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Glucagon-like peptide- (GLP-2) has been shown to promote 
intestinal epithelial proliferation. We studied crypt cell prolif- 
eration, enterocyte cell death, and feeding behavior in GLP-2- 
treated mice. GLP-2 had no effect on food consumption 17.7 t 
0.3 vs. 8.0 t 0.4 g/day, saline (control) vs. GLP-2-treated mice, 
P = not significant]; however, GLP-2 increased the crypt cell 
proliferation rate (46.0 t 1 vs. 57 ? 5%, control vs. GLP-2, 
P < 0.01) and d ecreased the enterocyte apoptotic rate (5.9 5 
0.7 vs. 2.8 2 0.2% apoptotic cells, control vs. GLP-2, P < 0.05) 
in small bowel (SB) epithelium. GLP-2 induced a significant 
increase in SB weight (1.3- to 1.75-fold increase over control, 
P < 0.05 to P < 0.001) in mice l-24 mo of age. Increased SB 
weight was maintained after daily administration of GLP-2 to 
mice for 12 wk, and cessation of GLP-2 administration in 
older mice led to regression of (increased) SB weight and 
mucosal height. These observations suggest that GLP-2 
regulates both cell proliferation and apoptosis and promotes 
intestinal growth after both short- and long-term administra- 
tion in vivo. 
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THE SPECIALIZED EPITHELIAL cells of the small intestine 
constitute a functionally important organ for nutrient 
absorption, immune function, and regulation of fluid 
and electrolyte balance. Diseases that disrupt the 
integrity of the small bowel epithelium, either through 
inflammation, infiltration, surgical resection, or isch- 
emia, may result in malabsorption leading to clinically 
significant nutritional impairment requiring paren- 
teral nutritional support. The number of patients requir- 
ing parenteral support appears to be increasing (14); 
however, alternative strategies directed at restitution 
and regrowth of functional small bowel epithelium, 
although under study and development (Z), have not 
yet been widely implemented. 

The normal adaptive response to small bowel resec- 
tion strongly suggests that the small intestinal epithe- 
lium retains the capacity for regrowth and self- 
renewal. A number of nutritional and hormonal factors 
appear to be important for control of small bowel 
growth in vivo. Experiments utilizing transgenic mice 
have demonstrated that overexpression of growth hor- 
mone and the insulin-like growth factors (IGFs) is 
associated with both small and large bowel growth (1, 
29, 31), and administration of IGF-I and its analogs to 
rats leads to increased growth of the stomach, small 
bowel, and colon (16). Growth factors such as epidermal 
growth factor (EGF)/urogastrone and transforming 

growth factor-a (TGF-(x), which are synthesized locally 
by intestinal epithelial cells, also stimulate intestinal 
cell growth both in vitro and in vivo (19). Peptide 
hormones produced in enteroendocrine cells have also 
been implicated in the regulation of small bowel growth, 
as administration of bombesin and neurotensin induces 
small bowel epithelial proliferation in rodent models 
(26). 

Peptides derived from posttranslational processing 
of proglucagon (PGDPs) have previously been impli- 
cated as putative mediators of the adaptive response to 
small bowel injury and resection. Two patients with 
glucagon-producing tumors were found to have villus 
enlargement of the small bowel (11, 25); the small 
bowel abnormalities regressed after tumor resection, 
suggesting a possible link between excess PGDP produc- 
tion and bowel growth. Circulating levels of PGDPs 
increase in human subjects with intestinal diseases 
associated with small bowel adaptation and after intes- 
tinal resection, and proglucagon mRNA transcripts are 
increased in the remnant intestine after major small 
bowel resection in the rat (10, 27). Nevertheless, at- 
tempts at identifying a specific PGDP responsible for 
bowel growth by immunoneutralization of enterogluca- 
gon did not result in modification of the adaptive 
response to intestinal resection in rats (13). 

We recently identified glucagon-like peptide (GLP)-2 
as the PGDP with intestinal growth-enhancing activity 
by demonstrating that short-term (10 days) administra- 
tion of synthetic rat GLP-2 (but not other PGDPs such 
as GLP-1 or intervening peptide-2) to 6-wk-old CD1 
female mice was associated with induction of small 
bowel growth (7). To explore the potential efficacy of 
GLP-2 as a small bowel growth factor, we carried out 
studies examining the response of the intestine to both 
short- and long-term GLP-2 administration in young 
and aged male and female mice. 

METHODS 

All chemicals were from Sigma Chemical (St.Louis, MO) or 
Baxter Travenol Canada (Toronto, ON, Canada). Immunohis- 
tochemical reagents were obtained from Boehringer Mann- 
heim Canada (Toronto, ON, Canada), Dimension Laboratories 
(Toronto, ON, Canada), or Dakopatts (Glostrup, Denmark). Rat 
GLP-2 was obtained from American Peptide (Sunnyvale, CA) or 
from California Peptide Research (Napa, CA). 

Mice. CD1 mice were obtained from Charles River Labora- 
tory (St. Constant, PQ, Canada). The CD1 mice were age- 
matched males or females (n = 3-4 mice/group) from 4 to 16 
wk of age. The animals were allowed a minimum of 24 h (but 
usually 3-6 days) to acclimatize to the laboratory facility 
before the initiation of each experiment. Older mice, from 6 to 
24 mo of age, were C57BL/6 animals from the National 
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Institute on Aging rodent colony maintained at Charles River 
Laboratories (Kingston, NY). Mice were not restricted by diet 
or activity during the experiment and were housed 3-4 per 
cage under a light-dark cycle of 12 h. Animals were fasted 
overnight (12-14 h) before being killed, usually 14 days after 
the initiation of GLP-2 administration, unless otherwise 
specified. 

Animal and tissue processing. Mice were anesthetized with 
COB, and the small and large intestines were removed from 
the peritoneal cavity (from pylorus to cecum), cleaned, 
weighed, and measured. For comparative purpose, sections 
from each animal were obtained from the identical anatomic 
position. Fragments measuring 1.5-2.0 cm in length were 
obtained 8 2 2 cm, 18 t 2 cm, and 32 ? 2 cm from the pylorus 
for histomorphometry, representing proximal jejunum, distal 
jejunum, and distal ileum, respectively. Each small bowel 
fragment was opened longitudinally on its antimesenteric 
border, sectioned, and then placed in 10% Formalin (vol/vol) 
overnight. 

Intestinal micrometry. Five-micrometer-thick sections were 
cut, stained with hematoxylin and eosin, and used for microm- 
etry and morphometric analysis. Intestinal micrometry was 
performed with the use of a Leitz (Wetzar, Germany) micro- 
scope with a video camera connected to a computer monitor. 
The microscope was calibrated at ~4, X 10, and ~25 magnifi- 
cation, and the same microscope was used for all evaluations. 
Crypt-plus-villus height was measured by examining at least 
20 longitudinally oriented villi from each slide for proximal 
and distal jejunum and distal ileum and is expressed in 
micrometers (?SE). The width of the muscularis layer was 
similarly determined and is expressed in micrometers 
(mean t_ SE). 

Immunocytochemistry. Separate 3- to 5-mm sections of 
small intestine were cut for immunostaining for proliferating 
cell nuclear antigen (PCNA) and for apoptosis analysis. 
Results for PCNA and bromodeoxyuridine (Br-dU) are ex- 
pressed as the percentage of positive-staining crypt cells or 
the number of Br-dU-positive cells per villus. PCNA immuno- 
chemistry utilized a primary antibody (Novocastra, Newcastle- 
upon-Tyne, UK) at 1:1,500 after microwave antigen retrieval. 
Br-dU staining was carried out as previously described (7). A 
minimum of 15 to a maximum of 30 longitudinally oriented 
crypt/villus axes were counted per section per animal. Apop- 
totic bodies were identified by the TdT-mediated dUTP nick 
end labeling (TUNEL) immunologic method with the use of 
the Apoptag Plus in situ detection kit (Oncor, Gaithersburg, 
MD). The percentage of apoptotic, TUNEL-immunopositive 
enterocytes was determined per each 1,000 X field. Final 
results are plotted as means t SE for GLP-2-treated and 
phosphate-buffered saline (PBS)-treated (control) mice. 

Food intake studies. Feeding experiments were carried out 
in 6-wk-old female CD1 mice that had been acclimatized to 
the animal facility for 1 wk. Mice were weighed, transferred 
to a clean cage, and given a preweighed amount of powdered 
food (Purina Rodent Chow) in a small plastic beaker immobi- 
lized in the center of a lo-cm petri dish (to catch scattered 
food). Mice were injected with GLP-2 (2.5 pg every 12 h) or 
vehicle for 10 days (n = 5 mice/group). Food intake and body 
weight were determined at 5 PM daily until day 9, whereupon 
food was removed and mice were fasted overnight before 
being killed. 

Intestinal wet and dry weight and protein content. Two 
(2-cm) segments from the proximal jejunum, ileum, and colon 
were removed, placed in separate preweighed culture tubes, 
and reweighed. The tubes were covered with parafilm (with 
pinholes), placed upright in a 1,200-ml Fast-Freeze flask 
(Labconco), and freeze-dried overnight. The tubes and dried, 

room temperature contents were reweighed, and dry weight 
per 2-cm segment was calculated. For protein content, two 
2-cm segments from the proximal jejunum, ileum, and colon 
were removed and placed in 13-ml tubes containing 2 ml PBS. 
Each segment was homogenized for 20 s with the use of a 
Brinkmann Homogenizer and placed on ice. The tubes were 
centrifuged (1,000 g) for 5 min, and loo-p1 aliquots of the 
supernatant homogenate were removed for determination of 
protein content with the use of the modified Bradford method. 
The locations of the intestinal segments used for various 
analyses are as follows. For the proximal jejunum, the first 8 
cm were used for microscopy, the next 2 cm for protein, the 
next 2 cm for weights, the next 2 cm for protein, and the next 
2 cm for weights. For the ileum, starting 10 cm proximal to 
the cecum, a similar pattern of alternating 2-cm segments 
was obtained for protein and weight analyses, and for the 
colon, the alternating 2-cm segments for protein and weight 
were obtained beginning just distal to the cecum. 

Statistical analysis. Statistical significance was calculated 
by analysis of variance with the use of a SAS program 
(Statistical Analysis Systems, Cary, NC) for IBM computers. 

RESULTS 

Administration of GLP-2 subcutaneously (every 12 h) 
to 6- to B-wk-old female CD1 mice at concentrations 
ranging from 43.75 to 6.25 pglinjection for 10 days 
resulted in increased small bowel weight (1.52-fold, 
P < 0.01) and villus height (1.2-l.&fold, P < 0.001) (7). 
To determine if the small bowel response to GLP-2 was 
restricted to young female mice, we administered GLP-2 
(2.5 pg twice a day) or PBS to male and female mice 
4-16 wk of age for 14 days. The results of this experi- 
ment (Fig. 1, A and B) demonstrated that GLP-2 
treatment was associated with a statistically signifi- 
cant increase in small bowel weight in both younger 
and older male and female CD1 mice (P < 0.05-0.001). 
GLP-2 administration was also associated with an 
increase in small bowel mucosal crypt-plus-villus height 
(Fig. 1, A and B, P < 0.05-0.001). The increased 
mucosal height was generally greater in the jejunum 
than in the ileum and was primarily attributable to an 
increase in villus height, as the values for crypt depth 
were consistently comparable in control and GLP-2- 
treated animals (data not shown). 

Because the determinants of villus epithelial prolif- 
eration and the response of the small bowel to the 
growth factor-like properties of GLP-2 may differ in 
older compared with younger animals, we assessed the 
effect of GLP-2 on the small intestine of female C57BL/6 
mice 6-24 mo of age. GLP-2 administration, 2.5 lug 
twice a day, to older mice for 14 days consistently 
increased both small bowel weight (1.35- to 1.6-fold 
increase compared with PBS-treated controls, P < 
0.05-0.01; Fig. 2A) and crypt-plus-villus height in both 
jejunum (P < 0.05-0.01, Fig. 2B) and ileum (data not 
shown). 

To determine whether the GLP-2-induced increase in 
small bowel epithelium regresses after cessation of 
GLP-2 administration, a second group of age-matched 
GLP-2-treated C57BL/6 mice was treated for 14 days, 
after which GLP-2 (or PBS) injections were stopped and 
the animals were killed for histological analysis 10 
days later. In contrast to the increased small bowel 
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Fig. 1. A and B: efficacy of glucagon-like peptide 
(GLP)-2 administration in male and female mice. 
Male and female CD1 mice (n = 4 mice/group) 
4-16 wk of age were treated with phosphate- 
buffered saline (PBS) [control (C)l or GLP-2 [treat- 

.  .  

ment group (T), 2.5 pg twice a day] for 14 days. 
Mice were injected SC with 0.5 ml of PBS alone or 
with peptide every 12 h. After 14 days, mice were 
killed by CO:! anesthesia and bowel weight and -. - 
histology were assessed as described in METHODS. 
Data represent %change (mean + SE, GLP-2- 
treated group compared with PBS-treated group) 
for bowel weight (BW) and crypt-plus-villus 
height. PJ, proximal jejunum; DJ, distal jejunum; 
DI, distal ileum. Statistically significant differ- 
ence compared with control: ‘Y < 0.05, **P < 
0.01, ***p < 0.001. 
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weights observed in GLP-Z-treated mice after 14 days, however, a small but statistically significant increase in 
10 days after cessation of peptide administration, the small bowel weight was still detectable 10 days after 
small bowel weights of the GLP-2 and PBS-treated the last injection in 24-mo-old GLP-Z-treated mice (Fig. 
mice were highly similar in mice 6,12, and 18 mo of age 2A). Histologically detectable increases in jejunal crypt- 
(Fig. 2A). The small bowel weights of 24-mo-old GLP-Z- plus-villus height were also observed in the 1% and 
treated mice also regressed toward control values; 24-mo-old mice after cessation of GLP-2 administra- 
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The increase in small intestinal weight was statisti- 
cally significant in mice treated for 8 and 12 wk 
(P < 0.05-0.001, Fig. 3). The increase in villus height 
was also statistically significant (P < 0.05-0.01) and 
more prominent in the jejunum than in the ileum 
(Fig. 3). 

Because enteral nutrient ingestion is known to be 
associated with increased adaptation of the small bowel 
(12), the observation that GLP-1 modifies food intake in 
rodents (28) prompted us to assess whether the effect of 
GLP-2 on small bowel growth was mediated in part by 
effects on food intake. Accordingly, daily food intake 
and body weight were assessed in paired groups of 
rodents given unlimited access to rodent chow, with 
either GLP-2 or PBS administered twice daily. The 
results of these experiments (Fig. 4) demonstrated that 
GLP-2 treatment had no effect on food intake or body 
weight, suggesting that GLP-2 does not stimulate intesti- 
nal proliferation via an effect on food consumption. 
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Fig. 2. GLP-2 induces small bowel growth in older mice. Four groups 
(n = 4) of female C57BLK mice 6-24 mo (6M-24M) of age were 
treated with PBS (C) or GLP-2 [experimental (E), 1.95 lug SC twice a 
day] for 14 days, after which 2 groups (both PBS and GLP-2 treated) 
were killed for analysis (T). Remaining mice [regression group (R)] 
were allowed continued access to unlimited food and water for an 
additional 10 days (but without PBS or GLP-2 injections) and then 
killed for analysis of small bowel weight (BW; A) and histomorphom- 
etry, or proximal jejunum (PJ) crypt-plus-villus height (B). ‘Y < 0.05, 
**P < 0.01. 
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tion, although these differences were not statistically 
significant (Fig. 2B). These data demonstrate that the 
increased villus height and small bowel weight that 
develop as a consequence of GLP-2 treatment are 
reversible after GLP-2 withdrawal; however, the de- 
gree or kinetics of reversal may be delayed in older 
animals, consistent with the possible differences in 
epithelial turnover in older animals (reviewed in Ref. 
8). The results of the experiments described above 
demonstrate that GLP-2, administered twice daily for 
14 days, exhibits small bowel growth factor activity in 
both young and aged mice; however, the small bowel 
epithelial proliferation appears to be dependent on 
ongoing GLP-2 administration. 

To determine whether long-term GLP-2 administra- 
tion results in downregulation of the GLP-2 receptor 
system and reduction of GLP-2 bioactivity in the small 
bowel, we administered GLP-2 (in a single daily injec- 
tion) to groups of mice for 4, 8, and 12 wk (Fig. 3). 
Analysis of mice after 4, 8, and 12 wk of daily GLP-2 
(vs. PBS) injections demonstrated increased small bowel 
weight and villus height in the GLP-2-treated animals. 

Fig. 3. Effect of daily administration (4-12 wk) of GLP-2 on small 
bowel of CD1 mice. GLP-2 (T) or PBS (C) was administered (3.9 pg SC 
each day) to groups (n = 4) of female CD1 mice (6 wk of age at 
intiation of each experiment) for 4, 8, or 12 wk. Data represent 
%change in small bowel weight (BW) or crypt-plus-villus height for 
GLP-2-treated vs. control mice. *P < 0.05, *‘kP < 0.01, **4’P < 0.001. 
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Fig. 4. Effect of GLP-2 on feeding in CD1 mice. Daily food consump- 
tion (A) and body weight (B) of mice treated with PBS (0) or 2.5 lug rat 
GLP-2 (A) SC twice a day for 9 days. *P < 0.05. 

The small intestine of mice carrying PGDP-produc- 
ing tumors or mice injected with GLP-2 contains an 
increased number of proliferating cells in the crypts (7). 
To assess changes in crypt cell proliferation after 
GLP-2 administration, 6-wk-old female CD1 mice were 
treated with GLP-2,2.5 lug twice daily for 10 days, after 
which jejunal crypt cell proliferation rates were as- 
sessed as previously described (7). GLP-2 treatment 
was associated with a statistically significant increase 
in the crypt cell proliferation rate (46.0 t 1 vs. 57 !Z 5’370, 
control vs. GLP-2, P < 0.01; Fig. 5A). The increase in 
villus epithelium after GLP-2 treatment may also be 
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6 T 
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accounted for in part by an inhibitory effect of GLP-2 on 
enterocyte programmed cell death. To determine 
whether the small bowel epithelium of GLP-2-treated 
mice exhibited a decreased number of apoptotic cells, 
apoptotic rates were assessed in enterocytes of mice 
treated with PBS or GLP-2, 2.5 lug twice daily for 10 
days (Fig. 5B). The number of apoptotic cells in the villi 
(expressed as percent immunopositive apoptotic entero- 
cytes) was 5.85 Ifi 0.73 in control mice and was reduced 
to 2.76 t 0.21 in the GLP-2-treated mice ( P < 0.05). 
The distribution of apoptotic cells was similar in control 
and GLP-2-treated mice; they were found at the tips of 
the villi and occasionally along the sides, but not at the 
base of the villi or in the crypts. 

To ascertain the proliferative response to a single 
injection of GLP-2, paired groups of mice were injected 
with saline or 5 lug GLP-2 and killed 2-72 h after 
injection. The jejunal crypt cell proliferation rate 2 h 
after injection was 30.1 t 1.4 vs. 42.0 t 2.4% in saline 
vs. GLP-2-treated mice, respectively, P < 0.0001. No 
significant differences in crypt cell proliferation rates 
were detected after analysis of Br-dU-labeled cells 
12-36 h after GLP-2 or saline administration; however, 
at 48 h, 3.2 t 0.7% of crypt cells were labeled in 
GLP-2-treated mice, but no labeling of crypt cells was 
detected in control mice. These observations suggest 
that a single injection of GLP-2 is sufficient for the 
promotion of crypt cell division in vivo. 

The results presented above demonstrate that an 
increase in the mucosal epithelium, predominantly 
villus height, is a consistent finding after GLP-2 admin- 
istration. To ascertain whether changes in the thick- 
ness of the muscularis layer of the small bowel could be 
detected after GLP-2 treatment, multiple histological 
sections from the 4- and 8-wk-old groups of saline- 
treated control or GLP-2-treated mice (Fig. 1A) were 
examined for quantitative assessment of the muscula- 
ris layer (Fig. 6). No significant change in muscle 
thickness (longitudinal plus circular muscle) was ob- 
served in control vs. GLP-2-treated mice (Fig. 6A). The 
mean length of the small bowel was 45.7 vs. 50.7 cm in 
saline vs. GLP-2-treated mice, respectively (P < 0.05). 
To determine the relative contribution of water to the 

Fig. 5. A: crypt cell proliferation rates in jejunum of 
GLP-2-treated (2.5 pg twice daily for 10 days) and 
control mice. Sections were immunostained by prolifer- 
ating cell nuclear antigen (PCNA), and results are 
means + SE. **P < 0.01. B: apoptotic cell numbers in 
GLP-2-treated vs. control (PBS-treated) mice. Sections 
from jejunum were immunostained by avidin-conju- 
gated antidigoxigenin peroxidase. Percent apoptotic cells 
were assessed as total number of immunopositive cells 
divided by total number of intestinal epithelial cells per 
high power field. Results are means 7+_ SE for groups of 
GLP-2-treated and control animals. *P -=c 0.05. 
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Fig. 6. A: thickness of muscularis layer (longitudinal 
and circular muscle) was assessed by quantitative histo- 
morphometry in histological sections from 4- and 8-wk- 
old female CD1 mice (see Fig. 1) for proximal and distal 
jejunum (PJ and DJ, respectively) and distal ileum (DI). 
Data are expressed in pm as means + SE. B: female 
CD1 mice (6 wk old) were treated with rat GLP-2,2.5 lug 
twice daily SC for 10 days, after which segments of 
proximal jejunum, ileum (I), and colon (C) were ob- 
tained for analysis of protein concentration (means 2 
SE in mg/2-cm segment) as outlined in METHODS. *P < 
0.05. C: wet and dry weight (expressed as means + SE 
in mg/2-cm segment) from proximal jejunum, ileum, and 
colon in CD1 mice treated with GLP-2 as described in B. 
**P < 0.01. For A, B, and C: open bars, control; solid 
bars, GLP-2-treated mice. 
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increment in small bowel weight observed after GLP-2 
treatment, segments of proximal jejunum, ileum, and 
colon were weighed, desiccated, and reweighed (Fig. 
6B). Both the wet and dry weights of intestinal seg- 
ments from the proximal jejunum were significantly 
increased after treatment with GLP-2 (P < 0.05). 
Although the weights of the segments obtained from the 
colon were slightly increased after GLP-2, these differences 
were not statistically significant. In contrast, a statisti- 
cally significant increase in protein content was ob- 
served in both the jejunum and colon of GLP-Z-treated 
mice in the same experiments (P < 0.01, Fig. 6C). 

DISCUSSION 

GLP-2 is produced throughout the intestine in entero- 
endocrine cells of both the small and large bowel, with 
the highest concentration of intestinal L cells located in 
the distal ileum. The distribution of enteroendocrine 
cells in close proximity to both crypt cells and entero- 
cytes raises the possibility that GLP-2 acts locally in a 
paracrine manner to modulate small bowel epithelial 
proliferation. Nevertheless, GLP-2 is clearly effective 
as a humoral growth factor, as GLP-2 secreted from 
endocrine tumors or administered subcutaneously pro- 
motes small bowel growth (7). Accordingly, GLP-2 secreted 

from enteroendocrine cells in the large or small bowel 
may also potentially contribute to control of intestinal 
growth via the circulation through humoral mecha- 
nisms in a more classical endocrine pathway. 

The majority of experiments studying the effects of 
peptide growth factors on intestinal epithelial prolifera- 
tion have demonstrated an increased rate of crypt cell 
proliferation in association with growth factor activity 
(20). Comparatively few data exist regarding the effects 
of peptide growth factors on enterocyte apoptosis. Inter- 
leukin-11 administration after chemotherapy and radio- 
therapy in C3H/HeJ mice is associated with changes in 
both crypt cell proliferation and crypt cell (but not 
enterocyte) apoptosis (17). The cellular mechanism(s) 
underlying the actions of GLP-2 in modulating both 
crypt cell proliferation and enterocyte apoptosis as 
demonstrated here is not known. Future studies of the 
molecular effects of GLP-2 on cell proliferation and 
programmed cell death would be greatly facilitated by 
isolation and characterization of the GLP-2 receptor, a 
molecule that has not as yet been identified. 

Few data are available regarding changes in the 
pattern of intestinal epithelial proliferation (and in- 
creased epithelial mass) that occur after withdrawal of 
intestinal growth factors such as growth hormone 
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(GH), EGF, or IGF-I. Consequently, it is not clear 
whether the increased intestinal mass that develops as 
a consequence of growth factor treatment regresses 
rapidly or persists for longer periods of time. The rapid 
turnover of the intestinal epithelium suggests that 
withdrawal of growth factors may indeed be associated 
with rapid changes in the rate of crypt cell prolifera- 
tion, leading to a reduction in the mass of the intestinal 
epithelium. The regression of the GLP-Z-induced in- 
crease in small intestinal epithelial (mucosal) thick- 
ness by 10 days after cessation of GLP-2 is consistent 
with an ongoing requirement for increased levels of 
GLP-2 for maintenance of increased villus epithelium. 
After withdrawal of GLP-2, the programmed balance of 
intestinal epithelial proliferation and enterocyte pro- 
grammed cell death likely reverts toward values in 
nontreated mice, leading to normalization of small 
bowel villus height and bowel weight. Interestingly, the 
enterocyte life span in the small intestines of 24-mo-old 
C57BL mice was observed to be modestly increased 
compared with the rates in younger 6- to ‘I-mo-old 
animals (9), consistent with our finding that the regres- 
sion of villus height toward normal after cessation of 
GLP-2 was not yet complete 10 days after cessation of 
GLP-2 treatment in older mice. 

The factors that regulate small bowel growth are 
complex and include luminal nutrients, polyamines, 
and both humoral and luminal growth factors (5,6, 19, 
26). We have now shown that GLP-2 increases growth 
of the small bowel villus epithelium in a gender- and 
age-independent manner. The compensatory bowel hy- 
perplasia that develops despite reduced oral intake 
suggests that humoral factors independent of luminal 
nutrition may be important for small bowel adaptation 
and growth (26). As the intestinal PGDP GLP-1 has 
recently been shown to modulate food intake and 
satiety (23, 28), one potential explanation for the 
growth-promoting effects of GLP-2 may simply be an 
effect of this peptide on increasing food intake, thereby 
leading to increased intestinal epithelial proliferation. 
In contrast to the inhibitory effects of intracerebroven- 
tricular GLP-1 on food intake, GLP-2 administered 
subcutaneously for 9 days had no effect on food consump- 
tion, suggesting that its effects as a small bowel growth 
factor are independent of any putative change in nutri- 
ent intake. 

A number of peptide hormones have been shown to 
function as regulators of intestinal epithelial prolifera- 
tion, including neurotensin (15,33). Intriguingly, neuro- 
tensin administration in the rat small bowel resection 
model was associated with a statistically significant 
increase in circulating levels of plasma enteroglucagon 
(4). The delineation of the intestinotrophic properties of 
GLP-2 raises the possibility that the effects of neuroten- 
sin on small bowel growth may be mediated in part 
through stimulation of GLP-2 secretion (4). Whether 
peptide growth factors trophic for the gut, such as EGF 
(19,22), TGF-cx (19,20), or IGF-I, stimulate the synthe- 
sis and/or release of GLP-2 remains to be determined. 

Several lines of experimental evidence also support 
an important role for GH and IGF-I in the regulation of 

intestinal growth (29, 32). The majority of experiments 
using GH, IGF-I, and various peptide growth factors 
(20) generally involve short-term growth factor admin- 
istration, either by continuous infusion or subcutane- 
ous injection for 5-14 days. IGF-I, des(l-3)IGF-I, and 
LR31GF-I administered to rats for 7 days all led to 
increased mass of the stomach and both small and large 
bowel growth in catabolic dexamethasone-treated rats 
(21). Increased mass, protein, and DNA content were 
also observed in the muscularis layer of IGF-I-treated 
rats (21), suggesting that, in contrast to GLP-2, the 
growth-promoting effects of IGF-I in the intestine are 
not epithelial specific. Continuous administration of 
IGF-I or the IGF-I analog LR31GF-I to female rats for 
longer periods of time (14 days) was also associated 
with an increase in total gut weight, small bowel 
weight, and small bowel length (24). 

In contrast to the results of short-term studies, few 
experiments have examined the effects of longer-term 
growth factor administration on bowel growth in vivo. 
Recombinant human EGF administered subcutane- 
ously to 7- to 8-wk-old male Wistar rats for 4 wk 
produced an increase in the mass of the small bowel 
that was largely attributable to an increase in intesti- 
nal mucosal epithelium (30). Although we initially 
demonstrated that short-term (lo-14 days) administra- 
tion of GLP-2 consistently produces a 1.5- to 2-fold 
increment in the weight of the mouse small intestine 
(7), the data presented here extend these observations 
by demonstrating that daily GLP-2 administration for 
up to 3 mo is associated with a statistically significant 
increase in small bowel mass and crypt-plus-villus 
height. Furthermore, the intestinotrophic effects of 
GLP-2 were detected in both male and female mice of 
various ages and in very young and older rodents. The 
rapid turnover of the intestinal epithelium may poten- 
tially explain the lack of desensitization (and sustained 
efficacy of GLP-2) observed in the experiments involv- 
ing daily administration of GLP-2 for 3 mo. 

The molecular forms and circulating levels of GLP-2 
in animals or human subjects have not been exten- 
sively studied. Analysis of the circulating levels of 
GLP-2 in human plasma by radioimmunoassay demon- 
strated fasting levels of 151 t 14 pmol/l, which rose to 
225 ? 15 pmol/I 2 h after a mixed meal (18). A recent 
study demonstrated that short-term (4 h) infusion of 
GLP-2 intravenously in rats increased the transport 
rate of D-glucose, suggesting that the growth-promot- 
ing effects of GLP-2 may be associated with rapid 
changes in substrate transport in vivo (3). Whether 
basal levels of GLP-2 are important for nutrient absorp- 
tion, small bowel epithelial growth, or for the small 
bowel adaptive response to injury cannot be inferred 
from the present studies. Furthermore, no human or 
animal models of GLP-2 deficiency are currently avail- 
able for analysis. Nevertheless, the data presented here 
are clearly consistent with a role for GLP-2 in the 
control of small bowel growth and/or adaptation. In- 
triguingly, we also detected an increase in the protein 
content of the large bowel after GLP-2 administration; 
hence, the effect (whether direct or indirect) of GLP-2 
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on the intestine appears not to be restricted to the small 
bowel. Taken together with the known distribution of 
GLP-Z-containing enteroendocrine cells in the large 15* 
bowel, these observations suggest that further studies 
of the mechanisms underlying the intestinotrophic 
properties of GLP-2 in both the small and large bowel 16. 
are clearly warranted. 
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