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reatment of Bile Acid Malabsorption
sing Ileal Stem Cell Transplantation

effrey R Avansino, MD, David C Chen, MD, Vicki D Hoagland, BS, Jacob D Woolman, BA,
Geoffrey Haigh, PhD, Matthias Stelzner, MD, FACS

BACKGROUND: We hypothesized that ileal stem cell clusters transplanted into a segment of jejunum can be used
to treat bile acid malabsorption.

STUDY DESIGN: In adult Lewis rats, a 15-cm segment of jejunum was isolated with its blood circulation left
intact and partially stripped of enterocytes using luminal high-velocity perfusions with
3 mmol/L ethylenediamine tetra-acetic acid solutions. Continuity was restored by anastomos-
ing the proximal and distal gut. Ileal stem cell clusters were harvested from neonatal Lewis rats
and transplanted into the stripped segments to generate a “neoileum.” After 4 weeks, recipients
underwent resection of the native ileum, and the isolated neoileum was anastomosed in its
place. After an additional 4 weeks, a 48-hour stool collection was performed. The engrafted
segment was harvested for taurocholate uptake studies, ileal bile acid transporter (IBAT) protein
by immunohistomorphometry, and IBAT mRNA quantitation by reverse transcription poly-
merease chain reaction. Data were analyzed by ANOVA/t-test. Rats undergoing ileectomy,
jejunectomy, or sham operations served as controls.

RESULTS: Total bile acid loss in the stool was markedly lower in rats with a neoileum compared with rats
with an ileectomy (p � 0.001).Total taurocholate uptake was notably increased in the neoileum
compared with the jejunum (p � 0.001). IBAT protein signal intensity was considerably higher
in the neoileum compared with jejunum (p � 0.001). IBAT mRNA amounts in the neoileal
group were comparable with those in normal rat ileum and were considerably higher (p �
0.003) than in the jejunum.

CONCLUSIONS: Ileal stem cell clusters were used to establish a new zone of bile acid uptake and IBAT expression
in a jejunal segment. This neoileum eliminated loss of bile acids in the stool after ileectomy. This
is the first time that transplantation of intestinal stem cell clusters has been shown to correct a
clinical malabsorption syndrome. (J Am Coll Surg 2005;201:710–720. © 2005 by the

American College of Surgeons)
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ile acid malabsorption is a common form of intestinal
alabsorption caused by anatomic, inflammatory, phys-

ologic, or molecular changes in the ileum of the small
ntestine that functionally decreases the ability of the
nterohepatic circulation to recover bile acids. This can
ccur after surgical resection of the ileum, inflammatory
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iseases such as Crohn’s disease, radiation enteritis, or
erminal ileitis, which alter the function of the entero-
ytes, cause changes in motility that decrease transit
ime, or bring about defects in membrane transporters
esponsible for bile acid absorption. This can occur after
urgical resection of the ileum and with inflammatory
iseases such as Crohn’s disease, radiation enteritis, or
erminal ileitis. These processes can alter the function of
he enterocytes, cause changes in motility that decrease
ransit time, or bring about defects in membrane trans-
orters resonsible for bile acid absorption. Resection of
s little as 30 cm of the distal half of the ileum may
recipitate bile acid malabsorption. Bile acid absorption
s also decreased in patients with radiation enteritis, cys-
ic fibrosis, or Crohn’s colitis whose ileum is histologi-

ally normal.1 Increased exposure of the colonic entero-
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ytes to higher concentrations of bile acids can result in
olonic enterocyte dysfunction, causing diarrhea. In ad-
ition, elevated levels of bile acids may have a mutagenic
ffect on colonic enterocytes and have been associated
ith increased risk of colon cancer.2,3 Other serious con-
itions such as gallstones, nephrolithiasis, growth retar-
ation, and weight loss can also arise.4-6 Successful trans-
lantation of ileal stem cell clusters into the jejunum
ould be used to treat bile acid malabsorption by gener-
ting a segment with neoileal mucosa.

Stem cells of the small intestine are defined by their
bility to produce all of the epithelial lineages of the
mall intestine (ie, enterocytes, Paneth cells, goblet
ells, and enteroendocrine cells). Pluripotency of the
ells and proliferative capacity are greatest at the crypt
ase, decreasing as cells move upwards. Stem cells
ivide to produce daughter cells, known as transit
mplifying cells. These proliferate and differentiate,
apidly appearing on the villus as terminally differen-
iated cells.7 Isolation and manipulation of individual
ntestinal stem cells have failed to give rise to a func-
ional neomucosa.8 Mesenchymal cells appear to be
mportant in regulating and maintaining endodermal
ifferentiation, suggesting a role in the regulation of
pithelial stem cell function. Tait and colleagues8 de-
cribed a method in which aggregates of neonatal rat
pithelial and mesenchymal intestinal cells (which
ontain intestinal stem cells) can be isolated and used
o generate a neomucosa. By definition, the forma-
ion of crypts and villi in this neomucosa can only be
erived from stem cell progenitors.
Our group first reported successful transplantation

f ileal stem cell clusters into denuded jejunal seg-
ents in 2000.9 This was accomplished by isolating

tem cell clusters from terminal ileum of neonatal rats
nd transplanting them into demucosalized segments
f midjejunum in adult syngeneic recipients. The

Abbreviations and Acronyms

DMEM-S � Dulbecco’s modification of Eagle’s medium –
sterile

EDTA � ethylenediamine tetra-acetic acid
GAPDH � glyceraldehyde-3-phosphate dehydrogenase
HBSS � Hank’s buffered saline solution
IBAT � ileal bile acid transporter
PCR � polymerase chain reaction
neoileum” was identified using antibodies to the ileal b
ile acid transporter (IBAT) protein, which is pre-
ominately located on mature ileocytes and is respon-
ible for sodium-dependent uptake of bile acids. Ac-
ive taurocholate uptake was demonstrated in
egments with neoileal mucosa, but rates were lower
han those seen in the native ileum. IBAT-mRNA was
ranscribed in the neoileum at levels 18- to 100-fold
igher than those normally detected in the jejunum.
This study examined whether similar neoileal seg-
ents can reverse bile acid malabsorption after ileec-

omy in vivo. We hypothesized that a neoileum placed in
ontinuity with the small intestine after an ileectomy
ould reverse bile acid loss in the stool and restore nor-
al stool consistency.

ETHODS
nimals
ive- to 7-day-old Lewis rats were used as donors for
ntestinal stem cell cluster isolation. Adult male Lewis
ats weighing 220 to 250 g were used as syngeneic recip-
ents (Harlan). All animals were housed in accordance
ith the National Institutes of Health guidelines for the

are of laboratory animals, maintained under a 12-hour
ight/dark cycle (light from 6 AM to 6 PM), and received
egular rodent chow and water ad libitum.

igure 1. Ileal stem cell clusters containing 20 to 40 cells from the

ase of crypts of rats.
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solation of stem cell clusters
ntestinal stem cell clusters were isolated as described
y Evans and associates10 (Fig. 1). In brief, 5- to
-day-old rats were sacrificed by cervical dislocation
nd the terminal one-fifth of the small bowel (termi-
al ileum) was harvested. The intestine was opened

ongitudinally and cut into 2-mm long segments. The
ntestinal pieces were washed in calcium-free and

agnesium-free Hank’s buffered saline solution
HBSS, Mediatech Inc). The washed segments were
inced into pieces smaller than 1 mm3, then trans-

erred into 20 mL of HBSS, with 0.1 mg/mL dispase
ype 1 (Roche) and 300 U/mL collagenase type XI
Sigma) and rocked continuously for 25 minutes at
2°C. The suspension was shaken vigorously for
minute and allowed to sediment for 1 minute. The

upernatant was carefully transferred to a new tube
nd the pellet discarded. This was repeated three
imes, clearing the suspension of larger debris. The
leared suspension then was mixed with an equal
mount of sterile Dulbecco’s modification of Eagle’s
edium (DMEM-S). The following was added to the

.45% glucose DMEM-S (Gibco): 2% D-Sorbitol
Sigma), 2.5% fetal bovine serum (Hyclone), 100
U/mL penicillin � 100 �g/mL streptomycin
Gibco). The modified DMEM-S/supernatant solu-
ion was centrifuged for 2 minutes at 300 rpm at
oom temperature. Contents were allowed to sedi-
ent at normal gravity for 30 seconds and the super-

atant discarded. The pellet was washed (50 mL of
MEM-S) and centrifuged six times, or until the

upernatant was clear and the pellet well defined. The
ellet then was resuspended in HBSS containing cal-
ium and magnesium.

urgical procedure
irst laparotomy
dult syngeneic male Lewis rats were used as recipi-
nts of the stem cell clusters. Rats were anesthetized
ith inhaled isoflurane. A 15-cm segment of midje-

unum was isolated in each rat on its mesenteric pedi-
le, maintaining perfusion to the segment. The re-
aining proximal and distal bowel was anastomosed

n an end-to-end fashion to restore bowel continuity.
ll anastomoses were performed with 6-0 polypro-
ylene sutures (Ethicon). The mucosal epithelium
rom the isolated jejunum was stripped by vigorous

lushing with 0.9% saline containing 1 mmol/L di- g
hiothreitol (5 minutes for mucolysis), 1 mmol/L di-
hiothreitol/27 mmol/L citrate (10 minutes) and
mmol/L dithiothreitol/3 mmol/L ethylenediamine

etraacetic acid (EDTA) (45 minutes) at a flow rate of
0 mL/min at 37°C.11 This resulted in a partial dis-

odgment of the mucosal cells from the basement
embrane with little damage to the underlying tis-

ue. Before administration of the chelators, the mes-
nteric pedicle was clamped for the duration of the
rrigation to minimize toxicity from chelators. Each
egment was seeded with 100,000 to 130,000 ileal
tem clusters in 1 mL of HBSS. The proximal end of
he segment was tied off with a 6-0 polypropylene
uture (Ethicon). The distal end of the segment was
nastomosed with a 6-0 polypropylene suture in an
nd-to-side fashion to the distal ileum, just proximal
o the ileocecal valve. The segments were placed in the
bdomen for a 4-week period. The rats were main-
ained on microstabilized liquid rodent diet (Test
iet) for the first week and placed on normal rat chow

Nestle Purina) for the subsequent 3 weeks.

econd laparotomy
midline laparotomy was performed. The intestines

ere exteriorized and adhesions were divided. The ter-
inal 30 cm of ileum was removed. The proximal end of

he neoileal segment was anastomosed to the proximal
ejunum, restoring intestinal continuity. The rats were

aintained on liquid diet for the first week and placed
n normal rat chow for the subsequent 3 weeks. After
his time, the rats underwent 48-hour stool collections.
or this, rats were placed individually in metabolic cages.
tool and urine were collected continuously over a 48-
our period. Stool was stored at –80°C until the bile acid
nalysis was performed.

xperimental groups
ile acid loss in the stool was determined in the follow-

ng four groups: normal preoperative controls (n � 3);
ats undergoing a jejunectomy (positive control; n � 3);
ats undergoing an ileectomy (negative control; n � 3);
nd rats with neoileal segment (experimental group; n �
) (Fig. 2). Rats with a jejunectomy had a 30-cm section
f mid small bowel removed. The distal resection margin
as 30 cm proximal to the ileocecal valve. Rats with an

leectomy had the terminal 30 cm of their small bowel
esected. Neoileal intestinal tissue in the experimental

roup was compared with normal Lewis rat jejunum and
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leum for sodium-dependent bile acid uptake studies,
issue morphometry, and quantitation of IBAT mRNA
nd IBAT protein expression.

ile acid uptake measurements
odium-dependent and sodium-independent bile
cid absorption rates were measured in jejunal seg-
ents of rats that were seeded with ileal stem cells by
standardized everted sleeve method as previously

Figure 2. Bile acid excretion in the stool was determ
(preoperative controls); (B) jejunectomy only (positive
(experimental group).
escribed.12,13 Briefly, tissue specimens were kept in c
°C oxygenated mammalian Ringer’s solution. Spec-
mens were then everted and secured onto 4-mm
hick stainless steel rods using silk ties and stored in
xygenated ice-cold Ringer’s solution. Uptake mea-
urements were performed between 1 and 2 hours
fter excision. Mounted tissues were preincubated for
minutes in 37°C, oxygenated Ringer’s solution and

hen incubated for 2 minutes in either sodium-

in the following four groups: (A) intact small bowel
l); (C) ileectomy only (negative control); (D) neoileum
ined
contro
ontaining or sodium-free Ringer’s solution with



1
w
s
R

f
c
p
s
t
r
(
q
i
(
(
s
D
m
d
a

o
i
T
u
i
r
s

p
7
n
w
S
t
m
s
m
n
s
f
a

I
F
s
p

t
P
r
c
d
t
S
i
p
i
b
i
a
R
p
a
n
t
m
i
r
m
p
n

S
T
t
Z
m
Z
s
d
v
i
c

Q
S
w
p
(
t
a
u
f
t
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mmol/L taurocholate. Sodium-dependent transport
as defined as the difference between uptake rates in

odium-containing and in sodium-free taurocholate-
inger’s solutions.
To measure sodium-independent uptake, sodium-

ree Ringer’s solution was prepared by replacing sodium
hloride with choline-Cl and sodium bicarbonate with
otassium bicarbonate. Taurocholate in the sodium-free
olutions was added as a potassium salt. To prepare po-
assium taurocholate, ion exchange of a 1M sodium tau-
ocholate solution with potassium-loaded AmberLyte
Biorad) was performed. The potassium salt was subse-
uently recrystallized. Absence of sodium ions after the
on exchange was confirmed by flame-photometry. [3H-
G)] Tracer amounts of radiolabeled taurocholic acid,
Perkin Elmer Life Sciences) was added to the uptake
olutions. Polyethylene glycol, [1,2-14C] (MW 4,000
alton), a marker substance not subject to carrier-
ediated transport and with a very low transmembrane

iffusion coefficient, also was added to these solutions to
ccount for [3H]-radiotracer in the adherent fluid.13-15

The length of the incubation period was chosen based
n initial validation experiments using rat jejunal and
leal tissues as suggested by Karasov and Diamond.15

hese validation studies showed that, at 2 minutes, the
ptake of radioactive taurocholate still showed linear

ncrease over time, although complete equilibration of
adioactive polyethylene glycol had occurred (data not
hown).

After incubation, tissues were removed from the rods,
laced in scintillation vials, weighed, and solubilized in
30 �L TS-2 tissue solubilizer (Research Products Inter-
ational). Vials were incubated at 58° C until the tissues
ere completely dissolved and 5 mL acidified Safety-
olve scintillation cocktail (Research Products Interna-
ional) was added. Beta emissions (in disintegrations per
inute from tritium and 14C were counted in a liquid

cintillation counter (Tricarb 2200 CA, Packard Instru-
ent Co). The average taurocholate uptake rate for the

ative ileum and jejunum was calculated for a 30- cm
egment of bowel. The average taurocholate uptake rate
or the neoileum was calculated for the 15 cm that was
nastomosed in place of the resected ileum.

mmunohistochemistry
or immunohistochemistry studies, small intestinal tis-
ues were mounted in optimal cutting temperature com-

ound (Pella) and frozen on dry ice. Tissues were sec- i
ioned on a cryostat (Leica) and mounted on Superfrost/
lus glass slides (Fisher Scientific). Polyclonal antibodies
aised in rabbits against IBAT were obtained from a
ommercial source (Research Genetics), and purified as
escribed.16 Frozen tissue sections were air dried at room
emperature and fixed in –20°C acetone for 15 minutes.
ections were washed in phosphate-buffered saline and
ncubated for 5 minutes with 5% goat serum in
hosphate-buffered saline to reduce background stain-
ng. A 1:10 dilution of affinity-purified anti-IBAT anti-
ody was applied for 3 hours. Sections were washed and
ncubated with a 1:100 dilution of a secondary goat
ntirabbit Cy3-IgG antibody (Jackson Immuno-
esearch Laboratories) for 30 minutes, then washed in
hosphate-buffered saline. Slides were mounted using
n aqueous medium containing Hoechst 33258 dye as a
uclear stain (Sigma). The slides were evaluated for dis-
ribution of the fluorescence signal under a fluorescence
icroscope (Axioscope II, Zeiss) equipped with a digital

maging and an intensity-measuring program for fluo-
escence systems (Axiocam, Zeiss). Signal density was
easured as fluorescent intensity over background as

reviously described.16 Preimmune serum served as a
egative control.

urface area quantification
he relative surface area of the small intestine was quan-

ified using fluorescence microscopy (Axioscope II,
eiss) equipped with a digital imaging and intensity-
easuring program for fluorescence systems (Axiocam,
eiss). A surface area index ratio was calculated by mea-

uring the mucosal length of five consecutive villi and
ividing this parameter by the length of the base of the
illi. This was done in five random sections in each an-
mal. The surface area index ratio in the neoileum was
ompared with normal ileum and jejunum.

uantification of IBAT mRNA
mall sections of intestinal tissues (100 to 250 mg) from
ild type animals and seeded segments were used to
repare total RNA17 using the RNeasy Extraction Kit
Qiagen) following the manufacturer’s protocol. The to-
al RNA was incubated with RQ1 DNase (Promega) and
dditionally purified by applying to RNeasy-Mini col-
mns (Qiagen). One microgram of purified total RNA
rom each sample was reverse-transcribed with reverse
ranscriptase (Gibco) and the cDNA used as templates

n subsequent polymerase chain reactions (PCRs). A
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82-bp fragment from the coding region of rat-IBAT
as amplified using the primer pair rIBAT 1: 5= ATCT-
CGTGGGCTTCCTCTGTCAG 3= and rIBAT2: 5=
TCCAAGGCAACTGTTCGGC 3=. A 618-bp frag-
ent from the coding region of rat-glyceraldehyde-3-

hosphate dehydrogenase (GAPDH), as a normalizing
ontrol, was amplified with the primer pair rGAPDH1: 5=
TGGGGTGATGCTGGTGCTGA 3= and rGAPDH2:
= GAATGGGAGTTGCTGTTGAAG 3= as described
y Kim and associates.18 We first determined the number
f PCR cycles at which the two PCR products were
ccrued by linear increases from these cDNAs. To this
nd, we varied the number of PCR cycles from 20 to 40.
inear increases in all samples were observed with 31
CR cycles for rIBAT and 21 cycles for rGADPH (data
ot shown). After running all the samples for these cy-
les, PCR products were electrophoresed in a 1.2% aga-
ose gel in 0.5X Tris-borate EDTA buffer (44.6 mmol/L
RIS-Base, 44.5 mmol/L boric acid, 0.5 mmol/L
DTA, pH 8.3) and the rat-IBAT and rat-GAPDH
ands quantified by gel densitometry on a Nucleotech
000 densitometry unit (Nucleotech).

nalysis of fecal bile acids
weighed representative sample of homogenized fecal
aterial was mixed with an equal weight of distilled
ater in a glass tube with a Teflon-lined screw cap. To

his was added chloroform/methanol (2:1 by volume),
our volumes for each volume of water. The mixture was
haken thoroughly at intervals over a period of 1 hour,
nd then centrifuged at 1,200 g for 10 minutes. The
pper layer (methanol/water) was carefully removed
ith a Pasteur pipette, filtered, and dried under nitrogen

t 45°C.
A 300-mg solid-phase extraction cartridge (C18

ond Elut, Varian) was washed with 10 mL of methanol,
ollowed by 10 mL of distilled water. The dried residue
rom the fecal extract was dissolved in 3 mL of water and
pplied to the cartridge, which then was washed with
0 mL water and 3 mL of hexane. Bile acids were then
luted into a fresh tube with 3 mL of methanol. The
atter was evaporated to dryness as described previously
nd taken up in 1 mL methanol for high pressure liquid
hromatography analysis.

High pressure liquid chromatography analysis for
onjugated and free bile acids was carried out with a
hree-pump Rainin Dynamax system (Rainin Instru-

ents), by a modification of the method of Scalia,19 in t
hich ammonium acetate was substituted for the phos-
hate buffer, to use the greater sensitivity of the “mass
etector.” The sample was applied to a 4.6 � 250 mm
pherisorb ODS2, 5� column (Phase Separations Ltd)
nd eluted with a gradient from 65% methanol/35%
.03 M ammonium acetate, pH 4.5 to 90% methanol/
0% ammonium acetate buffer, followed by 100%
ethanol. Detection was by an evaporative light-

cattering detector (ELSD MK III, Alltech), which had
een calibrated previously for quantitation with 14 stan-
ard bile acids.

tatistical methods
ll data are expressed as mean � SEM. Statistical anal-
sis was performed using an analysis of variance and
wo-tailed t-test to compare individual groups as a
osthoc test. A p value � 0.05 was considered
ignificant.

ESULTS
hirty adult Lewis rats underwent an initial laparotomy.
eventeen of these underwent the second operation;
ight of these survived. The initial high mortality in this
tudy was from clinical complications. It was not attrib-
table to malabsorption or bile acid losses. Mortality

ikely resulted from EDTA toxicity or reperfusion injury
n the first six rats. The length of bowel debrided was
educed from 30 cm to 15 cm, resulting in decreased
ortality in the immediate postoperative period. Four

dditional rats died immediately after the second oper-
tion. The cause of death in the remaining animals in-
luded obstruction, intraperitoneal abscess, mesenteric
orsion of the transplant segment, and devascularization
f the transplant segment during the second operation.
wo rats were sacrificed during the second operation
ecause of an inability to separate structures adequately
o restore intestinal continuity. Two rats died as a result
f devascularization of the neoileum from excessive mo-
ilization from dense adhesions. Repeat experiments
ere carried out on three additional rats without com-
lication or mortality, as a result of modifications and
efinements to this model.There was no mortality in any
f the control groups.

The eight surviving animals in the treatment group
nderwent perfusion as described. But in one of the

nitial animals, the perfusion with EDTA solution was
hortened to 20 minutes because of technical complica-

ions (animal 1). This led to incomplete mucosal de-
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ridement. This animal went through the entire study
eriod, but data gathered from this animal were not
ncluded in the treatment group.

ross findings
indings at the time of the second operation ranged
rom few film-like adhesions to dense adhesions with
bscesses and fistula formation. Adhesiolysis was per-
ormed to mobilize the proximal neoileum. The
eoileal segments varied in appearance from consid-
rably dilated to shrunken in size. One of the eight
ats that survived demonstrated a normal atrophic
egment of bowel with few film-like adhesions. This
at (animal 1) had undergone incomplete debride-
ent at the time of the initial operation. The degree

f dilation and number of adhesions varied in the
emaining rats that survived. All three rats in the re-
eat experimental group had minimal adhesions, a
ell-developed neoileal segment, and no evidence of
bscess, fistula, or other inflammatory processes seen
arlier in the development of this model.

ucosal morphology
he neoileum was identified using antibodies to IBAT

Fig. 3). Neoileal mucosa was found in large patches
ithin regenerated normal jejunal mucosa. The mor-
hologic appearance of the neoileum was similar to that
f native ileum.The surface index ratio was calculated by
ividing the villous mucosal length by the length of the
illous base. There was a trend toward increased surface
rea index ratio in the neoileum compared with the nor-
al ileum (Fig. 4). The rat with inadequate debridement

animal 1) demonstrated a mucosal morphology that
as similar to that of normal jejunum. There was no

BAT expression seen in the segment.

ile acid loss in the stool
ile acid loss in the stools was measured in positive con-

rols (n � 3), negative controls (n � 3), preoperative
ontrols (n � 3), and compared with the experimental
roup (n � 8) (Fig. 5). The bile acid profile in the stool
f the positive control group was similar to that in the
reoperative control group. Rats with an ileectomy had a
onsiderably higher bile acid loss compared with preop-
rative and positive control groups (p � 0.001). The
tool produced by rats after ileectomy was somewhat
ofter than normal rat feces, yet it maintained its form.

ats that had an ileectomy with anastomosis of i
eoileum in its place demonstrated a marked reduction
n bile acid loss in the stool compared with rats with
leectomy alone (p � 0.001). The stool consistency in
hese animals with a neoileum was similar to the stool of
ormal preoperative controls.

odium-dependent and sodium-independent uptake
f bile acids
o confirm findings of the fecal bile acid analysis, several
egments containing native jejunum, ileum, and neoileal
ucosa were examined for the presence of active,

odium-dependent bile acid uptake. Total uptake of the
onjugated bile acid taurocholate in rats with the
eoileal segment was notably higher than in the native

ejunum (p � 0.001), yet less than that seen in the ileum
Fig. 6). Uptake by passive diffusion of bile acids in the
eoileum was similar to that in the native ileum, which
as approximately twofold greater than that found in

he jejunum. The difference between total and sodium-
ndependent taurocholate uptake represents the active,
odium-dependent absorption through IBAT. This ac-
ive uptake was notably higher in the neoileum com-
ared with jejunum (p � 0.001) (Fig. 6). Diffusional
sodium-independent) uptake was notably lower in the
ejunum compared with both neoileum (p � 0.001) and
leum (p � 0.001).

BAT protein and mRNA expression
verage IBAT protein expression in the group with a
eoileum was notably greater than in the jejunum (p �
.001), but was less than in the ileum (Fig. 7A). The rat
ith apparently incomplete debridement of the isolated

ejunal segment demonstrated no IBAT protein
xpression.

We quantified the IBAT mRNA using reverse tran-
criptase PCR and gel densitometry. The IBAT signal
ntensity relative to GAPDH controls in the neoileum
as similar to that in normal rat ileum, and was notably
igher than in the jejunum (p � 0.003) (Fig. 7B). IBAT
RNA was not present in the rat with incomplete

ebridement.

ISCUSSION
his study is the first to show that intestinal stem cell

ransplantation can correct a clinical malabsorption syn-
rome. Previously, we successfully engrafted ileal stem
ells into a demucosalized segment of jejunum, confirm-

ng the presence of a neoileum with antibodies to the
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Figure 3. Hematoxylin and eosin (H&E) and immunofluorescence staining with anti-ileal bile acid transporter (IBAT)
antibody (red � IBAT-positive). (A) native jejunum; (B) neoileum 4 wks after being anastomosed in place of resected
ileum. In this section, the neoileal mucosa is located adjacent to native regenerated jejunal mucosa (neoileal
mucosa [to left of arrow] and residual native jejunal mucosa [to right of arrow]). (C) neoileum; (D) native ileum. Scale

bar 100 �m.
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BAT protein.9 In the present experiments, the neoileal
egment was placed into continuity with the native small
owel after ileectomy, resulting in a reversal of bile acids

osses in the stool. This data were corroborated with in
itro uptake studies, mucosal morphology, and IBAT
RNA and protein expression.
Measurement of bile acid excretion in the stool pro-

ided a physiologic means of assessing the in vivo func-
ionality of the neoileum. The consistency of rat stool
fter an ileectomy was soft, yet it maintained its form,
aking this a less reliable clinical sign of bile acid loss.
ats with a neoileum anastomosed in place of a resected
ative ileum demonstrated a marked reduction of bile
cid excretion compared with the rats undergoing ileec-
omy alone. There was a trend toward decreased bile acid
xcretion in both the rats with the neoileal segment and

Figure 4. Villus mucosal length to villus base
ileum. Numbers 1 to 8 on the x axis repres
resected ileum. Rat 1 underwent incomplet
jejunum. Rats 2 to 8 demonstrated a ratio si

igure 5. Quantification of total bile acid excretion in the stool of
ormal preoperative controls, positive controls (jejunectomy), nega-
ive controls (ileectomy) and the experimental group ie, the rats with
eoileum anastomosed in place of the resected ileum. The experi-
ental group demonstrated a notable reduction in bile acid excre-

ion in the stool compared with negative controls to normal values

*p � 0.001 versus ileectomy group). 0
he positive controls (jejunectomy only) compared with
ormal preoperative controls. In both groups, rats un-
erwent resection of a 30-cm segment of small bowel.
revious studies have demonstrated increased mucosal
urface area in rodents undergoing bowel resection.20 We
ound that neoileum had a surface area index ratio that
as higher than that in normal ileum, suggesting muco-

al hypertrophy may have played a role in the decreased
xcretion of stool bile acids in the experimental group.

Sodium-dependent bile acid absorption in the native
leum was 1.3-fold greater (57% of the total bile acid
bsorption) than sodium-independent bile acid absorp-
ion. Total bile acid absorption in the ileum was approx-
mately fivefold greater than in the jejunum. Bile acid
bsorption in the jejunum resulted from sodium-
ndependent uptake only. The neoileum demonstrated

. First two bars represent native jejunum and
ats with neoileum anastomosed in place of
bridement resulting in restitution of native
to native ileum.

igure 6. Bile acid uptake measurements in neoileal mucosa and
ormal gut. Total (black columns) and sodium-independent (gray
olumns) taurocholic acid uptake rates were measured in native
ejunum, native ileum, and neoileum. Total taurocholate uptake in
he neoileum was notably higher than that in the jejunum (*p �
.001). The active sodium-dependent uptake rates (total minus
odium-independent) were notably higher in the neoileum compared
ith the jejunum (**p � 0.001) but lower than in ileum (***p �
ratio
ent r
e de
.001).
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otal bile acid uptake that was approximately fourfold
reater than that in the jejunum, but the sodium-
ependent component was only 33% of the total bile
cid uptake as compared with 57% in ileal controls.
rom this, we concluded that sodium-dependent bile
cid absorption in the neoileum was not quite as effi-
ient as in the native ileum. There are a number of pos-
ibilities as to why this occurred.

First, our histologic examinations suggested that the
ucosa of the neoileum is indeed a patchwork of areas

eaturing transplanted ileocytes and restituted native je-
unum derived from crypts that were not completely
ebrided (Fig. 3B). That means the neoileum does not
ompletely equal native ileal mucosa. Nonetheless, the
eoileum appears a functionally adequate substitute for
ative ileum because its presence in the alimentary canal
eversed bile acid malabsorption in our experiment. Sec-
nd, the discrepancy between mRNA levels in the
eoileum and IBAT protein levels may suggest that the
eoileum does not express IBAT protein and native ileal
ucosa. Additional studies are needed to examine this

ossibility. Third, the apparent increase in sodium-
ndependent absorption may be from limitations inher-
nt in the measurement methodology for everted sleeves.
alibration of this test is based on normal rat mucosa,
hich differs in its physical properties from neoileum.
or example, the decreased compliance of the neoileal
issue may have resulted in greater stretching of the
eoileal mucosa and, potentially, some microscopic dis-
uption in the mucosa because it was fixed to the mount-
ng rod during uptake measurements, resulting in in-

igure 7. Expression of ileal bile acid transporter (IBAT) mRNA an
uorescence intensity in native jejunum, native ileum, and neoileum
ative jejunum (*p � 0.001). (B) Representative agarose gel o
lyceraldehyde-3-phosphate dehydrogenase (GADPH) and IBAT mRN
he experimental group (neoileum). Note: Lane 3, rat with incomp
ejunum.
reased passive absorption. Because of the paucity of S
vailable neoileal tissue, we were not able to rule out this
ossibility by histologic examination of the tissues used
n the uptake study.

In summary, this study demonstrated that intesti-
al stem cell transplantation is capable of correcting a
linical intestinal malabsorption syndrome. These ex-
eriments provide proof of principle that intestinal
tem cell transplantation is feasible and has substan-
ial therapeutic potential. Because ileocytes may be
iewed as jejunocytes with added features, ie, capabil-
ties for active uptake of bile acids and vitamin B12,
ur study also offered a potential paradigm for intes-
inal gene therapy. One could envision future studies
hat aim at engrafting of genetically modified stem
ells. So successful transplantation of enteric mucosal
tem cells is a potentially important step in the devel-
pment of intestinal stem cell gene therapy to treat a
ariety of gastrointestinal diseases.
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