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SUMMARY

Enteral nutrient deprivation reduced endogenous epidermal
growth factor (EGF) and glucagon-like peptide-2 signaling in
mice and human beings. In a mouse model of total paren-
teral nutrition, both exogenous EGF and glucagon-like pep-
tide-2 required EGF receptors to attenuate mucosal atrophy,
however, only EGF required phosphatidylinositol 3-kinase/
protein kinase B signaling for this beneficial response.

BACKGROUND & AIMS: Total parenteral nutrition (TPN), a
crucial treatment for patients who cannot receive enteral
nutrition, is associated with mucosal atrophy, barrier dysfunc-
tion, and infectious complications. Glucagon-like peptide-2
(GLP-2) and epidermal growth factor (EGF) improve intestinal
epithelial cell (IEC) responses and attenuate mucosal atrophy in
several TPN models. However, it remains unclear whether
these 2 factors use distinct or overlapping signaling pathways
to improve IEC responses. We investigated the interaction of
GLP-2 and EGF signaling in a mouse TPN model and in patients
deprived of enteral nutrition.

METHODS: Adult C57BL/6J, IEC-Egfrknock out (KO) and
IEC-pik3r1KO mice receiving TPN or enteral nutrition were
treated with EGF or GLP-2 alone or in combination with
reciprocal receptor inhibitors, GLP-2(3-33) or gefitinib.
Jejunum was collected and mucosal atrophy and IEC responses
were assessed by histologic, gene, and protein expression
analyses. In patients undergoing planned looped ileostomies,
fed and unfed ileum was analyzed.

RESULTS: Enteral nutrient deprivation reduced endogenous
EGF and GLP-2 signaling inmice and human beings. In themouse
TPN model, exogenous EGF or GLP-2 attenuated mucosal atro-
phy and restored IEC proliferation. The beneficial effects of EGF
and GLP-2 were decreased upon Gefitinib treatment and in TPN-
treated IEC-EgfrKO mice, showing epidermal growth fac-
tor–receptor dependency for these IEC responses. By contrast, in
TPN-treated IEC-pi3kr1KO mice, the beneficial actions of EGF
were lost, although GLP-2 still attenuated mucosal atrophy.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcmgh.2016.12.005&domain=pdf
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CONCLUSIONS: Upon enteral nutrient deprivation, exogenous
GLP-2 and EGF show strong interdependency for improving IEC
responses. Understanding the differential requirements for
phosphatidylinositol 3-kinase/phosphoAKT (Ser473) signaling
may help improve future therapies to prevent mucosal atrophy.
(Cell Mol Gastroenterol Hepatol 2017;3:447–468; http://
dx.doi.org/10.1016/j.jcmgh.2016.12.005)

Keywords: Total Parenteral Nutrition; EGF; GLP-2; EGFR; PI3K;
Mucosal Atrophy.

lthough total parenteral nutrition (TPN) is vital
†Deceased.

Abbreviations used in this paper: bp, base pair; EGF, epidermal growth
factor; EGFR, epidermal growth factor receptor; GLP-2, glucagon-like
peptide 2; GLP2R, glucagon-like peptide 2 receptor; GLP-2 (3-33),
glucagon-like peptide 2 antagonist; IEC, intestinal epithelial cell; IGF-1,
insulin-like growth factor 1; ISC, intestinal stem cell; IV, intravenous;
KO, knock out; Lgr5, leucine-rich repeat-containing G-protein–
coupled receptor 5; mRNA, messenger RNA; PCNA, proliferating cell
nuclear antigen; PCR, polymerase chain reaction; PI3K, phosphatidy-
linositol 3-kinase; PI3KR1, phosphatidylinositol 3-kinase p85a; SBS,
short-bowel syndrome; TNF, tumor necrosis factor; TPN, total paren-
teral nutrition; TUNEL, terminal deoxynucleotidyl transferase–medi-
ated deoxyuridine triphosphate nick-end labeling; WT, wild-type.
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Afor the nutritional support of patients who cannot
tolerate enteral nutrition, TPN is associated with mucosal
atrophy and loss of intestinal integrity that can lead to
numerous clinical complications, including higher rates of
bacterial translocation and septicemia.1–4 A more detailed
understanding of the signaling pathways responsible for
TPN-related intestinal complications therefore is needed
to improve therapeutic options and clinical outcomes for
patients dependent on TPN. Teduglutide, a stable
analog of glucagon-like peptide 2 (GLP-2), is one new
therapeutic approach that is undergoing extensive
clinical trials for the treatment of patients with intestinal
failure.5,6 A recent report showed long-term teduglutide
treatment was effective in reducing parenteral support in
patients with short-bowel syndrome (SBS),6 however, the
mechanisms underlying the beneficial actions of GLP-2
and its analogs in the gut are complex and still poorly
defined.

GLP-2 (1-33) is a 33-amino acid peptide hormone
secreted by enteroendocrine L cells in the distal small bowel
and proximal colon but its biological actions are primarily in
the proximal small intestine.7 The main stimulus for GLP-2
secretion is the presence of enteral nutrients, such as fats
and carbohydrates. However, because GLP-2 receptors
(GLP2Rs) are expressed only in enteric neurons, enter-
oendocrine cells, and subepithelial myofibroblasts, the ma-
jority of GLP-2 actions on the mucosal epithelium occur
indirectly through paracrine mediators. The trophic actions
of GLP-2 on crypt cell proliferation occur through complex
signaling events involving several paracrine factors,
including insulin-like growth factors (IGFs), epidermal
growth factor (EGF), and other erythroblastic leukemia viral
oncogene homolog (ErbB) ligands and keratinocyte growth
factors that are produced by nonepithelial cells that act in a
region-specific and context-dependent manner.8–10

Two of the most well-studied models of GLP-2 action are
mucosal growth in response to exogenous GLP-2 adminis-
tration and endogenous GLP-2 signaling required for
adaptive mucosal responses after refeeding.8,9 Previous
studies using Igf1-deficient mice and intestinal epithelial cell
(IEC)-specific IGF-1 receptor–deficient mice have proposed
that IGF-1 produced by subepithelial myofibroblasts is
required for the intestinotrophic actions of GLP-2, and both
exogenous GLP-2 and IGF-I can activate several growth-
related signaling pathways including b-catenin, protein
kinase B (AKT), and c-Myc.11–14 However, GLP-2 can still
induce AKT activation in IGF-1–deficient mice,11,14 sug-
gesting that other growth factors contribute to the beneficial
actions of GLP-2 in the intestine. For example, exogenous
GLP-2, but not IGF-I, was shown to selectively activate
ErbB ligand expression and this response was lost in
Glp2r-deficient mice. Moreover, the induction of ErbB ligand
expression and enhanced crypt cell proliferation mediated
by exogenous GLP-2 was completely blocked by a pan-ErbB
inhibitor, showing that these GLP-2 responses were ErbB
dependent.15 Similarly, the same pan-ErbB inhibitor blocked
the adaptive growth response to refeeding in wild-type
(WT) mice. Refeeding failed to stimulate crypt cell prolif-
eration in Glp2r-deficient mice, however, exogenous EGF,
but not IGF-1, could restore this trophic response, which
was associated with increased AKT phosphorylation.16 By
contrast, the Holst laboratory reported that GLP-2
counteracted intestinal atrophy associated with high-dose
EGF-receptor (EGFR)-inhibitor treatment, suggesting an
alternative finding that GLP-2 may act independently of an
intact EGFR signaling pathway.17 Overall, these results
illustrate the complex nature of GLP-2’s actions in intestine
and show that several different paracrine signals are
involved in GLP-2–dependent signal transduction and
mucosal growth responses in vivo. However, the mecha-
nisms regulating these different paracrine signals and the
potential for interdependency between their downstream
signaling transduction pathways have not been defined.

The mouse TPN model is a valuable experimental
approach to study signal transduction pathways contrib-
uting to mucosal atrophy in the absence of acute inflam-
matory changes or small-bowel resection. The removal of
enteral nutrition is associated with decreased crypt prolif-
eration, increased IEC apoptosis, a loss of epithelial barrier
function, and altered enteric microbiota, resulting in a mild
proinflammatory state and mucosal atrophy.4 We previously
showed that tumor necrosis factor (TNF)a/TNFa-receptor
1–mediated down-regulation of functional EGFR signaling in
IECs leads to a significant decrease in IEC proliferation and
increased IEC apoptosis, and is a major contributor to TPN-
associated mucosal atrophy. Importantly, exogenous EGF is
able to attenuate mucosal atrophy by maintaining crypt cell
proliferation, a beneficial response that is correlated with

http://dx.doi.org/10.1016/j.jcmgh.2016.12.005
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restoration of EGFR signaling and partial recovery of AKT
phosphorylation.18–21

In several different animal TPN models, including the
mouse TPN model, exogenous GLP-2 also can improve IEC
responses and attenuate mucosal atrophy, further showing
that both EGF and GLP-2 are important trophic factors that
share many overlapping biological actions in this
model.22–28 In the present study, we examined the inter-
dependency of EGF and GLP-2 and downstream signaling
pathways in the mouse TPN model and report several
findings. First, we showed that endogenous GLP-2 and EGF
signaling is diminished in the mouse TPN model. Second,
exogenous EGF and GLP-2 treatments attenuated TPN-
induced mucosal atrophy. When the same growth factor
treatments were combined with reciprocal inhibitor
studies using GLP-2 (3-33) and gefitinib, respectively, we
found a strong interdependency of EGF and GLP-2
signaling pathways in preventing the TPN-associated
decrease in IEC proliferation and increase in IEC
apoptosis. By using intestinal cell–specific Egfr-deficient
and intestinal cell–specific phosphatidylinositol 3-kinase
p85a (pi3kr1)-deficient mice, we further showed that
both factors require functional EGFR signaling in IECs for
their beneficial actions. However, the requirements for
functional phosphatidylinositol 3-kinase (PI3K)/phos-
phoAKT (Ser473) (pAKT) signaling in IECs are divergent.
Exogenous EGF is completely dependent on PI3K/pAKT
signaling within IECs, whereas GLP-2 is only partially
dependent on this pathway and appears to modulate IEC
proliferation via Wnt/b-catenin signaling. Finally, analysis
of paired human samples of distal small bowel from fed
and unfed individuals showed that nutrient deprivation
reduced EGF, EGFR, and proglucagon messenger RNA
(mRNA) levels and was associated with reduced prolifer-
ation and increased apoptotic marker expression. Overall,
these findings show important and unique interactions
between EGF and GLP-2 that may help guide future ther-
apies to prevent mucosal atrophy, and potentially augment
the treatment of disorders such as SBS.
Materials and Methods
Mice

C57BL/6J (Jackson Laboratory, Bar Harbor, ME) were
used in this study. Villin-Cre, Egfrtm1Dwt (termed Egfrflox),
Ah-Cre, and Pik3r1tm1Lca (termed pik3r1flox) mouse strains on
a C57BL/6J background have been described elsewhere.29–33

Villin-Cre and Egfrflox/flox mice were interbred to generate
intestine-specific Egfr-knockout mice (Villin-Cre;Egfrflox/flox;
termed IEC-Egfrknock out [KO]) and genotype control Egfrflox/flox

mice. Recombination and loss of EGFR expression in isolated
crypts from adult IEC-EgfrKO mice was assessed at the
genomic DNA and mRNA level. DNA samples from isolated
colonic crypts were genotyped for Egfrflox (also called Egfrf),
recombined EgfrD, and Villin-Cre alleles by polymerase chain
reaction (PCR). Conditions were 35 cycles (30 s at 94�C, 1
min at 60�C, and 1 min at 72�C) with Taq DNA polymerase
(Qiagen, Valencia, CA). The Egfrf primers were lox3-forward:
5’-GGAGGAAAAGAAAGTCTGCC -3’ and lox3-reverse:
5’-CCCATAGTTGGATAGGATGG-3’. The Vil-Cre allele primers
were CRE-forward: 5’-ACCTGAAGATGTTCGCGATTATCT-3’
and lox3-reverse: 5’-ACCGTCAGTACGTGAGATATCTT-3’.
A 348–base pair (bp) PCR product was generated from the
Egfrf allele and a 320-bp PCR product from the wild-type
allele (not shown). An approximately 350-bp PCR product
was generated from the Vil-Cre allele. Cre-recombined Egfr
allele was detected by PCR using 40 cycles (30 s at 94�C, 20 s
at 60�C, and 20 s at 72�C) with primers delta-3 5’-CTCAGC-
CAGATGATGTTGAC-3’ and Delta-4 5’-CCTCGTCTGTGGAA-
GAACTA-3’. A 129-bp PCR fragment was amplified from the
recombined Egfr allele. For analysis of Egfr mRNA expres-
sion, total RNA was extracted from isolated colonic crypts
using TRIzol reagent (Invitrogen, Carlsbad, CA) according to
the manufacturer’s instructions. One microgram of RNA was
used as a template for synthesis of complementary DNA us-
ing random primers (Gibco-BRL, Carlsbad, CA) and Super-
Script III RT (Life Technologies, Grand Island, NY) in a total
reaction volume of 20 uL. The Cre-recombined EgfrD allele
has Egfr exon 3 deleted. Real-time PCR was performed using
2 sets of primers anchored within exon 3 using the flanking
exons, exon 2 (exons 2–3) or exon 4 (exons 3–4). The com-
plementary DNA was used as a template for PCR amplifica-
tion of exons 2–3 and exons 3–4, respectively. For exons 2–3,
35 cycles (30 s at 94�C, 1min at 60�C, and 1min at 72�C) with
primers exon 2 forward: 5’-ATGAAAACACCTATGCCTTAGCC-
3’, and exon 3 reverse: 5’-TAAGTTCCGCATGGGCAGTTC-3’.
The predicted wild-type band was 83 bp. For exons 3–4, 35
cycles (30 s at 98�C, 1 min at 60�C, and 1 min at 72�C) with
primers exon 3 forward: 5’-CCCATGCGGAACTTACAGGAA-3’
and exon 4 reverse: 5’- TTGGATCACATTTGGGGCAAC-3’. The
predicted wild-type band was 172 bp.

Ah-Cre and pik3r1flox/flox mice were interbred to generate
conditional Pik3r1-knockout mice (Ah-Cre;pik3r1flox/flox;
termed IEC-pik3r1KO mice). In IEC-pik3r1KO mice, Cre
recombinase was induced by intraperitoneal injection of 80
mg/kg of b-naphthoflavone (Sigma, St. Louis, MO) dissolved
in corn oil (8 mg/mL; Sigma) during the 6 days before TPN
administration. Upon Cre recombinase expression, a specific
deletion of active PI3K was observed within the small and
large intestinal epithelium owing to a loss of p85a, p55a,
and p50a subunits as previously described.31 All mice were
maintained under specific pathogen-free conditions in a
controlled temperature, humidity, and light environment.
All experimental procedures were conducted in accordance
with the University Committee on Use and Care of Animals
at the University of Michigan (no. 03986) and University of
Colorado (B102614 (01)1E).
Parenteral Nutrition Animal Model
Sex- and age-matched (10–12 weeks of age) mice

initially were fed ad libitum with standard mouse chow and
water, and allowed to acclimate for 1 week before surgery.
During the administration of intravenous (IV) solutions,
mice were housed in metabolic cages to prevent cop-
rophagia. Catheterized mice initially received 5% dextrose
in 0.45 N saline, with 20 mEq of KCl/L at 4.8 mL/day as
described previously.19,21 After 24 hours, mice were
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randomized to enteral fed control or TPN groups. Enteral
controls received intravenous solution at 0.2 mL/h and
standard laboratory chow. TPN mice received IV TPN
solution at 4.8 mL/day. Nitrogen and energy delivery were
matched between groups (isonitrogenous/isocaloric). Mice
were killed 7 days after cannulation using CO2.

For exogenous growth factor studies, mice received
recombinant human EGF (50 mg/kg/day; Sigma-Aldrich,
St. Louis, MO) by oral gavage twice daily or human GLP-
2 (1-33) (termed GLP-2) (100 mg/kg/day; CA Peptide
Research, Napa, CA) subcutaneously by Alzet minipump
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TP

Saline infusion 
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Start TPN + 
GLP-2 or EGF 

TPN Treatment Groups: 
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(Durect Corp, Cupertino, CA). In both cases, growth factor
administration was started after day 1 of TPN and
continued until mice were killed as outlined in
Figure 1.10,17,19,34

For EGFR kinase inhibitor studies, mice received gefiti-
nib (2.5 mg/mL in 1% aqueous Tween 80, 200 mL; LC
Laboratories, Woburn, MA) by oral gavage twice daily,
starting 3 days before IV cannulation and continued until
mice were killed.19,21 In previous TPN studies, we have
shown that gefitinib does not alter crypt cell proliferation or
crypt depth in sham-treated control mice.19 Gefitinib is a
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Figure 1. Schematic
outline of mouse TPN
model and different
growth factor and
receptor inhibition ex-
periments performed in
this study. (A) Standard
TPN mouse model. (B)
TPN and exogenous GLP-
2 and EGF treatment regi-
mens. (C) TPN and growth
factor treatment regimens
combined with reciprocal
receptor inhibition. Upper
panel: TPN þ GLP-2 þ
EGFR kinase inhibitor
gefitinib. Lower panel:
TPN þ EGF þ GLP-2
antagonist, GLP-2 (3-33).
bid, twice daily; s/c,
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Table 1.Primer List

Gene Sequence

h-GCG-F (proglucagon) GCAGACCCACTCAGTGATCC

h-GCG-R (proglucagon) GAATGTGCCCTGTGAATGGC

h-GLP2R-F GAATGTGCCCTGTGAATGGC

h-GLP2R-R CTGAGCTCTCTTCACTCCACC

h-EGF-F CTTGGGAGCCTGAGCAGAAA
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specific inhibitor for EGFR and does not cross-react with
other ErbB receptors.35 For GLP-2–inhibitor studies, mice
received GLP-2–receptor antagonist GLP-2 (3-33) (100 mg/
kg/day; CA Peptide Research) subcutaneously by Alzet
minipump, starting 3 days before IV cannulation and
continued until mice were killed.36,37 In some experiments,
treatment combinations of EGF with GLP-2 (3-33) and GLP-
2 with gefitinib were used as outlined in Figure 1. Control
mice received a vehicle solution.
h-EGF-R GCTGCTGCAGTTTCCTTTCC

h-EGFR-F CCTGGTCTGGAAGTACGCAG

h-EGFR-R GCGATGGACGGGATCTTAGG

h-PCNA-F CAGAGCTCTTCCCTTACGCA

h-PCNA-R GTCCTTGAGTGCCTCCAACA

h-BCL2-F GGTGAACTGGGGGAGGATTG

h-BCL2-R GCCCAGACTCACATCACCAA

h-BCLXL-F (BCL21) GAACTGGGGGAGGATTGTGG

h-BCLXL-R (BCL21) CCGTACAGTTCCACAAAGGC

h-ACTB-F GTCATTCCAAATATGAGATGCGT

h-ACTB-R GCTATCACCTCCCCTGTGTG

m-Egf-F TTCTCACAAGGAAAGAGCATCTC
Real-Time PCR
Freshly isolated mouse jejunal crypts or mucosal

scrapings were placed immediately into TRIzol (Invitrogen,
Carlsbad, CA) and RNA extraction was processed as
described previously.18,19 Quantitative reverse-transcription
PCR was performed with SYBR Green dye (ThermoFisher
Scientific, Carlsbad, CA) using mouse primers as previously
described18,19 or using human primers listed in Table 1.
Expression levels were determined with triplicate assays
per sample and normalized to the expression of 18S
ribosomal RNA.
m-Egf-R GTCCTGTCCCGTTAAGGAAAAC

m-Egfr-F GCATCATGGGAGAGAACAACA

m-Egfr-R TCAGGAACCATTACTCCATAGGT

m-Glp2r-F GGAGACAGTTCAGAAGTGGGC

m-Glp2r-R GCCAGCACACGTACTTATCAAA

m-Igf1-F CTGGACCAGAGACCCTTTGC

m-Igf1-R GGACGGGGACTTCTGAGTCTT

m-Igf1r-F GTGGGGGCTCGTGTTTCTC

m-Igf1r-R GATCACCGTGCAGTTTTCCA

m-Actb-F ATGGAGCCGGACAGAAAAGC

m-Actb-R CTTGCCACTCAGGGAAGGA

18S rRNA-F GTAACCCGTTGAACCCCATT

18S rRNA-R CCATCCAATCGGTAGTAGCG

GCG, proglucagon; Igf1r, insulin-like growth factor 1 recep-
tor; rRNA, ribosomal RNA.
Western Blotting
IECs were isolated from the jejunum, protein extracts

were prepared, and then immunoblotting was performed as
described previously.19,38 Protein levels were expressed as
a ratio to glyceraldehyde-3-phosphate dehydrogenase pro-
tein levels except for analysis of Egfr recombination in IECs
of IEC-EgfrKO mice, in which b-actin was used as a loading
control. In some experiments, IECs were separated further
into nuclear and cytosolic fractions for immunoblotting as
described previously.39,40 For cytoplasmic extracts, protein
levels were expressed as a ratio to glyceraldehyde-
3-phosphate dehydrogenase protein levels, whereas for
nuclear extracts, protein levels were expressed as a ratio
to histone H3 protein levels. Western blotting was per-
formed using primary antibodies outlined in Table 2.
Secondary antibodies were the corresponding horseradish-
peroxidase–conjugated goat anti-mouse antibody or goat
anti-rabbit antibodies (Santa Cruz Biotechnology, Santa
Cruz, CA).
Immunohistochemistry and Immunofluorescence
Zinc-formalin fixed (10%) and paraffin-embedded tissue

sections and 4% paraformaldehyde-fixed frozen tissue
sections of jejunum were stained using standard immuno-
staining procedures as described previously.19,21 Immuno-
staining was performed using primary antibodies outlined
in Table 2.
Intestinal Morphology Assessment
Small intestinal length from the pyloric sphincter to the

ileocecal sphincter was measured. Villus height and crypt
depth were measured in at least 10 well-oriented,
full-length crypt-villus units per specimen and averaged as
described previously.21
IEC Proliferation and Apoptosis Measurements
For IEC proliferation, immunofluorescent staining of

proliferating cell nuclear antigen (PCNA) was performed as
described previously.19 The total number of proliferating
cells per crypt was defined as the mean of proliferating cells
in 10 crypts for each mouse. The results are expressed as a
Proliferation Index (the number of PCNA-positive cells per
crypt) and then converted to percentage of controls (control
values set at 100%). PCNA protein and mRNA levels in cell
extracts also were expressed relative to controls. Terminal
deoxynucleotidyl transferase–mediated deoxyuridine
triphosphate nick-end labeling (TUNEL) assay was per-
formed following the manufacturer’s instructions (R&D
Systems, Minneapolis, MN). Immunofluorescent staining for
cleaved caspase-3 was performed to assess IEC apoptosis as
described previously.19 The results are expressed as an
Apoptotic Index (the percentage of active caspase-
3–positive cells/villi using a mean of 10 villi per mouse) as
described previously.19



Table 2.Antibody List

Antibody Source
Application/

dilution

Phospho-AKT (S473) Cell Signaling,
Danvers, MA

WB, 1:1000

Total AKT Cell Signaling WB, 1:1000

Phospho-b-catenin
(S552)

Cell Signaling WB, 1:500

Phospho-b-catenin
(S33/37/T41)

Cell Signaling WB, 1:500

Total b-catenin Cell Signaling WB, 1:1000

Cleaved caspase 3 Cell Signaling IF, 1:50

Chromogranin A Santa Cruz
Biotechnology

IF, 1:200

Cyclin D1 Cell Signaling WB, 1:500

EGFR Santa Cruz
Biotechnology

WB, 1:1000

GAPDH Santa Cruz
Biotechnology

WB, 1:500

Phospho-GSK3b (S9) Cell Signaling WB, 1:500

Total GSK3 b Cell Signaling WB, 1:1000

Histone H3 Santa Cruz
Biotechnology

WB, 1:500

PCNA Rabbit, Cell Signaling WB, 1:2000

PCNA Rabbit monoclonal
antibody, Cell
Signaling

IF, 1:2000

c-Myc Cell Signaling WB, 1:500

b-actin Cell Signaling WB, 1:500

GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
IF, immunofluorescence; WB, Western blot.
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Plasma GLP-2 Measurements
Plasma GLP-2 was measured by radioimmunoassay with

an N-terminal–specific antiserum that measures only GLP-2
with an intact N-terminus as previously described.23 Blood
was collected into chilled tubes containing EDTA (1 mg/
mL), Diprotin A/L (0.1 mmol/L; MP Biomedicals,
Aurora, OH), and aprotinin (0.01 mmol/L; Calbiochem, La
Jolla, CA) to avoid GLP-2 degradation.

Human Intestinal Tissue Analysis
All experiments were performed in accordance with the

University of Michigan Hospital Institutional Review Board,
Institutional Review Board (HUM00024263). All patients
with planned loop ileostomy takedowns were considered.
This allowed evaluation of fed and unfed small bowel from
the same patient via paired analysis, with the proximal
ileostomy being exposed to enteral nutrition and the distal
segment isolated from enteric flow. To avoid the inherent
differences between jejunum and ileum, all samples were
from loop ileostomies of the distal ileum. Patients were fed
orally and did not receive parenteral nutrition. Stoma dura-
tion was at least 6 weeks for all patients. Patients with
Crohn’s disease, necrotizing enterocolitis, and acute ischemia
or perforation were excluded because each of these pathol-
ogies may intrinsically change IEC proliferation/apoptosis
status independently of nutrient delivery.41,42 All specimens
were taken fresh to the Pathology Department from the
Operating Room. Portions of intestine not needed for patho-
logic evaluation were placed into RPMI 1640 with glutamine
(Invitrogen, Carlsbad, CA) for immediate transport to the
laboratory on ice. An approximately 1-cm2 segment of tissue
underwent mucosal scraping and was snap-frozen in TRIzol
for mRNA analysis. If available, a second segment was placed
into optimum cutting temperature embedding compound
(PELCO International, Redding, CA), and snap-frozen for
subsequent immunofluorescence staining.

Data Analysis
Data were expressed as means ± SEM. Statistical analysis

used unpaired t tests for comparison of 2 means, and a 1-
way analysis of variance for comparison of multiple
groups (with a Tukey post hoc analysis to assess statistical
differences between groups). For analysis of human fed and
unfed intestinal samples, a paired t test with a nonpara-
metric Wilcoxon matched-pairs signed rank test was used.
All statistical analysis was performed using Prism 6 soft-
ware (GraphPad Software, Inc, San Diego, CA). Statistical
significance was defined at a P value of less than .05.

Results
Plasma GLP-2 and Mucosal GLP2R Levels Are
Reduced in TPN-Treated WT Mice

GLP2R and EGFR/ErbB pathways are essential compo-
nents of the signaling network involved in intestinal growth
responses and for adaptive mucosal responses to fasting
and refeeding.15,16 In the mouse TPN model, we previously
showed that EGFR protein levels in IECs and mucosal Egf
mRNA levels are reduced markedly in TPN-treated WT mice
compared with sham controls (Figure 2A and B).19 To
determine whether components of endogenous GLP-2
signaling also were altered in the TPN model, we exam-
ined plasma GLP-2 levels and intestinal GLP-2 receptor
(GLP2R) expression in TPN-treated WT and sham control
mice. In TPN-treated WT mice, there was a significant 2-fold
decrease in plasma GLP-2 levels compared with sham con-
trols (sham: 32.1 ± 9.5 pmol/L vs TPN: 15.7 ± 9.4 pmol/L; P
< .0001) (Figure 2C). Likewise, mucosal Glp2r mRNA levels
were decreased significantly in TPN-treated WT mice
compared with sham controls (Figure 2D). Thus, similar to
decreased functional EGFR signaling detected in the TPN
model, these results suggest that endogenous mucosal
GLP-2 signaling also is reduced in TPN-treated mice.

Exogenous EGF Restores Plasma GLP-2 Levels
and Mucosal GLP2R Expression Whereas
Exogenous GLP-2 Restores Mucosal EGF mRNA
Levels in TPN-Treated WT Mice

Recent studies have shown that treatment with either
exogenous EGF or GLP-2 can attenuate mucosal atrophy in
TPN-treated WT mice.19,25 To determine whether these
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and GLP-2 selectively
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analysis of EGFR in iso-
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growth factor treatments altered endogenous EGF and
GLP-2 signaling in the TPN model, we examined the same
signaling parameters in TPN-treated WT mice given exoge-
nous EGF, GLP-2, or vehicle alone (Figure 1). In agreement
with our previous studies,19 exogenous EGF restored func-
tional EGFR protein levels in IECs of TPN-treated mice
(Figure 2A). However, this same EGF treatment failed to
restore mucosal Egf mRNA expression in TPN-treated mice
(Figure 2B). Based on these earlier-described observations,
we tested whether exogenous EGF treatment also could
affect endogenous GLP-2 signaling in TPN-treated WT mice.
Surprisingly, exogenous EGF treatment restored plasma
GLP-2 (EGF, 34.7 ± 6.6 pmol/L) levels and mucosal Glp2r
mRNA expression in TPN-treated WT mice to sham levels
(Figure 2C and D). These results suggest that restoration of
endogenous GLP-2 signaling may contribute to the actions
of exogenous EGF treatment in reducing mucosal atrophy in
TPN-treated WT mice.

We next examined the effects of exogenous GLP-2
treatment on the same signaling parameters in the TPN
model. As expected, exogenous GLP-2 administration
dramatically increased the plasma GLP-2 level more than
200-fold over the sham group (657 ± 172.8 pmol/L)
(Figure 2C). However, exogenous GLP-2 treatment failed to
alter mucosal Glp2r mRNA levels, which remained at the
reduced levels found in TPN-treated WT mice (Figure 2D).
Although exogenous GLP-2 did not improve EGFR protein
levels in IECs of TPN-treated mice (Figure 2A), the down-
regulation of mucosal Egf mRNA levels in TPN-treated
mice was completely prevented by exogenous GLP-2 treat-
ment (Figure 2B). Thus, exogenous EGF prevents the loss of
plasma GLP-2 levels and mucosal Glp2r mRNA expression
whereas exogenous GLP-2 prevents the loss of mucosal Egf
mRNA levels in TPN-treated mice. Taken together, these
results suggest EGF and GLP-2 signaling pathways interact
with each other upon enteral nutrient deprivation.
Exogenous GLP-2 and EGF Treatments
Attenuate TPN-Induced Mucosal Atrophy

To further investigate the interdependence of GLP-2 and
EGF signaling within the TPN model, we first confirmed that
both exogenous growth factor treatments attenuate mucosal
atrophy in TPN-treated WT mice.19,25 H&E analyses of
jejunal tissue sections showed that TPN-treated WT mice
given vehicle alone had mucosal atrophy with a significant
reduction in crypt depth and villus height compared with
their sham controls (Figure 2E). By contrast, TPN-treated
WT mice given either exogenous GLP-2 or EGF showed
protection against mucosal atrophy with significant
improvement in both crypt depth and villus height
(Figures 2E and 3A and B).

Reduced crypt cell proliferation and increased IEC
apoptosis are important features of mucosal atrophy
observed in TPN-treated WT mice.18,19,21 To determine
whether exogenous GLP-2 or EGF can maintain crypt cell
proliferation in the TPN model, we compared PCNA
expression in TPN-treated WT mice administered exoge-
nous GLP-2, EGF, or vehicle alone. In agreement with
previous findings, TPN-treated WT mice given vehicle alone
showed a marked reduction in PCNA staining whereas both
exogenous GLP-2 and EGF treatments restored crypt cell
proliferation to sham control levels (Figure 3C). To test
whether the beneficial effects of exogenous GLP-2 and EGF
treatments in the TPN model extended to attenuation of IEC
apoptosis, we examined TUNELþ staining in IECs. As ex-
pected, TPN-treated WT mice given vehicle alone had a
marked increase in TUNELþ staining compared with sham
controls whereas TPN-treated WT mice administered
exogenous GLP-2 or EGF showed a dramatic reduction in
TUNELþ staining with apoptotic indexes similar to sham
controls (Figure 3D). These results confirm that both
exogenous GLP-2 and EGF treatments have significant pro-
tective effects against TPN-induced mucosal atrophy that
include improvements in crypt depth and villus height,
restoration of crypt cell proliferation, and a reduction in IEC
apoptosis.

Blockade Studies Using EGFR Inhibitor Gefitinib
and GLP-2 Antagonist GLP-2 (3-33) Establish a
Strong Interdependence of GLP-2 and EGF
Signaling Pathways in Reducing Mucosal
Atrophy in the TPN Model

To further elucidate the interconnectivity of exogenous
EGF and GLP-2 signaling in attenuating TPN-induced
mucosal atrophy, we performed reciprocal inhibitor
studies using the EGFR kinase inhibitor gefitinib and the
GLP-2 antagonist GLP-2 (3-33). Previous studies have
reported that GLP-2 (3-33) can act either as a partial agonist
or antagonist for intestinal growth,34,43 however, the GLP-2
(3-33) dosing regimen used in the current TPN study eli-
cited a weak antagonistic effect on crypt cell proliferation
and crypt depth in sham-treated control mice (Figure 4). In
WT mice receiving TPN and exogenous GLP-2, gefitinib was
given 3 days before administration of TPN and then
continued until mice were killed. Conversely, in WT mice
receiving TPN and exogenous EGF, GLP-2 (3-33) was given 3
days before administration of TPN and then continued until
mice were killed (Figure 1). In both experiments, the
opposing inhibitors completely blocked the respective
beneficial responses of exogenous GLP-2 and EGF on
mucosal atrophy with crypt depth, villus height, and crypt
cell proliferation remaining at TPN levels (Figure 3A–D). In
addition, both inhibitor treatments significantly increased
IEC apoptosis above TPN levels (Figure 3E). The results of
these inhibitor studies establish an important interdepen-
dent relationship between EGF and GLP-2 signaling path-
ways in their ability to attenuate mucosal atrophy in the
TPN model.

Exogenous GLP-2 and EGF Activation of pAkt
and Wnt/b-Catenin Signaling in IECs of
TPN-Treated Mice Involve Mutually Dependent
Signal Transduction Pathways

In IECs, pAKT and Wnt/b-catenin signaling pathways
play critical roles in regulating crypt cell proliferation and
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Figure 3. Reciprocal
blockade studies using
gefitinib and GLP-2
(3-33) show that exoge-
nous GLP-2 and EGF
attenuate TPN-induced
mucosal atrophy in an
interdependent manner.
(A) Quantification of small
intestinal crypt depth
(n ¼ 16–29 per group)
(B) Quantification of small
intestinal villus height (n ¼
8–13 per group). (C)
Immunofluorescent stain-
ing of PCNAþ cells in the
jejunum. Right panel:
Quantification of PCNAþ

cells per crypt expressed
as a Proliferation Index
(n ¼ 5–12 per group). (D)
Immunofluorescent stain-
ing of TUNELþ cells in the
jejunum. White arrow-
heads: TUNELþ cells.
Quantification of TUNELþ

cells per 100 crypts (n ¼ 5
per group). *P < .05,
**P < .01, and ****P <
.0001. Scale bars: 50 um.
DAPI, 40,6-diamidino-2-
phenylindole.
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IEC survival. Notably, both exogenous GLP-2 and EGF
have been shown to activate pAKT (S473) and
Wnt/b-catenin (S552) signaling in several intestinal
adaptation and stress models.12,44–47 To assess changes in
the phosphorylation status and total protein levels of
AKT, b-catenin, glycogen synthase kinas 3 beta (GSK3b),
and the Wnt target genes cyclin D1 and c-Myc, Western
blot was performed from cytoplasmic and nuclear IEC
extracts prepared from WT mice receiving TPN. In TPN-
treated WT mice, protein levels of pAKT (S473),
phospho-GSK3 beta (pGSK3b) (S9), and total b-catenin
were decreased significantly whereas protein levels of
phospho-beta-catenin (p-b-catenin) (S33/37/T41) were
increased dramatically in the cytoplasm (Figure 5A).
Importantly, p-b-catenin (S552) protein levels in IEC nu-
clear extracts and the number of p-b-catenin
(S552)þ–stained nuclei in crypts were reduced
significantly (Figure 5B and C). These results are consis-
tent with increased GSK3b activity and increased phos-
phorylation of b-catenin (S33/37/T41), leading to
increased proteasomal degradation of b-catenin. The
subsequent decrease in nuclear accumulation of
p-b-catenin (S552) and loss of Wnt transcriptional activity
is supported further by the marked reduction in cyclin D1
and c-Myc protein levels in nuclear extracts
(Figure 5B–D). Together, these results clearly show that
TPN administration significantly reduces pAKT and Wnt/
b-catenin signaling within IECs; the dramatic decrease in
these 2 signaling pathways is consistent with the loss of
crypt cell proliferation and increased IEC apoptosis
observed in the TPN-treated WT mice.

By contrast, TPN-treated WT mice given exogenous GLP-
2 showed partial restoration of pAKT (S473) and a partial
reduction in p-b-catenin (S33/37/T41) protein levels,
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Figure 4. GLP-2 (3-33) administered to control mice
caused a slight reduction in intestinal growth. Sham-
treated control mice received vehicle (phosphate-buffered
saline) or GLP-2–receptor antagonist GLP-2 (3-33) (100 mg/
kg/day) subcutaneously by Alzet minipump, starting 3 days
before IV cannulation and continued for another 7 days until
mice were killed. (A) Immunofluorescent staining of PCNAþ

cells in the jejunum. (B) Quantification of PCNAþ cells per
crypt. (C) Quantification of small intestinal crypt depth (n ¼ 5
per group). Scale bars: 50 um. *P < .05. DAPI, 40,6-diamidino-
2-phenylindole.
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whereas cytoplasmic pGSK3b (S9) and nuclear p-b-catenin
(S552) protein levels were completely restored to sham
control levels. Consistent with increased pAKT and Wnt/
b-catenin signaling and the restoration of cell proliferation
in the TPN-treated WT mice given GLP-2, exogenous GLP-2
completely restored cyclin D1 and partially restored c-Myc
nuclear protein levels in IECs. Similar increases in pAKT and
Wnt/b-catenin signaling were observed with TPN-treated
WT mice receiving exogenous EGF. Interestingly, exoge-
nous EGF did not restore pGSK3 protein levels in IECs of
TPN-treated mice, suggesting that regulation of GSK3b may
be regulated differentially by these 2 growth factors in the
TPN model (Figure 5).

Mechanistically, the earlier described results show that
exogenous GLP-2 and EGF both attenuate mucosal atrophy
in the TPN model, in part by increasing pAKT and Wnt/
b-catenin signaling in IECs. To further show that EGF and
GLP-2 use the pAKT and Wnt/b-catenin signaling path-
ways in an interdependent manner, we again used recip-
rocal inhibitor studies using the EGFR kinase inhibitor
gefitinib and the GLP-2 antagonist GLP-2 (3-33) as
described earlier. Strikingly, blockade of either EGFR or
GLP2R prevented the beneficial effects of the respective
growth factors on maintaining pAKT, p-b-catenin (S552),
cyclin D1, and c-Myc protein levels in the TPN-treated
mice (Figure 5). These results clearly show that GLP-2
and EGF both use common downstream signaling
pathways to improve IEC responses in TPN-treated WT
mice, and that interconnectivity of GLP2R and EGFR
signaling is required for these effects.
Protective Effect of Exogenous GLP-2 on
TPN-Induced Mucosal Atrophy Requires
Functional EGFR Signaling in IECs

Although GLP2R expression is highest in the jejunum,48

the lack of GLP2R expression within enterocytes and espe-
cially in the intestinal stem/crypt progenitor cells indicates
that exogenous GLP-2 mediates its effects on IEC responses
via indirect paracrine mechanisms.8–10,49 To investigate the
contribution of EGFR signaling within IECs for the beneficial
actions of exogenous GLP-2 in the TPN model, we generated
IEC-specific Egfr-deficient mice (termed IEC-EgfrKO mice).
Consistent with other reports,50 these IEC-EgfrKO mice were
healthy and had no overt intestinal phenotype with normal
crypt-villus architecture and crypt cell proliferation under
normal physiological conditions (Figure 6). Because TPN
administration in WT mice completely down-regulates
EGFR protein levels in IECs,19,21 only a direct comparison
of IEC responses to exogenous GLP-2 treatment in
TPN-treated IEC-EgfrKO and Egfrfl/fl genotype control mice
was performed.

In TPN-treated genotype control mice, GLP-2 admin-
istration continued to prevent mucosal atrophy, but this
protective effect was reduced significantly in TPN-treated
IEC-EgfrKO mice and was associated with decreased crypt
depth, villus height, and crypt cell proliferation, and a
marked increase in IEC apoptosis (Figure 7A–C). Impor-
tantly, the protective effect of GLP-2 on p-AKT and Wnt/
b-catenin signaling observed in the TPN-treated genotype
control mice was diminished significantly in IEC-EgfrKO

mice receiving TPN (Figure 7D–G). Despite GLP-2 not
restoring EGFR protein levels in IECs of TPN-treated WT
mice (Figure 2), the results from TPN-treated IEC-EgfrKO

mice show that IEC-specific EGFR signaling plays a critical
role in how exogenous GLP-2 attenuates TPN-associated
mucosal atrophy. In the absence of intestinal EGFRs, the
loss of PI3K/AKT and Wnt/b-catenin signaling in IECs
suggests that these 2 pathways likely contribute to the
beneficial actions of GLP-2 in the mouse TPN model.
Because of the lack of conditional GLP2R-deficient mice, it
was not possible to perform the reciprocal experiment
and test if exogenous EGF required cell type–specific
GLP2R signaling to attenuate TPN-induced mucosal
atrophy.
Exogenous GLP-2 Does Not Require Functional
PI3K-pAKT Signaling in IECs for its Beneficial
Actions on Mucosal Atrophy in the TPN Model

Because exogenous EGF and GLP-2 stimulated pAKT
activity in TPN-treated WT mice, we next examined if the
beneficial effects of these 2 growth factors were dependent
on PI3K-pAKT signaling in IECs. For this analysis, condi-
tional IEC-specific pi3kr1KO (termed IEC-pi3kr1KO) mice
were used in which the class IA subunit of PI3K was
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conditionally deleted in IECs.31 IEC-pi3kr1KO mice have no
intestinal phenotype at baseline31 but consistent with a
loss of functional PI3K activity in IECs, pAKT (S473) levels
were reduced dramatically in IECs of IEC-pi3kr1KO mice
under all experimental conditions (Figure 8). Similar to the
previous IEC-EgfrKO studies, only a direct comparison of
IEC responses to exogenous growth factor treatments in
TPN-treated IEC-pi3kr1KO and pi3kr1fl/fl genotype control
mice was performed. Surprisingly, exogenous GLP-2 still
was able to attenuate mucosal atrophy in TPN-treated IEC-
pi3kr1KO mice. In TPN-treated IEC-pi3kr1KO mice given
GLP-2, crypt depth and villus height were completely
restored whereas crypt cell proliferation vastly was
improved, although it did not reach the same levels of
genotype control mice (Figure 9A–C). Similarly, although
crypt IEC apoptosis was increased slightly, it was still
greatly diminished compared with the increased apoptosis
observed in TPN-treated IEC-pi3kr1KO mice receiving EGF
(see next section) (Figure 9D). Thus, unlike the dramatic
loss of protective IEC responses observed in TPN-treated
Figure 5. (See previous page). Both exogenous GLP-2 and E
reduce TPN-induced mucosal atrophy. (A) Western blot analy
cytoplasmic extracts. Lower panels: Quantification of each p
p-b-catenin (S33/37/T41) (n ¼ 3–5 per group), and pGSK3b (n ¼
in nuclear extracts. Lower panel: Quantification of p-b-catenin (S
p-b-catenin (S552)þ cells in the jejunum. Right panel: Quantificat
(D) Western blot analysis of cyclin D1 and c-Myc in nuclear ex
c-Myc protein levels (n ¼ 4–5 per group). *P < .05, **P < .01,
glyceraldehyde-3-phosphate dehydrogenase; norm, normal.
IEC-EgfrKO mice receiving GLP-2, exogenous GLP-2 still
had significant beneficial effects against mucosal atrophy
in the absence of intestinal PI3K-pAKT signaling.

The protective effects of GLP-2 on TPN-treated IEC-
pi3kr1KO mice also were reflected in an overall improvement
in Wnt/b-catenin signaling in IECs with both total cyto-
plasmic b-catenin and nuclear p-b-catenin (S552) protein
levels being restored completely (Figure 9E and F).
Consistent with improved crypt cell proliferation and
restoration of Wnt/b-catenin signaling, nuclear cyclin D1
and c-Myc protein levels also were restored to genotype
control levels (Figure 9G). These data clearly show that an
intact PI3K/pAKT signaling pathway in IECs is not essential
for exogenous GLP-2 to protect against loss of crypt cell
proliferation and the increase in IEC apoptosis observed in
the TPN model. Importantly, the preservation of nuclear
b-catenin (S552) with exogenous GLP-2 in TPN-treated IEC-
pi3kr1KO mice suggests that GLP-2 can drive IEC prolifera-
tion via an EGFR/Wnt/b-catenin pathway that is regulated
independently of intestinal PI3K/pAKT signaling. Although
GF regulate pAKT and Wnt/b-catenin signaling in IECs to
sis of pAKT (S473), p-b-catenin (S33/37/T41), and pGSK3b in
hospho-specific protein. pAKT (S473) (n ¼ 4 per group),
4–5 per group). (B) Western blot analysis of p-b-catenin (S552)
552) protein levels (n ¼ 4–5 per group). (C) Immunostaining of
ion of p-b-catenin (S552)þ cells per crypt (n ¼ 4–5 per group).
tracts. Right panels: Quantification of nuclear cyclin D1 and
***P < .001, and ****P < .0001. Scale bars: 50 um. GAPDH,
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not a direct focus of the current study, it will be important
to determine whether exogenous GLP-2 can produce similar
IEC responses in the absence of PI3K/AKT signaling under
normal intestinal homeostasis and during adaptive re-
sponses to refeeding.
Protective Effect of Exogenous EGF on
TPN-Induced Mucosal Atrophy Requires
Functional PI3K-pAKT Signaling in IECs

Based on the earlier-described observations with
exogenous GLP-2, we next examined whether exogenous
EGF required functional PI3K-pAKT signaling in IECs to
attenuate TPN-induced mucosal atrophy. As expected,
exogenous EGF protected TPN-treated genotype control
mice against mucosal atrophy similar to TPN-treated WT
mice given EGF. By contrast, exogenous EGF failed to
protect against mucosal atrophy in IEC-pi3kr1KO mice
receiving TPN. Indeed, TPN-treated IEC-pi3kr1KO mice
given EGF showed significant reductions in crypt depth,
villus height, and crypt cell proliferation, whereas IEC
apoptosis was increased dramatically compared with the
TPN-treated genotype control mice receiving EGF
(Figure 9A–D).

Importantly, isolated IECs from TPN-treated
IEC-pi3kr1KO mice given EGF showed sustained levels of
cytoplasmic p-b-catenin (S33/37/T41) whereas nuclear
p-b-catenin (S552) levels remained diminished, indicating
that EGF could not restore Wnt/b-catenin signaling in IECs
in the absence of functional PI3K-AKT signaling (Figure 9E
Figure 7. (See previous page). Exogenous GLP-2 does not im
(A) Quantification of small intestinal crypt depth and villus height
cells in the jejunum. Right panel: Quantification of PCNAþ cells
orescent staining of TUNELþ cells in the jejunum. White arrowh
cells in crypt compartment. (D) Western blot analysis of pAKT (
extracts. Lower panel: Quantification of each phospho-speci
p-b-catenin (S552) in nuclear extracts. Lower panel: Quantificati
p-b-catenin (S552)þ cells in the jejunum. Lower panel: Quantific
analysis of cyclin D1 and c-Myc in nuclear extracts. Right panels
All treatment groups (n ¼ 5) unless specified differently. ***P < .0
phenylindole; norm, normal.
and F). Furthermore, exogenous EGF failed to restore
nuclear cyclin D1 and c-Myc protein levels, providing
additional evidence that exogenous EGF was unable to
restore Wnt/b-catenin signaling in IECs of TPN-treated IEC-
pi3kr1KO mice (Figure 9G). Together, these results indicate
that the beneficial effects of exogenous EGF upon TPN-
associated mucosal atrophy require intestinal EGFR/PI3K/
pAKT signaling, which plays a critical role for maintaining
functional Wnt/b-catenin signaling in IECs of TPN-treated
mice.
GLP-2 and EGF Signaling Are Decreased in
Unfed Human Small Intestine

To address whether the reduction in GLP-2 and EGF
signaling associated with enteral nutrient deprivation in
the mouse also is observed in human beings, paired sam-
ples of fed and unfed distal small bowel were collected
from patients undergoing planned loop ileostomy take-
downs. Although these patients were not on TPN, our
laboratory has shown that the adverse effects of TPN are
caused by enteral nutrient deprivation and not the mere
administration of parenteral nutrition solution.51 Impor-
tantly, the pairing of matched fed and unfed samples from
the same patient allowed for direct analysis of any differ-
ences in signaling independently of interindividual varia-
tion. To assess EGF and GLP-2 signaling in the human
samples, EGF, EGFR, proglucagon, and GLP2R mRNA
expression was measured in fed and unfed ileum obtained
from 8 different patients. Interestingly, a significant
prove mucosal atrophy in TPN-treated IEC-EgfrKO mice.
(n ¼ 7–8 per group). (B) Immunofluorescent staining of PCNAþ

per crypt expressed as a Proliferation Index. (C) Immunoflu-
eads, TUNELþ cells. Right panels: Quantification of TUNELþ

S473), p-b-catenin (S33/37/T41), and pGSK3b in cytoplasmic
fic protein (n ¼ 3 per group). (E) Western blot analysis of
on of p-b-catenin (S552) protein levels. (F) Immunostaining of
ation of p-b-catenin (S552)þþ cells per crypt. (G) Western blot
: Quantification of nuclear cyclin D1 and c-Myc protein levels.
01, ****P < .0001. Scale bars: 50 um. DAPI, 40,6-diamidino-2-
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decrease in EGF, EGFR, and proglucagon mRNA expression
levels was observed in unfed segments compared with
matched fed segments. However, no difference in GLP2R
mRNA expression was detected in the unfed samples
A B

C

D

G

(Figure 10A). Although insufficient tissue was available to
perform immunostaining from all 8 patients, PCNAþ crypt
cells were reduced significantly in the unfed compared
with matched-fed samples from 5 patients (Figure 10B). In
E

F



Figure 9. (See previous page). Exogenous GLP-2 but not EGF can protect against mucosal atrophy in TPN-treated IEC-
pi3kr1KO mice. (A) Quantification of small intestinal crypt depth (n ¼ 7–8 per group). (B) Quantification of small intestinal villus
height (n ¼ 7–8 per group). (C) Immunofluorescent staining of PCNAþ cells in the jejunum. Right panel: Quantification of
PCNAþ cells per crypt expressed as a Proliferation Index. (D) Immunofluorescent staining of TUNELþ cells in the jejunum.
White arrowheads, TUNELþ cells. Right panels: Quantification of TUNELþ cells in crypt compartment. (E) Western blot
analysis of p-b-catenin (S33/37/T41) and pGSK3b in cytoplasmic extracts. Lower panels: Quantification of each phospho-
specific protein (n ¼ 3 per group). (F) Western blot analysis of p-b-catenin (S552) in nuclear extracts. Lower panel:
Quantification of p-b-catenin (S552) protein levels. (G) Western blot analysis of cyclin D1 and c-Myc in nuclear extracts
*P < .05, **P < .01. Lower panels: Quantification of cyclin D1 and c-Myc protein levels. All treatment groups (n ¼ 5) unless
specified differently. ***P < .001, ****P < .0001. Scale bars: 50 um. GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
DAPI, 40,6-diamidino-2-phenylindole. *P < .05, **P < .01
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Figure 10. Reduced GLP-
2 and EGF signaling is
associated with
decreased cell prolifera-
tion and increased
apoptosis in unfed
human small intestine.
Analysis of fed and unfed
segments of ileum from
patients undergoing plan-
ned loop ileostomy take-
downs. (A) Real-time PCR
analysis of EGF, EGFR,
proglucagon (GCG), and
GLP2R mRNA expression
in scraped mucosa from
fed and unfed ileal seg-
ments (n ¼ 8). (B) Immu-
nofluorescent staining of
PCNA. Quantification of
PCNAþ cells per crypt
(n ¼ 5). (C) Real-time PCR
analysis of anti-apoptotic
markers BCL-2 and BCL
XL mRNA expression in
scraped mucosa from fed
and unfed ileal segments
(n ¼ 8). *P < .05, all other
P values are listed in
Figure. DAPI, 40,6-
diamidino-2-phenylindole.
Scale bars: 50 um.
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addition, in the 1 patient tested, TUNELþ staining of IECs
was increased in the unfed segment compared with the
matched-fed sample (data not shown). To further examine
if IEC apoptosis was increased in the unfed samples, we
measured changes in mRNA expression of the anti-
apoptotic factors, BCL-2 and BCL-Xl. Significant
reductions in BCL-2 and BCL-Xl mRNA levels were observed
in the unfed segments of ileum compared with the fed
control samples from all 8 patients (Figure 10C). Thus,
similar to enteral nutrient deprivation in the mouse TPN
model, these results indicate that both EGF and GLP-2
signaling pathways are reduced and likely contribute to
the reduction in crypt cell proliferation and increased IEC
apoptosis observed upon enteral nutrient deprivation in
the human ileum.
Discussion
TPN, an essential therapy for patients who cannot

tolerate enteral nutrition, is associated with mucosal atro-
phy, barrier dysfunction, and increased clinical complica-
tions including higher rates of septicemia.2,3,52,53 In
addition, a significant decrease in mucosally derived growth
factors has been reported in TPN patients and in animal
models of TPN.4,26,36,54,55 Thus, for patients dependent on
TPN, a promising strategy to improve intestinal growth and
maintain epithelial barrier function has been with the use of
exogenous growth factors.56 GLP-2 and GLP-2 analogues
have been used successfully in TPN patients to promote
intestinal adaptation, improve small intestinal surface area
and absorptive function, and can facilitate withdrawal from
parenteral nutrition.5,6,57 Similarly, EGF has been shown to
have considerable benefit for pediatric patients with SBS
and necrotizing enterocolitis.58,59 GLP-2 and EGF also have
shown synergistic beneficial responses in a rat model of
TPN,27 however, limited information is available on whether
A
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Figure 11. Mucosal IGF-1
and IGF-1R mRNA
expression levels in the
mouse TPN model. IGF-1
and IGF-1R mRNA levels
were measured in scraped
mucosa from all 6 TPN
treatment groups used in
this study. (A) Real-time
PCR analysis of IGF-1
mRNA expression (n ¼
5–7 per group). (B)
Real-time PCR analysis of
IGF-1R mRNA expression
in scraped mucosa (n ¼
5–7 per group). **P < .01,
***P < .001, and ****P <
.0001.
the biological actions of these 2 growth factors occur
through overlapping or distinct signaling pathways in the
TPN model.56

In the present work, we explored the interactions be-
tween EGF and GLP-2 in a mouse TPN model. In WT mice
receiving TPN, we found reductions in endogenous EGF and
GLP-2 signaling pathways including decreased GLP-2
plasma levels and decreased EGF, EGFR, and GLP2R
expression in the intestine. Consistent with previous reports
in the mouse TPN model,4,25 both exogenous EGF and GLP-2
attenuated TPN-induced mucosal atrophy and, in both cases,
this was associated with maintenance of specific compo-
nents from each other’s signaling pathway. Reciprocal
receptor-inhibitor studies using the EGFR kinase inhibitor
gefitinib and the GLP-2 antagonist GLP-2 (3-33) clearly
showed strong interdependency for the beneficial effects of
each growth factor, which required activation of down-
stream AKT and b-catenin signaling. At a cellular level, we
investigated the requirements for EGFR and PI3K/pAKT
signaling in IECs using IEC-EgfrKO and IEC-pi3kr1KO mice. We
found that the beneficial actions of both growth factors
required functional EGFR signaling in IECs. Surprisingly,
however, EGF was completely dependent on downstream
PI3K/pAKT signaling in IECs, whereas GLP-2 appears to
attenuate mucosal atrophy and improve IEC proliferation
independently of the PI3K pathway. The sustained nuclear
b-catenin signaling observed after GLP-2 treatment in
the absence of PI3K signaling suggests that activation of the
Wnt/b-catenin pathway by GLP-2 may contribute to the
attenuation of mucosal atrophy. Finally, we showed that
many of the same features of mucosal atrophy observed in
the mouse TPN model are recapitulated in the human ileum
upon nutrient deprivation. These findings indicate that
further investigations into the interdependency of EGF and
GLP-2 signaling pathways, at a cellular level, may yield new
insights into strategies to augment intestinal adaptation.
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The intestinal stem cell niche contains various acces-
sory cells within the lamina propria such as subepithelial
myofibroblasts, enteric neurons, and myeloid cells that
provide important, but often redundant, paracrine signals
that maintain the crypt stem cell/progenitor compartment.
Previous studies have highlighted the importance of ErbB
ligand production and EGFR signaling from subepithelial
myofibroblasts and myeloid cells for IEC responses during
intestinal inflammation and tumorigenesis.60,61 Although
exogenous GLP-2 maintained mucosal EGF expression in
the present study, we previously reported that many other
ErbB ligands are down-regulated in the mouse TPN model.
For example, down-regulation of neuregulin-4, which spe-
cifically binds to ErbB4 receptors, is directly dependent on
enhanced TNFa signaling associated with the mild proin-
flammatory state observed in the mouse TPN model.19,21

Interestingly, exogenous GLP-2 can acutely induce expres-
sion of other ErbB ligands that are required for IEC pro-
liferation in WT mice and after refeeding.15,16 Likewise,
exogenous EGF restored mucosal Nrg4 mRNA expression in
TPN-treated mice.19 These results indicate that paracrine
signaling through other ErbB receptors likely contributes
to the beneficial actions of exogenous GLP-2 and EGF in
the TPN model. Indeed, in preliminary studies using
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IEC-specific ErbB4KO mice we have observed exacerbated
TPN-associated mucosal atrophy.62 Further studies will be
needed to address which accessory cells produce these
different ErbB ligands, how their expression is regulated,
and whether they act primarily as paracrine growth
factors.

In addition to ErbB ligands, other paracrine factors have
been implicated in the beneficial actions of GLP-2 in the
intestine, including IGF-1. Analysis of IEC-IGF-1RKO mice
showed that IGF-1R and downstream activation of b-catenin
signaling in IECs is required for GLP-2 effects on acute IEC
proliferation and intestinal adaptation responses.12,14

Considering that IGF-1R and EGFR/ErbB families show
homology in their structure and both the receptors share
considerable cross-talk in their functions,63 it is not sur-
prising that several GLP-2 studies have reported in-
teractions between these 2 growth factor systems in the
intestine. Rowland et al14 reported reduced mucosal Hep-
arin-binding EGF-like growth factor (HB-EGF) and EGFR
mRNA levels in IEC-IGF-1RKO mice. On the other hand,
mucosal EGF and IGF-1R mRNA levels were significantly
lower in Glp2r-deficient mice under basal conditions,
whereas EGFR, ErbB ligand epiregulin, and IGF-1 mRNA
expression was reduced in refed Glp2r-deficient mice
compared with refed WT mice.15,16 In our own preliminary
studies, IGF-1 and IGF-1R mRNA expression levels were
unchanged after 6-day TPN administration and were not
altered by exogenous GLP-2 treatment. However, exogenous
EGF markedly increased IGF-1R mRNA levels independently
of GLP2R signaling whereas IGF-1 mRNA levels remained
unchanged (Figure 11). Taken together, these findings show
complex interactions between GLP2R signaling and para-
crine growth factors that activate EGFR and IGF-1R
signaling pathways in IECs. Intriguingly, the ability of
exogenous GLP-2 to protect against TPN-associated mucosal
atrophy independently of intestinal PI3K but still requiring
Wnt/b-catenin signaling raises the possibility that intact
IGF-1/IGF-1R signaling observed in the mouse TPN model
may be involved in this process (Figure 12). Indeed,
Figure 12. (See previous page). Summary of the interdepen
atrophy in a mouse TPN model. Exogenous EGF and GLP-2 t
on the results from reciprocal receptor inhibition studies and ana
the requirements of EGFR- and PI3K/pAKT-dependent pathway
are summarized. Top panel: TPN alone. TPN alone reduces c
intestinal mucosa. Importantly, TPN leads to a reduction in fun
pAKT signaling, and decreased p-b-catenin (S552), c-Myc, and c
plus exogenous EGF. Exogenous EGF treatment restores GL
protein levels in IECs. Exogenous EGF also may enhance the p
activate other ErbB receptors on IECs (not shown). The benefi
EGFR and PI3K/pAKT signaling in IECs. EGFR/PI3K/pAKT signa
c-Myc, and cyclin D1 levels needed to improve IEC response
exogenous GLP-2. Exogenous GLP-2 treatment robustly in
expression. Exogenous GLP-2 also may increase expression of
that activate other ErbB receptors on IECs (not shown). The
functional EGFR signaling in IECs, but GLP-2 still can attenuat
IECs. Importantly, functional EGFR signaling but not PI3k/pAK
p-B-catenin (S552), c-Myc, and cyclin D1 levels needed to impr
complex cross-talk between GLP2R and EGFR/ErbB signaling
contributes to these beneficial IEC responses. In IECs, IGF-1R
signaling independently of the PI3K/pAKT pathway (see Discus
accumulating evidence suggests that IGF-1/IGF-1R signaling
can activate b-catenin through several different mecha-
nisms including IRS-1–dependent pathways.64,65 Although
beyond the scope of the present work, it will be important
to examine the requirement of IGF-1R signaling in IECs for
this response and to directly compare GLP-2 actions in both
IEC-EgfrKO and IEC-Igf-1rKO mice in the mouse TPN model.

Because of continuous cell turnover and high rates of
proliferation, the intestinal stem cell (ISC)/progenitor cell
populations of the crypt compartment are very metaboli-
cally active. Loss of enteral nutrition through long-term
caloric depletion, fasting, or parenteral nutrition can alter
the function of ISC/progenitor populations as well as that of
other accessory cells in the intestinal stem cell niche such as
Paneth cells.66–68 Previous studies have shown that phos-
phatase and tensin homolog, a negative regulator of the
PI3K/AKT/mammalian target of rapamycin complex 1
(mTORC1)-signaling pathway, is an important regulator of
reserve facultative ISCs.67 Upon fasting, the number of
rapidly recycling leucine-rich repeat-containing G-pro-
tein–coupled receptor 5 (Lgr5)þ cells is reduced, but at the
same time phosphatase and tensin homolog is selectively
inhibited in reserve ISCs making them competent during
refeeding to be mobilized and replenish the Lgr5þ stem cell
pool; a process that is dependent on PI3K/AKT/mTORC1
activation. By contrast, under conditions of long-term
caloric restriction, Lgr5þ ISC self-renewal is regulated
indirectly by decreased mTORC1 signaling in neighboring
Paneth cells.68 In the mouse TPN model, we recently
showed that both Lgr5þ ISCs and Paneth cell populations
are diminished after 6 days of TPN administration. Although
the loss of Lgr5þ ISCs is consistent with a marked reduction
in AKT phosphorylation observed in whole IEC isolates
analyzed in this study, it will be important to confirm these
findings directly within the crypt stem cell compartment.
Because activation of PI3K/pAKT signaling in IECs is
essential for the beneficial effects of EGF treatment but not
GLP-2 in the TPN model, it raises the possibility that other
signaling pathways besides IGF-1/IGF-1R may contribute to
dency of EGF and GLP-2 signaling to attenuate mucosal
reatment attenuate TPN-associated mucosal atrophy. Based
lyses of IEC responses in IEC-EgfrKO and IEC-pi3kr1KO mice,
s in IECs for the beneficial actions of these 2 growth factors
omponents of endogenous EGF and GLP-2 signaling in the
ctional EGFR signaling in IECs, decreased cytoplasmic PI3k/
yclin D1 levels leading to mucosal atrophy.Middle panel: TPN
P-2 plasma levels, mucosal GLP2R expression, and EGFR
roduction of ErbB ligands from other lamina propria cells that
cial actions of exogenous EGF are dependent on functional
ling is required for maintenance of nuclear p-B-catenin (S552),
s and attenuate mucosal atrophy. Bottom panel: TPN plus
creases GLP-2 plasma levels and restores mucosal EGF
other ErbB ligands in GLP2R-expressing lamina propria cells
beneficial actions of exogenous GLP-2 are dependent on
e mucosal atrophy in the absence of PI3K/pAKT signaling in
T signaling in IECs is required for maintenance of nuclear

ove IEC responses and attenuate mucosal atrophy. As noted,
with other signaling pathways such as IGF-1/IGF-1R likely
signaling also may contribute to activation of Wnt/b-catenin
sion section for more details).
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the actions of GLP-2 in regulating the stem cell niche during
enteral nutrient deprivation. Recent ablation studies have
shown that Foxl1þ subepithelial mesenchymal cells provide
essential paracrine signals including Wnt ligands for the
maintenance of the intestinal stem cell niche.69 An alterna-
tive possibility is that GLP-2 may stimulate Wnt ligand/
R-spondin production from accessory cells of the stem cell
niche, thereby enhancing Wnt/b-catenin signaling within
the crypt compartment. Future work will be needed to test
this hypothesis and to further dissect out the contribution of
canonical vs noncanonical Wnt pathways for the actions of
GLP-2 actions in the mouse TPN model. Consistent with a
loss of IEC proliferation observed in healthy volunteers
maintained on TPN,53 we showed a reduction of EGF and
GLP-2 signaling components, reduced IEC proliferation, and
increased IEC apoptosis in human small bowel not exposed
to enteral nutrition, suggesting that a similar effect occurs
on a clinical basis. It will be important to determine how
these distinct downstream signaling pathways regulate
different ISC/progenitor populations after TPN administra-
tion and whether the same pathways are required for
regulation of the intestinal stem cell niche from patients
dependent on TPN.

In summary, we have shown a striking co-dependency of
EGF and GLP-2 and their downstream signal transduction
pathways in attenuating mucosal atrophy in the mouse
model of TPN (summarized in Figure 12). These findings
suggest that newer strategies that preserve both of these
signals will lead to the most optimal clinical treatment of
disorders such as short-bowel syndrome.
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