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ErbB Activity Links the Glucagon-Like Peptide-2 Receptor to
Refeeding-Induced Adaptation in the Murine Small Bowel
JASMINE BAHRAMI, BERNARDO YUSTA, and DANIEL J. DRUCKER

BACKGROUND & AIMS: The small bowel mucosa is
sensitive to nutrients and undergoes rapid adaptation to
nutrient deprivation and refeeding through changes in
apoptosis and cell proliferation, respectively. Although
glucagon-like peptide-2 (GLP-2) exerts trophic effects on
the gut and levels increase with refeeding, mechanisms
linking GLP-2 to mucosal adaptation to refeeding remain
unclear. METHODS: Fasting and refeeding were studied
in wild-type (WT) and Glp2r⫺/⫺ mice and in WT mice
treated with the pan ErbB inhibitor CI-1033. Experimental end points included intestinal weights, histomorphometry, gene and protein expression, and crypt cell
proliferation. RESULTS: Fasting was associated with signiﬁcant reductions in small bowel mass, decreased crypt
plus villus height, and reduced crypt cell proliferation.
Refeeding increased plasma levels of GLP-2, reversed
small bowel atrophy, increased villus height and cell
number, and stimulated jejunal crypt cell proliferation.
In contrast, refeeding failed to increase small bowel
weight, crypt cell proliferation, or villus cell number in
Glp2r⫺/⫺ mice. Levels of mRNA transcripts for egf, kgf,
and igfr were lower in fasted Glp2r⫺/⫺ mice. Epidermal
growth factor but not insulin-like growth factor-1 restored the intestinal adaptive response to refeeding in
Glp2r⫺/⫺ mice. Furthermore, CI-1033 prevented adaptive
crypt cell proliferation, Akt activation, and induction of
ErbB ligand gene expression after refeeding. Up-regulation of ErbB ligand expression and intestinal Akt phosphorylation were signiﬁcantly diminished in refed
Glp2r⫺/⫺ mice. CONCLUSIONS: These ﬁndings identify Glp2r and ErbB pathways as essential components
of the signaling network regulating the adaptive mucosal response to refeeding in the mouse intestine.
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A

bsorption of nutrients from the small intestine is
critical for survival and energy homeostasis. The
epithelial lining of the small bowel is particularly sensitive to energy deprivation because withdrawal of nutrients leads to rapid development of mucosal atrophy.1
Destruction of villus tips, shortening of villi, reduction in
total epithelial cell number, and reduction of bowel mass
are consequences of a prolonged fasting state.2–5 How-

ever, the gut displays remarkable adaptability as observed
by the almost complete and rapid reversal of abnormalities in mucosal ultrastructure after refeeding.2 The
mechanism(s) whereby these changes occur during fasting involves a decrease in proliferation and an increase in
apoptosis of intestinal epithelial cells. The presence of
luminal nutrients is the main signal for increased nutrient transport and intestinal growth during refeeding.
However, the interplay between luminal nutrients and
gut growth and survival factors facilitates the adaptation,
repair, and growth observed during refeeding after a
prolonged fasting period. A number of gut growth factors have been implicated as important modulators for
this adaptive response. Circulating and tissue levels of
insulin-like growth factor-1 (IGF-1) increase in correlation with jejunal tissue mass in refed rats.6,7 In suckling
rats, refeeding after an 8-hour deprivation of food correlated with an increase in epidermal growth factor (EGF)
content in the gastrointestinal tract.8 Administration of
the peptide hormone neurotensin prevents the mucosal
hypoplasia associated with an elemental diet.9 More recently, glucagon-like peptide-2 (GLP-2) has been implicated as a gut growth factor involved in regulation of the
adaptive response to fasting and refeeding.10
GLP-2 is a 33 amino acid peptide product of the
proglucagon gene that is co-secreted with GLP-1 from
the intestinal L cell.11 The main stimulus for GLP-2
release is presence of nutrients, speciﬁcally fats and carbohydrates, in the intestinal lumen. Exogenous administration of GLP-2 results in signiﬁcant growth of the
intestinal epithelial mucosa, increased nutrient absorption, decreased intestinal permeability, and inhibition of
gastric emptying.12,13 To date, our understanding of
GLP-2 biology stems primarily from studies that used
exogenous administration of pharmacologic amounts of
the peptide. In contrast, the role of the endogenous
GLP-2:GLP-2 receptor (GLP-2R) axis for the health and
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oxide synthase; GLP-2, glucagon-like peptide-2; GLP-2R, glucagon-like
peptide-2 receptor; IGF-1, insulin-like growth factor-1; KGF, keratinocyte growth factor; PCR, polymerase chain reaction; WT, wild-type.
© 2010 by the AGA Institute
0016-5085/$36.00
doi:10.1053/j.gastro.2010.03.006

BASIC–
ALIMENTARY TRACT

Department of Medicine, Samuel Lunenfeld Research Institute, Mt Sinai Hospital, University of Toronto, Toronto, Ontario, Canada

2448

BAHRAMI ET AL

function of the normal gut mucosa has not been extensively studied.
Immunoneutralization of circulating GLP-2 with polyclonal GLP-2 antisera attenuated the adaptive intestinal
hyperplasia that developed in rats with experimental diabetes.14 GLP-2(3-33) is generated from intact GLP-2(133) and functions as both a weak antagonist and a partial
agonist at the murine GLP-2R.10 In the setting of fasting
and refeeding, exogenous administration of GLP-2(3-33)
signiﬁcantly attenuated the adaptive growth observed in
response to refeeding in mice.10 However, whether GLP2(3-33) acts as a speciﬁc antagonist for the GLP-2R has
not been deﬁned, and the mechanisms through which
GLP-2R signaling modulates the adaptive mucosal response to nutrient repletion remain poorly understood.10
We have now determined the role of endogenous GLP-2R
signaling for the adaptive mucosal response to deprivation of food and refeeding through studies of the
Glp2r⫺/⫺ mouse. The Glp2r⫺/⫺ mouse intestine is unresponsive to GLP-2 administration and provides a useful
genetic model for studies of the importance of disrupting
GLP-2R– dependent pathways.15 Here, we show that basal
GLP-2R signaling modulates the adaptation to fasting/
refeeding by a mechanism that depends on ErbB activity.
BASIC–
ALIMENTARY TRACT

Materials and Methods
Peptides and Drugs
Recombinant mouse EGF was purchased from
Bachem, Inc (Torrance, CA). Human IGF-1 was purchased from GroPep (Adelaide, Australia). CI-1033 was a
kind gift from Pﬁzer Global Research Inc (Ann Arbor,
MI).

Animals
Wild-type (WT) C57BL/6 mice were obtained
from Taconic (Germantown, NY). Glp2r⫺/⫺ mice were
generated in the C57BL/6 background by replacing 2.45
kilobases of the Glp2r gene, including exons 7–9, with a
neomycin resistance cassette (inGenious Targeting Laboratory Inc, Stonybrook, NY). Genotyping was done as
previously described by polymerase chain reaction (PCR)
on tail DNA.15 All studies used male littermates aged
10 –12 weeks that were bred and housed at the Toronto
General Hospital Animal Resource Centre or the Toronto
Centre for Phenogenomics. All animal protocols were
approved by the University of Toronto Animal Care
Committee.

Fasting and Refeeding Protocol
Mice were housed in single cages lined with a
plastic grid instead of bedding for the duration of the
experiments. All mice had free access to water, but access
to food was restricted at speciﬁc time points as indicated.
Fasted mice had no access to chow beginning at 8:00 –
9:00 AM for 24 hours. Refed mice were deprived of food
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for 24 hours followed by a 24-hour refeeding period with
free access to food. In the EGF/IGF-1 rescue experiments,
3 injections of EGF (0.5 g/g of body weight [BW]) or
IGF-1 (2 g/g of BW) were administered subcutaneously
to mice during the refeeding period, 8 hours apart starting at 0, 8, and 16 hours after food replacement. To
assess the role of ErbB receptor-dependent signaling during the refeeding period, WT mice were deprived of food
for 24 hours and refed for 30, 90, or 180 minutes in the
presence of either vehicle (water) or the pan ErbB inhibitor CI-1033 given subcutaneously at 30 mg/kg of BW 30
minutes before refeeding. All mice received an injection
of 5-bromo-2-deoxyuridine (BrdU) (100 g/g of BW) 1
hour before killing.

Collection of Tissues
Small intestine was removed from killed mice, and
luminal content was gently removed by ﬂushing with
phosphate-buffered saline (pH 7.4). Total weight of the
small intestine was measured and recorded. Jejunum
(10 –20 cm distal to the pylorus) and ileum (10 cm immediately proximal to the ileocecal junction) were
weighed, and 2-cm segments were collected for protein,
RNA, and histologic analyses. Intestinal segments were
ﬁxed in 10% neutral-buffered formalin, parafﬁn embedded, and cut into 3 cross sections. For analysis of RNA
and protein, segments of intestine were snap-frozen in
liquid nitrogen and stored at ⫺80°C.

Morphometry
Crypt plus villus height as well as number of cells
per villus were measured on jejunal cross sections stained
with H&E with the use of a Leica Q500MC image Analysis System (Leica Inc, Cambridge, United Kingdom). An
average of 22 well-oriented villi and 55 well-oriented
crypts from 3 different cross sections was analyzed per
mouse. Immunohistochemistry was carried out for BrdU
with the use of rat monoclonal anti-BrdU antibody (Abcam Inc, Cambridge, MA; catalog no. ab6326). Cell positional BrdU analysis was performed by counting the
number of positively stained cells along well-oriented
half-crypts beginning at cell 1 (base crypt) up to cell 25
(along the crypt-villus axis). An average of 12 half-crypts
was analyzed per mouse.

Real-Time PCR
Total RNA was isolated from a 2-cm section of
jejunum or ileum with the use of TRI reagent (SigmaAldrich, St Louis, MO) according to the manufacturer’s
instructions and quantiﬁed with ultraviolet absorbance
at 260 nm. RNA from each tissue was then subjected to
reverse transcription with the use of Supercript II and
random hexamers (Invitrogen, Carlsbad, CA). Real-time
quantitative PCR was performed with the use of an ABI
Prism 7900 Sequence Detection System with TaqMan
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Gene Expression Assays (Applied Biosystems, Foster City,
CA) for egf (Mm00438696_m1), egfr (Mm00433023_m1),
igf-1 (Mm00439559_m1), igf-1r (Mm00802831_m1), kgf
(Mm00433291_m1), endothelial nitric oxide synthase (eNOS;
Mm00435204_m1), proglucagon (Mm00801712_m1), epiregulin (Mm00514794_m1), amphiregulin (Mm00437583_
m1), c-fos (Mm00487425_m1), hb-egf (Mm00439307_m1),
phlda-1 (Mm00456345_g1), pepck (Mm00440636_m1),
tgf-␣ (Mm00446231_m1), egr-1 (Mm00656724_m1), and
18S. Relative mRNA expression levels were quantiﬁed
with the ⌬–CT method, using 18S ribosomal RNA as the
endogenous control for each tissue.

Western Blot Analysis
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described.15 Rabbit polyclonal antibodies for ErbB2 (1:
500 dilution), eNOS (1:200 dilution), and phosphorylated ErbB2 (Tyr-1248, 1:1000 dilution) were from Santa
Cruz Biotechnologies, Santa Cruz, CA; the rabbit polyclonal ErbB1 antibody (1:1000 dilution) was from Rockland Immunochemicals Inc, Gilbertsville, PA; and the
rabbit polyclonal antibodies against IGF-1R (␤-subunit,
1:1000 dilution), phospho-ErbB1 (Tyr-1068, 1:1000 dilution), phospho-Shc (Tyr-239/240, 1:1000 dilution), phospho-Erk1/2 (Thr-202/Tyr-204, 1:1000 dilution), and
phospho-Akt (Ser-473, 1:1000) were from Cell Signaling
Technologies, Beverly, MA. A mouse monoclonal antibody against heat shock protein 90 (BD Biosciences,
Mississauga, ON, Canada) was used as a loading control
at a 1:2000 dilution.

Plasma GLP-2
Quantiﬁcation of plasma GLP-2 was carried out
with the use of the ALPCO enzyme immunoassay kit for
mouse GLP-2 (Alpco, Salem, NH) according to the manufacturer’s instructions.
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Whole jejunum and ileum segments (2 cm) were
homogenized in ice-cold RIPA buffer (1% Nonidet P-40,
0.5% sodium deoxycholate, and 0.1% sodium dodecyl
sulfate in phosphate-buffered saline) supplemented by
protease and phosphatase inhibitors (Sigma-Aldrich), 5
mmol/L sodium ﬂouride, 5 mmol/L ␤-glycerophosphate,
and 200 mol/L sodium orthovanadate. Protein (35– 40
g) was used for Western blot analysis as previously

GLP-2 AND INTESTINAL ADAPTATION

Figure 1. Intestinal weight, crypt plus villus height, and villus epithelial cell number in mice fed ad libitum, deprived of food, and refed. (A) Small
intestinal, (B) jejunum, and (E) ileum weight of 10- to 12-week-old Glp2r⫺/⫺ mice and Glp2r⫹/⫹ littermate controls fed ad libitum on normal chow (n ⫽
10 Glp2r⫹/⫹; n ⫽ 12 Glp2r⫺/⫺) or deprived of food for 24 hours (n ⫽ 10 Glp2r⫹/⫹; n ⫽ 19 Glp2r⫺/⫺) or refed for 24 hours after a 24-hour period of
nonfeeding (n ⫽ 8 Glp2r⫹/⫹, n ⫽ 12 Glp2r⫺/⫺). (C) Crypt plus villus height in Glp2r⫹/⫹ and Glp2r⫺/⫺ mice deprived of food for 24 hours and refed for
24 hours. (D) Total number of epithelial cells per villus in jejunal sections of fasted and refed mice (n ⫽ 7 fasted Glp2r⫹/⫹; n ⫽ 8 refed Glp2r⫹/⫹; n ⫽
11 fasted Glp2r⫺/⫺; n⫽12 refed Glp2r⫺/⫺ for C and D). There were no signiﬁcant changes in ﬁnal body weights of Glp2r⫹/⫹ and Glp2r⫺/⫺ mice in each
of the groups fed ad libitum, deprived of food, or refed. All values are expressed as the percentage of body weight (% BW). *P ⬍ .05; ***P ⬍ .001,
as indicated and for C and D, vs fasted.
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Statistical Analyses
All results are expressed as mean ⫾ standard error.
The Prism software package (Version 4; GraphPad Software, La Jolla, CA) was used for statistical analyses. Statistical signiﬁcance was established by Student’s t test or
2-way analysis of variance with a Bonferroni post-hoc
analysis as appropriate. Statistical signiﬁcance was deﬁned as P ⬍ .05.

Results
Intestinal Adaptation in the Transition From
Fasting to Refeeding Is Impaired in Glp2rⴚ/ⴚ
Mice
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We ﬁrst assessed whether fasting-refeeding was
associated with a signiﬁcant increase in levels of GLP-2 in
the mouse. Consistent with data from human studies,16
GLP-2 levels rose signiﬁcantly after refeeding in both WT
and Glp2r⫺/⫺ mice (Supplementary Figure 1A). Deprivation of food was associated with a signiﬁcant decrease in
small intestinal weight that was quantitatively similar in
Glp2r⫹/⫹ versus Glp2r⫺/⫺ mice (Figure 1A). In contrast,
refeeding for 24 hours increased small bowel weight in
Glp2r⫹/⫹ but not in Glp2r⫺/⫺ mice (Figure 1A). Changes in
small intestinal weight in response to fasting and refeeding predominantly reﬂected differences in jejunal but not
ileal weights (Figure 1B and E). To identify speciﬁc intestinal compartments responsive to nutrient-dependent
signals, we analyzed jejunal crypt and villus height in
fasted and refed Glp2r⫹/⫹ and Glp2r⫺/⫺ littermate control
mice. A signiﬁcant increase in crypt plus villus height was
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detected in refed Glp2r⫹/⫹ mice (Figure 1C; Supplementary Figure 1B and C); in contrast, although basal crypt
plus villus height in the fasting state was modestly
greater, refeeding was not associated with an increase in
crypt plus villus height in Glp2r⫺/⫺ mice (Figure 1C;
Supplementary Figure 1D and E). We next determined
whether refeeding-associated expansion of the gut epithelium reﬂects changes in the number and/or size of
cells. The total number of cells within villi increased
signiﬁcantly after refeeding in Glp2r⫹/⫹ but not in
Glp2r⫺/⫺ mice (Figure 1D).
To assess whether the failure to increase crypt plus
villus height and cell number after refeeding in Glp2r⫺/⫺
mice reﬂected defective feeding-associated up-regulation
of crypt cell proliferation, we quantiﬁed proliferating
BrdU⫹ cells along the crypt-villus axis. Most proliferating
cells were found in the crypt compartment along cell
positions 5–15 (Figure 2A and B). The number of BrdU⫹
cells was signiﬁcantly increased along the crypt plus villus axis of refed Glp2r⫹/⫹ mice (P ⬍ .001 for cell positions
5–15; Figure 2A and C). In contrast, refeeding was not
associated with changes in the number of BrdU⫹ cells
along the crypt-villus axis in Glp2r⫺/⫺ mice (Figure 2B
and C).
To identify candidate mediators underlying defective
up-regulation of crypt cell proliferation in the Glp2r⫺/⫺
intestine, we analyzed the expression of genes encoding
previously identiﬁed downstream targets of GLP-2 action.15,17–19 Basal levels of egf, igf-1r, kgf, and eNOS mRNA
transcripts were signiﬁcantly (P ⬍ .05) lower in the jeju-

Figure 2. Jejunal crypt cell
proliferation during fasting and
refeeding. (A and B) Positional
analysis of BrdU⫹ cells along the
crypt-villus axis in fasted and refed Glp2r⫹/⫹ (A) and Glp2r⫺/⫺ (B)
mice. Position 1 is designated as
the ﬁrst cell at the bottom of the
crypt. (C) Total number of BrdU⫹
cells counted in positions 5–15
along the crypt-villus axis. (n ⫽ 6
fasted Glp2r⫹/⫹; n ⫽ 8 refed
Glp2r⫹/⫹; n ⫽ 8 fasted Glp2r⫺/⫺;
n ⫽ 9 refed Glp2r⫺/⫺). ***P ⬍ .001
vs fasted control.
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Figure 3. Analysis of gene expression in the jejunum of mice deprived
of food and refed. Levels of mRNA transcripts normalized to levels of
18S are shown for jejunal RNA from fasted and refed Glp2r⫹/⫹ and
Glp2r⫺/⫺ mice as determined by real-time PCR. egf, epidermal growth
factor; egf-r, epidermal growth factor receptor, igf-1, insulin-like growth
factor-1; igf-1r, insulin-like growth factor-1 receptor; kgf, keratinocyte
growth factor; eNOS, endothelial nitric oxide synthase; and ereg, epiregulin (n ⫽ 8 fasted Glp2r⫹/⫹; n ⫽ 8 refed Glp2r⫹/⫹; n ⫽ 12 fasted
Glp2r⫺/⫺; n ⫽ 12 refed Glp2r⫺/⫺). *P ⬍ .05, **P ⬍ .01 vs fasted control;
#P ⬍ .05, as indicated.

num of fasted Glp2r⫺/⫺ mice compared with littermate
Glp2r⫹/⫹ controls (Figure 3). Levels of these transcripts
remained unchanged or decreased in the refed state.
Furthermore, the levels of mRNA transcripts for egfr,
kgf, igf-1, and epiregulin were signiﬁcantly lower in the
refed Glp2r⫺/⫺ intestine compared with refed Glp2r⫹/⫹
littermate controls (P ⬍ .05) (Figure 3). In contrast, we
did not observe changes in jejunum protein levels of
ErbB1, ErbB2, IGF-1R, or eNOS between Glp2r⫹/⫹ and
Glp2r⫺/⫺ mice in either the fasted or refed state (Supplementary Figure 2A and B). Furthermore, no changes
in mRNA or protein levels of egf, egfr, igf-1, and igf-1r
were detected in ileum of refed Glp2r⫹/⫹ versus
Glp2r⫺/⫺ mice (Supplementary Figures 3 and 4).

Because EGF and IGF-1 have been implicated in
the control of GLP-2– dependent small bowel growth,15,19
we hypothesized that intestinal adaptation to refeeding
occurs by GLP-2 through the EGF and/or IGF-1 signaling pathways. To test this hypothesis, we administered
EGF and IGF-1 to separate groups of Glp2r⫺/⫺ mice and
littermate controls during the 24-hour refeeding period.
Administration of EGF had no effect on refed intestinal
or jejunal weights in Glp2r⫹/⫹ mice (Figure 4A and B). In
contrast, exogenous EGF rescued the adaptive response
to refeeding in the small bowel of Glp2r⫺/⫺ mice (Figure
4A and B). The trophic effects of EGF were observed in
the jejunum (Figure 4B) but not the ileum (data not
shown) of refed Glp2r⫺/⫺ mice. Moreover, the increase in
small bowel and jejunal weights in EGF-treated Glp2r⫺/⫺
mice was nearly comparable to the small intestinal and
jejunal weights of refed Glp2r⫹/⫹ mice (Figure 4A and B).
Unlike the actions of EGF, exogenous IGF-1 was unable to increase intestinal weight in refed Glp2r⫺/⫺ mice
(Supplementary Figure 5). The ability of EGF but not
IGF-1 to enhance feeding-associated mucosal adaptation
was not due to differences in expression of receptors for
these ligands because IGF-1R and ErbB receptor levels
were comparable in Glp2r⫹/⫹ versus Glp2r⫺/⫺ mice (Supplementary Figure 2A). To ascertain whether the ErbB
pathway, including downstream targets, is actually functional and dynamically responsive to activation in
Glp2r⫺/⫺ mice, we treated fasted Glp2r⫹/⫹ and Glp2r⫺/⫺
mice with EGF. Levels of phosphorylated ErbB1, ErbB2,
Shc, Akt, and Erk1/2 were signiﬁcantly increased to comparable levels in Glp2r⫺/⫺ and Glp2r⫹/⫹ mice after EGF
treatment, showing that the ErbB signaling network is
intact and functional despite the absence of GLP-2R
signaling (Figure 4C).

ErbB Signaling Controls Gene Expression and
Cell Proliferation in the Refed Small Bowel
The results of the above studies show that exogenous EGF is sufﬁcient for restoration of the adaptive
intestinal response to refeeding in Glp2r⫺/⫺ mice. To
determine the importance of endogenous basal ErbB
signaling in the intestinal adaptation to refeeding, we
examined gene expression and mucosal adaptation in
WT mice deprived of food for 24 hours and refed in
the presence or absence of the pan ErbB inhibitor CI1033.15,20 Fasting selectively reduced mRNA levels for
amphiregulin, hb-egf, and the immediate early genes phlda-1
and c-fos (Figure 5, time 0). After refeeding, a signiﬁcant
induction of mRNA transcripts for amphiregulin, epiregulin, hb-egf, phlda-1, and c-fos was observed in WT mice.
Administration of CI-1033 before refeeding prevented
the up-regulation of these genes (Figure 5). Changes in
gene expression during the refeeding time course were
selective for speciﬁc ErbB ligands because no changes
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EGF but Not IGF-1 Rescues the Refed
Intestinal Phenotype in Glp2rⴚ/ⴚ Mice

2452

BAHRAMI ET AL

GASTROENTEROLOGY Vol. 138, No. 7

Figure 4. Responsiveness of the
murine small bowel to exogenous
EGF administration. Small intestinal
(A) and jejunum (B) weight for
Glp2r⫹/⫹ and Glp2r⫺/⫺ mice deprived of food for 24 hours, refed for
24 hours, or refed for 24 hours with
exogenous EGF administered every 8 hours (n ⫽ 8 fasted Glp2r⫹/⫹;
n ⫽ 8 refed Glp2r⫹/⫹; n ⫽ 12 fasted
Glp2r⫺/⫺; n ⫽ 12 refed Glp2r⫺/⫺).
All values are expressed as the percentage of body weight (% BW).
*P ⬍ .05 vs fasted control. (C) Levels of ErbB-1, phospho-ErbB1,
phospho-ErbB2, phospho-Shc,
phospho-Akt, phospho-Erk1/2,
and heat shock protein 90 (HSP90)
in jejunal extracts from Glp2r⫹/⫹ and
Glp2r⫺/⫺ mice fasted for 24 hours
then treated with vehicle or EGF for
15 minutes (1 g/g of BW subcutaneously, n ⫽ 2 mice per group, 2
independent experiments).
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were detected in the mRNA levels of egf, tgf-␣, igf-1, proglucagon, and kgf (Supplementary Figure 6). As a positive
control for the fasting and refeeding experiment itself, we
assessed levels of the nutrient sensitive enzyme pepck,

known to increase in the fasted small intestine and decrease during the refeeding period.21 Consistent with
previous results, pepck mRNA levels rose during the fasting period followed by a decrease with refeeding (Supple-

Figure 5. Refeeding-induced changes in jejunal gene expression are selectively inhibited by CI-1033. Analysis of mRNA transcript levels of ErbB
ligands (amphiregulin, epiregulin, hb-egf) and immediate early genes (c-fos, phlda-1) in jejunum of WT mice fed ad libitum (ad lib), after 24 hours of
fasting (time 0, fasted), or after refeeding for 30, 90, or 180 minutes in the presence or absence of the pan ErbB inhibitor CI-1033 (n ⫽ 5 per group).
*P ⬍ .05, **P ⬍ .01 vehicle vs CI-1033; ##P ⬍ .01 ad libitum fed vs fasted; $P ⬍ .05, $$P ⬍ .01 fasted vs refed.
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mentary Figure 6). Together, these ﬁndings suggest that
expression of components of the ErbB signaling network
is altered during fasting and refeeding, and treatment
with CI-1033 selectively inhibits ErbB-related gene expression in the refed state.
To assess whether defective regulation of ErbB-dependent gene expression was associated with detectable abnormalities in cell growth, we assessed crypt cell proliferation in mice fed ad libitum or deprived of food for 24
hours and refed for 3 hours in the absence or presence of
CI-1033. Deprivation of food resulted in a decrease in
the crypt cell proliferation rate, and refeeding for 3
hours signiﬁcantly increased the number of proliferating
(BrdU⫹) cells in WT mice (Figure 6A and B). The refeeding-associated increase in crypt cell proliferation was
markedly attenuated in mice treated with CI-1033 (Figure 6A and B). We also observed a signiﬁcant increase in
levels of phosphorylated Akt, a protein known to be
important for growth factor–induced intestinal proliferation,22 in vehicle-treated mice that was completely abrogated in CI-1033–treated mice (Figure 6C).
We next assessed whether loss of the GLP-2R was
associated with defective refeeding-associated expression
of ErbB ligands. Levels of amphiregulin, hb-egf, and epiregulin failed to increase in refed Glp2r⫺/⫺ mice (Figure 7A).
Furthermore, refeeding-induced activation of the downstream ErbB target Akt was signiﬁcantly attenuated in
Glp2r⫺/⫺ versus Glp2r⫹/⫹ mice (Figure 7B). Taken together, these ﬁndings show the importance of basal
GLP-2R signaling coupled to ErbB activation for the
intestinal adaptive response to nutrient repletion.

Discussion
The gut epithelium is a metabolically active organ
with a high rate of cell proliferation that is exquisitely
sensitive to nutrient availability, reﬂecting in part energy
requirements needed to sustain the proliferation, migration, and differentiated functions of the gut mucosa.
Withdrawal of nutrients has been shown to be associated
with a rapid reduction in the mass of the small bowel,
with concomitant evidence for increased apoptosis and a
reduction in the number and size of crypt units.23 A large
number of changes occur in gene expression networks in
response to fasting, particularly in those linked to energy
production and utilization, cell growth, and apoptosis.24
Although complex changes in the expression of genes
also occur in the transition from fasting to refeeding,25
the molecular mediators essential for control of intestinal adaptation remain poorly deﬁned. Our data elucidate
an essential role for the GLP-2R in the control of the
adaptive response to refeeding and implicate the ErbB
network as an important nutrient-sensitive pathway capable of restoring, defective intestinal adaptation that
occurs in the refed Glp2r⫺/⫺ mouse.
The observation that the GLP-2R is expressed on subsets of enteroendocrine cells,26 –28 enteric neurons,27–29
and subepithelial myoﬁbroblasts18 has fostered efforts
directed at elucidating secondary mediators of GLP-2
action, with a predominant focus on molecules with
growth factor-like activity.30 The rapid expansion of the
jejunal mucosa after refeeding strongly implicates a role
for one or more growth factors in the adaptive process.
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Figure 6. Jejunal crypt cell proliferation and levels of phosphorylated Akt during fasting and refeeding in the presence of CI-1033. (A)
Positional cell analysis of BrdU⫹
cells along the crypt-villus axis and
(B) incidence of BrdU positivity
along position 5–15 in mice fed
ad libitum, deprived of food for 24
hours, and refed for 180 minutes
with or without CI-1033. For clarity,
standard error has been omitted for
the data (A). Coefﬁcients of variation
were ⱕ33% (n ⫽ 4–5) *P ⬍ .05;
**P ⬍ .01, as indicated. (C) Jejunal
levels of phosphorylated Akt (PAKT) in mice fed ad libitum, after 24
hours of fasting (time 0), or after
refeeding with or without CI-1033
for the indicated time periods (n ⫽
4–6 mice for ad lib and vehicletreated groups; n ⫽ 3 mice for CI1033–treated group). A representative Western blot is shown. **P ⬍
.01, ***P ⬍ .001 vehicle vs CI1033–treated mice.
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Figure 7. Levels of ErbB ligands and phosphorylated Akt in the jejunum of Glp2r⫹/⫹ vs Glp2r⫺/⫺ mice. (A) mRNA levels of amphiregulin, hb-egf, and
epiregulin in mice of the indicated genotype fasted for 24 hours (time 0) and refed for 30, 90, and 180 minutes (n ⫽ 6 – 8 per group). (B) Levels of
phospho-Akt (P-AKT) in mice fasted for 24 hours and refed for 90 minutes (n ⫽ 4 – 6 per group). **P ⬍ .01 Glp2r⫹/⫹ vs Glp2r⫺/⫺. A representative
Western blot is shown. (C) Summary ﬁgure depicting the role of GLP-2R/ErbB signaling in refeeding-induced mucosal adaptation.

Moreover, we have now shown that Glp2r⫺/⫺ mice exhibit
a profound defect in refeeding-associated crypt cell proliferation. Hence, it seems logical to focus on candidate
mediators of GLP-2 action, principally keratinocyte
growth factor (KGF), IGF-1, and EGF, to further understand how loss of GLP-2R signaling results in defective
intestinal adaptation. Although exogenous KGF promotes intestinal growth in refed rats, the effects of KGF
are prominent in the colon, whereas KGF did not alter
parameters of small bowel growth in rats deprived of
food.31 Similarly, although circulating IGF-1 and intestinal levels of IGF-1 mRNA transcripts are reduced in the
fasted state,6 and the GLP-2 antagonist GLP-2(3-33) reduced the plasma levels of IGF-1 in rats after refeeding,7
our data clearly show that exogenous administration of
IGF-1 did not rescue the defect in small bowel growth in
fasted Glp2r⫺/⫺ mice.
In contrast several lines of evidence implicate an essential role for EGF/ErbB signaling as an important compo-

nent of the adaptive intestinal response to refeeding.
First, refeeding selectively induced intestinal expression
of speciﬁc ErbB ligands. Furthermore, inhibiting ErbB
receptor activity with CI-1033 prevented the refeedingassociated induction of epiregulin, amphiregulin, and hb-egf
as well as their downstream target genes such as c-fos,
phlda-1, and Akt. Up-regulation of ErbB activity during
refeeding appears to be critical for crypt cell proliferation
because treatment with the ErbB inhibitor CI-1033 signiﬁcantly reduced the number of BrdU⫹ cells. Strikingly,
not only are key ErbB ligands (amphiregulin, epiregulin,
and hb-egf) up-regulated in refed WT mice, the levels of
these genes fail to increase in refed Glp2r⫺/⫺ mice. We
previously demonstrated that pharmacologic GLP-2 administration increases expression of amphiregulin, epiregulin, and hb-egf. Our current ﬁndings show that genetic
disruption of the Glp2r results in defective up-regulation
of these genes during refeeding, in association with signiﬁcantly reduced crypt cell proliferation. Moreover, ex-

ogenous EGF rescues this refeeding associated defect in
Glp2r⫺/⫺ mice. Our data highlighting the role of endogenous intestinal ErbB signaling in the transition from the
fasted to the refed state are consistent with data implicating exogenous luminal EGF in the prevention of starvation-associated mucosal atrophy in the small bowel of
rats deprived of food.32
Previous studies have shown that pharmacologic
GLP-2 administration leads to Akt activation in the porcine33 and murine34 gut. We extend these ﬁndings by
demonstrating that refeeding is associated with pronounced Akt activation and that inhibition of ErbB activity with CI-1033 signiﬁcantly attenuated the refeedingassociated Akt activation in the murine small bowel
(Figure 6C). Furthermore, Glp2r⫺/⫺ mice exhibit impaired up-regulation of intestinal Akt activity after
refeeding. These ﬁndings are consistent with the essential
role of the phosphoinositide-kinase/Akt pathway in
the control of normal and neoplastic intestinal cell
growth22,35 and provide further evidence linking endogenous basal GLP-2R and ErbB activity to downstream
signaling pathways regulating intestinal cell growth (Figure 7C).
Our recent studies have shown that both EGF and
GLP-2, but not IGF-1 or KGF, regulated an overlapping
set of ErbB ligands and immediate early genes in the
murine gut.15 Intriguingly, exogenous administration of
EGF has also been shown to increase the circulating
levels of enteroglucagon, and by implication GLP-2, in
parenterally fed rats.36 Hence, it is tempting to speculate
that GLP-2 and one or more ErbB ligands represent
components of a nutrient-sensitive network functioning
to maintain the mucosal epithelium in an optimized
state to enhance the capacity for nutrient absorption.
Given the evolving complexity of GLP-2 action, it seems
likely that additional as yet unidentiﬁed mediators of
GLP-2 action contribute to maintenance of epithelial
growth and function in the normal and adaptive small
bowel.
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Note: To access the supplementary material
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