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Abstract Glucagon-like peptide-2 (GLP-2) is an enteroen-
docrine hormone which is uniquely trophic for the intestine;
a physiological role in regulating nutrient absorptive capac-
ity is becoming apparent. GLP-2, independent of enteral
feeding, stimulates a classical pattern of intestinal adapta-
tion in terminal ileum following resection. Herein we inves-
tigate the effects of GLP-2 on the jejunal remant using a
rat model of short bowel syndrome (SBS). Juvenile 250- to
275-g SD rats underwent 80% distal small bowel resection,
leaving 20 cm of proximal jejunum and venous catheteriza-
tion. Animals were maintained with total parenteral nutrition
(TPN) or TPN + 10 µg/kg/hr GLP-2 (n = 8 per group). Af-
ter 7 days, intestinal permeability was assessed by urinary
recovery of gavaged carbohydrate probes. Animals were eu-
thanized, and the intestines taken for analysis of morphol-
ogy, crypt cell proliferation, apoptosis, and expression of
SGLT-1 and GLUT-5 transport proteins. GLP-2 treatment
reduced intestinal permeability and increased in vivo glu-
cose absorption, small intestinal weight, surface area, villus
height, crypt depth, and microvillus height. Intestinal mu-
cosal DNA and protein content per unit length of the small
bowel were increased (P < 0.05 for all comparisons). How-
ever, in contrast to previous studies examining GLP-2’s ef-
fects on remnant ileum, the jejunal crypt apoptotic index
was increased in GLP-2-treated animals, with no increase
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in SGLT-1 or GLUT 5 expression. These results show that
exogenous GLP-2 treatment of animals with jejunal rem-
nant reduces intestinal permeability, increases glucose ab-
sorption, and stimulates morphological features of intestinal
adaptation including increased micovillus height and surface
area. However, the pattern of changes seen is different from
that in remnant ileum. This suggests that GLP-2’s effects
are specific to different regions of the bowel. Nonetheless,
remnant jejunum is responsive to GLP-2 in the absence of
enteral nutrition. Further studies are warranted to establish
the mechanisms of action and therapeutic potential of GLP-2
in modulating nutrient absorptive capacity.

Keywords Short bowel syndrome . Total parenteral
nutrition . Nutrition absorption . SGLT-1 .

Intestinal adaptation

Introduction

The intestine possesses a remarkable ability to increase its
functional capacity in response to changes in nutrient avail-
ability or to intrinisic variations in function of the intestine
itself such as occurs with disease or following resection. This
phenomenon is known as intestinal adaptation [1–3]. Fol-
lowing surgical resection, if the residual bowel is not able
to compensate, malabsorption ensues, resulting in so-called
short bowel syndrome (SBS). An appreciation of the role of
glucagon-like peptide 2 (GLP-2) as part of the physiolog-
ical regulation of nutrient absorptive capacity is emerging.
GLP-2 is a 33-amino acid member of the PACAP (pitu-
itary adenylate cyclase activating peptide) glucagon super-
family [4], which has been shown to be trophic to the entire
gastrointestinal (GI) tract [5, 6]. GLP-2 is produced in the
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distal ileum and proximal colon by intestinal L-cells [7–9].
In response to ingestion of nutrients, L-cells release GLP-1,
PYY, and GLP-2; these “hindgut” hormones appear to sig-
nal nutrient availability or excess to the animal and initiate
a coordinated metabolic and functional response [10, 11].
The release of these hormones from the L-cell is signaled
via both vagally mediated pathways (in turn stimulated by
nutrients in the proximal gut) and direct stimulation (nutri-
ents in distal bowel); long-chain fatty acids appear to be the
most potent stimuli [8, 10, 12, 13]. GLP-2 has been shown
to affect gastric and small intestinal motility, epithelial per-
meability, crypt cell proliferation, and nutrient absorption [8,
14, 15]. At the cellular level GLP-2 activates a specific G-
protein-coupled receptor [16], which has been localized to
the enteric neuronal system [16–18]. The precise pathways
involved are unclear; there are conflicting data suggesting
that GLP-2 may act on intestinal epithelial cells directly or
via intermediate enteroendocrine cell activation [19–22]. It
is clear that administration of exogenous GLP-2 to intact
animals results in hypertrophy throughout the GI tract, with
increases in villus height, crypt depth, protein content, and
bowel weight [5, 6, 10]. GLP-2 has also been shown to in-
crease the activity of specific sugar transport proteins (SGLT-
1 and glut-2), intestinal blood flow, and glucose uptake
[23, 24].

We have recently shown that following proximal intesti-
nal resection the remnant ileum produces increased levels of
GLP-2 and that postprandial GLP-2 levels are inversely cor-
related with the nutrient absorptive capacity of the residual
bowel [13]. We have also demonstrated that GLP-2 alone,
independent of enteral feeds, will stimulate the classical fea-
tures of adaptation with remnant ileum [25]. However, the
specific features of GLP-2 stimulation of remnant jejunum
after massive intestinal resection have not been studied. This
is particularly important given the frequency and severity
of this situation clinically [2]. Extensive experience suggests
that following massive resection remnant ileum is much more
able to adapt and up-regulate nutrient absorptive capacity
than jejunum [2, 26]. It is unclear whether these differences
are due to a differential regional sensitivity to signals stim-
ulating adaptation or alterations in the physiologic signals
themselves with different remnant sections of intestine. Af-
ter distal ileal resection, it is likely that the production of
GLP-2, even with significant nutrient malabsorption, will be
reduced [27]. This may be particularly important in human
infants; we have shown that this population does not appear
to be able to produce GLP-2 by colonic stimulation [28].
This may be species or age specific; in rodent studies with
juvenile adult animals we have shown that remnant jejunum
and colon produce elevated levels of GLP-2 after resection,
as do adult human patients with similar anatomy [27, 29].

The present study was undertaken to determine if exoge-
nous GLP-2 alone will induce adaptation in remnant jejunum

following massive intestinal resection. We defined adapta-
tion primarily as an increase in intestinal villus height and
crypt depth, resulting in an increase in intestinal mucosal
surface area and nutrient absorptive capacity. We also ex-
amined gross intestinal morphology (wet weight, protein,
and DNA content), cellular kinetics (crypt cell prolifera-
tion [CCP], crypt cell apoptosis), and transporter expres-
sion (SGLT-1, Glut-5). We show that remnant jejunum does
show adaptation in response to exogenous GLP-2 with-
out enteral feeding, but the pattern of response is distinct
from that seen in remnant ileum under similar experimental
conditions.

Materials and methods

Animal care and maintenance

These studies were conducted following the guidelines of
the Canadian Council for Animal Care, with approval of
the Animal Care Committee at the University of Calgary.
Juvenile male Sprague Dawley (SD) rats (Charles River,
Montreal, PQ, Canada) weighing 260–280 g were housed in
metabolic caging and acclimatized for 7 days prior to exper-
iments. Animals were maintained under controlled standard
lab parameters of controlled temperature and humidity and
12-hr light/dark cycles. Animals were maintained on a liquid
diet (Ensure Plus; Abbott Laboratories, Saint-Laurent, PQ,
Canada), 50 ml daily, for 2 days prior to surgery.

Using our previously described methods [25, 29], animals
underwent an 80% distal small intestinal resection, leaving
20 cm of proximal jejunum anastomosed to the ascending
colon. All procedures were done following an overnight fast
using halothane anesthetic and aseptic technique. Animals
received preoperative and postoperative cefazolin through-
out the study (50 mg/kg/day; Novapharm, Toronto, ON,
Canada). Procedures were done with the aid of an operat-
ing microscope (NM 114; J. K. Hoppl, New York, USA).
Bowel anastomosis was completed with interrupted sutures
of 6-0 silk (Davis-Geck, Peterborough, ON, Canada) and the
abdomen was closed with a 4-0 absorbable suture. We have
found that the surgical stress and weight loss of doing a re-
section and catheter insertion in 1 day are excessive. Thus an-
imals were allowed to recover for 24 hr, then reanesthetized,
and a Silastic catheter, 1.6 mm in outer diameter (Bentec
Medical Inc., Woodland, CA, USA), was inserted into the
right jugular vein, tunneled out of the back, and attached to
a standard free swivel device (Harvard Labs, Boston, MA,
USA).

Total parenteral nutrition (TPN) was delivered by a mul-
tichannel syringe pump (Pump 22 infusion pump; Harvard
Apparatus Canada). Animals were randomly assigned to the
TPN only or the TPN + GLP2 group (n = 8 each). In order
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to prevent hyperglycemia, the concentration of glucose was
increased over 3 days. For the first day all animals were main-
tained with 60 ml/day low-concentration TPN (4% amino
acids, 10% dextrose and electrolyte) solution. On the sec-
ond day all animals were maintained with 60 ml/day of
half-strength TPN. Then from the third day to the end of
the experiment (day 8) all animals received 60 ml/day TPN
(50 ml Travasol, 5% amino acids with 25% dextrose and
added 57 mM NaCl, 20 mM KCl, 7.2 mM CACl2, 3.2 mM
MgSO4, 15 mM KPO4; Baxter Labs, Toronto, ON) and mul-
tivitamins 1000 (5 ml/L; Sabex Inc., Toronto, ON) mixed
with 10 ml 20% Intralipid (Kabi Pharmacia, Montreal, PQ,
Canada). Thus the total daily intake was 300 cal/kg body
weight. GLP-2 animals received human GLP-21–33 (recom-
binant; NPS Pharmaceuticals, Toronto, ON, Canada) mixed
with their daily volume of TPN, at a total dose of 10 µg/kg/hr.
GLP-2 dosage was based on our previous studies, aiming for
a target level of 6 ng/ml, or approximately twice the nor-
mal postprandial peak with massive proximal resection and
remnant ileum [25, 29]. All animals were reviewed daily
for well-being, ensuring normal grooming and activity. The
animals were reweighed on day 7 and the final day of the
experimental period, day 8.

Intestinal glucose absorption/permeability

Intestinal absorption of 3-O-methylglucose (3-O-MG), man-
nitol (Man), and lactulose (Lac) was used as a marker of
intestinal transport capacity and permeability. 3-O-MG is
actively transported by the SGLT-1 contransporter, while
Man and Lac are absorbed passively through transcellular
pathways (Man) and intracellular gaps in the tight junc-
tions (Lac) [30, 31]. Rats were preconditioned to handling
by daily sham gavage during the acclimatization period.
On day 7, the animals were gavaged with a 2-ml solution
containing 60 mg 3-O-MG, 40 mg Man, and 60 mg Lac
(352 mOsm/L). Urine was collected over the next 20 hr, the
volume was recorded, and samples were frozen for analysis.
We have previously shown that sugars in the urine in this
system are stable during the collection period (<3% loss
[31]). The samples were batch analyzed for the presence of
the carbohydrate probes by high-performance liquid chro-
matography (HPLC). In brief, the urine was filtered through
a 0.4-µm filter, diluted, deionized, and then injected onto a
Dionex MA-1 ion exchange column (Dionex Corp., Sunny-
vale, CA, USA). The sugars were eluted with NaOH at a
flow rate of 0.4 ml/min at concentrations ranging from 400
to 600 µm/L, and the peaks detected using pulse and am-
perometric detection on a Dionex HPLC and quantitated as
peak areas. Calibration was performed daily with authenti-
cated samples. The data are reported as absorbance, reflect-
ing the percentage of the gavaged amount recovered in the
urine.

Intestinal morphology and histology

On the morning of day 8, animals were injected with 50
mg/kg 5-bromo-2′-deoxyuridine (BrdU; Sigma-Aldrich Co.,
St. Louis, MO, USA) ip, 1 hr prior to sacrifice. At sacrifice,
animals were first anesthetized with an intravenous injection
of ketamine (10 mg/kg), and the TPN/GLP-2 infusion was
stopped. Within 2 min, blood was drawn by cardiac punc-
ture for GLP-2 determinations. Animals were then eutha-
nized with an overdose of sodium pentobarbital (50 mg/kg
iv; Huntington Labs, Toronto, ON, Canada) and tissues were
harvested.

Morphology: gross and microscopic

Gross intestinal morphology was assessed using standard-
ized methods [25]. Briefly, the remnant bowel was resected
from the pylorus to the rectum, the mesentery was removed,
and using a standardized tension (10-g weight), bowel length
was measured from the duodenojejunal (DJ) junction to the
anastomotic site along the antimesenteric border and, for the
colon, from the anastomotic site to the rectum. The intestinal
circumference was measured midway between the ligament
of Treitz and the anastomotic site, and colonic circumference
was measured at the middle colic artery. The bowel was then
quickly opened along the antimesenteric border and rinsed in
cold saline. The intestinal remnants were weighed and sam-
ples for morphologic analysis were harvested 4 cm above the
anastomosis and fixed in 10% formalin. The adjacent aboral
4 cm of small bowel and a portion of the ascending colon
were frozen for protein analysis. Paraffin sections were cut at
6-µm thickness and then stained with hematoxylin and eosin.
An observer blinded to the origin of the intestinal tissue as-
sessed morphology. For each slide, measurements of villus
height, villus width, crypt depth, and number of villi/100 µm
were recorded for a minimum of 10 well-oriented villus/crypt
units using an ocular micrometer [32]. The serosal and villus
surface area was used to estimate the total intestinal surface
area using previously described methods [33].

At the time of tissue harvesting for conventional mi-
croscopy, in four animals from each group, a 5-mm rim of je-
junal tissue was harvested for electron microscopy, using pre-
viously described methods [34, 35]. In brief, the tissue was
opened, pinned, and fixed in 5% glutaraldehyde/phosphate
buffer. Tissues were postfixed in 1% OsO4 for 2 hr, de-
hydrated in graded alcohols, treated with propylene oxide,
and then embedded in Spurr’s low-viscosity medium (J. B.
EM Services, Dorval, PQ, Canada). Ultrathin sections were
obtained and double stained with uranyl acetate in 50%
ethanol and 0.4% lead citrate. Micrographs were obtained
from the midvillus region of the sections, as selected by
a low-magnification view of the complete villus. Duplicate
measurements from each micrograph were obtained by an
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observer blinded as to study conditions, and jejunal midvil-
lus brush border area was calculated as previously described
[34].

Crypt cell proliferation/apoptotic rates

Crypt cell proliferation and apoptotic rates were quantified
using BrdU as a label of actively dividing cells within the
crypt and caspase-3 staining as an indicator of apoptosis
[25, 36]. BrdU staining was done using our previously val-
idated methods, which have been shown by other authors
to correlate well with epithelial cell turnover in the rat [37,
38]. In brief, deparaffinized sections were denatured with
1 M HCl for 1 hr at 60◦C and then blocked for 2 hr with
phosphate-buffered saline (PBS [mM]: 130 NaCl, 2.7 KCl,
8.1 NaHPO4, 1.5 KH2 PO4, pH 7.3) blocking solution con-
taining 10% normal goat serum and 1% bovine serum al-
bumin (BSA). The jejunal tissue was then incubated in a
1:200 dilution of monoclonal mouse BrdU primary antibody
(Sigma) in the same blocking solution at 4◦C overnight.
Crypt cells incorporating BrdU were detected by immunoflu-
orescence with a Cy3-conjugated anti-mouse IgG secondary
(Jackson Immunoresearch Labs, West Grove, PA, USA). Ten
consecutive well-oriented crypts per slide were reviewed by
an observer blinded as to tissue source and reported as the
number of BrdU-staining cells per crypt.

The rate of apoptosis in the crypts was quantified by
immunohistochemical staining for intracellular activated
caspase-3, using previously validated methods [25, 39]. Acti-
vated caspase-3 is the first step of the common final common
pathway of apoptosis; staining is detectable before evidence
of nuclear changes or TUNEL staining [39]. In previous
studies, we have found that villus staining is variable, so
this was not done in the present study [25]. In brief, 6-µm
paraffin sections were deparaffinized and blocked with 3%
hydrogen peroxide for 30 min to reduce endogenous peroxi-
dase activity. Following a 1-hr incubation in blocking buffer
(2% BSA, 0.2% milk, 2% normal goat serum, 0.8% Triton
X-100 in PBS), the slides were treated overnight at 4◦C with
either a 1:500 dilution of anti-active caspase-3 antibody (BD
PharMingen, Canada) or a 2% BSA/PBS blocking buffer
(control). After several washings, the slides were incubated
with a 1:25 dilution of horseradish peroxidase-conjugated
anti-rabbit IgG for 2 hr at room temperature. Diaminobenzi-
dine (DAB; Vector kit; Vector Laboratories, USA) was added
to visualize activated caspase-3. Slides were counterstained
with Mayer’s hematoxylin and analyzed. Counts are reported
as caspase-3 positive-staining cells per crypt.

Intestinal transporter quantification

In order to assess treatment effects on the expression of in-
testinal transporter proteins, tissue levels of SGLT 1 and

GLUT-5 were quantified using Western blot analysis. In
brief, previously snap-frozen samples of jejunum mucosa
were thawed, then homogenized in 2.5 mM EDTA, and
aliquots were placed in Laemmli’s sample buffer (Sigma
Chemical Co.). The protein concentration was determined
by Lowry assay [40]. Protein samples were separated by
sodium dodecyl sulfate (SDS)–polyacrylamide gel elec-
trophoresis and electrotransferred onto PVDF transfer mem-
branes (Amersham Pharmacia Biotech, Buckinghamshire,
England). The resulting blots were blocked with 5% non-
fat dry milk in PBS containing 0.05% Tween 20 and then
incubated for 24 hr at 4◦C with 1:5000 anti-SGLT-1 anti-
body or 1:2500 anti-GLUT-5 (both from Chemicon, USA).
The membranes were then washed and incubated with HRP:
anti-rabbit IgG at 1:3000 (Amersham) for 2 hr at room
temperature, and positivity was detected by enhanced
chemiluminescence with ECL western blotting detec-
tion reagents (Amersham) on X-OMAT AR film (East-
man Kodak Co., Rochester, NY, USA). Band density
(OD/mm2) was determined using a calibrated imaging den-
sitometer (GS-710; BioRad) and Quantity One software
(BioRad).

Serum GLP-2 quantification

Blood draws were completed in the morning on the day of
sacrifice. The blood was drawn into heparinized syringes,
transferred into chilled EDTA tubes, and centrifuged
(in <10 min from the original draw) at 2500g × 10 min
at 4◦C. The serum was collected and placed into cryovials
containing 1 mM phenylmethylsulfonyl fluoride (PMSF;
in 90% ethanol), quickly frozen on dry ice, and stored
at − 70◦C until analysis. Using our previously described
methods , total GLP-2 levels (GLP 1 to 33 and 3 to 33) were
measured using an ELISA based on a polyclonal antibody
(ALE0303; NPS Pharmaceuticals, Mississauga, ON) spe-
cific for GLP-2 1-33 and 3-33 [13]. This assay measures both
the active (1-33) and the inactive (3-33) forms of GLP-2,
however, the aggregate level is highly correlated with the
level of active GLP-2, as determined by 1-33 GLP-2 specific
radioimmunoassay [13].

Statistical methods

All data are expressed as means ± SE. Comparisons between
groups were done using Student’s t test with P < 0.05.

Results

GLP-2 supplementation of TPN induced significant adaptive
changes within the remnant jejunum (Table 1). Both groups
gained weight over the 8-day study period; there were no
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Table 1 Body weight (BWT) and organ weights

Small bowel Total protein DNA content
BWT weight Small bowel Colon weight Colon (µg/cm (µg/cm

Group (% change) (g) (% BWT) (g) (% BWT) jejunum) jejunum)

TPN 6.5 ± 5.1 1.3 ± 0.3 0.53 ± 0.10 1.47 ± 0.15 0.58 ± 0.03 1600 ± 310 4.61 ± 0.24
GLP-2 + TPN 8.3 ± 2.9 2.7 ± 0.4∗ 1.03 ± 0.16∗ 1.66 ± 0.34 0.64 ± 0.15 3050 ± 570∗ 6.80 ± 1.28∗

Note. Mean ± SE. Groups: TPN alone vs TPN + GLP-2 (10 µg/kg/hr GLP-2 1-33). n = 8 in each group. GLP-2 treatment resulted in a significant
increase in small bowel weight and protein and DNA content of bowel per unit length. See text for details of bowel measurement techniques.
∗P < 0.05 vs TPN group.

significant differences between the groups. Animal well-
being (grooming, activity) was also similar for both groups;
all animals completed the study. GLP-2 treatment induced a
significant increase in small bowel weight both in absolute
terms and as a percentage of total body weight. However,
the weight of the colon was not affected, nor were there
changes in kidney or liver weights between the groups (data
not shown). As expected, in the TPN + GLP-2 animals, to-
tal GLP-2 levels were significantly increased versus those in
the animals given TPN alone (11.4 ± 3.4 vs 0.2 ± 0.1 ng/ml;
P < 0.002).

Intestinal glucose absorption/permeability

GLP-2 treatment resulted in a significant increase in 3-O-
MG absorption and permeability to Lac, and the Lac/Man
ratio was decreased in the TPN + GLP-2 groups (P < 0.05;
Table 2). Further, the ratio of 3-O-MG absorption (active
transport) to Man (passive uptake) was significantly in-
creased in the TPN + GLP-2 animals (Table 2).

Morphology: gross and microscopic

GLP-2 treatment did not result in a significant change in
jejunal length or width. However, the microscopic indexes
of villus height and crypt depth were increased, as was the
calculated total mucosal surface area (P < 0.05; Table 3a
and Fig. 1a).

In addition, examination of the ultrastructural morphology
showed a GLP-2-associated increase in microvillus height
and density, with an overall increase in microvillus surface
area per unit of villus mucosal surface (P < 0.05; Table 3b
and Fig. 1b).

Crypt cell proliferation/apoptotic rates

TPN + GLP-2 therapy resulted in a significant increase in
crypt cell proliferation rates (CCPRs) (P < 0.05; Fig. 2).
GLP-2 therapy was also associated with an increase in
caspase-3 positive-staining cells within the jejunal remnant
crypt cell compartment (P < 0.02; Fig. 3).

Table 2 Glucose absorption/permeability

Group 3-O-MG (%) Man (%) Lac (%) Lac/Man ratio 3-O-MG/Man ratio

TPN 61.9 ± 2.5 21.7 ± 3.0 18.1 ± 2.6 0.81 ± 0.07 2.91 ± 0.34
TPN + GLP-2 68.9 ± 2.4∗ 18.1 ± 1.2 10.0 ± 1.0∗ 0.56 ± 0.05∗ 4.08 ± 0.32∗

Note. Mean ± SE. Groups: TPN alone vs TPN + GLP-2 (10 µg/kg/hr GLP-2 1-33). n = 8 in each group. 3-O-Methyl glucose (3-O-MG), mannitol
(Man), and lactulose (Lac) absorption as percentage of enteral dose recovered in urine over 20 hr. GLP-2 treatment increased absorption of 3-O-MG
both in absolute terms and as a ratio to passive Man absorption and reduced absorption of Lac and Lac/Man ratio.
∗P < 0.05 vs TPN group.

Table 3a Gross and microscopic morphology

Jejunal Jejunal Villus height Crypt depth Villus density Crypt/villus Intestinal mucosal
Group length (cm) diameter (cm) (µm) (µm) (villi/mm2) ratio surface area (mm2)

TPN 20.5 ± 0.7 0.41 ± 0.02 530 ± 58 157 ± 16 8.4 ± 1.0 0.30 ± 0.03 165,000 ± 1,000
TPN + GLP-2 23.1 ± 1.2 0.52 ± 0.04 810 ± 28∗ 205 ± 26∗ 8.0 ± 0.8 0.26 ± 0.03∗ 260,000 ± 1,500∗

Note. Mean ± SE. Groups: TPN alone vs TPN + GLP-2 (10 µg/kg/hr GLP-2 1-33). n = 8 in each group. GLP-2 treatment resulted in a significant
increase in villus height, crypt depth, crypt/villus ratio, and intestinal mucosal surface area. See text for details of bowel measurement techniques.
∗P < 0.05 vs TPN group.
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Table 3b Microvillus ultrastructural morphology

Density Surface area
Group Height (µm) Width (µm) (villi/µm2) (µm2)

TPN 1.9 ± 0.06 0.2 ± 0.1 15.4 ± 0.4 3.1 ± 0.2
TPN + GLP-2 2.3 ± 0.06∗ 0.2 ± 0.1 17.4 ± 0.6∗ 4.7 ± –0.4∗

Note. Mean ± SE. Groups: TPN alone vs TPN + GLP-2 (10 µg/kg/hr GLP-2 1-33). n = 4 in each group. GLP-2 treatment resulted in an increase
in microvillus height, density, and surface area.
∗P < 0.05 vs TPN group.

Nutrient transporter expression

There were no differences in SGLT-1 or GLUT-5 protein
expression between the TPN-maintained animals and the
GLP-2 + TPN animals (Figs. 4 and 5).

Discussion

Intestinal adaptation has classically been studied by examin-
ing the postresectional changes occurring in spontaneously
feeding animals. The results of the present study show that in
animals supported entirely with parenteral nutrition, exoge-
nous GLP-2 induces a specific pattern of adaptive changes
in remnant jejunum. Overall the pattern is similar to that
described in our previous study of GLP-2-induced adapta-
tion in remnant ileum; however, there were some signifi-
cant differences. There appears to be change in the rate of
breakdown of exogenous GLP-2 with remnant jejunum vs
ileum. In previous studies of animals with an ileal remnant
model, using an identical infusion protocol, GLP-2 levels
were 6.0 ± 1.2 ng/ml, whereas in the present study levels
were nearly doubled, at 11.4 ± 3.4 ng/ml [25]. This sug-
gests that in different regions of the intestine there may be

intrinsic or resection-induced variations in dipeptidyl pepti-
dase IV (DPP-IV) activity, the primary breakdown pathway
of GLP-2 [41]. It is very unlikely that the increase in GLP-2
levels noted was due to any increase in native production
since the TPN-alone animals had negligible GLP-2 levels.
Further studies are suggested to examine the relationship
between resection and GLP-2 metabolism.

Importantly GLP-2 was shown to induce an increase in
crypt cell proliferation and an increase in villus height and
crypt depth in remnant jejunum. Overall, there was a signif-
icant increase in small intestinal weight, protein, and DNA
content (Table 1). The effects were similar to those seen in the
ileal remnant using a similar rodent model [25], and parallel
aspects of the effects in jejunum seen in a porcine model,
supported by TPN [42] and studies done in rats maintained
on enteral nutrition [43]. Comparisons with these studies
suggest that there may be a dose relationship between GLP-
2 and crypt cell proliferation. In studies using a neonatal
pig model, using a lower and intermittent dose of GLP-2,
no increase in CCPR was noted; however, in studies us-
ing a higher intermittent dose, or continuous infusion as in
the present study, a definite increase in crypt cell prolifera-
tion rate was noted [42, 43]. It is interesting to note that in
our studies in spontaneously adapting, enterally fed animals,

Fig. 1 (A) Jejunal morphology. Microscopic sections stained with
hematoxylin and eosin. Treatment groups: TPN and TPN + GLP-2
jejunum. TPN + GLP-2 rats showed a significant increase in villus
height, crypt depth, and mucosal surface area (see also Table 3a). (B)
Jejunal microvilli. Electron microscopy sections representative of TPN

and TPN + GLP-2 jejunum. TPN + GLP-2-maintained rats had a sig-
nificant increase in microvillus height, density, and surface area (see
also Table 3b). Representative photos. (Original magnifications: A,
× 20,000; B, × 10.)
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Fig. 2 (A) BrdU immunoreactivity in the crypt region of the jejunum.
Sections show BrdU staining of TPN-only or TPN + GLP-2 animals.
Crypt cells incorporating BrdU were stained with monoclonal BrdU
primary antibody and visualized with Cy3 anti-mouse IgG. Arrows
indicate typical staining; all staining indicates BrdU-positive nuclei.
(Secondary magnification, × 40.) (B) Crypt cell proliferation changes
as assessed by BrdU immunoreactivity. There was a significant in-
crease in the TPN + GLP-2-treated group (∗P < 0.05 vs. TPN alone).
Mean ± SE BrdU immunoreactive cells per crypt

both basal and meal-stimulated levels of GLP-2 were ele-
vated to the range of 7–9 ng/ml (using the same assay as in
the present study). CCPR was best correlated with peak post-
prandial levels [13]. Further study is required to determine if
the variations in the described effects of GLP-2 on CCPR are
due to species differences or variations in the dosing level
and/or pattern.

An unexpected finding of the present study was a signif-
icant increase in apoptosis within the crypt compartment in
the remnant jejunum of GLP-2-treated animals. In our pre-
vious studies we saw a nonsignificant increase in apoptotic
rates in remnant ileum stimulated with exogenous GLP-2,
while other authors have suggested a GLP-2-induced de-
crease in apoptosis [25, 42]. These results are similar to the
variation in the described effects of resection on apoptosis.
For example, in studies using an enterally fed mouse model
of SBS [36, 44–46], the adapting remnant ileum shows a con-
sistent increase in apoptosis, which has been related to EGF
receptor signaling and bax expression. Conversely, in stud-

Fig. 3 (A) Activated caspase-3 immunoreactivity in crypt region
of jejunal mucosa. Representative active caspase-3 staining (arrows)
in the jejunum of the TPN and TPN + GLP-2 groups. Note the
increase in caspase-3-immunopositive cells in TPN + GLP2 com-
pared to TPN-only tissue. As described under Materials and Meth-
ods, antiactivated caspase-3 antibody was visualized with horseradish
peroxidase-conjugated anti-rabbit IgG. Slides were counterstained
with Mayer’s hematoxylin. (B) Activated caspase-3 immunoreactiv-
ity. Counts are reported as activated caspase-3 positive-staining cells
per crypt (mean ± SE; ∗P < 0.002 vs TPN alone). GLP-2 treatment
was associated with a significant increase in the number of activated
caspase-3-positive cells per crypt

ies using mice, TPN-maintained pigs, or GLP-2-transfected
cell models, and varyious methods of assaying apoptosis,
GLP-2 has been suggested to decrease apoptosis [42, 46–
48]. The results of the present study suggest that continual
GLP-2 stimulation results in an increase in crypt compart-
ment apoptotic rates in the jejunum. The reason for this is
not intuitive but could be related to changes in crypt cell
“selection” for absorptive function of the enterocyte [3, 17,
37]. In this paradigm, activation of the crypts results in in-
creased production of all intestinal cell lines, with subse-
quent selection for apoptosis of nonabsorptive phenotypes
(e.g., enteroendocrine, mucus producing cells) during the
maturation phase through the crypts [17, 49]. The variations
in the described effects of GLP-2 on apoptosis seen in other
reports may relate to differential GLP-2 effects at different
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Fig. 4 SGLT-1 protein expression in jejunal mucosa. Mean ± SE op-
tical density of western blots of SGLT-1 expression in jejunal mucosa
scrapings (see text for methods). n = 8 in each group. There were no
significant differences in SGLT-1 protein expression between the two
groups

sites of the intestine, varying doses, species differences, or
variations in testing methodology. The results of the present
study suggest that GLP-2 in vivo induces an increase in crypt
compartment apoptosis, which is similar to that described in
spontaneously adapting, enterally fed animals following re-
section; this important point requires further direct study.

We did not see an effect of GLP-2 on the active or pas-
sive glucose transporter SGLT-1 or GLUT-5, respectively.
This contrasts both with our previous results and other au-
thors’ findings with higher doses of GLP-2 in the jejunum
[25, 43]. It may be relevant that in the present study mu-
cosal sampling was done consistently in the morning, which
would correspond to the lower expression phase of the diur-
nal variation of SGLT-1 protein expression [43]. However,
the improvement in vivo of 3-O-MG absorption was consis-
tent with observations from our previous work [25]. Further-

Fig. 5 GLUT-5 protein expression in the jejunal mucosa. Mean ± SE
optical density of western blots of GLUT-5 expression in jejunal mucosa
scrapings. See text for details of methods. n = 8 in each group. There
were no significant differences in GLUT-5 expression between the two
groups

more, expression of the uptake of 3-O-MG to the uptake of
Man as a ratio, which was also significantly increased in the
GLP-2-treated animals (Table 2), shows that this is due to an
increase in active transport, and not to nonspecific absorp-
tion through an increased surface area. Taken together, these
findings suggest that GLP-2 treatment of residual jejunum
increases nutrient absorptive capacity by increasing the mu-
cosal surface area available for nutrient transport, rather than
increasing the density of transporters per unit surface area,
which parallels the findings of typical nutrient-induced in-
testinal adaptation [2, 3, 26]. In ileum, GLP-2 may be able to
increase both surface area and SGLT-1 transporter expression
[25].

An additional unique observation of the present studies
was the effect of GLP-2 on jejunal microvillus architecture.
The increases in microvillus height and density are features
of increased nutrient absorptive capacity [34]. Moreover,
they may be some of the mechanisms of the previously de-
scribed GLP-2-induced increases in SGLT-1 function [23,
25, 52]. The parallels with EGF-induced increases in brush
border surface area are striking [34] and suggest that the
GLP-2 and EGF effector pathways may overlap [53].

Importantly, the observed decrease in permeability with
GLP-2 may also be clinically relevant. In human patients
with SBS, systemic sepsis from enteric organisms can be a
difficult problem; GLP-2 may be useful in preventing bacte-
rial translocation in these patients, reducing the tendency for
enteric-induced infection in SBS patients [2, 50, 51].

These findings highlight the region-specific effects of
GLP-2 as a trophic peptide. Our results suggest that GLP-
2 results in a consistent increase in crypt cell proliferation
throughout the intestine, but a differential effect on apopto-
sis. This may in turn alter enterocyte maturation and so alter
the transport capability of the mature villus. This is likely
relevant both in adaptation following resection or disease
states and in the normal regulation of nutrient absorptive ca-
pacity in response to variations in nutrient availability for
free-living animals. Clearly, there are significant and bio-
logically important effects of GLP-2 on intestinal function
and whole-animal physiology that strongly support further
research.
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