm en beschermen het darmweefsel door uitscheiding van eiwitten
met een antibacteriéle werking. Echter, de hoeveelheid Paneth cellen en de werking van
Paneth cellen in de onrijpe darm van prematuur geboren kinderen is niet bekend. Wij
toonden aan dat in pasgeborenen die NEC ontwikkelden en geopereerd werden, het
aantal Paneth cellen in de dunne darm minder leek te zijn in vergelijking met kinderen
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zonder NEC. In de herstelfase van NEC, observeerden wij een sterke toename van
Paneth cellen gepaard gaande met een verhoogde hoeveelheid antibacteriéle eiwitten.
Een nieuwe bevinding was de aanwezigheid van Paneth cellen in de dikke darm herstel-
lende van NEC die normaliter deze cellen niet bevat. Analyse van stomavloeistof van de
kinderen liet zien dat Paneth cellen in deze prematuren functioneel zijn door eiwitten uit
te scheiden en de bacteriéle groei te remmen. Deze resultaten bewijzen dat Paneth cel-
len aanwezig zijn in de darm van te vroeg geboren zuigelingen met NEC, en suggereren
dat de toename van Paneth cellen in de dunne en dikke darm door de ernstige ontste-
king wordt veroorzaakt. De toename van Paneth cellen leidt naar alle waarschijnlijkheid
tot een verbeterde uitscheiding van actieve antibacteriéle eiwitten. Dit is indicatief voor
een verbeterde bescherming tijdens langdurige ontsteking en draagt bij aan het herstel
van NEC. Desalniettemin dient nog verder te worden onderzocht hoe deze toename
van Paneth cellen tot stand komt zodat mogelijkheden kunnen worden geboden voor
verbetering van de behandeling van NEC.

Hoofdstuk 9 beschrijft het effect van het aminozuur arginine op de bloedsomloop en het
darmweefsel in pasgeboren biggen. Arginine wordt in pasgeborenen gemaakt in cellen
van het darmweefsel en is belangrijk voor de aanmaak van stikstofmonoxide welke de
bloedsomloop reguleert. In premature pasgeborenen zijn lage arginine concentraties in
het bloed gevonden en dit was geassocieerd met het ontstaan van NEC. Het extra toe-
dienen van arginine zou de bloedtoevoer naar de darm kunnen verbeteren en zo NEC
mogelijk kunnen helpen voorkomen. Onze resultaten in pasgeboren biggen tonen aan
dat het toedienen van voeding in het algemeen, en niet zozeer het geven van arginine in
het bijzonder, de bloedstroom naar de darm doet toenemen in vergelijking met biggen
die voeding via het infuus ontvingen. Wij vonden ook geen effect van toediening van
arginine voorloperproducten citrulline en glutamine op de bloedtoevoer naar de darm,
ondanks het feit dat het toedienen van deze producten wel een verhoogde concentratie
van arginine bewerkstelligde. Wel werd er een effect van hoge dosis arginine gevonden
op groei van het darmweefsel, hoewel marginaal, maar dit ging niet gepaard met veran-
deringen in de aanmaak van eiwitten of vermeerdering van cellen.

Ten slotte worden de belangrijkste resultaten van de studies beschreven in dit proef-
schrift besproken in hoofdstuk 10. Door het uitvoeren van deze studies hebben we onze
kennis vergroot van factoren die de darm van de pasgeborene beinvioeden en een risico
vormen op het ontstaan van NEC. Dit proefschrift wordt afgerond met aanbevelingen
voor toekomstig wetenschappelijk onderzoek om de mechanismen die een rol spelen bij
de afweer en de barrierefunctie van de premature darm verder te onderzoeken. Uitein-
delijk zou dit moeten leiden tot het vinden van een verklaring voor het ontstaan van NEC
en bijdragen aan het ontwikkelen van optimale voeding voor te vroeg geboren kinderen.
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