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Siggers J, Østergaard MV, Siggers RH, Skovgaard K, Mølbak
L, Thymann T, Schmidt M, Møller HK, Purup S, Fink LN,
Frøkiær H, Boye M, Sangild PT, Bering SB. Postnatal amniotic
fluid intake reduces gut inflammatory responses and necrotizing
enterocolitis in preterm neonates. Am J Physiol Gastrointest Liver
Physiol 304: G864–G875, 2013. First published March 21, 2013;
doi:10.1152/ajpgi.00278.2012.—Preterm neonates are susceptible to
gastrointestinal disorders such as necrotizing enterocolitis (NEC).
Maternal milk and colostrum protects against NEC via growth pro-
moting, immunomodulatory, and antimicrobial factors. The fetal en-
teral diet amniotic fluid (AF), contains similar components, and we
hypothesized that postnatal AF administration reduces inflammatory
responses and NEC in preterm neonates. Preterm pigs (92% gestation)
were delivered by caesarean section and fed parental nutrition (2 days)
followed by enteral (2 days) porcine colostrum (COLOS, n � 7),
infant formula (FORM, n � 13), or AF supplied before and after
introduction of formula (AF, n � 10) in experiment 1, and supplied
only during the enteral feeding period in experiment 2 (FORM, n �
16; AF, n � 14). The NEC score was reduced in both AF and COLOS
pigs, relative to FORM, when AF was provided prior to full enteral
feeding (9.9 and 7.7 compared with 17.3, P � 0.05). There was no
effect of AF when provided only during enteral feeding. AF pigs
showed decreased bacterial abundance in colon and intestinal inflam-
mation-related genes (e.g., TNF-�, IL-1�, IL-6, NOS) were down-
regulated, relative to FORM pigs with NEC. Anti-inflammatory prop-
erties of AF were supported by delayed maturation and decreased
TNF-� production in murine dendritic cells, as well as increased
proliferation and migration, and downregulation of IL-6 expression in
intestinal cells (IEC-6, IPEC-J2). Like colostrum, AF may reduce
NEC development in preterm neonates by suppressing the proinflam-
matory responses to enteral formula feeding and gut colonization
when provided before the onset of NEC.

amniotic fluid; preterm; formula; colostrum; inflammation

NECROTIZING ENTEROCOLITIS (NEC) is a devastating disease of
premature infants afflicting 1–5% of all newborns, and up to
7–14% of very low birth weight infants (500–1,500 g) admit-
ted to neonatal intensive care (42). Risk factors for NEC
include prematurity, enteral formula feeding, and bacterial
colonization. Together these factors result in an exaggerated
inflammatory response, leading to extensive hemorrhagic in-
flammatory necrosis, especially in the distal small intestine and

proximal colon (31). Maternal milk has repeatedly been shown
to reduce the risk of NEC, and the beneficial effects of
maternal milk are believed to be due to antibacterial and
immunomodulatory properties (6, 37, 39).

Maternal milk, especially colostrum, is capable of stimulat-
ing normal gastrointestinal development and maturation, to-
gether with regulating an immature gut immune system (14).
These effects are largely dependent on the presence of colos-
trum-derived antimicrobial proteins (i.e., immunoglobulins,
�-casein, lysozyme, lactoferrin), and anti-inflammatory cyto-
kines and growth factors (e.g., the anti-inflammatory cytokine
IL-10, TGF-�, and EGF) (20, 22, 25). Many of the bioactive
factors contained in maternal milk are also present in amniotic
fluid (AF) (15). In utero, these bioactive AF peptides may play
an important role in both fetal gastrointestinal development (3,
20, 30) and innate immunity development (1, 57). AF contains
high concentrations of immunomodulatory peptides such as
IL-10 (2), suggesting that AF helps to suppress inflammatory
responses. Moreover, AF contains growth factors such as EGF,
IGF-I, and TGF, indicating that AF plays a vital role in
gastrointestinal development in utero (27, 55), as documented
by reduced fetal intestinal growth after lacking exposure to
amniotic fluid (38, 52). Hence, there are similarities between
the prenatal biology of AF and the postnatal biology of ma-
ternal milk. For example, bovine, porcine, and human AF have
all been shown in vitro to reduce the production of proinflam-
matory cytokines (IL-6, IL-12, and TNF-�) in bacteria-stimu-
lated murine dendritic cells in a similar manner as bovine and
porcine colostrum whey (28a). Furthermore, a simulated hu-
man amniotic fluid like test solution, containing the enterocyte
growth factors erythropoietin and granulocyte-colony stimulat-
ing factor, has been suggested to improve tolerance to milk
feeding in preterm neonates (4).

Following preterm birth, maternal milk production is often
limited and requires supplementation with infant formula or
banked mature human milk during the difficult transition from
parenteral to postnatal enteral feeding. Previously, we have
documented in our preterm pig model of NEC, that enteral
feeding induces histopathological changes and inflammatory
responses within a few hours of enteral feeding initiation and
that these are most pronounced with a formula diet devoid of
the bioactive factors in mother’s milk (7, 43). In this model,
only a very gradual transition to an enteral colostrum diet
appears to prevent against NEC (13). However, AF has re-
cently been shown to decrease NEC severity in the 10-day-old
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hypoxic mouse model of NEC via Toll-like receptor (TLR) 4
and EGF receptor-dependent pathways (17). Given the afore-
mentioned similarities between AF and colostrum, we wanted
to test whether enteral AF could prevent feeding intolerance
and overt intestinal inflammation in a model that incorporates
preterm birth, parenteral to enteral feeding, and spontaneous
NEC development. We hypothesized that minimal enteral
feeding with porcine AF during parenteral nutrition, coupled
with the presence of AF in formula, inhibits bacteria-dependent
inflammatory responses and NEC development. To determine
the effects of enteral AF, we investigated the impact of AF
on the intestinal structure, function, microbial ecology, and
immunological responses of the preterm pig during the
parenteral to enteral transition phase. A preliminary account
of the findings was published previously (44). In support of
the in vivo pig model of NEC, we performed in vitro
dendritic cell and intestinal epithelial cell culture studies to
further verify the potential anti-inflammatory and epithelial
repair properties of AF.

MATERIALS AND METHODS

Preterm Caesarean Section and AF Collection

Thirty preterm pigs were obtained from three litters delivered by
caesarean section at 105–107 days of gestation (Danish Landrace �
Yorkshire � Duroc, Askelygaard Farm, Roskilde, Denmark; term �
116 � 2 days). Surgery, rearing, and catheterization of piglets were
performed as previously described (39). Porcine AF was collected
aseptically, centrifuged, and stored (�80°C) from the above sows as
well as others during late gestation (experiment 1: 90–92 days
gestation; experiment 2: 105–106 days of gestation, 500–1,000 ml per
sow). The National Committee on Animal Experimentation in Den-
mark approved all procedures.

Nutrition Protocols and Treatments

Experiment 1: AF supplementation during TPN and enteral
nutrition. Immediately after birth, pigs were stratified according to
body weight and sex and randomly assigned to three treatment groups
defined by the later enteral feeding regimen (15 ml·kg�1·3 h�1):
porcine colostrum (COLOS, n � 7), control formula (FORM, n �
13), or formula supplemented with porcine AF (AF, n � 10). The
colostrum pigs were used as a reference group to indicate the state of
pigs fed an optimal diet under the given conditions. For the first 48 h
total parenteral nutrition (TPN) was provided as previously described
(45). During the TPN period, boluses of pure porcine AF or sterile
water (placebo) were administered (10 ml/kg) every 3 h. Following
the TPN period, enteral formula or colostrum was provided every 3 h
as previously described (23). For the AF group, the water fraction
(80%) of the formula was replaced with AF.

Experiment 2: AF supplementation only during enteral nutrition.
Pigs were randomly assigned into two treatment groups defined by the
later enteral feeding regimen: control formula (FORM, n � 16) or
formula supplemented with porcine AF (AF, n � 14). TPN was
provided exclusively for the first 48 h and then gradually reduced with
initiation of gradual enteral formula feeding provided every 3 h to
reach 15 ml/kg after 9 h.

Tissue Collection and NEC Evaluation

At tissue collection, the gastrointestinal tract was evaluated mac-
roscopically for signs of NEC. The following scoring system was
applied to characterize the extent of damage, as indicated by hemor-
rhage and/or necrosis that occurred in the stomach, small intestine
(proximal, mid, and distal), and colon: 0, no damage; 1, occasional
areas of violaceous mucosa (0–25% affected); 2, multiple areas of

violaceous mucosa (25–50% affected); 3, severe hemorrhagic mucosa
(50–75% affected); 4, extensive hemorrhage mucosa (	75% af-
fected), with or without areas of necrosis.

Samples from the gastrointestinal tract were collected and stored as
previously described (45). For histological (7) and in situ hybridiza-
tion (46) analyses, tissue samples were processed as previously
described. For enzyme activity and gene expression analyses, tissue
samples were snap frozen in liquid nitrogen. Villous height and crypt
depth were evaluated (7) and disruption of normal mucosal architec-
ture was noted. Tissue sections were evaluated for the presence of
eight characteristics of NEC: submucosal edema, vacuolization of the
enterocytes, congestion of vessels, regional villi sloughing, loss of
villi, hemorrhage, pycnotic nuclei, and infiltration of inflammatory
cells. One point was given for each characteristic present. The eval-
uators were blinded to treatment group. A cumulative NEC disease
score was calculated by summing the gross pathological score for
each region with the histopathological score for the distal intestinal
tissue section. Pigs with a cumulative score of 12 or greater were
considered to suffer from NEC (range: 6–38). The NEC scoring
system and the associated histopathology have been described in
detail earlier (43).

Intestinal Enzyme Activities and Microbiology

Activities of brush-border peptidases [aminopeptidase A (ApA),
aminopeptidase N (ApN), dipeptidylpeptidase IV (DPPIV)], and di-
saccharidases (lactase, maltase, sucrase) were all measured as previ-
ously described (40).

The density and location of bacteria adhering to the mucosa were
investigated by using specific bacterial oligonucleotide probes and
fluorescent in situ hybridization on formaldehyde-fixed sections of
distal small intestine, as previously described (46). Additionally, the
bacterial assemblage of the colon contents was analyzed by terminal-
restriction fragment (T-RF) length polymorphism (T-RFLP) using
colon contents as previously described (45), with minor modifications.
Bacterial DNA was extracted and purified using QIAamp DNA Mini
Kit (Qiagen, Ballerup, Denmark), as described in the manufacturer’s
protocol, and gels were analyzed on an automatic sequence analyzer
(Applied Biosystems Genetic Analyzer 3130/3130xl, Nærum, Den-
mark).

In Vivo Absorption and Gut Permeability

Gastrointestinal function was assessed by measuring the concen-
tration of blood galactose following oral administration of a bolus of
galactose. The galactose test was performed after the transition to
enteral formula feeding (54 h after birth). An oral bolus (15 ml/kg) of
5% galactose was given and an arterial blood sample drawn after 20
min followed by analysis of blood plasma galactose concentration as
described in detail elsewhere (51). Gastrointestinal permeability was
tested at the time of euthanasia. Pigs received an enteral bolus (15
ml/kg) of 5% lactulose and 5% mannitol 3 h before euthanasia and
urine was collected at euthanasia. Urine mannitol and lactulose
contents were determined as described previously (51).

RNA Extraction

Total RNA from snap frozen middle and distal small intestine was
thawed in RNAIce and then extracted by using RNeasy Midi Kit with
TRIZOL reagent (Qiagen) and total RNA from IPEC-J2 cells was
extracted by use of AllPrep DNA/RNA Mini Kit (Qiagen). Concen-
tration and OD260/280 ratio of extracted total RNA was measured
using a Nanodrop ND-1000 spectrophotometer (Saveen and Werner
AB, Limhamn, Sweden). Quality of extracted total RNA was esti-
mated by Agilent 2100 bioanalyzer using the Nanochip 6000 (Agilent
Technologies, Nærum, Denmark).
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Microarray Analysis

Pigs from each treatment group were randomly selected for mi-
croarray analysis of frozen distal small intestine samples (COLOS,
n � 6; FORM, n � 6; and AF, n � 6). The FORM group was further
divided into formula-fed healthy pigs (F-HEA, n � 3) and formula-
fed NEC pigs (F-NEC, n � 3), to compare sick vs. healthy formula-
fed pigs. Samples and reference pool were labeled with Oyster 550
and 650, respectively, and hybridized to the porcine oligonucleotide
microarray version four (POM4), a low-density microarray consisting
of 384 different oligonucleotide probes representing more than 200
different immune-related genes (platform accession number
GPL7576), as previously described (47).

3DNA Array 900 expression array detection kits (Genisphere,
Hatfield, PA) were used for the labeling and cDNA synthesis of RNA
in the present study. Hybridization and washing were performed
according to the manufacturer’s instructions (Genisphere) with Corn-
ing hybridization chambers (Biotech Line). Microarray image pro-
cessing and data analysis were performed by using GenePixPro 6.0
(Molecular Devices, Sunnyvale, CA) and Acuity 4.0 (Molecular
Devices), respectively. Differentially expressed probe sets identified
in Acuity were uploaded for Ingenuity Pathway Analysis (IPA), using
Ingenuity’s software (http://ingenuity.com, Ingenuity Systems, Red-
wood City, CA) (8). Raw and processed data files can be accessed

through Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/
projects/geo/), accession number GSE13515.

Quantitative Real-Time PCR

Validation of microarray results and supplementary expression
analysis of a small group of other inflammation-related genes were
performed on tissue from the middle and distal intestine [TLR-4,
IFN-
, IL-1�, IL-8, TNF-�, IL-6, Toll interacting protein (TOLLIP),
myeloid differentiation primary response gene 88 (MYD88), ly-
sozyme (LYZ), LPS binding protein (LBP), prepro � defensin 1
(PBD1), TNF-related apoptosis-induced ligand (TRAIL), amino-
peptidase N (ANPEP)]. Extracted RNA was converted into cDNA
by reverse transcription of 1,000 ng total RNA by using Quanti-
TECT Reverse Transcription Kit (Qiagen) as described previously
(47) and was stored at �20°C until use. Quantitative real-time
PCR (qPCR) was performed by using the Fast Real-Time PCR
System (Applied Biosystems) to quantify changes in gene expres-
sion. Primers and hydrolysis probes were designed with use of
PrimerExpress software v2.0 (Applied Biosystems) and synthe-
sized at Applied Biosystems (Supplementary Data Table S1).
Sequences used for primer and probe design were obtained from
public databases (GenBank, NCBI and TIGR, Institute for Genome
Research).

A normalization factor for each pig was calculated based on the
stability of the two best reference genes [phosphoglycerate kinase 1
(PGK1) and �-actin (ACTB)] of a panel of five putative endogeneous
reference genes [�-2-microglobulin (B2M), ACTB, PGK1, 18S rRNA
subunit (RPS18), and TATA box binding protein (TBP)] using
geNorm (54). For IPEC-J2 cell samples, RPS18 was used for relative
quantification calculations. To compare the fold change in gene
expression between the treatment groups, normalized gene expression
values for the treatment groups were compared relative to the negative
control (set to 1, COLOS pigs).

Intestinal Cytokine Analysis

Samples from the distal small intestine were homogenized in RIPA
buffer (1% Triton X-100, 150 mM NaCl, 50 mM Tris base) by using
the gentleMACS Dissociator (MACS, Miltenyi Biotec), and homog-
enates were centrifuged for 10 min at 12,000 g and 4°C. Concentra-
tions of IL-6 and IL-8 were quantified by use of porcine IL-6 and IL-8
DuoSet ELISA Development Kits (R&D Systems) according to the

Table 1. Small intestinal functional and structural indices of
preterm piglets fed colostrum, formula, and formula�amniotic
fluid in experiment 1

Treatment

COLOS FORM AF

Lactase, U/g tissue 32.4 � 2.8a 18.7 � 2.1b 18.1 � 2.3b

Maltase, U/g tissue 4.6 � 0.3a 1.9 � 0.2b 1.7 � 0.2b

DPPIV, U/g tissue 1.6 � 0.1a 1.4 � 0.1b 1.2 � 0.1b

ApN, U/g tissue 7.2 � 0.5a 5.4 � 0.4b 5.2 � 0.4b

Mucosa dry weight, % 77.8 � 1.1a 72.0 � 1.1b 72.0 � 1.1b

Villus height, �m 764 � 115 747 � 64 720 � 73
Crypt depth, �m 59 � 11 57 � 8 47 � 9

Values are least square means � SE. COLOS, colostrum; FORM, formula;
AF, formula�amniotic fluid. Means in a row with superscripts without a
common letter differ significantly (P � 0.05).

A   B   C 

Fig. 1. Representative fluorescent in situ hybridization pictures of formalin-fixed distal small intestinal sections of preterm pigs fed colostrum (COLOS), formula
(FORM), or formula�amniotic fluid (AF). In COLOS pigs (A), a general bacterial probe (red fluorescence) showed hybridization of bacteria mostly contained
within the luminal contents, whereas bacteria were present along entire villus-crypt axis of FORM pigs suffering from necrotizing enterocolitis (F-NEC) (B), and
along the tips of the villi in AF and healthy FORM pigs (C). The green fluorescence is autofluorescence from the tissue. Scale bar � 200 �m.
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manufacturer’s protocol and expressed as cytokine content per tissue
weight.

In Vitro Dendritic Cell and Enterocyte Studies

Cell studies were aimed to characterize the general immunomodu-
lating effects of porcine AF by using three well-established intestinal
cell systems previously used to detect effects of dietary and bacterial
components on isolated intestinal cells (10, 34, 41). As such, the
results are limited to the immunomodulatory actions of AF in these
isolated in vitro epithelial cells and may provide ideas for AF effects
at the cellular level, although results cannot be used to predict the full
in vivo effects of AF on the immature pig intestine.

For analysis of cytokine synthesis in dendritic cells, bone marrow-
derived murine dendritic cells (DCs) were generated and stimulated as
previously described (10). Briefly, to DCs (106 cells/500 �l) were
added 10 �g/ml of UV-killed bacteria [Clostridium perfringens
NECA20 (a pure type A isolate from a premature piglet with NEC) or
Escherichia coli Nissle (strain 1917, serotype O6:K5:H1)] with or
without porcine AF (0.9, 2.8, 8.3, or 25% vol/vol). Porcine AF
from two different sows was tested. IL-10 and TNF-� content in
supernatants harvested 18 –20 h after stimulation were determined

by DuoSet ELISA Kits (R&D Systems, Minneapolis, MN). The
upregulation of CD40 and CD86 surface markers was measured 16
h after stimulation by flow cytometry. Phycoerythrin-conjugated
anti-CD40 (eBioscience, San Diego, CA), allophycocyanin-conju-
gated anti-CD86 antibodies (Southern Biotech, Birmingham, AL),
and appropriate isotype control antibodies were used. Cell viability
was checked by incubating the stimulated DCs with the DNA stain
7-amino-actinomycin D (BD Biosciences, San Jose, CA) and was
consistently 	80%.

For analysis of cytokine expression in intestinal epithelial cells,
IPEC-J2 cells were derived as previously described (41). Cells were
seeded at 1 � 106 cells/cm2 on 12-mm diameter Collagen-Coated
Transwell membranes of pore size 0.4 �m (Corning Incorporated Life
Sciences, Acton, MA). During culture 5 �g/ml insulin and 5 �g/ml
EGF were added to the medium and transepithelial electrical resis-
tance (TEER) was measured to follow cell polarization. Cells were
stimulated 14 days after culture when TEER reached maximum.
IPEC-J2 cells were washed in PBS (Sigma-Aldrich) and incubated
with 10 ng/ml LPS (E. coli K-235, Sigma-Aldrich) in culture medium
(without antibiotics) with or without 25% (vol/vol) porcine AF for 4
h at 37°C in a 5% CO2 humidified atmosphere. After incubation, cells
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Fig. 2. A: graphical presentation of the dom-
inating bacteria terminal restriction fragments
(T-RFs) in colon contents of healthy pigs fed
colostrum (COLOS) or formula�amniotic
fluid (AF), and in formula-fed pigs. T-RFs
with a mean intensity below 200 were ex-
cluded. Significant differences between treat-
ment groups are indicated (*P � 0.05). B:
principal component (PC) analysis plot of
bacteria terminal restriction fragment length
polymorphism (T-RFLP) data for the micro-
bial communities of colon contents FORM
(Œ), AF (�) and COLOS (�) pigs. The 2
components (x � 24% and y � 6%) separated
the microbial communities on the basis of
quantitative band patterns.
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were harvested with trypsin-EDTA (Sigma-Aldrich), washed in PBS,
snap frozen in liquid nitrogen, and stored at �80°C until further
analyses of cytokine mRNA (IL-6, TNF-�).

For cell proliferation, IEC-6 cells (DSMZ, Braunschweig, Ger-
many) were cultured in 96-well plates (3,000 cells/well) in Dulbecco’s
Minimal Essential Medium (GIBCO, Life Technologies, Nærum,
Denmark), supplemented with 10% fetal calf serum (FCS, Cambrex
Bio Science, Copenhagen, Denmark), 0.4 mmol/l sodium pyruvate
(Invitrogen, Life Technologies), 2 mmol/l Glutamax (Invitrogen), and
penicillin-streptomycin solution (Sigma-Aldrich) for 24 h. At 60–
80% confluence, cells were washed with PBS followed by incubation
with 0–15% (vol/vol) porcine AF in culture medium without FCS for
72 h. Cell proliferation was determined by a resazurin metabolism
assay according to the manufacturer’s instruction (AlamarBlue, Bio-
Source, AH diagnostics, Aarhus, Denmark). Experiments were per-
formed for AF collected from four different sows in quadruplicate
wells in two replicate assays.

For the cell migration assay in IEC-6 cells, a scratch wound assay
was performed as described earlier (34). Cells were seeded in 12-well
plates (200,000 cells/well), and monolayers were scratched with a
200-�l pipette tip after 1 day to create a standardized cell-free area.
Cells were washed and incubated with 0–15% (vol/vol) porcine AF in
culture medium without FCS. Serum-free medium and medium con-
taining 10% FCS served as negative and positive control, respectively.
The migration distance was determined by photomicrographs after
wounding and after 5 h. Experiments were performed for AF collected
from four different sows in six measurements in each of two replicate
wells in two replicate assays.

Statistical Analysis

Data were analyzed by using SAS (SAS/STAT version 8.1, SAS
Institute, Cary, NC) and R (version 2.15.0) for experiments 1 and 2,
respectively. Treatment (FORM, AF, and COLOS) and intestinal
region (proximal, middle, and distal) were considered as fixed effects,
and pig and litter were included as random effects. When no signif-
icant effect of region was detected, data were pooled and analyzed
across regions. The results in tables and figures are given as the least
square means � SE, and differences between two means were tested
by the least significant difference test. NEC incidence was analyzed
by Fisher’s exact test, with subsequent pairwise comparisons. Data
from the in vitro experiments were evaluated by one-way ANOVA
with Dunnett’s multiple comparison post hoc test using GraphPad
Prism (version 5.0, GraphPad Software, La Jolla, CA) for DC exper-
iments and Holm-Sidak multiple comparison test using SigmaPlot
(version 11.0, Systat software, Chicago, IL) for intestinal epithelial
cell assays. For T-RFLP data comparisons between individual T-RFs,
a two-tailed Monte Carlo Estimates Mann-Whitney U-test and
Kruskal-Wallis tests were used (SAS Institute, Cary, NC). T-RFs
smaller than 60 bp and larger than 820 bp were excluded because
these were outside the range of the standards. BioNumerics version
4.0 (Applied Math, Sint-Martens-Latem, Belgium) generated princi-
pal component analysis (PCA) on the quantitative band values. Divi-
sion by the variances over the entries and subtraction of the averages
over the characters was included in the PCA. Identification of specific
bacteria characterized by T-RFs was done in silico by inserting primer
sequences and restriction enzymes in the MiCA home page (http://
mica.ibest.uidaho.edu/digest.php) by using the RDPII database (Re-
lease 9, Update 37, Bacterial SSU 16S rRNA). IL-8 data were
log-transformed before analyses. P � 0.05 was used as the critical
level of significance for all statistical evaluations.

RESULTS

Clinical Observations, Histology, and NEC Incidence

In experiment 1, the highest NEC incidence was found in the
FORM group (54%, 7/13). The lowest incidence was observed

in COLOS pigs (0%, 0/7), with intermediate incidence in AF
pigs (20%, 2/10). NEC severity in FORM pigs (17.3 � 2.0)
was higher than in AF (9.9 � 2.2, P � 0.05) and COLOS pigs
(7.7 � 2.7, P � 0.01). AF pigs had lower cumulative NEC
scores compared with FORM pigs (P � 0.05). The two pigs
defined as suffering from NEC in the AF group had NEC
scores just above the defined cutoff (scores equal to 13 and 16;
NEC defined as �12), indicating only minor intestinal lesions
whereas all FORM pigs with NEC had NEC scores 	20.
Weight gain over the experiment was lower for COLOS (79 �
20 g) and FORM (34 � 15 g) pigs than for AF pigs (143 �
17 g, P � 0.05).

Compared with COLOS pigs, mucosal dry weight was lower
in FORM and AF pigs (�8%, P � 0.05; Table 1) but villous
heights and crypt depths did not differ across treatments. For
AF pigs, spleen weights (1.88 � 0.39 g/kg) and kidney weights
(7.25 � 0.67 g/kg) were reduced, relative to values in FORM
pigs (2.37 � 0.44 and 8.67 � 0.68 g/kg, respectively, P �
0.05), whereas no effects were seen for weights of other
internal organs (intestine, colon, heart, lung, pancreas, and
liver). There were increases in the intestinal activities of lactase
(�42 and 44%), maltase (�59 and 63%), DPPIV (�13 and
25%), and ApN activity (�25 and 28%, only distal small
intestine) in COLOS pigs, compared with FORM and AF pigs
(all P � 0.05; Table 1), which did not differ.

In experiment 2, the incidence of NEC was 50% in both the
FORM (8/16) and the AF (7/14) pigs, with no differences in
regional, mean, or total NEC scores. A relative loss in body
weight over the experiment was observed in both AF pigs
(�59 � 15 g/kg) and FORM pigs (�24 � 14 g/kg), with no
difference between the groups (P � 0.09).

Mucosal dry weight was the same in AF and FORM pigs.
Crypt depth in the distal small intestine was higher in the AF
compared with FORM pigs (106 � 2 vs. 96 � 2 �m, P �
0.005), whereas villous heights did not differ across treatments.
Neither was any effect seen for weights of the internal organs
(intestine, heart, lungs, liver, kidneys, and spleen). There were

Table 2. Significance values for the bacteria terminal
restriction fragments in distal intestinal tissues based on
pairwise comparisons between groups of pigs fed colostrum,
formula�amniotic fluid, and formula

T-RF FORM vs. COLOS FORM vs. AF COLOS vs. AF

91 0.01551
99 0.01401

102 0.01371
124 0.02701 0.03261
189 0.01051
191 0.04781
193 0.00302 0.01971
199 0.04191
205 0.04511
215 0.04242
219
231 0.03112 0.01871
233 0.05861
237 0.03001 0.04661
351 0.00022 0.00401
363 0.03221 0.01031
576 0.02571

T-RF, terminal restriction fragment; Arrows show the direction of changes.
Proposed identity for T-RF 233: Clostridium perfringens.
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Table 3. Significance values for differentially regulated genes in distal intestinal tissues based on pairwise comparisons
between groups of healthy pigs fed colostrum or formula�amniotic fluid, healthy formula-fed pigs, and formula-fed pigs with
necrotizing enterocolitis by microarray analysis

Gene ID Description AF vs. F-HEA AF vs. F-NEC F-HEA vs. COLOS F-NEC vs. COLOS AF vs. COLOS

ADAM17 ADAM metallopeptidase domain 17 (tumor necrosis factor,
alpha, converting enzyme)

0.0152

AFP alpha-fetoprotein 0.0302
ANGPT1 angiopoietin 1 0.0122 0.0162
ANGPTL4 angiopoietin-like 4 0.0132 0.0072
ANPEP amniopeptidase N 0.0071 0.0212
ANXA11 annexin A11 0.0011
APOA1 apolipoprotein A-I 0.0351
AVEN apoptosis, caspase activation inhibitor 0.0302
BIRC5 baculoviral IAP repeat-containing 5 (survivin) 0.0401 0.0202
BRAF v-raf murine sarcoma viral oncogene homolog B1 0.0192
C4A complement component 4A 0.0141
CASP8 caspase 8, apoptosis-related cysteine peptidase 0.0181 0.0431
CD1A CD1a molecule 0.0331
CD2 CD2 molecule 0.0032 0.0051
CD247 CD247 molecule 0.0252
CD40LG CD40 ligand (TNF superfamily, member 5, hyper-IgM

syndrome)
0.0111 0.0221 0.0041

CD55 decay-accelerating factor CD55 (DAF) 0.0202
CFLAR CASP8 and FADD-like apoptosis regulator 0.0512
CRP C-reactive protein, pentraxin-related 0.0181 0.0022
CXCL3 chemokine (C-X-C motif) ligand 3 0.0371
DEFB4 defein, beta 4 0.0261 0.0511
EGF epidermal growth factor 0.0501
ENPEP glutamyl aminopeptidase (aminopeptidase A) 0.0101
FCGR3A Fc fragment of IgG, low affinity IIIa, receptor 0.0032 0.0031
FGA fibrinogen alpha fragment 0.0161 0.0502 0.0502
FTH1 ferritin, heavy polypeptide 1 0.0491
GAPDH glyceraldehyde-3-phosphate dehydrogenase 0.0211
GGTA1 glycoprotein, alpha-galactosyltraferase 1 0.0051 0.0302
HPX hemopexin 0.0352 0.0381 0.0302
IFNA1 interferon, alpha 1 0.0052
IFNG interferon, gamma 0.0341 0.0442 0.0362
IL10RB interleukin 10 receptor, beta 0.0362
IL1A interleukin 1, alpha 0.0092 0.0301
IL2RG interleukin 2 receptor, gamma 0.0262
IL4R interleukin 4 receptor 0.0232
IRF3 interferon regulatory factor 3 0.0151 0.0502
ITGB3 integrin beta 3 0.0041 0.0201 0.0031
LAMB2 laminin, beta 2 0.0442
LBP LPS binding protein 0.0501 0.0161
LDHA lactate dehydrogenase A 0.0281 0.0352
LDHC lactate dehydrogenase C 0.0232
LYZ lyzozyme 0.0081
MAPK8 mitogen-activated protein kinase 8 0.0111
MDH2 malate dehydrogenase 2, NAD (mitochondrial) 0.0141 0.0022
MMP14 matrix metallopeptidase 14 0.0211
MUC1 mucin 1, cell surface associated 0.0481 0.0241
MUC5AC mucin 5AC, oligomeric mucus/gel-forming 0.0221
MYD88 myeloid differentiation primary respoe gene 88 0.0282 0.0511 0.0181
NOL3 nucleolar protein 3 (apoptosis repressor with CARD

domain)
0.0271 0.0542 0.0491

NOS1 nitric oxide synthase 1 (neuronal) 0.0012 0.022
NOS2A nitric oxide synthase 2A (inducible) 0.0042
NOS3 nitric oxide synthase 3 (endothelial cell) 0.0082 0.0391
OCLN occludin 0.0311 0.0081 0.0291 0.0092
PLG plasminogen 0.0442
PSMB9 proteasome subunit, beta type, 9 0.0092 0.0152
RPL13 ribosomal protein L13 0.0321 0.0051
RPL32 ribosomal protein L32 0.0122
SABP soluble angiotein-binding protein 0.0201
SFTPD surfactant associated protein D 0.0371
SLC5A1 solute carrier family 5 0.0372
SPP1 secreted phosphoprotein 1 (osteopontin) 0.0031 0.0342
SRY sex determining region Y 0.0201
ST3GAL4 ST3 beta-galactoside alpha-2,3-sialyltraferase 4 0.0161

Continued
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increases in the distal small intestinal activities of lactase
(44%) and ApN (28%) in FORM pigs compared with AF pigs.
On the contrary, maltase activity was increased in the proximal
(42%) and middle (39%) small intestine in AF pigs compared
with FORM pigs (Table 1). In vivo intestinal barrier function
did not differ between AF and FORM pigs. Furthermore, no
difference was observed in galactose absorption during TPN on
day 3. At day 5, galactose absorption increased in pigs receiv-
ing AF compared with FORM pigs (69.2 � 20.7 vs. 18.2 �
21.4 �M, P � 0.05).

Intestinal Microbiology

Hybridization with a general eubacterial probe showed that
bacterial colonization in the distal small intestine was most
abundant in COLOS pigs, intermediate in FORM pigs, and
least abundant in AF pigs in experiment 1. Bacteria colonizing
the COLOS pigs were primarily located in the intestinal lumen
(Fig. 1A), whereas bacteria colonizing healthy FORM and AF
pigs were associated with the tips of the intestinal villi (Fig.
1C). In FORM pigs suffering from NEC, the colonizing bac-
teria were commonly dispersed along the entire villus-crypt
axis (Fig. 1B).

T-RFLP analysis showed no significant difference in the
number of T-RFs among treatments. For specific T-RFs,
FORM pigs showed higher intensity for 2 (including 233 bp)
T-RFs, and lower intensity for 4 T-RFs, compared with CO-
LOS pigs, whereas COLOS pigs showed marked increases in
10 T-RFs compared with AF pigs (Fig. 2A and Table 2, all P �
0.05). FORM pigs showed significant increases in 6 T-RFs
compared with all AF pigs. According to the available T-RFLP
libraries (RDP II database), many bacteria of different taxo-
nomical groups (genus and species) can share the same T-RFs.
Thus identification of bacteria responsible for specific T-RFs
would require further isolation, cloning, and genetic sequenc-
ing. The exception is T-RF 233, which this laboratory has
repeatedly identified as C. perfringens, a bacterium associated
with NEC in preterm pigs (7, 46). PCA of the T-RFLP bands
classed the pigs into three separate clusters based on the
microbial communities of colon contents (Fig. 2B). These three
clusters were related to treatment, with different clustering of
the colonic microbial profile of FORM and COLOS pigs. The
microbial composition of colon contents in AF pigs was
located between that of the FORM pigs and the COLOS pigs.

Microarray Analysis

ANOVA was performed to identify genes differentially
expressed among COLOS (n � 6), AF (n � 6), formula-fed
NEC pigs (F-NEC, n � 3), and formula-fed healthy pigs
(F-HEA, n � 3) in experiment 1 (Table 3). Thirty-five differ-
entially expressed genes (18 up, 17 down) were detected when
AF pigs were compared relative to F-NEC pigs (indicating the
combined effect of diet and NEC pathology). Several genes
known to be involved in the innate immune response including
IL-1�, inducible nitric oxide synthase (NOS2), and TNF-� was
found to be significantly downregulated in AF pigs compared
with F-NEC pigs (P � 0.01). Comparison of AF with F-HEA
(indicating mainly the effect of diet), showed 24 genes that
were differentially regulated (11 up, 13 down), including
increased lysozyme and occludin, and decreased vascular en-
dothelial growth factor, interferon �1, and nitric oxide synthase
1 and 3 (neuronal and endothelial nitric oxide, respectively).
Nineteen of the 24 differentially regulated genes (79%) in AF
compared with F-HEA pigs were different from those differ-
entially regulated in AF compared with F-NEC pigs, suggest-
ing a separate effect of AF under healthy conditions, indepen-
dent from the NEC-preventive effect. Seventeen differentially
expressed genes (9 up, 8 down) were detected when AF pigs
were compared relative to COLOS pigs.

Comparison of COLOS pigs relative to F-NEC pigs (indi-
cating the combined effect of diet and NEC pathology),
showed 28 genes that were differentially regulated (15 up, 13
down), including increased aminopeptidase N, survivin, occlu-
din, osteopontin, TLR-1, TLR-10, and TOLLIP expressions,
and decreased IL-�, mitogen-activated protein kinase 8
(MAPK8), mucin-5AC (MUC5AC), MYD88, TRAIL, and
TNF-�. Nine of the 14 differentially regulated genes (64%) in
F-HEA compared with COLOS pigs were different from those
differentially regulated in F-NEC compared with COLOS pigs,
again suggesting that diet and NEC pathology induce partly
independent effects on the immature intestine. Sixteen of the
28 genes (58%) were found to be similar to and regulated in the
same direction as differentially expressed genes detected in AF
pigs compared with F-NEC pigs, indicating that some of the
immune mechanism might be similar in response to dietary
amniotic fluid and colostrum administration. Genes identified
as differentially expressed in groups of healthy pigs (COLOS)
and NEC pigs (F-NEC) were imported into Ingenuity Pathway

Table 3.—Continued

Gene ID Description AF vs. F-HEA AF vs. F-NEC F-HEA vs. COLOS F-NEC vs. COLOS AF vs. COLOS

STK17A serine/threonine kinase 17a 0.0072
SAA1 serum amyloid A1 0.0541
TGFBR3 traforming growth factor, beta receptor III 0.0352
TLR1 Toll-like receptor 1 0.0042 0.0392
TLR10 Toll-like receptor 10 0.0081 0.0012 0.0162
TLR3 Toll-like receptor 3 0.0112
TNF tumor necrosis factor 0.0012 0.0011
TNFRSF1A tumor necrosis factor receptor superfamily, member 1A 0.0531
TOLLIP Toll interacting protein 0.0291 0.0472
TRAF5 TNF receptor-associated factor 5 0.0102
TRAIL TNF related apoptosis induced ligand 0.0062 0.0281
TREH trehalase (brush-border membrane glycoprotein) 0.0431
VEGF vascular endothelial growth factor 0.0352

F-HEA, formula-fed healthy; F-NEC, formula-fed with necrotizing enterocolitis. Arrows show the direction of changes:1, upregulated;2, downregulated.
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Analysis (IPA) software, and the most significant functional
network was associated with inflammatory disease and cell
death. This IPA confirmed TNF-� to be in a central position,
acting on several other cytokines and transmembrane recep-
tors.

Quantitative Real-Time PCR

When tissues from AF pigs were compared with all the
animals from the FORM group (both sick and healthy) in
experiment 1, there were no changes in gene expression pat-
terns. However, qPCR analyses on tissues from the middle
intestine confirmed the proinflammatory cytokines IL-1�
(�54%), TNF-� (�41%), and IL-6 (�59%) to be significantly
downregulated in AF pigs, compared with F-NEC pigs (all P �
0.05). Also the neutrophil chemoattractant IL-8 was found to
be significantly lowered in AF pigs (�46%, P � 0.05).
Similarly, in AF and COLOS pigs, relative to F-NEC pigs,
TNF-� (�56 and �58%, respectively) and IL-1� (�63 and
�64%, respectively) in the distal small intestine were also
downregulated (all P � 0.05). Furthermore, MYD88 (�36%)
was downregulated in AF pigs and ANPEP was upregulated
(�68%) in COLOS pigs (all P � 0.05).

In Vitro Dendritic Cell and Enterocyte Studies

Following both gram-positive (C. perfringens NECA20) and
gram-negative (E. coli Nissle) bacterial stimulation of DCs, AF
differentially modulated the DC cytokine responses. In re-
sponse to stimulation by both bacteria, TNF-� production
showed a dose-dependent decrease as AF concentrations in-
creased (Fig. 3), highlighting the specific anti-inflammatory
properties of AF, whereas the production of IL-10 was unaf-
fected by AF at all concentrations used (data not shown).
Furthermore, DCs stimulated with both bacteria showed an
increased expression of the costimulatory molecules CD86 and
CD40 (demonstrated as an increase in fluorescence intensity),
both of which are important for T cell activation. When
coincubated with 25% AF, DC CD86 and CD40 expression
was downregulated (Fig. 4), indicating reduced DC maturation.

IPEC-J2 cells stimulated with LPS showed a significant
upregulation in expression of TNF-� and IL-6 mRNA com-
pared with AF-stimulated cells (�26 and 45%, respectively,
P � 0.05). The differential IL-6 gene expression was signifi-
cantly downregulated when coincubating the cells with both
LPS and AF, relative to LPS alone (�50%, P � 0.05). The
same trend was seen for TNF-� expression (�15%, P � 0.12).

Addition of AF to IEC-6 cells induced a dose-dependent
increase in intestinal cell proliferation and migration (Fig. 5).
Proliferation reached maximum at 10% AF (�21% relative to
control, P � 0.01), whereas migration continued increasing at
15% AF (�180% relative to control, P � 0.001).

DISCUSSION

During late gestation the human fetus swallows 800 ml AF
per day (33). This provides enteral nutrition (15–20% of body
metabolic needs) as well as immunoregulatory, antimicrobial,
and growth-promoting factors for immature enterocytes (53).
In this manner, AF intake in utero functions to prepare the gut
for the dramatic shift from a highly controlled in utero envi-
ronment to the heavily burdened environment present imme-
diately after birth (38, 52). Many of the beneficial factors

present in AF are also present in maternal milk, and maternal
milk (colostrum) has repeatedly been shown to prevent NEC in
preterm infants, which is a leading cause of morbidity and
mortality in neonatal intensive care units (26). Using our
preterm pig model of NEC, we have shown that gradually
increasing amounts of colostrum after a few days of total
parenteral nutrition protects against NEC (13), whereas a more
abrupt transition to enteral feeding is associated with rapid
inflammatory responses, especially when using a formula diet
(7, 29, 43). We now show that, similar to colostrum, postnatal
administration of porcine AF as minimal enteral nutrition to
preterm neonates is able to increase body weight gain, alter
bacterial colonization and NEC severity, and induce differen-
tial expression of mRNA coding for genes involved in gut
inflammatory responses. The beneficial effects of AF were
seen only when provided both as minimal enteral nutrition
during the TPN period and the following enteral nutrition
period, whereas providing AF therapeutically only during the
enteral period did not show consistent effects. The immune-
modulating and growth-stimulating properties of porcine AF
were further confirmed in vitro by using murine dendritic cells
and neonatal porcine and adult rat intestinal epithelial cells.
These results indicate that AF may be a useful supplement to
the enteral diet during the parenteral-to-enteral transition phase
in preterm neonates, particularly when maternal milk is not
available. Further investigations are clearly required before this
can be tested in infants (e.g., collection and preparation of
human AF, time of administration, and the optimal dose), but
these results open an intriguing new possibility for improved
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nutritional care of preterm neonates just after birth. Although
earlier studies in infants using a simulated AF-like solution (4,
11) indicate that such fluids are tolerated by preterm infants,
our study is the first to provide both clinical and detailed
histopathological evidence for feeding natural amniotic fluid to
a preterm animal model that is spontaneously NEC-sensitive.
Our results are supported by a study that show TLR-4 and EGF
receptor mediated effects of AF in a 10-day-old mouse model
of NEC (17). It is noteworthy, however, that the elevated
sensitivity to NEC appears less dependent on TLR-4 overex-
pression in preterm pigs compared with postnatal mice (5, 18).
Notwithstanding these differences, the effect of AF on preterm
intestinal development and prevention of overt intestinal in-
flammation in differing models of NEC highlights the potential
of AF as a possible prophylactic therapy for preterm infants.

In comparing F-NEC pigs to COLOS pigs, pathway analysis
confirmed TNF-� to be a pivotal regulator of several genes
involved in both the inflammatory response and apoptosis,
which is consistent with results in other NEC model studies (9,
19, 49, 50). Genes involved in inflammation (CD55, IFN-
,

IL-1�, IL-2 receptor, IL-4 receptor, NOS2, TLR-3, TNF-�,
and TNF receptor associated factor) were downregulated and
genes associated with immune regulation (TOLLIP and IFN
regulatory factor) were upregulated in AF pigs when compared
with F-NEC pigs in the microarray analysis, suggesting that
AF might provide protection against intestinal lesions through
suppression of inflammatory pathways. Of the genes differen-
tially regulated in the AF pigs compared with the F-HEA pigs
79% were different from the genes differentially regulated in
the AF vs. F-NEC pigs, indicating a dietary effect of AF
(including decreased VEGF and NOS 1 and 3 transcriptional
activities, and increased occluding and lysozyme), beyond the
effect related more specifically to NEC pathogenesis. The
effect of AF on genes involved in inflammation was supported
both by the qPCR analyses of tissue samples (IL-1�, TNF-�,
and IL-6) as well as by data from the in vitro IPEC-J2 cells
(TNF-� and IL-6). We were, however, not able to confirm
effects on all genes by microarray by qPCR analyses. This may
be due to variation in immune gene expressions resulting from
differences in disease severity within the FORM group. Fur-
thermore, expression from individual cell types may have been
masked or diluted by analyzing intact tissue containing many
cell types (56) rather than single cell-type populations by laser
capture microdissection. We conclude that the progression of
NEC itself in formula-fed pigs is the most important factor that
consistently affects whole tissue intestinal immune markers,
whereas dietary provision of AF beneficially moderates this
immune response. Intestinal content of the proinflammatory
cytokine IL-8 was unchanged with therapeutic AF administra-
tion during the enteral nutrition period in experiment 2, where
NEC incidence was unchanged. This correlates well with a
recent study showing correlation between IL-8 content and
NEC severity in general (48). We have in another recent study
shown that both IL-6 and IL-8 are reduced in pigs receiving
MEN with AF despite unaffected NEC severity (32). Provision
of therapeutic AF, concomitant with an acute proinflammatory
effect of formula feeding, is therefore ineffective in protecting
against a harmful intestinal immune response. Immature DCs
express low densities of MHC class II and costimulatory
molecules like CD40 and CD86, which increase dramatically
in the presence of bacteria. We showed that coincubation of
DCs with AF during bacterial stimulation decreased CD40 and
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CD86 expression, indicating that AF impedes DC maturation,
possibly by blocking receptor-bacteria interaction. This pheno-
type of DCs, also referred to as tolerogenic, may prime but not
activate naïve T cells (16). Our additional DC studies have
shown that both porcine, human, and bovine AF dose depend-
ently decrease IL-12 production from C. perfringens- and E.
coli-stimulated murine DCs (28). Further studies are required
to verify both the dose-dependency and species-specificity of
AF administration to preterm neonates. Regardless, our results
suggest that within each species the anti-inflammatory activity
of AF may protect the immature mucosa against inflammation
at a time of high dietary and bacterial antigen challenge, when
provided from birth. Several T-RFs were lower in AF than in
FORM pigs. As such the reduced NEC severity with AF
administration may be related to the general capacity of AF to
decrease the bacterial load in the intestine. Accordingly, we
have recently shown improved NEC prevention and beneficial
effects on the intestinal proteome when administering enteral
antibiotics to preterm pigs (24). The marked increase in bac-
terial density in COLOS pigs may be more related to the
conserved colostrum matrix in the lumen, which is absent in
the pigs fed formula, whether or not supplemented with AF.
The colonization pattern in preterm pigs fed various diets has
been extensively reviewed earlier (12).

As in other studies, formula feeding was detrimental to the
digestive capacity of the preterm intestine, as indicated by
reduced digestive enzymes, compared with colostrum feeding
(35, 39, 45, 46). The observation that postnatal administration
of AF failed to improve digestive enzyme activity and mucosal
architecture may be explained by a relatively short enteral
feeding period in this study (24 h). Keeping the enteral
feeding period short was necessary to ensure high RNA integ-
rity for gene expression analysis, since severely hemorrhagic
and necrotic tissue yields low-quality RNA (46). Our results
suggest that villous atrophy and breakdown of the mucosal
barrier is a relatively late response to formula-induced gut
inflammation, albeit the presence of mucosal abnormalities
(submucosal edema, vacuolization of the enterocytes, conges-
tion of vessels, regional villous sloughing) may occur very
soon after the onset of enteral feeding, as shown in our
previous work (43). We showed that AF dose dependently
increases proliferation and migration of intestinal epithelial
cells in vitro, suggesting that AF acts as a wound-healing agent
after the formula-induced epithelial damage.

AF is recognized mainly for its growth-promoting properties
on the fetal intestine, just as colostrum and milk are important
for gut maturation postnatally. This study is the first to show
that AF administration may affect NEC in preterm neonates by
reducing the inflammatory response and bacterial load. Posi-
tive effects of AF supplemented as minimal enteral nutrition on
various growth and immune parameters have also been docu-
mented in another recent study, although NEC in this case was
not affected (32). The growth-promoting activity of AF on fetal
intestinal cells is severalfold less than for milk (20), and the
concentrations of immunomodulatory factors, like TGF-�, are
only 10–15% of that in colostrum (36). Further studies are
required to show whether the provision of concentrated human
AF to preterm infants as a supplement during parenteral nutri-
tion, or together with enteral milk feeding, will provide the
desired synergistic maturational, antimicrobial, and immuno-
logical effects on the immature gut.
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