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Abstract Recent evidence suggests that the adipose tis-
sue-derived cytokine leptin (LEP) is involved in modu-
lation of growth and differentiation of normal small
intestine. The purpose of the present study was to
evaluate the effects of parenteral LEP on structural
intestinal adaptation, cell proliferation and apoptosis in
a rat model of short bowel syndrome (SBS). Male
Sprague-Dawley rats were divided into three experi-
mental groups: Sham rats underwent bowel transection
and re-anastomosis, SBS-rats underwent a 75% small
bowel resection, and SBS-LEP-rats underwent bowel
resection and were treated with LEP given subcutane-
ously at a dose of 20 lg/kg, once daily, from day 3
through 14. Parameters of intestinal adaptation (bowel
and mucosal weights, mucosal DNA and protein, villus
height and crypt depth in jejunum and ileum), enterocyte
proliferation and enterocyte apoptosis were determined
on day 15 following operation. Ileal tissue samples were
taken for detection of bax and bcl-2 gene expression
using RT-PCR technique. Statistical analysis was per-
formed using the non-parametric Kruskal–Wallis
ANOVA test, with P<0.05 considered statistically sig-
nificant. Treatment with subcutaneous LEP resulted in a
significant increase in jejunal (17%, P<0.05) and ileal
(13%, P<0.05) bowel weight, jejunal (10%, P<0.05)
and ileal (25%, P<0.05) mucosal weight, jejunal (26%,
P<0.05) and ileal (38%, P<0.05) mucosal DNA, ileal

(25%, P<0.05) mucosal protein, jejunal (41%, P<0.05)
and ileal (21%, P<0.05) villus height, jejunal (37%,
P<0.05) crypt depth, and jejunal (24%, P<0.05) and
ileal (21%, P<0.05) enterocyte proliferation compared
to SBS-animals. Enterocyte apoptosis increased signifi-
cantly after bowel resection in jejunum and ileum com-
pared to sham animals and was accompanied by an
increased bax gene expression and a decreased bcl-2 gene
expression in ileal samples. SBS-LEP rats showed a
trend toward a decrease in enterocyte apoptosis in ileum
and a mild decrease in bax gene expression compared to
SBS-untreated animals. In conclusion, in a rat model of
SBS parenteral LEP stimulates structural intestinal
adaptation. Increased cell proliferation and decreased
cell death via apoptosis may be responsible for this in-
creased cell mass.
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adaptation Æ Leptin Æ Enterocyte proliferation Æ
Enterocyte apoptosis

Introduction

After massive small bowel resection, the remaining gut
undergoes morphologic and functional changes to
maintain normal absorptive capacity. Morphologic
changes include enlargement of the remaining bowel,
thickening of the intestinal wall, and an increase in villus
height and microvillus surface area. Functional changes
result in an enhanced nutrient uptake by isolated en-
terocytes [15]. A large number of nutrients, hormones
and peptide growth factors are known to stimulate
intestinal adaptation. The obese gene protein product
leptin (LEP) is a hormone that is secreted from adipo-
cytes and acts primarily on the hypothalamus regulating
energy expenditure and food intake [4]. LEP is well
known to be involved in the regulation of food intake
and body weight. LEP is an attractive candidate for the
treatment of obesity as it is an endogenous protein and
has been demonstrated to have potent effects on body
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weight and adiposity in rodents [16]. Although intestine
is not a classic target tissue for LEP, extensive studies in
various experimental models have established that LEP
determines important physiological effects on intestinal
growth, cell maturation and differentiation [1, 8].

The purpose of this study was to evaluate the effects
of LEP on structural intestinal adaptation following
massive small bowel resection in rat and to determine
the mechanisms by which LEP influences mucosal
hyperplasia as well as its effect on enterocyte prolifera-
tion and cell death via apoptosis.

Materials and methods

Animals

This protocol was approved by the Animal Research
Committee of Rappaport Faculty of Medicine, Tech-
nion (Haifa, Israel) in compliance with the guidelines
established by the ‘‘Guide for the Care and Use of
Laboratory Animals’’. Sprague-Dawley rats weighing
250–270 g were used for the experiment. The animals
underwent a 4-day period of acclimatization under
standardized conditions (12 h light–dark cycle, con-
trolled room temperature) and were fed a standard rat
chow.

Study design

Animals were divided randomly into three experimental
groups of ten rats each. Group A rats underwent bowel
transection and re-anastomosis (Sham), group B animals
underwent 75% bowel resection [short bowel syndrome
(SBS)], and group C underwent bowel resection and
were treated with LEP given subcutaneously at a dose of
20 lg/kg, once daily, from day 3 through 14 postoper-
atively (SBS-LEP).

Operative technique

Following an overnight fast, the animals were anaes-
thetized with an intraperitoneal injection of ketamine
(90 mg/kg) and xylasine (10 mg/kg). The abdomen was
opened through a midline incision. In resected animals,
a point 5 cm from the ligament of Treitz as well as a
point 10 cm proximal to the ileocecal junction were used
to determine the extent of bowel resection. The
remaining bowel was re-anastomosed using a single
layer of interrupted 6–0 silk sutures, ensuring patency of
the lumen. A sham group of animals underwent distal
small bowel transection (at a point 10 cm proximal to
the ileocecal junction) and re-anastomosis without
resection. In all animals, the abdomen was closed with
interrupted 3–0 Dexon sutures. Following surgery, the
rats were fasted for 24 h and then were fed a standard
chow diet ad lib.

Parameters of adaptation

Rats were sacrificed on day 15 following surgery with an
overdose of pentobarbital. The proximal jejunum and
distal ileum were quickly removed, rinsed with cold
saline, and dried. Both segments were weighed, opened
longitudinally, and the mucosa was scraped and
weighed. Overall bowel and mucosal weight was calcu-
lated as milligram per centimeter of bowel length per
100 g body weight. Mucosal samples were homogenized
with TRIzol reagent (Gibco BRL, USA). DNA and
protein were extracted by the method of Chomczynski
[9]. DNA concentration was recorded spectrophoto-
metrically and calculated as microgram per centimeter
of bowel length per 100 g body weight. Final protein
concentration was measured spectrophotometrically
using a commercially available kit (Bio-Rad, Protein
Assay) and was calculated as microgram per centimeter
of bowel length per 100 g body weight.

Histologic examination

After fixing in 4% buffered formalin, perpendicular
sections from proximal jejunum and distal ileum were
processed into standard paraffin blocks. Five micron
tissue slices were stained with hematoxylin-eosin. These
sections were studied microscopically using a microme-
ter eyepiece.

Enterocyte proliferation and apoptosis

Crypt cell proliferation was assessed using 5-bromode-
oxyuridine (5-BrdU). Standard BrdU labeling. reagent
(Zymed Laboratories, Inc, San Francisco, CA, USA)
was injected intraperitoneally at a concentration of 1 ml/
100 g body weight 2 h before sacrifice. Tissue slices were
stained with a biotinylated monoclonal anti-BrdU anti-
body system provided in a kit form (Zymed Laborato-
ries). An index of proliferation was determined as the
ratio of crypt cells staining positively for BrdU per 10
crypts.

Additional 5 lm thick sections were prepared to
establish the degree of enterocyte apoptosis. Immuno-
histochemistry for Caspase-3 (Caspase-3 cleaved con-
centrated polyclonal antibody; dilution 1:100; Biocare
Medical, Walnut Greek, CA, USA) was performed for
identification of apoptotic cells using a combination of
the streptovidin–biotin–peroxidase method and micro-
wave antigen retrieval on formalin-fixed, paraffin-
embedded tissues according to the manufacturer’s pro-
tocols. A qualified pathologist blinded to the source of
intestinal tissue performed all measurements.

Expression of bax and bcl-2 genes was determined
using RT-PCR analysis. Total RNA was extracted using
TRIzol reagent as described by Chomczynski [9].
Mucosal mRNA was reverse transcribed into cDNA
using a standard protocol. PCR was performed using a
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Perkin–Elmer Kit, with primers made using the cloned
published sequence of bax and bcl-2 (Table 1). The PCR
products were size fractionated on a 2% agarose gel
stained with ethidium bromide.

Results

Mucosal parameters

Short bowel syndrome rats (group B) demonstrated a
significant increase in bowel weight in jejunum (4.5-fold
increase, P<0.05) and ileum (2.5-fold increase, P<0.05)
(Fig. 1), mucosal weight in jejunum (4-fold increase,
P<0.05) and ileum (2-fold increase, P<0.05; Fig. 1),
increase in mucosal DNA content in jejunum (3.5-fold
increase, P<0.05) and ileum (2.5-fold increase, P<0.05)
(Fig. 2), and mucosal protein in jejunum (4-fold in-
crease, P<0.05) and ileum (2.5-fold increase, P<0.05)
(Fig. 2) compared to sham animals (group A).

Treatment with LEP (group C) resulted in an addi-
tional increase in bowel weight in jejunum (17%,
P<0.05) and ileum (13%, P<0.05), mucosal weight in
jejunum (10%, P<0.05) and ileum (25%, P<0.05)
(Fig. 1), increase in mucosal DNA content in jejunum
(26%, P<0.05) and ileum (38%, P<0.05), and mucosal
protein in ileum (25%, P<0.05) compared to SBS-un-
treated animals (group B) (Fig. 2).

Histopathologic changes

Short bowel syndrome-rats (group B) demonstrated a
significant increase in jejunal (562±38 vs. 419±40 lm,
P<0.05) and ileal (442±35 vs. 290±33, P<0.05) villus
height as well as jejunal (209±24 vs. 177±7 lm,
P<0.05) and ileal (194±10 vs. 163±8 lm, P<0.05)
crypt depth when compared to sham animals (group A)
(Fig. 3).

Treatment with LEP (group C) was associated with
an additional (compared to SBS animals) increase in
villus height in jejunum (41%, P<0.05) and ileum (21%,
P<0.05) as well as crypt depth in jejunum (37%,
P<0.05) compared to SBS untreated animals (group B).

Cellular proliferation and apoptosis

A significant increase in enterocyte proliferation oc-
curred in rats following massive bowel resection (group
B vs. sham animals, group A) in both jejunum (52%,
P<0.05) and ileum (57%, P<0.05) (Table 2). SBS-rats
treated with LEP (group C) demonstrated an additional

increase in cell proliferation in jejunum (24%, P<0.05)
and ileum (21%, P<0.05) compared to SBS-untreated
animals (group B).

Evaluation of enterocyte apoptosis using immuno-
histochemistry for caspase-3 showed a significant in-
crease in the number of apoptotic cells in jejunum
(twofold, P<0.05) and ileum (twofold, P<0.05) in SBS-
rats (group B) compared to sham animals (group A).
Administration of LEP (group C) did not change
apoptotic index in jejunum but showed a trend toward a
decrease in cell apoptosis in ileum compared to SBS-
untreated animals (group B); however, this trend did not
achieve statistical significance.

RT-PCR for Bax and BCL-2

Short bowel syndrome rats (group B) showed an in-
creased intensity of the bands of bax and a decreased
intensity of the bands of bcl-2 compared to sham ani-
mals (Fig. 4). Treatment with LEP did not change bcl-2
expression significantly, but resulted in a mild decrease
in ileal bax gene expression that led to a mild net anti-
apoptotic effect in gut epithelium in vivo (Fig. 5).

Discussion

Short bowel syndrome is defined as the decrease in
intestinal length following small bowel resection below
the minimal amount necessary for normal nutrient
absorption [5, 6]. Decreased absorptive surface area,
impaired enterohepatic circulation with a subsequent
decrease in bile acid pool, gastric acid hypersecretion
leading to relative pancreatic insufficiency, and dysmo-
tility disorders of the remaining gut with subsequent
bacterial overgrowth lead to diarrhea, steathorrhea,
nutrient and micronutrient malabsorption, vitamin
deficiency, and impaired normal growth and develop-
ment. SBS has significant morbidity and is potentially
lethal especially when bowel loss is extensive [6].

Although intestinal transplantation has emerged as a
feasible alternative in the treatment of children with SBS
in the last two decades, intestinal adaptation remains the
only chance for survival in a subset of these patients.
Intestinal adaptation is defined as a process of progres-
sive recovery from intestinal failure following bowel
resection [15]. The remaining intestine dilates and elon-
gates, and the villi become longer and the crypts deeper,
leading to an increased absorptive surface area and an
increased number of enterocytes. Functional adaptation
results in the enhanced absorption of nutrients per unit
intestinal length in vivo. The recruitment of the bulk of

Table 1 Oligonucleotide
primers for RT-PCR detection
of bax and bcl-2 mRNA
transcripts

Genes Sequence 5¢ Sequence 3¢

Bax ATGGACGGGTCCGGGGAGCA ATGGACGGGTCCGGGGAGCA
Bcl-2 TGAGGCCCTGTCTGCTTCTG AGGCTCCCGGGGCAGTCATGA
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immature enterocytes due to the great hyperplastic
stimulus seen following bowel resection appears to result
in a reduction in the transport capacity of these cells
[21]. On the other hand, nutrient uptake of mature en-
terocytes increases significantly through the increase in
brush border membrane permeability and increased
carrier-mediated transport [11]. There are a number of
factors that can stimulate and accelerate intestinal
adaptation. They include luminal nutrients, gastroin-
testinal secretions, hormones and peptide growth fac-
tors. Over the past three decades, an increasing number
of regulatory peptides produced by cellular constituents
have been identified.

Leptin is a nutritionally regulated adipocyte-derived
16-kDa cytokine that was first discovered in 1994.
Plasma LEP was found to highly correlate with body
mass index (BMI) in rodents and in lean and obese
humans [13]. Weight loss due to food restriction was
associated with a decrease in plasma LEP in samples
from mice and obese humans. LEP activates the long
form of the LEP receptor to control feeding and neu-
roendocrine function and thus to regulate adiposity.
While adiposity influences insulin sensitivity, LEP also
regulates glucose homeostasis independent of energy

balance [3]. LEP reflects not only the body fat level but
also its nutritional status. Although LEP is a hormone
mainly produced by the adipose tissue, the fact that LEP
is present in human mature milk, that gastrointestinal
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Table 2 Effect of bowel resection and treatment with leptin on enterocyte proliferation and apoptosis

Parameters Sham (group A, n=10) SBS (group B, n=10) SBS-LEP (group C, n=10)

Enterocyte proliferation
(BrdU positive cells/10 crypts)
Jejunum 121±7 184±21* 228±16*,**
Ileum 121±5 190±20* 230±17*,**
Enterocyte apoptosis
(Apoptotic cells/10 villi)
Jejunum 1.9±10.4 3.7±0.5* 3.6±0.7*
Ileum 1.8±10.4 3.9±1.1* 2.2±0.4

Values are mean ± SEM
SBS short bowel syndrome; LEP leptin
*P<0.05 SBS vs. Sham rats; **P<0.05 SBS-LEP vs. SBS rats
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mucosa is capable of producing this growth factor [7]
and that LEP receptors are expressed in both basolateral
and brush border membranes of the enterocytes [2]
suggests its potential role in small intestinal growth and
development. It has been reported that the central ner-
vous system, which regulates feeding behavior, might
control intestinal function through the regulation of
intestinal apoptosis, and LEP is considered a mediator

between the neuroendocrine system and the intestine.
Lin et al. [12] have recently shown that test solutions
containing LEP induce jejunal mucosal apoptosis 3 h
after infusion.

The effect of LEP on the growing remaining gut
following massive small bowel resection is unclear.
Pearson et al. [17] examined the effect of systemic LEP
administration on small bowel absorptive function after
massive small bowel resection in rats. They have shown
that LEP enhances small intestine carbohydrate
absorption beyond the normal adaptive response in a rat
model of SBS. The authors concluded that LEP may be
clinically useful in patients with inadequate intestinal
function. In contrast, Chaudhary et al. [8] did not ob-
serve the stimulating effect of LEP on intestinal cell
proliferation; however, they did observe a paradoxical
inhibitory action on the caecum and colon.

In the present study, we evaluated the effect of par-
enteral LEP on structural intestinal adaptation in a rat
model of SBS. Alterations in bowel and mucosal
weights, mucosal DNA and protein content and histo-
logical appearance were used as indices of adaptation.
Consistent with previous studies [18, 19], bowel resection
in a rat results in apparent stimulation of structural

Fig. 4 Effect of bowel resection
and parenteral LEP on crypt
cell proliferation and enterocyte
apoptosis in jejunum and ileum.
5-BrdU incorporation into
proliferating jejunal and ileal
crypt cells was detected with a
goat anti-BrdU antibody, and
immunochemistry for caspase-3
was used to determine
enterocyte apoptosis

Fig. 5 Effect of bowel resection and treatment with LEP on
expression of bax and bcl-2 in ileal mucosal samples. Intensity of
the bands of bax is stronger and of bcl-2 is weaker in SBS-rats
compared to sham animals. Treatment with LEP results in a mild
decrease in the intensity of bands of bax compared with SBS
animals
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intestinal adaptation. This is evident from increased
bowel and mucosal weight, mucosal DNA and protein
content, villus height and crypt depth. Increased bowel
growth was found in both jejunum and ileum. Some
authors have found this response only true in the small
bowel segment distal to the site of anastomosis [14].
Although the muscular coat of the bowel may thicken
slightly in the jejunal segment proximal to anastomotic
site, the epithelial changes are more striking and account
for most of the increase in bowel weight. 5-Bromode-
oxyuridine incorporation was used to evaluate the ki-
netic changes that followed a massive small bowel
resection. A significant increase in the number of pro-
liferating cells was observed in both jejunum and ileum
in SBS rats compared to sham animals and was
accompanied by the augmented villus height and crypt
depth, suggesting that the mucosal hyperplastic response
is a result of increased cell proliferation and accelerated
migration along the villus. Evaluation of enterocyte
apoptosis in the present study was performed using
immunohistochemistry for caspase-3 and has shown
increased cell apoptosis in both jejunum and ileum in
rats with SBS. This observation is consistent with our
previous reports and data from other investigators [10].
Increased apoptosis promotes disposal of genetically
aberrant stem cells, prevents tumorogenesis and is con-
sidered as a mechanism that counterbalances the in-
creased enterocyte proliferation seen in order to reach a
new homeostatic set during intestinal adaptation. The
observed pro-apoptotic effect of bowel resection was
through regulation of expression of genes related to
apoptosis. Apoptosis is a highly regulated and repro-
ducible event that ultimately leads to cell death. Several
regulatory genes affecting apoptosis have been identified
and divided into pro-apoptotic genes (bax, bik, bak, bcl-
xs, bad, p53, c-jun, hrk) and anti-apoptotic genes (bcl-2,
bcl-xL, rb, mcl-1, a1, brag-1, bfl-1). Increased enterocyte
apoptosis in the present study was accompanied by an
enhanced bax gene expression and an inhibited bcl-2
gene expression compared to sham animals. This
observation is consistent with data reported by other
investigators [20].

Treatment with LEP had a strong stimulating effect
on bowel re-growth following bowel resection in the
rats. Parenteral administration of LEP led to an addi-
tional increase in bowel and mucosal weight in both
jejunum and ileum compared to SBS-untreated animals.
A concomitant increase in mucosal DNA and protein
content suggests enhanced cell metabolism, which is
consistent with the increased epithelial cell proliferation
and differentiation. Not only were mucosal parameters
of structural adaptation increased, but also villus height
and crypt depth, suggesting increased absorptive surface
area and increased proliferating activity in the crypts.
The enterocyte proliferation index increased significantly
following LEP administration and may be considered
the main mechanism responsible for increased cell mass.
We found that bcl-2 expression in ileal mucosa did not
change significantly in LEP treated animals; however,

bax expression decreased, and this was associated with
decreased gut epithelial apoptosis in vivo. This obser-
vation is contrary to the recent report of Lin et al. [12]
who showed a direct pro-apoptotic effect of LEP on
enterocytes in normal intestine.

In conclusion, in a rat model of SBS treatment with
LEP enhances structural intestinal adaptation. Increased
enterocyte proliferation and decreased cell death via
apoptosis may be responsible for this positive effect.
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