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Abstract
Objectives—Necrotizing enterocolitis (NEC) is complex disease thought to occur as a result of
an immaturity of the gastrointestinal tract of preterm infants. Intestinal dysfunction induced by
total parental nutrition (TPN) may increase the risk for NEC upon introduction of enteral feeding.
We hypothesized that the intestinal trophic and anti-inflammatory actions previously ascribed to
the gut hormone, glucagon-like peptide-2 (GLP-2), would reduce the incidence of NEC when
given in combination with TPN in preterm piglets.

Methods—Preterm, newborn piglets were nourished by TPN and infused continuously with
either human GLP-2 (100 μg · kg−1 · day−1) or control saline for 2 days (n = 12/group). On day 3,
TPN was discontinued and pigs were given orogastric formula feeding every 3 hours, and
continued GLP-2 or control treatment until the onset of clinical signs of NEC for an additional 96
hours and tissue was collected for molecular and histological endpoints.

Results—GLP-2 treatment delayed the onset of NEC but was unable to prevent a high NEC
incidence (~70%) and severity that occurred in both groups. GLP-2–treated pigs had less
histological injury and increased proximal intestinal weight and mucosal villus height, but not
crypt depth or Ki-67–positive cells. Inflammatory markers of intestinal myeloperoxidase were
unchanged and serum amyloid A levels were higher in GLP-2–treated pigs.

Conclusions—GLP-2 did not prevent NEC and a proinflammatory response despite some
reduction in mucosal injury and increased trophic effect.
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As improvements in neonatal care have allowed for the survival of more preterm infants, the
incidence of necrotizing enterocolitis (NEC) has risen (1). Preterm infants enter the world
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with immature organ systems, including the gastrointestinal tract (GIT). The GIT is not fully
matured until the end of the third trimester, so prematurity represents a significant risk factor
for the development of NEC (1). NEC is a complex disease whose etiology is not
completely understood; however, it is thought to occur as a result of a combination of
factors dominated by an immature innate immunity, bacterial colonization, maldigestion of
enteral feeds, as well as genetic predisposition, dysmotility, and poor barrier function (2).
The incidence of NEC is inversely proportional to birth weight, with approximately 12% of
very-low-birth-weight infants (500–750 g) developing NEC (1); however, despite advances
in prevention and treatment, significant proportions of neonates who develop NEC do not
survive or require surgery to remove large portions of the bowel.

Recently, many studies have begun to identify biomarkers associated with disease
progression. One such study found several plasma proteins elevated in human infants with
NEC compared with non-NEC control infants, including transthyretin and serum amyloid A
(SAA). The identification and validation of biomarkers may assist physicians in determining
a definitive NEC diagnosis, which is notoriously difficult to predict and diagnose (2).
Furthermore, identification of markers of NEC severity in animal models provides
justification to test these markers in human patients.

A common standard of clinical care used to circumvent enteral feeding intolerance and
prevent NEC is to nourish preterm neonates with total parental nutrition (TPN) before the
introduction of enteral feeds. TPN allows for normal weight gain and somatic growth, and a
recent report from a multicenter study of NICU admissions indicated that 69% of neonates
received parenteral nutrition for up to 14 days (3–5). Our studies in neonatal pigs also have
shown that administration of TPN induces mucosal atrophy, reduces barrier function, and
reduces digestive and absorptive capacity (6–9). These data suggest that although TPN
administration provides critical nutrition, it may also reduce the functional capability of the
intestine, which may increase the risk of developing NEC during the initiation of enteral
feeds. More important, piglet studies have also shown that administration of intravenous
glucagon-like peptide-2 (GLP-2) prevented the mucosal atrophy and restored digestive
function associated with TPN administration (6,10,11).

GLP-2 is a member of the glucagon superfamily and is produced by the enzymatic cleavage
of proglucagon in entero-endocrine L cells and some neurons. The hormone has multiple
actions in the intestine, including fortifying the intestinal barrier (12,13), reducing
inflammation, and augmenting intestinal growth (14,15). There is a wealth of published
literature on the intestinotrophic effects of GLP-2 (16). Given the beneficial effects of
GLP-2, it has been studied in multiple GI diseases, including inflammatory bowel disease
(IBD) and short bowel syndrome (SBS). In patients with IBD, circulating GLP-2 has been
shown to be increased in patients with active disease (17), whereas animal models have
found that either providing exogenous GLP-2 (18) or blocking degradation (19) reduces
clinical and histological manifestations in experimental colitis. Vasoactive intestinal peptide
(VIP), a secreted factor involved in intestinal motility, has been identified as the signal
mediator for the anti-inflammatory actions of GLP-2 in rodent colitis models (20,21). GLP-2
has been most extensively tested in animal models and human patients with SBS in which it
has shown promise to enhance intestinal adaptation and improve absorptive function (22–
29). A GLP-2 analogue (teduglutide) is in clinical studies for the treatment of SBS, with
early results finding teduglutide was well tolerated, reduced the amount of parenteral
nutrition required in adults, and improved bowel morphology (25).

The ability of GLP-2 to suppress mucosal inflammation and increase intestinal growth
makes it an attractive therapy for the prevention of NEC. Because preterm infants are
provided with TPN to support growth, TPN also causes mucosal atrophy and may lead to an
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increased risk of developing NEC. Thus, we hypothesized that providing GLP-2 during TPN
and before enteral feeds may be protective against NEC. The aim of this study was to test
whether administration of GLP-2 in a preterm pig NEC-like model would lead to a reduction
in both clinical and molecular NEC parameters through increased mucosal growth and
reduction in inflammation. Our results show that although GLP-2 was able to delay the onset
of NEC in our piglet model, it was unable to completely prevent the occurrence of NEC and
had minimal effects on inflammation; however, GLP-2 administration did have protective
effects on histological damage and increased morphometric intestinal endpoints.

METHODS
Study Protocol

All of the procedures were approved by the animal care and use committee of the Baylor
College of Medicine. Pregnant Yorkshire pigs at 103 days’ gestation (term = 115 days)
underwent cesarean section without induction of parturition, as previously described (30).
Within 8 hours of birth, piglets had an umbilical artery catheter and orogastric feeding tube
inserted. The piglets were housed individually in warmed cages and were immediately
randomized to receive to either Control (CON, 0.45% saline, 0.1% human serum albumin)
or GLP-2 (100 μg · kg−1 · day−1 human GLP-2 mixed in 0.45% saline, 0.1% human serum
albumin) (California Peptide Inc, Napa, CA) (n = 12 per treatment group) via continuous
infusion. For the first 2 days of life, all piglets received a continuous infusion of TPN at 5
mL · kg−1 · h−1. On day 3, TPN was discontinued and animals received enteral feeds via the
orogastric catheter using Pepdite Junior formula (Nutricia, Gaithersburg, MD) every 3 hours
at 15 to 25 mL/kg body weight. Animals were monitored continuously for signs of clinical
NEC (lethargy, abdominal distention, bloody diarrhea, and vomiting) and were euthanized
once signs were apparent. Forty-eight hours after the start of enteral feeds, all of the
surviving animals were euthanized.

NEC Evaluation and Tissue Collection
Upon euthanasia, the GIT was then completely excised and graded using a previously
described index (31) that gives a score to the stomach, small intestine, and colon based on
macroscopic damage. Animals with a score >1 in any segment were considered positive for
NEC. These individual segment scores were then totaled for the clinical score (maximum
24). All organs were quickly weighed; measurements were normalized to final body weight.
Portions of proximal jejunum (PJ) and distal ileum (DI) were collected in formalin for
histology, whereas adjacent regions in PJ and DI along with colon were flushed and snap
frozen in liquid nitrogen. Arterial blood samples were collected, and plasma was isolated
and snap frozen for further analysis.

Histological Sections
Formalin-fixed sections of PJ and DI were paraffin embedded, cut into 4-μm-thick sections
and stained for Ki-67 as described previously (32). Positively staining nuclei were counted
and normalized to total number of nuclei in 20 fields per animal. Additional paraffin-
embedded sections (4 μm) were stained with hematoxylin and eosin (H&E). H&E sections
were quantified for morphometric measures (crypt depth, villous height, villous area, and
muscle thickness) using Scion Image software. H&E sections were also scored using a
histological index developed for rat models of NEC (33,34). This index gives sections of
scores of 0 to 4 based on the extent of tissue damage, necrosis, villus blunting, and
pneumatosis. Positive histological NEC incidence was calculated as any segment with a
score >1.
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GLP-2 and VIP Assays
Plasma GLP-2 concentration was measured using a human GLP-2 antibody that recognizes
both full-length human and porcine GLP-2 peptide as previously described (35). Plasma VIP
concentrations were measured by radioimmunoassay as described previously after extraction
of samples with 70% ethanol (36).

Myeloperoxidase Activity Assay and SAA Measurement
Myeloperoxidase (MPO) activity was measured using the method in Suzuki et al (37) with
modifications. Briefly, full-thickness samples were homogenized in phosphate-buffered
solution and centrifuged at 20,000g. The pellet fraction was then subject to an additional
homogenization and centrifugation at 20,000g in a buffer containing
hexadecyltrimethylammonium bromide (Sigma-Aldrich, St Louis, MO) to disrupt cell
membranes (38). Supernatants were then assayed using a 96-well microplate reader
(Molecular Devices, Sunnyvale, CA) for the colorimetric activity of tetramethylbenzidine
(Sigma-Aldrich). Activity was calculated based on the standard curve of human
macrophage–derived MPO (Sigma-Aldrich) standards at activities of 5 to 100 mU/mL. SAA
was measured using a commercially available multispecies enzyme-linked immunosorbent
assay kit (Tridelta Development Ltd, Maynooth, Ireland) according to the manufacturer’s
instructions.

Statistical Analysis
All data are expressed as mean ± standard error of the mean. All of the comparisons were
performed using a Student t test, with the exception of the incidence measures, which were
calculated using the Fisher exact test. All of the analyses were completed using GraphPad
Prism version 5 software (La Jolla, CA). Statistical significance was defined as P <0.05.

RESULTS
GLP-2 Delays but Does Not Prevent Mortality

We began to see manifestations of clinical NEC approximately 10 hours after the first
enteral feed in the CON group. GLP-2-infused piglets did not begin to develop NEC until
approximately 25 hours postenteral feed induction. Figure 1A shows the mean survival time
for both CON and GLP-2. The GLP-2 piglets had a significantly longer survival time
compared with CON; however, overall survival was not different between the groups (Fig.
1B). Although GLP-2 piglets tended to have a lower clinical NEC score, this difference was
not significant compared with CON (P = 0.13, Fig. 1C). CON piglets had a clinical NEC
incidence of 75% (Fig. 2B), whereas GLP-2 was not significantly different at 67%.

Histological Damage Is Reduced in GLP-2 Piglets
In applying a rat NEC histological index, we found a significant reduction in histological
damage in the PJ of GLP-2 piglets compared with CON (Fig. 2A). Scores in the DI tended
to be lower in GLP-2 than CON but were not significant. When incidence was calculated,
GLP-2 piglets had a significantly lower histological NEC incidence compared with CON in
the PJ, with DI tending to be lower (Fig. 2B). Figure 3C shows representative sections for
the rat NEC scoring system in the pig. We found excellent correlation (R2 = 0.62, P
<0.0001) between the independent histological and clinical indices used to determine NEC.
Using Ki-67 as a marker of proliferating cells, we found no significant difference in
proliferation in either the PJ (Fig. 3) or DI (data not shown).
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Serum Amyloid A Is Increased in GLP-2 Piglets
In order to assess the inflammatory response in our NEC model, we measured tissue MPO
and plasma SAA. SAA concentrations in plasma were significantly increased in GLP-2
piglets compared with CON (Fig. 4A). MPO was measured in the PJ, DI, and colon.
Although there was a trend for MPO to be lower in the GLP-2 piglets in the PJ and DI, this
difference was not significant and there was no difference in colonic MPO (Fig. 4B).

GLP-2 Significantly Increases Villous Height and Area
As expected, the GLP-2-infused piglets experienced a significant increase in circulating
GLP-2 compared with CON (Fig. 5A). For VIP (Fig. 5B), there was no difference between
CON and GLP-2. Using H&E-stained sections of both PJ and DI, we measured
morphological changes in villous height, villous area, crypt depth, and muscle thickness.
Figure 6 shows the changes in villous height and villous area for PJ and DI and
representative images for each small intestine segment. Both villous height and villous area
are significantly increased in GLP-2 piglet compared with CON. In Figure 7, there is no
change in crypt depth or muscle thickness in the PJ, whereas GLP-2 piglets had a
significantly reduced muscle thickness in the DI. We also found significant decrease in
stomach weight in GLP-2 piglets compared with CON, whereas the PJ was significantly
larger in the GLP-2 (Fig. 8). There was no difference in DI or liver between the groups.

DISCUSSION
The aim of this study was to determine whether GLP-2 administration to preterm piglets
would prevent the onset or severity of NEC. Given the substantial evidence showing that
GLP-2 induces anti-inflammatory and intestinotrophic effects, we expected the GLP-2–
treated piglets to have fewer clinical and molecular manifestations of an NEC-like disease.
Although the GLP-2–treated piglets had a significantly longer mean survival time and
tended to have a lower clinical score, neither the overall survival nor the incidence of NEC
was different between the groups.

In addition to the clinical assessment of NEC, we also examined the extent of histological
evidence of mucosal tissue injury using an index described for a rat model of NEC (33,34);
we found good correlation between the histological index and the clinical score. In contrast
to the clinical score, however, we observed a significant reduction in histological damage in
the PJ and DI of GLP-2–treated compared with CON pigs. This reduction in score translated
to a reduction in histological NEC incidence in the PJ. Thus, we further examined whether
the histological evidence of injury was associated with tissue inflammation, based on
measures of MPO and SAA. MPO is an enzyme found predominately in the granules of
neutrophils and is a marker of neutrophil infiltration (37). MPO is routinely used in other GI
injury/illness models as an inflammatory marker. We found that MPO activity tended to be
lower in GLP-2 versus CON in the PJ and DI but not colon, yet these were not statistically
significant. Interestingly, the amount of MPO found in either treatment group was extremely
low (>2 U/g tissue). Other groups have examined MPO in rat models of NEC and have
reported a wide range of MPO activity (3–168 U/g tissue) (39,40). Visual examination of
histological sections for the presence of neutrophils suggests that extremely few are present
in the remnant piglet intestine after the onset of NEC. Given this apparent lack of
neutrophils and the wide variation of reported MPO values, the use of MPO as a marker of
inflammation in NEC may not be appropriate. Thus, serum amyloid A (SAA) has recently
been shown as a biomarker in human NEC (41). SAA is an acute phase protein whose
production is stimulated by proinflammatory cytokines (42). SAA was significantly
increased in GLP-2 piglets compared with CON, indicating that GLP-2 was unable to
dampen the inflammatory response in these animals. Of note, the level SAA was elevated in
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both groups compared with a baseline sample group (non-NEC, 107.01 ± 66.22). These data
suggest that SAA is an appropriate biomarker in our model. We further examined the
circulating concentration of VIP because our previous studies showed the GLP-2 receptor to
be colocalized in VIP-positive enteric neurons. Moreover, studies have linked VIP as a
potential signal that mediates the anti-inflammatory effects of GLP-2 in rodent models of
colitis (20,21); however, we found no differences in the circulating VIP levels between the
groups.

Given the limited preventive effect of GLP-2 on NEC and tissue inflammation, we sought to
confirm the intestinotrophic effects that we had reported in several previous studies
(6,10,11,43). The PJ wet weight normalized to body weight was significantly greater in the
GLP-2–treated compared with CON piglets, similar to our previous reports (10). Likewise,
morphometric measures of H&E-stained sections indicated an increase in villous height and
total villous area in both PJ and DI of GLP-2 piglets, whereas crypt depth was not different.
Previously published work shows that a similar dose of GLP-2 given to TPN-fed piglets
increases proliferation compared with TPN alone (10). Additionally, studies of enterally fed
piglets compared with TPN or TPN+GLP-2 show increases in proliferation in the enterally
fed group, with no difference between TPN or TPN+GLP-2 (6). We expected that enteral
feeding would stimulate proliferation in both groups with a further increase in proliferation
in the GLP-2–infused animals. Staining with Ki-67 showed no differences between CON
and GLP-2 in either the PJ or DI. One possible explanation is that the rate of proliferation
was maximally stimulated by enteral feeding and limited any effect of GLP-2. Taken
together, the results suggest that the preterm pig was responsive to the intestinotrophic
effects GLP-2 consistent with previous evidence of GLP-2 receptor expression (44).

One caveat to the present study was the relatively high NEC incidence (~70%) compared
with those in previous reports (~50%–60%), which may be caused by the slightly younger
gestational age of piglet used (12 vs 10 days preterm). We postulate that this high NEC
incidence reflected a rather severe condition of inflammation and tissue injury in both
groups and thus may have limited any protective effect of GLP-2 on NEC incidence. This
coupled with the relatively short (2 days) GLP-2 treatment period before the onset of enteral
formula feeding may have limited its effectiveness.

The choice of dose for GLP-2 was based on several previous studies. We previously
administered a dose of 50 mg/kg via IP injection every 6 hours. We found no effect of
GLP-2 on the incidence of NEC (31). Interestingly, we also saw no intestinotrophic effects
of GLP-2 at this dose. We used a higher dose of GLP-2 that had been previously shown to
increase cell survival and proliferation in TPN-fed piglets (10); however, in the context of an
inflammatory response because of NEC, it is possible that the dose chosen was too high.
Indeed, human studies have suggested that a higher dose of GLP-2 is not always the best.
For example, a dose of 0.1 mg/kg of teduglutide given to patients who are dependent on
parenteral nutrition was not different from placebo in the context of reducing parenteral
nutrition volume; however, a dose of 0.05 mg/kg was effective at reducing dependence on
parenteral nutrition (25). Given the differential response of the 2 doses of GLP-2 suggests
that a series of studies examining different combinations of GLP-2 dose and perhaps length
of administration will determine the optimal conditions for this study. Indeed, our providing
GLP-2 to animals for a longer duration before the induction of NEC support this theory.

An additional confounding factor is the subjectivity with which the clinical scoring system
was used and the time of euthanasia. Although the observers were not blinded to the
identification of study animals, every effort was made to ensure that all of the animals were
considered without bias toward their treatment group. The large difference in mean survival
time suggests that animals were cared for in an unbiased way, because the time between
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presenting symptoms and euthanasia was usually no more than a few hours (Fig. 1). In an
effort to reduce subjectivity in the clinical scoring system, we adhered to the grading
assignments described in Sangild et al (31). These grading assignments offered concrete
markers (hemorrhagic mucosa/transmural necrosis) that minimized bias toward either group.
The histological NEC scoring was performed by a person blinded to the treatment groups,
however.

In summary, continuously infused GLP-2 given to preterm-derived piglets before and after
the initiation of enteral feeds was able to delay but not prevent the onset of clinical NEC.
We also showed that GLP-2 treatment provided some limited protection based on
histological evidence of tissue injury, but that this was not associated with significant
changes in levels of proinflammatory markers. Additional studies are necessary to determine
whether longer-term pretreatment with GLP-2 can prevent NEC in neonatal animal models.
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FIGURE 1.
Glucagon-like peptide-2 (GLP-2) delays the onset but does not prevent necrotizing
enterocolitis (NEC). Piglets delivered 12 days preterm were randomized to control (CON) or
GLP-2 treatment and given TPN for 2 days. On day 3, TPN was withdrawn and enteral
feeds were initiated. Animals were then monitored for clinical signs of NEC. A, GLP-2–
infused animals had a significantly longer average survival time after the initiation of enteral
feeds compared with CON. B, Kaplan-Meier analysis of both groups showed that although
GLP-2 delayed the onset of NEC, mortality was not different between the groups. C,
Clinical score, consisting of the presence or absence of abdominal distention, diarrhea, and
vomiting, as well as the macroscopic appearance of damage in all segments of the gut. The
GLP-2–infused animals tended to have a lower clinical score compared with control piglets.
D, The overall incidence of NEC was not different between CON and GLP-2.
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FIGURE 2.
Glucagon-like peptide-2 (GLP-2) reduced histological damage in proximal jejunum (PJ) and
distal ileum (DI). Piglets delivered 12 days preterm were randomized to control or GLP-2
treatment and given total parenteral nutrition (TPN) for 2 days. On day 3, TPN was
withdrawn and enteral feeds were initiated for 96 hours. Upon euthanasia, intestine was
collected for histology. A, Histological necrotizing enterocolitis score was reduced in the
jejunum and ileum of GLP-2 piglets compared with control. B, The incidence of histological
necrotizing enterocolitis was reduced in both proximal jejunum and distal ileum segments in
GLP-2–infused piglets. C, Representative images of the histological grading index.
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FIGURE 3.
Crypt cell proliferation was not affected by glucagon-like peptide-2 (GLP-2) infusion.
Piglets delivered 12 days preterm were randomized to control (CON) or GLP-2 treatment
and given total parenteral nutrition (TPN) for 2 days. On day 3, TPN was withdrawn and
enteral feeds were initiated for 96 hours. Upon euthanasia, intestine was collected and
stained for Ki-67. No differences were seen between CON and GLP-2–infused piglets. Scale
bar = 250 μm/L.
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FIGURE 4.
Serum amyloid A (SAA) was increased in glucagon-like peptide-2 (GLP-2) piglets. Piglets
delivered 12 days preterm were randomized to control (CON) or GLP-2 treatment and given
total parenteral nutrition (TPN) for 2 days. On day 3, TPN was withdrawn and enteral feeds
were initiated for 96 hours. Upon euthanasia, arterial plasma and intestine were collected for
analysis. A, SAA was significantly increased in GLP-2 piglets compared with control,
whereas (B) tissue myeloperoxidase (MPO) was low and not different between the groups in
any intestinal segment measured. DI = distal ileum; PJ = proximal jejunum.
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FIGURE 5.
Glucagon-like peptide-2 (GLP-2) infusion significantly increased circulating GLP-2
concentrations. Piglets delivered 12 days preterm were randomized to control (CON) or
GLP-2 treatment and given total parenteral nutrition (TPN) for 2 days. On day 3, TPN was
withdrawn and enteral feeds were initiated for 96 hours. Upon euthanasia, arterial plasma
was collected for analysis. A, As expected, continuous infusion of GLP-2 increased the
circulating GLP-2 concentration compared with controls. B, Vasoactive intestinal peptide
(VIP) was not different between the groups.
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FIGURE 6.
Glucagon-like peptide-2 (GLP-2) increased villous height (A) and area (B). Piglets delivered
12 days preterm were randomized to control or GLP-2 treatment and given total parenteral
nutrition (TPN) for 2 days. On day 3, total parenteral nutrition (TPN) was withdrawn and
enteral feeds were initiated for 96 hours. Upon euthanasia, intestine was collected for
histology. GLP-2 stimulated increased villous height and area in both the proximal jejunum
and distal ileum. Scale bar = 200 μm/L.
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FIGURE 7.
Crypt depth was not different between control (CON) and glucagon-like peptide-2 (GLP-2).
Piglets delivered 12 days preterm were randomized to CON or GLP-2 treatment and given
total parenteral nutrition (TPN) for 2 days. On day 3, TPN was withdrawn and enteral feeds
were initiated for 96 hours. Upon euthanasia, intestine was collected for histology. Crypt
depth (A) was not different in either proximal jejunum or distal ileum, whereas distal ileum
muscle thickness (B) was significantly reduced in GLP-2 piglets compared with CON. Scale
bar = 200 μm/L.
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FIGURE 8.
Glucagon-like peptide-2 (GLP-2) increased proximal jejunum total weight. Piglets delivered
12 days preterm were randomized to control (CON) or GLP-2 treatment and given TPN for
2 days. On day 3, total parenteral nutrition was withdrawn and enteral feeds were initiated
for 96 hours. GLP-2 significantly increased proximal jejunum weight, whereas stomach
weight was significantly reduced compared with CON.
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