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Abstract

Purpose While the endocrine action of the active

metabolite 1,25-dihydroxyvitamin D (VtD) has been well

characterized in relation to the maintenance of plasma

calcium and phosphate homeostasis through regulation of

intestinal absorption, recent research has focused on its

autocrine and/or paracrine activities. Such activities have

been best characterized in intestine, where VtD regulates

cell differentiation and maturation. The purpose of this

study was to evaluate the effect of VtD on enterocyte

turnover in a rat model of short bowel syndrome (SBS).

Methods Male rats were divided into four groups: sham

rats underwent bowel transection, sham-VtD rats under-

went bowel transection and were treated oral VtD, SBS rats

underwent a 75 % bowel resection, and SBS-VtD rats

underwent bowel resection and were treated with VtD.

Parameters of intestinal adaptation, enterocyte proliferation

and apoptosis were determined at sacrifice. Illumina’s

digital gene expression (DGE) analysis was used to

determine VtD pathway-related gene expression profiling.

VtD receptor (VDR) and its promoter, Bax and Bcl-2

mRNA expression were determined using real-time PCR.

Western blotting was used to determine p-ERK, Bax and b-

catenin protein levels.

Results From the total of 20,000 probes, 11 genes related

to VtD signaling were investigated. Of these genes, five

were found to be up-regulated in SBS versus sham animals

with a relative change in gene expression level of 20 %,

five remained unchanged, and one was down-regulated.

VtD treatment in sham and SBS rats resulted in significant

up-regulation of the VDR gene and its promoter’s

expression. SBS-VtD rats demonstrated a significant

increase in all intestinal mucosal parameters compared to

SBS animals. A significant increase in cell proliferation in

SBS-VtD rats was accompanied by increased b-catenin

protein levels. A significant decrease in cell apoptosis in

this group was correlated with lower Bax/Bcl-2 mRNA and

protein levels.

Conclusion In a rat model of SBS, dietary supplementa-

tion with VtD stimulates enterocyte turnover, which cor-

relates with up-regulated VtD receptor expression in the

remaining small intestine.

Keywords Short bowel syndrome � Vitamin D �
Receptor � Intestinal adaptation � Enterocyte turnover

Introduction

Short bowel syndrome (SBS) is a clinical condition defined

as a state of malnutrition and malabsorption of nutrients

and micronutrients, resulting from the surgical removal of

small bowel and decrease in absorptive surface area [1, 2].

Despite progress in critical care and long-term nutritional

support, mortality and morbidity in patients with SBS
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remain high [3]. The most important factor contributing to

outcome in SBS patients is the capacity of the intestinal

remnants to undergo an adaptation process [4]. Intestinal

adaptation begins within 24–48 h post-bowel resection,

represented by structural and functional changes. Mor-

phological changes include elongation and dilatation of the

remaining bowel, lengthening of villi and deepening of

crypts, resulting in increased absorptive surface area.

Functional changes result in increased absorptive capacity

of individual enterocytes.

Various nutrients, hormones and peptide growth factors

stimulate intestinal adaptation, with luminal nutrients being

particularly important [5]. Prolonged ‘‘bowel rest’’ along

with total parenteral nutrition may impair intestinal adap-

tation and patients’ ability to achieve nutritional autonomy.

Therefore, once patients stabilize, slow introduction of

enteral feeding is indicated. Dietary constituents may have

profound positive or negative effects on intestinal adapta-

tion and should be considered in developing an overall

treatment plan for patients with SBS [6, 7]. The mechanism

whereby nutrients induce this adaptation is unknown. It is

likely that nutritional factors work through a number of

mechanisms, including stimulation of mucosal hyperplasia

by direct contact with epithelial cells, stimulation of tro-

phic gastrointestinal hormone secretion and stimulation of

the production of trophic pancreaticobiliary secretions.

The absorption of many nutrients is impaired following

resection, with lipid absorption generally considered most

vulnerable. The combined loss of absorptive surface area

and compromised enterohepatic circulation, decreased bile

acid pool and decreased pancreatic lipase secretion results

in steatorrhea and inefficient lipid absorption [8, 9]. Fat

malabsorption is associated with poor absorption of fat-

soluble vitamins (A, D, E, and K) that are primarily stored

in the liver and adipose tissues. Therefore, fat-soluble (as

well as water-soluble) vitamins should be accounted for in

the SBS diet. Serum 25(OH) vitamin D levels can be

normalized by giving 50,000 IU of oral vitamin D every

other day until normalization of plasma levels occurs [10].

Although the endocrine action of the active metabolite

1,25-dihydroxyvitamin D (VtD) has been well character-

ized in relation to the maintenance of plasma calcium and

phosphate homeostasis through regulation of intestinal

absorption, recent evidence suggests that VtD exerts

autocrine and/or paracrine activities. Such activities have

been best characterized in intestine, where VtD regulates

cell differentiation and maturation. [11]. VtD mediates its

biological effects by binding to VtD receptors (VDRs),

which are principally located in target cell nuclei. Calcitriol

binding allows the VDR to act as a transcription factor

which modulates gene expression of transport proteins such

as TRPV6 and calbindin, which in turn influence intestinal

calcium absorption [12]. The VDR belongs to the nuclear

receptor superfamily of steroid/thyroid hormone receptors,

and VDRs are expressed in most organs, including the

brain, heart, skin, gonads, prostate, breast and intestine

[13]. VDR activation in intestine, bone, kidney, and para-

thyroid gland cells aids in the maintenance of calcium and

phosphorus levels in blood and in the bone [14].

The purpose of this study was to evaluate the effects of

VtD on intestinal regrowth following massive small bowel

resection in a rat model and to clarify the mechanisms by

which VtD influences mucosal hyperplasia, enterocyte

proliferation and cell death via apoptosis. Additionally, this

study aimed to determine whether the effects of VtD on

enterocyte turnover correlate with VDR expression

throughout the gastrointestinal tract.

Materials and methods

Animals

Surgical procedures and animal care were conducted in

compliance with the guidelines established by the ‘‘Guide

for the Care and Use of Laboratory Animals’’, Rappaport

Faculty of Medicine, Technion (Haifa, Israel). Adult male

Sprague–Dawley rats weighing approximately 250–260 g

were maintained in a 12-h light–dark cycle (6 a.m.—lights

on, 6 p.m.—lights off) and were allowed free access to

water and standard rat chow for 5–7 days to acclimatize to

the housing conditions.

Experimental design

In the first experiment, the role of VtD signaling following

massive small bowel resection was investigated. Animals

were randomly divided into two groups of eight rats each.

Group A (sham) rats underwent bowel transection and re-

anastomosis; Group B (SBS) rats underwent 75 % bowel

resection. Illumina’s digital gene expression (DGE) anal-

ysis using Illumina Rat Quad BeadChip was used to

determine VtD-related gene expression profiling in jeju-

num and ileum [15].

In the second experiment, rats were randomly divided

into four groups. Group A (sham) rats (n = 8) underwent

bowel transection; Group B (sham-VtD) rats (n = 8)

underwent bowel transection and were treated with VtD by

gavage at a dose of 100 mg/kg from day 4 to day 14; Group

C (SBS) rats (n = 8) underwent 75 % bowel resection;

Group D (SBS-VtD) rats (n = 8) underwent bowel resec-

tion and were treated with VtD similar to Group B. Dosage

of VtD was chosen in accordance with previously descri-

bed studies [16].

42 Pediatr Surg Int (2013) 29:41–50

123



Surgical procedure

Following an overnight fast, the rats were anesthetized with

an intraperitoneal injection of pentobarbital (45 mg/kg)

and the abdomen opened through a midline incision. Sham

rats underwent laparotomy, bowel transection and re-

anastomosis at 10 cm proximal to the ileocecal junction. In

SBS rats, the proximal 75 % of intestine was resected. The

proximal jejunum was anastomosed to the remaining ileum

in continuity using interrupted 5-0 silk sutures.

All rats were killed on the 15th postoperative day. The

small intestine from the pylorus to the ileocecal valve was

removed and divided at the anastomosis. Portions of intes-

tine 1 cm on either side of the anastomosis were discarded

because of the surgically induced hyperplasia occurring in

the peri-anastomotic region. The intestine was split on the

antimesenteric border, washed with cold saline, dried, and

each segment was weighed. The mucosa was scraped from

the underlying tissue with a glass slide and mucosal samples

were subsequently homogenized with TRIzol reagent.

Genome sequencing library preparations

Microarray expression profiling was performed in the

Genomics Core Facility (BioRap Technologies, Rappaport

Research Institute, Technion). Total RNA was isolated

using a TRIzol (Invitrogen, Carlsbad, CA, USA) extraction

protocol. The RNA was amplified into cRNA and biotin-

ylated by in vitro transcription using the TargetAmp Nano-

g Biotin-aRNA labeling kit for the Illumina system

(Epicentre Biotechnologies) according to manufacturer’s

protocol. Biotinylated cRNA was purified, fragmented,

and subsequently hybridized to an Illumina RatRef-12

Expression BeadChip V1 for genome-wide expression

analysis containing 21,910 probes selected primarily from

the NCBI RefSeq database (Release 16) according to the

Direct Hybridization assay (Illumina Inc.). The hybridized

chip capable of querying 12 samples in parallel was stained

with streptavidin-Cy3 (AmershamTM) and scanned with

an Illumina BeadArray 500GX Reader. The scanned ima-

ges were imported into GenomeStudio (Illumina Inc.) for

extraction and quality control, generating an output file for

statistical analysis. Pathway analysis was performed using

Ingenuity Pathway Analysis (IPA) to identify canonical

(i.e., cell signaling and metabolic) pathways and gene–gene

interaction networks potentially involved in SBS within

our dataset [17].

Histology

Intestinal samples from the proximal jejunum and distal

ileum were fixed in 10 % formalin, dehydrated in progressive

concentrations of ethanol, cleared in xylene, and embedded in

paraffin wax. Deparaffinized 5 lm sections were stained with

hematoxylin and eosin. Villus height and crypt depth were

measured using a graded eye piece at ten times magnification

by a pathologist blinded as to tissue origin.

Enterocyte proliferation and apoptosis

Portions of the proximal jejunum and distal ileum were

taken as described above. Crypt cell proliferation was

assessed using 5-bromodeoxyuridine (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 prior to kill-

ing. Tissue slices (5 lm) were stained with a biotinylated

monoclonal anti-BrdU antibody system provided in kit form

(Zymed Laboratories, Inc., San Francisco, CA, USA). The

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. Immunohistochemistry for Caspase-3

(Caspase-3 cleaved polyclonal antibody, dilution 1:100,

CP229B, Biocare Medical, LLC, CA 94520, USA) was

performed for identification of apoptotic cells using a

combination of the streptavidin–biotin–peroxidase method

and microwave antigen retrieval on formalin-fixed, paraf-

fin-embedded tissues according to the manufacturer’s pro-

tocols. A qualified pathologist blinded as to the source of

intestinal tissue performed all measurements.

Real-time PCR

RNA was isolated using TRIzol (Invitrogen) reagent

according to the manufacturer’s instructions, and quantifi-

cation of RNA was performed using 260/280 nm spectro-

photometry. The method was extended using reverse

transcriptase (PrimeScript RT reagent Kit Takara, Japan) to

convert 500 ng of total RNA into complementary DNA

(cDNA) which was then amplified by PCR-Thermal Cycler

(2720 Thermal Cycler, ABI, Israel). Gene Expression of

VDR, VDR promoter, Bax and Bcl-2 mRNA was deter-

mined by quantitative real-time PCR ABI-PRISM 7000

(applied Biosystems, Foster City, CA, USA) on cDNA

samples using Cyber Green Master Mix (Takara, Japan)

with the exception of template and primers.

Western blotting

Tissue was homogenized in RIPA lysis buffer containing

50 mM Tris–HCl (pH 7.4), 150 mM NaCl, 1 % NP-40,

2 mM EDTA, supplemented with a cocktail of protease

(Roche Diagnostic) and phosphatase cocktail inhibitors

(Sigma). Protein concentrations were determined by Brad-

ford reagent according to the manufacturer’s instructions.
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Samples containing equal amounts of total protein (30 lg)

were resolved by SDS-PAGE under reducing conditions.

After electrophoresis, proteins were transferred to PVDF

membrane and probed with various primary anti-Bax anti-

body (1:2,000 dilution, sc-493), anti-phospho-ERK anti-

body (1:2,500 dilution, sc-7383), anti-b-catenin antibody

(1:500 dilution, sc-8312) and anti-ERK2 antibody (1:2,000

dilution, Cell Signaling #9108). Horseradish peroxidase-

conjugated secondary antibody was purchased from Jackson

ImmunoResearch Laboratories Inc. (West Grove, PA, USA)

and an enhanced chemiluminescent substrate from Biolog-

ical Industries (Kibbutz Beth HaEmek, Israel). The optical

density of the specific protein bands was quantified using a

densitometer (Vilber Lourmat, Lyon, France).

Statistical analysis

The data are expressed as the mean ± SEM. Statistical

analysis of adaptation parameters, enterocyte proliferation,

and apoptosis was performed using the non-parametric

Kruskal–Wallis ANOVA test, followed by the corrected

Mann–Whitney test, with p \ 0.05 considered statistically

significant.

Results

First experiment (microarray expression profiling)

165 genes were differentially expressed in rat intestine

after massive small bowel resection when compared to

controls (fold change [1.2, p \ 0.001). Functional clus-

tering analysis revealed increased expression in signaling

pathways involved in tryptophan, ascorbate and aldarate

metabolism, biosynthesis of steroids, propanoate metabo-

lism, glycine, serine and threonine metabolism, and fatty

acid metabolism. From the total amount of 20,000 probes,

11 genes related to VtD signaling were investigated

(Table 1). From these genes, five genes were up-regulated

in jejunum and seven genes were up-regulated in ileum in

SBS rats compared to sham rats. Five genes in jejunum and

two genes in ileum remained unchanged. The VDR gene

was up-regulated in jejunum and down-regulated in ileum.

Moreover, cluster analysis based on all genes represented

on the microarray chip showed a clear differentiation. The

most significant increase was shown in Cyp1a1 (cyto-

chrome P450, family 1, subfamily a, polypeptide 1) and

Cyp51 (cytochrome P450, family 51); a threefold and

twofold increase, respectively. A significant 20–70 % up-

regulation was also observed in the levels of STAT1,

STAT 2 and STAT 3 (signal transducer and activator of

transcription).

Second experiment

Body weight changes

Massive small bowel resection resulted in a signifi-

cant decrease in SBS rat versus sham rat body weight

(102 ± 3 and 119 ± 3 % initial weight, p \ 0.001;

Fig. 1). Although VtD treatment in SBS animals resulted

in a trend toward increase in final body weight

Table 1 Changes in VtD

pathway-related genes in

remaining intestine following

bowel resection compared to

sham animals by microarray

analysis

Gene

symbol

Accession

number

Target gene name SBS vs.

sham

Ileum

SBS vs.

sham

Jejunum

Vdr NM_017058.1 Rattus norvegicus vitamin D

(1,25-dihydroxyvitamin D3) receptor

-1.32295 ?1.16248

Rxrb XM_574720.1 Rattus norvegicus retinoid X receptor beta -1.16662 1.0436

Stat1 NM_032612.1 Rattus norvegicus signal transducer and activator

of transcription 1

?1.27203 -1.20343

Stat3 NM_012747.2 Rattus norvegicus signal transducer and activator

of transcription3 (acute-phase response factor)

?1.19494 ?1.28407

Stat2 XM_576139.1 Rattus norvegicus signal transducer and activator

of transcription 2 (predicted)

?1.69477 ?1.45442

Rxra NM_012805.1 Rattus norvegicus retinoid X receptor alpha ?1.11051 1.00603

Dbp NM_012564 Rattus norvegicus group specific component (Gc), 1.03512 1.03081

Thrap5 XM_216837.3 Rattus norvegicus thyroid hormone receptor

associated protein 5 (predicted)

?1.21867 1.05722

Cyp1a1 NM_012540.2 Rattus norvegicus cytochrome P450, family 1,

subfamily a, polypeptide 1

?2.11433 ?3.43063

Cyp51 NM_012941.2 Rattus norvegicus cytochrome P450, family 51 ?1.9099 ?1.24571

Cyp27a1 XM_579715.1 Rattus norvegicus cytochrome P450, family 27,

subfamily a, polypeptide 1

1.09678 1.02825
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(compared to SBS animals), this trend was not statisti-

cally significant.

Parameters of intestinal adaptation

SBS rats demonstrated a significant increase in overall

bowel and mucosal weight in jejunum (fourfold increase,

p \ 0.001) and in ileum (twofold increase, p \ 0.001)

(Fig. 2), villus height and crypt depth in jejunum (478 ±

37 vs. 385 ± 17 lm and 201 ± 8 vs. 139 ± 5 lm,

respectively, p \ 0.05) and ileum (448 ± 13 vs. 291 ±

29 lm and 167 ± 14 vs. 135 ± 7 lm, respectively,

p \ 0.05) (Fig. 3) compared to sham animals. SBS-VtD

rats demonstrated an additional increase in overall bowel

weight in jejunum and ileum (13 %, p \ 0.05), mucosal

weight in jejunum and ileum (37 and 16 %, respectively,

p \ 0.05) (Fig. 2), villus height in jejunum (567 ± 11 vs.

478 ± 37 lm, p \ 0.05) and ileum (508 ± 36 vs. 448 ±

13 lm, p \ 0.05) and crypt depth in ileum (209 ± 12 vs.

167 ± 14 lm, p \ 0.05) (Fig. 3) compared to SBS rats.

Enterocyte proliferation and apoptosis

Treatment of sham animals with VtD resulted in a sig-

nificant increase in cell proliferation rates in jejunum

(153 ± 4 vs. 129 ± 3 BrdU positive cells/10 crypts,

p \ 0.001) and ileum (153 ± 3 vs. 126 ± 3 BrdU posi-

tive cells/10 crypts, p \ 0.001) compared to sham ani-

mals, and in a trend toward concomitant increase in cell

apoptosis in jejunum. However, this trend was not sta-

tistically significant (Fig. 4). SBS rats demonstrated a

significant increase in cell proliferation in jejunum (31 %,

p \ 0.001) and ileum (29 %, p \ 0.001) and concomitant

increase in cell apoptosis in jejunum (threefold increase,

p \ 0.001) and ileum (twofold increase, p \ 0.001)

compared to sham rats. Treatment of SBS animals with

VtD resulted in an additional increase in cell proliferation

rate in jejunum (16 %, p \ 0.05) and ileum (19 %,

p \ 0.001) compared to SBS rats. SBS-VtD rats also

demonstrated a significant decrease in cell apoptosis in

jejunum and ileum (twofold decrease, p \ 0.001) com-

pared to SBS animals.

Real-time PCR

The effect of bowel resection on VDR, VDR Promoter,

Bax and Bcl-2 mRNA throughout the gastrointestinal tract

was determined using real-time PCR (Fig. 5). As expected,

treatment of sham animals with VtD resulted in a signifi-

cant up-regulation of VDR and its promoter in both jeju-

num and ileum. Massive small bowel resection did not

significantly change VDR and its promoter mRNA

expression compared to control animals. Treatment of SBS

animals with VtD resulted in a trend toward increase in

receptor and promoter expression in ileum; however, this

trend was not statistically significant. Massive small bowel

resection (SBS) resulted in a significant increase in Bax

mRNA expression in jejunum (fourfold increase, p \ 0.05)

and ileum (threefold increase, p \ 0.05) and a significant

twofold decrease in Bcl-2 mRNA level in ileum (p \ 0.05)

compared to control animals. The Bax to Bcl-2 ratio

increased significantly in SBS rats compared to control

animals in both jejunum (fivefold increase, p \ 0.05) and

ileum (fourfold increase, p \ 0.05), which was in agree-

ment with elevated cell apoptosis in this experimental

group. VtD treatment resulted in an eightfold decrease in

Bax mRNA expression in jejunum and fourfold decrease in

Bax mRNA expression in ileum compared to SBS rats.

Interestingly, Bcl-2 mRNA levels also decreased in this

group; however, this decrease was less marked compared

to changes in Bax mRNA levels. Correspondingly, Bax/

Bcl-2 ratio decreased in jejunum (threefold decrease) and

ileum (twofold decrease) in SBS-VtD rats compared to

SBS animals, suggesting increased enterocyte survival.
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Western blot

Elevated cell proliferation rates in SBS (vs. sham) animals

were accompanied by elevated b-catenin protein levels in

jejunum (twofold increase, p \ 0.05) and ileum (threefold

increase, p \ 0.05) (Fig. 6). Treatment of both sham and

SBS animals with VtD resulted in a significant up-regula-

tion of b-catenin protein levels compared to non-treated

animals. A significant increase in cell apoptosis in SBS

(vs. sham) rats was accompanied by a significant increase

in pro-apoptotic Bax gene expression in jejunum (two-

fold increase, p \ 0.05) and ileum (fourfold increase,

p \ 0.05). Treatment with VtD led to significant threefold

down-regulation in Bax mRNA expression in both jejunum

and ileum compared to SBS animals (p \ 0.05), which was

in agreement with decreased cell apoptosis.

Discussion

Previous studies in VDR knockout mice indicated that the

major role of 1,25-dihydroxyvitamin D3 (1,25(OH)2D3) is

intestinal calcium transport [18, 19]. However, the exact

mechanisms of the non-classical actions of vitamin D

remain to be defined. 1,25(OH)2D3 has been reported to

inhibit the proliferation of a number of malignant cells and

to have immunosuppressive effects [20]. Enhanced VDR

transcription and up-regulated p21 (which functions as a

regulator of cell cycle progression) were found to correlate

with the anti-proliferative effects of 1,25(OH)2D3 in

several cancer cells [21].

Several experimental studies have described autocrine

and paracrine activities of VtD in intestine, where it reg-

ulates cell differentiation and maturation. Therefore, in the

current study we hypothesized that VtD signaling may be

involved in intestinal tissue re-growth after massive bowel

resection and that exogenous VtD may have a positive

effect in stimulating intestinal adaptation.

In the first experiment, a role of VtD signaling following

massive small bowel resection was investigated. Microarray

expression profiling demonstrated that most of the VtD

signaling-related genes were up-regulated in resected rats

compared to control animals, suggesting an important role

of this signaling pathway in the post-resection intestinal

response. Five genes were significantly up-regulated fol-

lowing bowel resection. The most significant increase was

shown in Cyp1a1 (cytochrome P450, family 1, subfamily a,

polypeptide 1; threefold increase) and Cyp51 (cytochrome

P450, family 51; twofold increase). Cytochrome P450

(CYP) proteins generally catalyze mono-oxygenations and
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bowel syndrome; VtD vitamin D, VDR vitamin D receptor. *p \ 0.05
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sham rats, �p \ 0.05 SBS-VtD versus SBS rats

Pediatr Surg Int (2013) 29:41–50 47

123



are found in all biological kingdoms. Cytochrome P450

1A1 (CYP1A1) is a member of the CYP family that par-

ticipates in the metabolism of xenobiotics and endogenous

compounds, particularly polycyclic aromatic hydrocarbons

such as benzo[a]pyrene (BaP) [22]. BaP activates the aryl

hydrocarbon (AHR) and induces the expression of genes

involved in xenobiotic metabolism, including CYP1A1.

CYP1A1 is involved not only in BaP detoxification but also

in metabolic activation, which results in DNA adduct for-

mation. VDR belongs to the NR1I subfamily of the nuclear

receptor superfamily, which also regulates expression of

xenobiotic metabolism genes. Investigation of the cross-talk

between AHR and VDR signaling pathways found that

1a,25-dihydroxyvitamin D3, a potent physiological VDR

agonist, enhanced BaP-induced transcription of CYP1A1 in

human monocytic U937 cells and THP-1 cells, breast can-

cer cells and kidney epithelium-derived cells [23]. Several

experiments have shown that cytochrome P450 enzymes in

intestinal tissue play a dominant role in target tissue meta-

bolic activation of xenobiotic compounds. They also

determine drug efficacy and influence the tissue burden of

foreign chemicals and bioavailability of therapeutic agents

[24].

A significant 20–70 % up-regulation was observed in the

current study also in the levels of STAT1, STAT 2 and

STAT 3 (signal transducer and activator of transcription).

Cellular responses to dozens of cytokines and growth fac-

tors are mediated by the evolutionarily conserved Janus

kinase/signal transducers and activators of transcription

(JAK/STAT) signaling pathway. These responses include

proliferation, differentiation, migration, apoptosis, and cell

survival [25]. Recent evidence suggests that VtD modulates

JAK-STAT signaling pathway [26]. JAK/STAT signaling is

essential for numerous developmental and homeostatic

processes, including hematopoiesis, immune cell develop-

ment, stem cell maintenance, organismal growth, and

mammary gland development. Although the canonical

JAK/STAT pathway is simple and direct, pathway com-

ponents regulate or are regulated by members of other

signaling pathways, including those involving the ERK

MAP kinase, PI 3-kinase (PI3K), b-catenin and others [25].

Next, we investigated whether exogenous VtD might

stimulate intestinal re-growth following massive small

bowel resection. Our results show that massive bowel

resection in rats results in apparent stimulation of structural

intestinal adaptation. This is evident as increased bowel

and mucosal weight and villus height and crypt depth,

reflecting a promoted adaptive response. Comparison of

morphometric parameters revealed intestinal hyperplasia to

be a predominant feature of mucosal adaptation. Compared

with the sham-transected group, villus height and crypt

depth were significantly increased in SBS animals, sug-

gesting increased absorptive surface area. The rate of

enterocyte proliferation increased in SBS rats compared to

sham animals and was accompanied by elevated b-catenin

protein levels in jejunum (twofold increase) and ileum

(threefold increase). The role of b-catenin in stimulating

stem cell activity after bowel resection has been discussed

in several recent experiments [27, 28]. Elevated cell pro-

liferation in the current study was accompanied by

increased rates of enterocyte apoptosis, suggesting accel-

erated cell turnover. An increased cell apoptosis may be

considered the mechanism that counterbalances the

increased enterocyte proliferation to reach a new homeo-

static set during intestinal adaptation. In addition, increased

apoptosis promotes disposal of genetically aberrant stem

cells and prevents tumorigenesis [29]. Bax protein level

was upregulated, while Bcl-2 mRNA was down-regulated

during intestinal adaptation. As a result, the Bax/Bcl-2 ratio

increased in SBS rats, which correlates with the enhanced

enterocyte apoptosis in this group. These changes were in

agreement with previous findings which demonstrated an

important role of Bax in enhancing programmed cell death

after small bowel resection [30].

Administration of VtD in the current study significantly

enhanced structural intestinal adaptation. VtD-treated rats

demonstrated an additional increase in bowel and mucosal

weight as well as an increased villus height and crypt

depth, which are the result of increased proliferation and

accelerated migration along the villus, and are a marker of

increased absorptive surface area. The observed increase in

enterocyte proliferation rate may be considered as a main

mechanism responsible for compensatory hyperplasia and

is responsible for increased intestinal cell mass. The

observed stimulation of cell proliferation was in agreement

with elevated b-catenin protein. Much evidence is avail-

able to show that VtD not only regulates the synthesis of

growth factors and cytokines, but also modulates growth-

factor signaling [31]. Chakrabarty et al. [32] have recently

observed that exposure of human colon tumor cells to

extracellular calcium suppressed b-catenin transcriptional

activation and promoted E-cadherin expression. Interesting

findings by Palmer et al. indicate that 1,25(OH)2D3

increased transcription of the gene encoding E-cadherin

and promoted translocation of b-catenin from the nucleus

to the plasma membrane. Activated VDR competed with

TCF transcription factors for b-catenin binding and,

therefore, interfered with inappropriate b-catenin-mediated

transcriptional activity [33].

Enterocyte apoptosis decreased significantly in SBS-

VtD rats compared to SBS animals, which was consistent

with decreased expression of Bax mRNA and protein

levels. Recent evidence suggests that calcium and VtD may

have stronger effects on cell differentiation and apoptosis

than on proliferation; and that even relatively low-dose

vitamin D may have greater effects on colorectal epithelial
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cell differentiation and apoptosis than high-dose calcium

alone or in combination with low-dose vitamin D [34, 35].

Our observations are contrary to the recent report of pro-

apoptotic effects of calcium and VtD in different cancer

cells. There is a large body of evidence which indicates that

VtD exerts an anticancer action by inducing apoptosis in

various transformed cells, including colon cancer cells [36,

37]. Diaz and colleagues [38] have shown that

1,25(OH)2D3 induces apoptosis in human colon adenoma

and carcinoma cell lines that was associated with up-reg-

ulation of expression of the pro-apoptotic protein Bax and

BAK (Bcl-2 antagonists).

Next, we investigated whether the effects of exogenous

VtD on enterocyte turnover (proliferation and apoptosis)

correlate with VDR expression throughout the gastrointes-

tinal tract. We have shown that the proliferative and anti-

apoptotic effect of VtD on enterocyte turnover correlated

with elevated VDR expression following VtD administra-

tion in both sham and resected animals; however, in control

rats, this change was much more significant. The up-regu-

lation of VDR expression together with elevated b-catenin

levels emphasizes the possible effect of VtD in the control

of stem cell activity after VtD administration.

In conclusion, (1) bowel resection in a rat model results

in activation of VtD signaling; (2) exogenous VtD stimu-

lates intestinal re-growth after massive small bowel

resection; (3) the stimulating effect of VtD on enterocyte

turnover (proliferation and apoptosis) correlates with VDR

expression throughout the gastrointestinal tract.
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(2002) Antiproliferative action of vitamin D. Vitam Horm

64:357–405

37. Vandewalle B, Wattez N, Lefebvre J (1995) Effects of vitamin

D3 derivatives on growth, differentiation and apoptosis in

tumoral colonic HT-29 cells: possible implication of intracellular

calcium. Cancer Lett 97:99–106

38. Diaz GD, Paraskeva C, Thomas MG, Binderup L, Hague A

(2000) Apoptosis is induced by the active metabolite of vitamin

D3 and its analogue EB1089 in colorectal adenoma and carci-

noma cells: possible implications for prevention and therapy.

Cancer Res 60(8):2304–2312

50 Pediatr Surg Int (2013) 29:41–50

123


	Dietary supplementation with vitamin D stimulates intestinal epithelial cell turnover after massive small bowel resection in rats
	Abstract
	Purpose
	Methods
	Results
	Conclusion

	Introduction
	Materials and methods
	Animals
	Experimental design
	Surgical procedure
	Genome sequencing library preparations
	Histology
	Enterocyte proliferation and apoptosis
	Real-time PCR
	Western blotting
	Statistical analysis

	Results
	First experiment (microarray expression profiling)
	Second experiment
	Body weight changes
	Parameters of intestinal adaptation
	Enterocyte proliferation and apoptosis

	Real-time PCR
	Western blot

	Discussion
	Acknowledgments
	References


