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Abstract
Introduction: The primary risk factors for necrotizing enterocolitis (NEC) are preterm birth, enteral
feeding and gut colonization. It is unclear if feeding and colonization induce excessive expression of
immune genes that lead to NEC. Using a pig model, we hypothesized that reduced gestational age
would up-regulate immune-related genes and cause bacterial imbalance after birth.
Methods: Preterm (85-92% gestation, n = 53) and near-term (95-99% gestation, n = 69) pigs were
delivered by cesarean section and euthanized at birth or after two days of infant formula or bovine
colostrum feeding.
Results: At birth, preterm delivery reduced 5 of 29 intestinal genes related to nutrient absorption and
innate immunity, relative to near-term pigs, whereas two genes were up-regulated. Preterm birth also
reduced ex vivo intestinal glucose and leucine uptake (40-50%), but failed to increase cytokine
secretions from intestinal explants relative to near-term birth. After two days of formula-feeding, NEC
incidence was increased in preterm vs. near-term pigs (47 versus 0-13%). Six of 29 genes related to
immunity (TLR2, IL1B, IL8), permeability (CLDN3, OCLN) and absorption (SGLT) decreased in
preterm pigs without affecting gram-negative bacteria related responses (TLR4, IKBA, NFkB1,
TNFAIP3, PAFA). Bacterial abundance tended to be higher in preterm vs. near-term pigs (P = 0.09),
whereas the composition was unaffected.
Conclusion: Preterm birth predisposes to NEC and reduces nutrient absorption, but does not induce upregulation of immune-related genes or cause bacterial dyscolonization in the neonatal period. Excessive
inflammation and bacterial overgrowth may occur relatively late in NEC progression in preterm
neonates.
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Introduction
Preterm infants are at risk of developing necrotizing enterocolitis (NEC), an acute gastrointestinal
condition characterized by severe inflammation and necrosis. The risk of NEC is inversely correlated
with gestational age and body weight at birth (1). Since preterm infants are born with an immature
gastrointestinal tract with compromised motility, secretion, digestion, absorption and barrier functions,
NEC is also associated with the introduction of enteral feeding, particularly when mother’s milk is not
available and formula feeding is needed (2). Gut barrier failure and abnormal bacterial colonization of
the immature intestine may lead to excessive inflammatory responses that directly lead to NEC (3,4).
Thus, compromised intestinal homeostasis may explain why preterm infants are at particular risk of
developing NEC, but the exact interactions between the compromised intestinal functions and mucosal
immunity, diet and gut colonization after reduced gestational age remains unknown.
Previous studies have indicated that the immature NEC-sensitive intestine is characterized by an
exaggerated inflammatory response to microbe-associated molecular patterns (MAMPs) and excessive
IL-8 secretion from intestinal epithelial cells (IECs) (5,6). The underlying mechanisms may involve
enhanced expression and activation of toll-like receptor (TLR) 4 (7,8) and reduced expression of
negative regulators of TLR4 signaling pathways (6,9), leading to prolonged activation of NFκB and
production of pro-inflammatory mediators (10,11). The results are based on studies in full-term mice
and rats (9,12), where NEC is typically induced by combining hypoxia and formula-feeding, or by
studying human fetal intestines collected in weeks 12-20 of gestation, i.e. long before NEC
development (6). A recent study have though shown decreased intestinal intensity and surface to
cytosol ratio of TLR-4 from 16 to 21 weeks of human gestation (13). It remains to be established
whether these exaggerated inflammatory responses are characteristic also for the viable (>24 weeks)
NEC-sensitive human fetus. Furthermore, as the majority of the findings described above have been
generated in experimental NEC models, they may reflect molecular endpoints of NEC pathology more
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than predisposing factors that lead to NEC. Studies suggest that the unique role of TLR4 and an
exaggerated expression of immune-related genes proposed from rodent studies could be less important
in preterm NEC-susceptible pigs (14-17). However, it remains difficult to define the special
characteristics of the immature NEC-sensitive intestine without comparing preterm and term
individuals, reared in the same environment and fed the same diets.
The preterm pig born at 85-92% of gestation (d 100-106, term d 116-117) is viable with moderate
clinical support and may be comparable to a human preterm infant born at 70-80% (28-32 weeks) of
gestation with regard to gastrointestinal functions(18). Compared with pigs born close to term (e.g. 9599% of gestation), preterm pigs are at high risk of developing NEC-like lesions following enteral
formula feeding and bacterial colonization (19,20), especially with a preceding period of total
parenteral nutrition. Therefore, the preterm pig is a relevant animal model to study postnatal gut
development and a clinically important animal model to investigate the responses of the immature
intestine to bacterial colonization and enteral feeding, and their association with spontaneous NEC
development (18). The preterm pig is the only existing model of preterm infants that can be easily used
to study the influence of different degrees of prematurity and the relation to feeding regimens (e.g.
time, dose and composition of parenteral and enteral feeding) and bacterial colonization (e.g. use of
pre-, pro- and antibiotics).
Considering the complexity in understanding how prematurity, enteral feeding and gut
colonization predispose to NEC, the aim of this study was to compare intestinal immune-related gene
expressions in preterm pigs that have prematurity-related high NEC-sensitivity (85-92% gestation) with
responses in pigs born closer to term that are relatively NEC-resistant (95-99% gestation). We studied
caesarean-delivered pigs at birth (prior to enteral feeding and gut colonization) and after two days of
enteral feeding and the associated colonization with bacteria from the environment. Because bovine
colostrum has previously been documented to protect against NEC, relative to infant formula, we fed
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both these diets to help differentiate the immune gene responses related to diet and to gestational age at
birth. We hypothesized that preterm birth would reduce the expression of genes involved in digestive
(enzymes and transporters) and barrier functions (mucus, occludins and claudins) while innate
immunity genes (pro- and anti-inflammatory cytokines, the TLR4 signaling complex and inhibitors of
the NFκB signaling pathway) would be increased, consistent with the theory of exaggerated immune
response to colonizing bacteria in preterm neonates. We also measured ex vivo intestinal cytokine
secretion and nutrient uptake, and bacterial colonization of the small intestinal was analyzed by 454
pyro-sequencing of luminal contents and fluorescence in situ hybridization of tissue sections. With the
used feeding protocol, without a preceding period of parenteral nutrition, we predicted a moderate NEC
incidence (20-40%) in formula-fed pigs (18). The experimental approach enabled us to study both the
endogenous characteristics of the preterm pig intestine at birth and the intestinal responses to the first
diet and gut colonization that may precede NEC.

Methods
Animal procedures
All animal procedures were approved by the Danish National Committee on Animal Experimentation.
Totally, 122 viable pigs (Danish Landrace X Large White X Duroc) were delivered by cesarean section
from nine sows at d 100-106 of gestation (preterm, 85-92% gestation; n = 53) or d 110-116 of gestation
(near-term, 95-99% gestation; n = 69) and transferred to heated and oxygenized incubators. To
investigate the effect of gestational age on intestinal functions and gene expression independent of
environmental factors, unfed preterm (n = 17) and near-term (n = 25) pigs were euthanized
immediately after birth for tissue collection. Segments from the proximal, mid and distal small intestine
were immediately prepared for ex vivo cytokine secretion and nutrient uptake studies or snap frozen in
liquid nitrogen and stored at -80°C for gene expression analyses.
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For 2 d old pigs, the rearing conditions, feeding regimen and NEC evaluation followed the
methods previously described, without an initial period of parenteral nutrition (21). Briefly, pigs were
kept in incubators, fitted with an orogastric feeding tube, and fed immediately after birth with formula
(preterm formula, n = 18; near-term formula, n = 23) made from three commercially available products
[Peptide 2–0 and Liquigen-MCT (SHS International, Liverpool, UK), Variolac and Lacprodan (Arla
Foods Ingredients, Aarhus, Denmark) to a final concentration of 4081 kJ/L containing 64 g protein/L,
47 g carbohydrate/L and 59 g fat/L] or bovine colostrum (preterm colostrum, n = 18; near-term
colostrum, n = 21, collected from a series of Holstein Friesian cows within 24 h of parturition, pooled
and kept frozen until use) for 2 d before euthanasia and tissue collection. At euthanasia, five
gastrointestinal regions (stomach, proximal, middle, and distal small intestine, and colon) were
evaluated for macroscopic NEC-like lesions using a severity score from 1 to 6, where 1 was assigned to
healthy tissue and 6 to extensive hemorrhagic necrosis and pneumatosis intestinalis (22). NEC was
defined as a score of minimum 3 in minimum one region. Contents and tissues from the distal small
intestine were snap frozen and stored at -80°C for later microbiology and gene expression analyses,
respectively.

Intestinal gene expression
Expression of 29 genes related to innate immunity, digestive and barrier function was analyzed for the
distal small intestine in both newborn unfed and 2 d old fed pigs. In order to obtain optimal RNA
quality, only sections from fed pigs without obvious NEC lesions were included in the analysis. Frozen
intestinal tissue samples were transferred to gentleMACS M tubes (MACS, Miltenyi Biotec, Lund,
Sweden) containing QIAzol (Qiagen, Ballerup, Denmark) and homogenized using the gentleMACS
Dissociator (MACS, Miltenyi Biotec). Total RNA was extracted with chloroform, precipitated with
ethanol, and subsequently isolated using the RNeasy Midi kit (Qiagen) including on-column digestion
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of DNA using the RNase-Free DNAse set (Qiagen) according to manufacturer’s protocol. RNA purity
was assessed on a GeneQuant Pro spectrophotometer (Pharmacia Biotech, Cambridge, UK). cDNA
synthesis was performed with 500 ng total RNA per sample using the QuantiTect Reverse
Transcription Kit (Qiagen) according to manufacturer’s protocol. For assay validation, two cDNA
synthesis reactions were prepared per samples. Non-reverse transcriptase controls were prepared for
assessment of potential genomic DNA contamination.
Genes analyzed and primers applied are presented in Table 1. The genes are hereinafter referred to
by their gene symbols. Primers were designed using Primer3 (http://frodo.wi.mit.edu/) (23) and
synthesized at TAG Copenhagen (Copenhagen, Denmark). Amplification efficiencies, dynamic range,
and specificity were estimated based on four separate dilution series of pooled cDNA and melting
curve profiles. Gene expression was analyzed by quantitative real-time PCR (qPCR) performed in
48.48 Dynamic Array Integrated Fluidic Circuits (Fluidigm, South San Francisco, CA, USA) following
the protocol and cycling parameters described previously (24).
Expression data (Cq values) were acquired using the Fluidigm Real-Time PCR Analysis software
3.0.2 (Fluidigm) and exported to GenEx (MultiD, Göteborg, Sweden) for data pre-processing including
individual correction for PCR efficiency for each primer assay, normalizing to six highly stable
reference genes (ACTB, GAPDH, HRPT1, RPL13A, TBP, and YWHAE), identified using GeNorm (25)
and NormFinder (26), and averaging of cDNA technical repeats. Analysis of gene expression was run
separately for newborn and 2 d old pigs, and the mean relative expression level of each primer assay
was set to 1 in the preterm formula group, respectively, and all other groups were scaled accordingly.

Ex vivo nutrient uptake and cytokine secretion
D-Glucose

and L-leucine uptake was measured ex vivo as previously described (14). Briefly,

immediately after euthanasia, intact segments of the proximal small intestine were everted and mounted
8

as 1-cm sleeves on steel rods with silk ligatures, while kept in ice-cold aerated Ringer’s solution. The
sleeves were pre-incubated for 12 min in 37°C aerated Ringer’s solution, followed by incubation in an
uptake solution for 2 min [37°C aerated Ringer’s solution with 0.4 µM [U-14C]-D-glucose and 5 nM
[3H]-L-leucine; (Perkin Elmer, Skovlunde, Denmark)]. Finally, sleeves were washed in ice-cold
Ringer’s solution, solubilized in Solvable (Perkin Elmer), and counted with Ultima Gold (Perkin
Elmer) in a Tricarb 2100TR Liquid Scintillation Analyzer (Packard Instruments, Meriden, CT, USA).
To analyze ex vivo cytokine secretion, 10-15 cm segments were dissected from the middle jejunum
from each pig, and submerged in ice-cold phosphate-buffered saline (PBS; 75% v/v): Dulbecco’s
modified Eagle medium (DMEM; 25% v/v) supplemented with 1% fetal bovine serum (FBS), 5 µg/ml
gentamycin, and 1.25 µg/ml amphotericine B (Gibco, Life Technologies, Nærum, Denmark). The
segments were flushed with 1 mM dithiothreitol in PBS and subsequently PBS, and transferred to 37°C
enriched DMEM [supplemented with 2% FBS, 5 µg/ml gentamycine, 1.25 µg/ml amphotericine B, 100
U/ml penicillin (Gibco), 100 µg/ml streptomycin (Gibco), 4.2 mM L-glutamine (Sigma-Aldrich,
Brøndby, Denmark), and 1 mM sodium pyruvate (Sigma-Aldrich)]. The segments were then opened
longitudinally, cut into small explants of 2-4 mm × 2-4 mm, and incubated for 2-4 h at 37°C and 5%
CO2 in a humidified atmosphere. Explants were then transferred to 96-well plates with 200 µl/well
enriched DMEM (without FBS) with or without MAMPs [10 ng/ml lipopolysaccharide (LPS; from E.
coli O26:B6, Sigma-Aldrich), 10 ng/ml flagellin (from S. typhimurium, Invivogen, Toulouse, France),
or 1 µg/ml N-acetylmuramyl-L-alanyl-D-isoglutamine-hydrate (MDP; Sigma-Aldrich)]. Explants were
incubated for 24 h at 37°C and 5% CO2 in a humidified atmosphere after which culture supernatants
were collected, centrifuged at 12,000 x g, 4°C for 10 min, and stored at -80°C. The concentration of IL1β, IL-6, IL-8 and TNF-α in the explants culture supernatants were quantified using Porcine IL-1β, IL6, IL-8 and TNF-alpha DuoSet ELISA Development kits (R&D Systems, Abingdon, United Kingdom)
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according to the manufacturer’s protocol. Cytokine secretion was normalized to explant tissue weight
thereby obtaining the total amount of cytokine secreted per tissue mass (pg/mg tissue).

Microbiology
The microbial composition of the distal small intestine was analyzed by 454 pyro sequencing. Samples
were homogenized by bead beating with stainless steel beads for 2 min/20 Hz in a tissue lyser
(Qiagen). After DNA purification with the AllPrep DNA/RNA mini kit (Qiagen), the V4-V5 region of
bacterial 16s rDNA was amplified using barcoded primers (5: 5´-CAGCAGCCGCGGTAATAC-3´,
926R 5´-CCGTCAATTCCTTTGAGTTT-3')(27). DNA quantity and quality was analyzed in a Agilent
2100 Bioanalyzer (Agilent Technologies, Waldbronn, Germany) using Agilent RNA 1000 Nano Kit,
and 50 ng DNA from each of the 64 samples were pooled for sequencing on half a picoplate on 454
Roche GS FLX titanium platform at LGC Genomics (Berlin, Germany) following the standard
amplicon sequencing protocols (Roche, Basel, Switzerland). The dataset was analyzed in the
Quantitative Insight Into Microbial Ecology (QIIME) open source software package (28). Raw data
underwent quality control, de-noising, chimera filtering and Operational Taxonomic Unit (OTU)
picking as previously described (29) and the remaining sequences were clustered at 97% relatedness
using UCLAST (http://www. drive5.com/usearch/). Representative sequences from each cluster were
aligned with pyNAST (http://qiime.org/pynast/), subjected to the Ribosomal Database Project (RDP)based 16S rRNA gene annotation. Alpha diversity was calculated as Observed species; Chao1 and
Shannon indexes for OTU tables that were unified to 1000 sequences per sample. Principal Coordinate
Analysis (PCoA) plots were generated with the Jackknifed Beta Diversity workflow based on 10
distance metrics calculated using 10 subsampled OTU tables and 85% of sequences taken for each
jackknifed subset.
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Bacterial abundance was evaluated by fluorescence in situ hybridization (FISH) on paraffin
embedded cross sections (3 µm) of nine sections along the distal small intestine with Alexa fluor 555labeled oligonucleotide probes (Eurofins MWG Operon, Ebersberg, Germany) targeting 16S rRNA of
general bacteria (5'-GCTGCCTCCCGTAGGAGT-3´)(30) and visualized using an Axioimager M1
epifluorescence microscope (Carl Zeiss, Oberkochen, Germany) equipped for epifluorescence and filter
set XF53 (Omega Optical, Brattleboro, Vt., USA). Based on the red fluorescence signal, the tissue
sections were scored from 0 to 6, where 0: 0-9 bacteria in a tissue section, 1: 10-49 spread bacteria, 2:
small colonies (50-299), 3: few larger colonies (300-500), 4: several larger colonies, 5: numerous larger
colonies, and 6: widespread overgrowth with large colonies.

Statistical analyses
Nutrient uptake data were analyzed using a t-test in GraphPad Prism (version 6.01, GraphPad Software,
La Jolla, CA, USA). Remaining analyses were performed in R (version 2.15.0). Data on gene
expression and intestinal explants were modeled in mixed linear models using the lmer function
(package lme4). Gene expression data were log2-transformed before modeling and the model included
“gestational age” and “diet” as fixed variables and “litter” as a random variable. A fold-change of ≥ 1.5
(linear scale) were defined as a cutoff for biologically significance. Data from intestinal explants were
transformed before analyses using the survreg function (package survival) and the model included
“gestational age” and “MAMP treatment” as fixed variables and “litter” and “pig” as random variables.
For 454 sequencing data, group differences in the PCoA plots were evaluated by Analysis of
similarities (ANOSIM) using weighted and unweighted uniFrac distance metrics based on rarefied
OTU tables (excluding 7 samples with less than 1000 reads per sample). Differences in the 15 most
dominating OTUs were tested using the lmer function (lme4 package) in R (version 3.0.1, open source
software, available online: cran.r-project.org), where “litter” was a random variable and “treatment”,
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“diet” and “gestational age” were fixed variables. P = 0.05 was used as the significance level. NEC
incidences and FISH scores were analyzed with logistic regression (glm function) and repeated
measurements (lme function), respectively, using “gestational age” and “diet” as fixed variables and
“litter” as random variable. All data presented in tables and figures are mean ± SEM. The resulting Pvalues are evaluated at a 5% significance level.

Results
Intestinal gene expression in newborn unfed pigs
Seven of the tested genes were differentially expressed between newborn unfed preterm and near-term
pigs (Fig. 1). The expression of genes related to nutrient digestion and absorption were analyzed as
markers of intestinal digestive function. The intestinal expression of LCT (lactase-phloridzin hydrolase,
lactose-digesting enzyme) and SGLT1 (sodium glucose linked transporter 1, glucose transporter) was
47% and 84% higher, respectively, in near-term vs. preterm pigs (P < 0.01 and P < 0.001, respectively).
The expression of PRDM1, a marker of enterocyte immaturity, was not different between groups. To
evaluate intestinal mucosal immunity, the expression of genes related to epithelial barrier function,
cytokines and LPS-signaling was analyzed in the small intestine. The expression of MUC1 (coding for
a mucus protein) was reduced with 40% in near-term vs. preterm pigs (P < 0.05), while MUC2 and the
tight junction proteins CLDN3 and OCLN did not differ between gestational ages. Intestinal expression
of IL6 was reduced with 41% (P < 0.001) and IL8 increased with 69% (P < 0.05) in near-term relative
to preterm pigs, while the expression of IL1B, TNFA or TGFB did not differ between gestational ages.
We did not observe differences in the expression of genes related to the TLR4-signaling complex
including TLR4, MD2 and CD14 nor in the expression of inhibitors of the NFκB signaling pathway
(IKBA, TNFAIP3 and PPARG) between preterm and near-term pigs. Intestinal gene expression LBP,
coding for an acute-phase protein, and IAP, coding for the multifunctional intestinal alkaline
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phosphatase protein involved in mucosal protection, were 5.5- and 3-fold higher, respectively, in the
near-term vs. preterm pigs (P < 0.001 and P < 0.01, respectively).

Intestinal ex vivo nutrient uptake and cytokine secretion in newborn unfed pigs
Intestinal nutrient absorption capacity was assessed ex vivo as a functional marker of intestinal
maturity. The relative absorption of D-glucose and L-leucine was reduced by ~38% and ~47%,
respectively, in the proximal small intestine in preterm vs. near-term pigs (P < 0.05 and P < 0.01,
respectively, Fig. 2A).
Secretion of pro-inflammatory cytokines was quantified ex vivo in small intestinal explants from
preterm and near-term pigs with and without MAMP induction (Fig. 2B-C). Basal secretion of IL-6,
IL-8 and TNF-α did not differ between preterm and near-term pigs (Fig. 2B), nor were there any
changes after MAMP stimulation in IL-8 (Fig. 2C), IL-6 and TNF-α secretion (data not shown).

Clinical status of two day old fed pigs
Mean birth weight for both unfed and fed pigs was 0.92 kg for preterm and 1.35 kg for near-term pigs
(P < 0.05) with no difference between the diet groups. During the 2 d study period, the preterm pigs
lost more weight than the term pigs (-148 and -120 g/kg for preterm formula and colostrum pigs,
respectively vs. -92 and -71 g/kg for corresponding near-term pigs, P < 0.05).
Following euthanasia and tissue evaluation, eight pigs were diagnosed with mild NEC lesions, and
NEC was more prevalent in preterm formula pigs (47%) compared with the other three groups (preterm
colostrum, near-term formula and near-term colostrum pigs, 0-15% NEC, P < 0.05). Consequently, the
average lesion score across five gastrointestinal regions was higher for preterm formula pigs than for
the other groups (2.1 ± 0.2 vs. 1.3 ± 0.2, 1.3 ± 0.2 and 1.2 ± 0.2 for the preterm colostrum, near-term
formula and near-term colostrum pigs, respectively, P < 0.05).
13

Intestinal gene expression in two day old fed pigs
After 2 d of formula or colostrum feeding, 10 of the investigated intestinal genes related to nutrient
digestion and uptake, mucosal barrier function and immunity were independently affected, either by
gestational age or diet (Fig. 3). The intestinal expression of genes related to immunity pathways TLR2,
IL1B, IL8, permeability CLDN3, OCLN and nutrient absorption SGLT were decreased by 45-65% in
preterm vs. near-term pigs. Compared with colostrum, formula feeding increased the expression of
MUC2 by 50% (P < 0.05), whereas it decreased the intestinal expression of the complement factor C3
(P < 0.001), IAP (P < 0.01) and LCT (P < 0.05) by 40-50%. DEF2 and CCL5, involved in barrier
function and T-cell activation, respectively, were not affected by gestational age or diet, and as for
unfed pigs, there was no difference in the expression of genes related to the TLR4-signaling complex
and NFκB signaling pathway, including TLR4, IKBA, NFkB1, TNFAIP3 and PAFA.

Intestinal microbiota in fed pigs
After quality control, de-noising and chimera removing, 454 pyro sequencing of 64 samples resulted in
a total of 374140 sequences (range 40-16778) with a mean of 5846 ± 533 sequences per sample and no
difference between groups. Totally, 52 different OTUs were identified with an average of 13.4 ± 0.8
different OUTs per sample. The 15 most dominating OTUs (Fig. 4A-C) accounted for 99.44% of the
total sequences, where Clostridium was the most abundant genus with mean relative abundance of 34.0
± 2.8% across samples and Enterococcus, the second most dominating genus, had a mean relative
abundance of 22.2 ± 3.5%. There was considerable inter-individual variation in relative abundance of
OTUs, however, mean relative abundance of Enterococcus was higher and Streptococcus lower in
formula compared with colostrum pigs (P < 0.01, Fig. 4A), while gestational age did not affect relative
abundance of individual OTUs. Mean alpha diversity, indicating bacterial diversity in the four
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treatment groups, was increased after colostrum feeding compared to formula feeding (Fig 4B, P <
0.01). Gestational age did not affect diversity (P = 0.2).
PCoA plots, both weighted (accounting for relative abundance) and unweighted (only accounting
for presence or not), also demonstrated a diet-effect with separation between formula and colostrum
pigs (both P < 0.01, R = 0.13, Fig. 4C). There was no separation according to gestational age (P = 0.2
and 0.8 for weighted and unweighted analyses, respectively, Fig. 4D) or individual groups (data not
shown).
FISH analyses revealed relatively low bacterial abundance in the nine investigated regions of the
small intestine (Fig. 5A-E), with total absence of bacteria in 30 and 60% of the sections from preterm
and term pigs, respectively (P < 0.001), and a trend towards higher bacterial abundance across the
entire small intestine in preterm pigs, compared with term pigs (Fig. 5A, P = 0.09). Diet did not affect
bacterial abundance.

Discussion
Preterm birth disrupts the normal prenatal maturation of many gut functions, specifically those that
mature in the late gestation. This may explain why preterm infants show impaired nutrient absorption
and develop adverse inflammatory responses to enteral feeding and bacterial colonization , potentially
leading to severe feeding intolerance and NEC (2). However, it remains difficult to know the exact
sequence of events, and to separate the early predisposing factors for NEC from the later molecular
events associated with disease progression. This is important as steps to prevent NEC should attempt to
prevent the early pathological events. Thus, intense research efforts have sought to clarify the intestinal
molecular mechanisms and pathways that predispose to NEC. A dominating theory is that bacterial
colonization of the preterm gut leads to an inappropriate excessive activation of the TLR4-complex and
NFκB pathway (5-7,31). Evidence for this theory originates mainly from rodent models of NEC and
15

observations from infant fetal tissue (6,12). It remains unclear whether these findings reflect the high
NEC sensitivity in preterm infants born at different gestational ages, and whether the proposed
mechanisms are central triggers of NEC or reflect events associated with NEC progression. Using pigs
as models, we hypothesized that the well-known down-regulation of digestive function following
preterm birth would be paralleled with an early up-regulation of genes related to innate immunity and
inflammation, relative to pigs delivered close to term. Contrary to our hypothesis, we observed that
there was no up-regulation of genes related to intestinal immunity, neither before nor just after the first
enteral feeding and bacterial colonization. While a NEC-protective diet, like bovine colostrum, induced
modest changes to the gut microbiota and reduced NEC, it did not reduce the expression of key genes
related to immunity and inflammation. Thus, an excessive expression of intestinal immunity genes is
not a key predisposing factor for NEC, at least not in pigs.
To study both the events that precede and lead to NEC, we used newborn, unfed pigs as well as
pigs fed either colostrum or formula for two days. Since 44% of the preterm formula pigs and only 013% of remaining pigs (preterm colostrum pigs, near-term pigs fed either diet) developed NEC, the
present study confirms that our model is valid to study spontaneous NEC development in preterm
neonates. It is important to note that the NEC lesions observed at autopsy mainly in 2 d old formula
pigs (average NEC score 2.1) were relatively mild, representing the early stage of the disease, relative
to the frequent observation of more severe NEC symptoms observed when using our standard 5 d
protocol that includes a period of parenteral nutrition before introduction of formula (15,22,32-34).
In newborn, unfed pigs seven of 29 investigated genes were affected by gestational age with higher
expression of LCT, SGLT1, IL8, IAP and LBP, and lover expression of MUC2 and IL6, in near-term vs.
preterm pigs, while expression of genes related to barrier function (MUC2, CLDN3, OCLN), and
endotoxin-mediated TLR4-signaling (TLR4, MD2, CD14, IKBA, TNFAIP3, PPARG), were largely
unaffected. Near-term pigs showed greater ex vivo absorption of glucose and leucine, while ex vivo
16

secretion of the pro-inflammatory cytokines IL-6, IL-8 and TNF-α was unaffected by gestational age.
After two days of feeding, expression of six genes (TLR2, IL1B, IL8, CLDN3, OCLN, SGLT1) was
decreased in preterm vs. near-term pigs. The type of diet affected four genes, which were either up(C3, MUC2) or down-regulated (IAP, LCT) by infant formula, compared with colostrum. Diet, but not
gestational age at birth, influenced the microbial composition of the small intestine in 2 d old pigs,
while prematurity, especially coupled with formula feeding, tended to increase the overall bacterial
abundance. On the other hand, formula feeding significantly decreased bacterial diversity in both
preterm and term pigs. Thus, we found that totally 11 of 29 investigated genes were affected by
gestational age in newborn unfed and 2 d old fed pigs, and that four genes were affected by diet in 2 d
old pigs. However differences were modest (0.5 – 2.5 fold), except for LBP and IAP in unfed pigs, and
our results therefore do not support our hypotheses that preterm birth in itself leads to excessive
expression of central genes related to mucosal immunity. As predicted, spontaneous NEC development
occurred frequently in preterm formula-fed pigs, but rarely in near-term pigs or preterm pigs fed
colostrum. While the genes and functions investigated in this study only represent a small part of those
that have been suggested to be involved in NEC, and taking into account that there may not be direct
correlation between the gene expression and the active protein levels, they do cover key elements, such
as nutrient absorptive and barrier functions, as well as some of the well-known TLRs and inflammatory
mediators.
We have previously documented that preterm birth is associated with reduced lactase activity
(14,35,36) and absorption of glucose and galactose (14), consistent with the reduced ex vivo nutrient
uptake and expression of LCT and SGLT1 in preterm vs. near-term pigs in this study. Thus, preterm
infants suffer from nutrient malabsorption, leading to an accumulation of unabsorbed nutrients in the
lower bowel, potentially having both direct epithelial effects and effects via increased bacterial
fermentation. Both immune stimulation by bacteria and accumulation of their fermentation products
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may cause damage to the intestinal epithelium and predispose to NEC (37,38). Accordingly, we have
consistently observed in other studies that increased NEC incidence is associated with increased
concentration of short chain fatty acids in the colon, especially of lactic acid (17,32,34). The apparent
consequences of low LCT expression in the immature intestine, together with impaired barrier and
glucose absorptive function, and excessive nutrient fermentation, can be prevented by feeding a NECprotective diet, like bovine colostrum. This may be key to explain that mother’s milk protect against
NEC in preterm infants.
The expression of genes related to the LPS-receptor complex and of intracellular inhibitors of
NFκB signaling did not differ between newborn pigs and 2 d old pigs fed colostrum or formula. This is
consistent with previous studies in preterm pigs, showing that TLR4 expression was not increased at
birth in healthy preterm pigs compared with term pigs (14), and that there was no association between
NEC and enhanced expression of the TLR4-complex in the intestinal epithelium (15,17). Further, our
reported effects on gene expression related to inflammatory markers and the TLR4-complex have been
rather modest with only 1.5-3 fold changes (15-17), in contrast to the marked changes observed in
rodent models where NEC is induced postnatal in full-term animals (8,39). It is noteworthy that infant
NEC tissues did not show significantly up-regulated TLR-4 gene expression, compared with tissues
from spontaneous intestinal perforation, and only modest up-regulation compared with control tissues
(40). Also, TLR-4 appeared to exert a protective effect for ischemia-reperfusion intestinal injury in
neonatal mice (41). Accordingly, we suggest that induced expression of the TLR4-complex and NFκB
signaling, and resulting excessive intestinal inflammation, are not key elements in the progression of
NEC in preterm pigs.
We observed that LBP and IAP expression was greater in the intestine of near-term vs. preterm
unfed pigs and that IAP expression was further increased after colostrum feeding in both preterm and
near-term pigs. In neonatal rats, oral administration of LBP did not protect against experimentally
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induced NEC, but may attenuate LPS-mediated inhibition of IEC migration and wound healing in vitro
(42). Furthermore, it has been shown, that iAP catalyzes detoxification of LPS in the small intestinal
lumen and thereby maintains gut homeostasis (43), and that enteral administration of exogenous iAP
protects against NEC neonatal rats (44), possibly through decreased expression of pro-inflammatory
mediators and decreased intestinal permeability, as shown in immature newborn rats (45).
The fetal human intestine and immature IECs are characterized by exaggerated pro-inflammatory
responses and excessive IL-8 secretion in response to MAMPs, IL-1β and TNF-α. This may in part be
caused by decreased expression of inhibitors of NFκB (5,6,10). Here we observed higher intestinal
expression of IL8 in both fed and unfed near-term vs. preterm pigs. This is consistent with the findings
of increased expression of genes related to the IL-8 signaling pathways with advancing maturation of
the fetal human intestine (46,47). Following colonization and feeding, a well-controlled IL-8 release
may interact with endotoxins and TGFβ to support epithelial repair, as suggested from recent studies in
preterm pigs and epithelial cell lines (48). In contrast, IL6 expression was higher in unfed preterm vs.
near-term pigs, suggesting different roles of these classical pro-inflammatory cytokines in prenatal
intestinal development, and a more sensitive overexpression of IL6 in the premature state. Regardless,
our studies on IL-6, IL-8 and TNF-α protein secretion from intestinal explant cultures indicate that the
inflammatory response to the very first exposure to bacterial components is not markedly affected by
gestational age at birth (preterm vs. near-term). Excessive, aberrant release of these cytokines are
therefore not likely to be predisposing factors for NEC in pigs, supporting our previous finding that the
TLR-4 signaling complex may not be a key pathway in NEC pathogenesis.
Gestational age at birth did not influence the microbiota composition and bacterial diversity as
shown by 454 pyro sequencing. Rather, diet had a modest influence on both composition and diversity,
with increased abundance of Enterococcus, decreased abundance of Streptococcus and decreased
bacterial diversity after 2 d formula feeding. The dietary effect on gut colonization is in line with the
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general accepted hypothesis that feeding mother’s milk, compared with formula feeding, improves
infant gut colonization with more Bifidobacteria and Lactobacilli, and less potential pathogens (49).
The result is, however, in contrast with a previous study using a similar experimental protocol and
where prematurity and NEC, rather than environment and diet, influenced the microbial composition
(21). These discrepancies may reflect a more detailed microbiology analysis with 454 pyro sequencing,
compared with the T-RFLP analyses used previously. Bacterial abundance in situ did however support
our previous study with a tendency to increased bacterial abundance in the small intestine of preterm
versus near-term pigs, irrespective of diet (50). This correlates well with the finding that human tissues
resected from NEC patients also show increased bacterial abundance, compared with non-NEC
samples (51). This increased abundance was not, at least not initially, associated with increased
expression of innate immunity genes. Possibly the compromised digestive and absorptive functions
play a role to increase bacterial density along the mucosal surface and increase nutrient fermentation in
NEC pigs, as shown in several of our earlier studies (17,32,34).
The present study confirms that preterm formula-fed pigs are NEC-sensitive and show immature
nutrient absorption, but this is not explained by a prematurity-stimulated excessive expression of key
immune-related genes in the intestine. Initial gut colonization is influenced by diet but not by
gestational age at birth, thus immaturity is not in itself enough to facilitate a NEC-related gut
dyscolonization. Our study does not support the theory that factors involved in the TLR4-complex,
NFκB signaling and excessive expression of inflammatory markers are key underlying factors in NEC
progression in preterm neonates. The damaging effect of excessive bacteria-dependent nutrient
fermentation, secondary to impaired digestive functions, may be more important.
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Figure legends
Figure 1. Expression of intestinal genes related to nutrient digestion and absorption (LCT, SGLT1),
mucosal barrier function (MUC1, IAP), cytokine secretion (IL6, IL8) and LPS-mediated signaling
(LPB) in the small intestine of preterm and near-term pigs at birth, before any feeding (n = 17-18,
means ± SEM; *P < 0.05, **P < 0.01, ***P < 0.001 denote significant differences between groups).

Figure 2. Relative ex vivo D-glucose and L-leucine uptake in the proximal jejunum of newborn, unfed
preterm and near-term pigs (A). Basal secretion of the pro-inflammatory cytokines IL-6, IL-8, and
TNF-α in 24 h explants from the small intestine of newborn, unfed preterm and near-term pigs (B), and
induced IL-8 secretion in explants incubated for 24 h with lipopolysaccharide (LPS, 10 ng/ml),
flagellin (FLAG, 10 ng/ml) or myramyldipeptide (MDP, 1 µg/ml) (C). Values are mean ± SEM, n =
12-18. *P < 0.05, **P < 0.01: significant difference between groups.

Figure 3. Two day old formula- or colostrum-fed preterm and near-term pigs (n = 14-25, means ±
SEM). Diet-dependent genes indicate genes that are differentially regulated only by diet (across
gestational ages), whereas age-dependent genes indicate genes differentially regulated only by
gestational age (across diets). Only genes that were significantly different between groups are shown
(*P < 0.05, **P < 0.01, ***P < 0.001 indicate significant differences between groups).

Figure 4. Small intestinal microbiology analyzed by 454 pyro sequencing. Mean relative abundance of
the 15 most dominating OUTs in the distal small intestine according to treatment groups (A). Alpha
diversity (analyses of Observed Species) estimating the mean number of OTUs based on 10-1000 reads
per sample (B). Weighted PCoA plots of 454 pyro sequencing data showing three dimensional
separation of pigs based on overall similarity (beta diversity) of the small intestinal microbiota
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according to (C) diet (white circles: colostrum; grey circles: formula) and (D) gestational age (white
circles: preterm pigs; grey circles: near-term pigs).

Figure 5. In situ bacterial abundance based on FISH targeting eubacterial 16S rRNA. (A) Mean FISH
scores for fed preterm and near-term pigs showing overall bacterial abundance in proximal, middle and
distal small intestine. Tissue sections from the distal small intestine of (B) preterm colostrum-fed pigs,
(C) preterm formula-fed pigs (with NEC), (D) near-term colostrum-fed pigs and (E) near-term
formula-fed pigs.
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