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Small bowel resection decreases brush border membrane
(BBM) glucose uptake kinetics. Oral epidermal growth factor
(EGF) returns net glucose transport across intact tissue to control
levels despite persistence of a defect in BBM glucose uptake.
The purpose of this study was to examine the effects of resection
and EGF treatment on sodium-dependent glucose cotransporter 1
(SGLT-1) expression in distal remnant tissue. New Zealand
White rabbits (1 kg) underwent 70% small bowel resection (R).
One group of resected animals (R-EGF) received oral EGF (40
�g/kg, days 3–8). Distal remnant tissue was harvested 10 d after
surgery, and compared with controls (C). Mucosal SGLT-1
mRNA was measured by Northern blot, BBM SGLT-1 content
by Western blot, and villus distribution of SGLT-1 protein and
mRNA by immunofluorescence and in situ hybridization. West-
ern blot indicated BBM from both resected and EGF-treated
tissue had decreased SGLT-1 content (C, 0.55 � 0.04; R, 0.35 �
0.04; R-EGF, 0.35 � 0.03 trace OD; n � 5; p � 0.05). Northern
blot revealed no alterations in mucosal SGLT-1 mRNA content

in any group. SGLT-1 protein and mRNA localization in control
tissues was characterized by a gradual increase in stain intensity
from the base of the villus to the villus tip. Resection altered
SGLT-1 protein and mRNA expression along the villus axis with
intensity being strongest in the mid-villus region and little ex-
pression at the tip of the villus. Oral EGF normalized SGLT-1
protein and mRNA expression to control patterns. Resection
alters SGLT-1 protein and mRNA expression along the villus
axis, despite no change in total mucosal SGLT-1 mRNA content.
EGF normalized villus SGLT-1 protein and mRNA distribution,
without altering overall BBM SGLT-1 content or mucosal
mRNA levels. (Pediatr Res 55: 19–26, 2004)

Abbreviations
EGF, epidermal growth factor
SGLT-1, sodium-dependent glucose cotransporter 1
BBM, brush border membrane
GAPDH, glyceraldehyde-3-phosphate dehydrogenase

Massive small bowel resection is usually a last resort surgi-
cal procedure carried out in response to a number of pathologic
insults, including Crohn’s disease, ileitis, necrotizing entero-
colitis, volvulus, and gut ischemia (1). If more than 70% of the
small intestine is resected, short bowel syndrome can develop.
Short bowel patients cannot absorb enough nutrients from their
normal oral diet, and need either parenteral (i.v.) or enteral
(oral) nutritional supplementation. Complications associated
with nutritional supplementation often result in a lower quality
of life, and in some cases, result in significant mortality (1–3).

In neonates, the loss of a significant length of absorptive small
bowel can have dire consequences that cannot be offset by
supplemental nutrition therapies, and often lead to failure to
thrive and eventual mortality (1, 2).

Previous studies in our laboratory have demonstrated that
resection of 70% of the small intestine results in significant
morphologic and functional adaptation in the distal remnant (4,
5). Villus height, crypt depth, enterocyte proliferation, and
migration rate, as well as brush border surface area, are all
increased in remnant tissue (4, 5). However, despite these
adaptations, glucose transport across short-circuited remnant
ileal tissue, and ileal BBM glucose uptake kinetics, remain
reduced compared with controls (4, 5). These data suggest that
during the early adaptive phase after surgical resection, entero-
cyte absorptive surface area increases but there is less SGLT-1
per unit membrane, possibly because of the increased turnover
of enterocytes.
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Daily oral dosage with EGF resulted in normalized glucose
transport in short-circuited tissues (4) associated with an in-
crease in absorptive surface area above that elicited by resec-
tion alone through increases in both luminal diameter and
microvillus height (5). Oral EGF also normalized enterocyte
migration rate to control values but had no effect on enterocyte
proliferation. However, despite the recovery of transport func-
tion in intact tissue, BBM obtained from EGF-treated resected
animals still demonstrated significantly reduced glucose up-
take, indicating that, at least at the level of the brush border,
glucose transport was still impaired (5). Therefore, adminis-
tration of EGF to resected animals appears to result in a
normalization of glucose transport in intact tissue without an
increase in the number of SGLT-1 transporters per unit mem-
brane. Although EGF treatment markedly increases brush bor-
der surface area in the distal remnant (5), this does not seem
sufficient to account for the magnitude of the increase in
glucose absorption in intact tissue. A possible mechanism
underlying the beneficial effect of EGF may involve the altered
expression of SGLT-1 in enterocytes along the crypt-villus
axis. Glucose transport is up-regulated in chronically diabetic
rats as a result of the expression of SGLT-1 in a greater number
of enterocytes lower down the crypt-villus axis than that seen
in normal control animals (6).

Thus, the aim of this study was to examine the effects of
massive small bowel resection and EGF treatment on the
expression of the sugar transporter SGLT-1 in remnant tissue
and to define the mechanisms involved in the chronic regula-
tion of glucose transport in this injury model.

METHODS

Animal model of massive small bowel resection. All pro-
cedures outlined in this study fell within the guidelines set forth
by the Canadian Council for Animal Care and the Animal Care
Committee at the University of Calgary. New Zealand White
rabbits (800–1000 g) were fasted for 24 h before surgery.
Surgical procedures were carried out as previously described
(5). Briefly, animals were anesthetized with halothane inhala-
tion anesthetic (halothane, Halocarbon Laboratories, River
Edge, NJ, U.S.A.), and a midline laparotomy was performed.
The small intestine was resected from 10 cm distal to the
ligament of Treitz, to 15 cm proximal to the ileocecal valve.
The two remaining portions of intestine were then joined by
end-to-end anastomosis. The continuity and seal of the anas-
tomosis was assessed by infusing a volume of sterile saline
solution (approximately 5 mL of 0.9% NaCl). The remnant
bowel was then replaced into the peritoneal cavity, and the
abdominal musculature was closed. Before abdominal closure,
1.5 mL/kg Penlong (Penlong XL, Rogar/STP Inc., London,
Ontario, Canada) diluted to approximately 12–15 mL with
sterile saline solution was infused into the peritoneal cavity.

Animals were allowed to recover on heating pads for at least
4 h, then placed into separate cages without food. Animals
were given another dose of Penlong XL, 24 h after surgery (1.5
mL intramuscularly) and then fed ad libitum. Animals were
monitored for 10 d after resection. Control animals consisted of
age-matched unmanipulated animals and in the Western blot

studies sham-resected animals (distal landmark was transected,
and anastomosed as per normal surgical procedures). One
group of resected animals was given EGF (recombinant human
epidermal growth factor, GF-010–8; Austral Biologicals, San
Ramon, CA, U.S.A.; 40 �g/kg diluted in sterile saline solution)
daily from d 3 to d 8 by oral gavage at the same time each day.
Animals were fasted on d 9 and euthanized (Euthanyl, MTC
Pharmaceuticals, Mississauga, Ontario, Canada) on d 10 for
analysis. Tissue was harvested beginning 4 cm distal to the site
of anastomosis. In unmanipulated control animals, equivalent
tissue was harvested by measuring 10 cm proximal to the
ileocecal valve. In separate experiments, animals were anes-
thetized and processed for immunohistochemistry.

Analysis of BBM SGLT-1 content by Western immunoblot.
BBM were harvested from mucosal scrapings of a 10-cm
segment of remnant ileum beginning 4 cm distal to the site of
anastomosis and prepared using the calcium chloride precipi-
tation method described by Kessler et al. (7). BBM purity was
assessed by comparing sucrase activity in initial homogenates
to BBMs (8). Basolateral contamination was determined by
comparing Na�/K�-ATPase activity of the initial homogenates
to the BBM fractions (9). All BBM used had less than 1%
basolateral contamination as assessed by Na�/K�/ATPase ac-
tivity, and at least 15-fold increase in sucrase activity when
compared with initial homogenates. BBM were stored in liquid
nitrogen until later use.

Aliquots of BBM preparations were assessed for SGLT-1
content by Western immunoblot as previously described (10).
The anti-SGLT-1 antibodies used in these studies are described
in detail in the section on immunohistochemistry below.

Band density (expressed as units of trace OD) was assessed
using a Bio-Rad GS710 Imaging Densitometer and Bio-Rad
Quantity One image analysis software (Bio-Rad Laboratories,
Mississauga, Ontario, Canada). We have previously docu-
mented the validity of this detection system (10). A standard
curve of serial dilutions of the peptide against which the
antibody was raised demonstrated that trace OD was linear
from 0.25 to 7 pmol of the peptide antigen. The immunoreac-
tive bands detected and analyzed in this study fell within the
linear range of this detection system. Units are expressed as
units of trace OD � SEM.

Preparation of RNA, cDNA synthesis, and cloning of
cDNAs. Mucosal scrapings from a 1-cm segment of remnant
ileum and corresponding control mucosal scrapings were flash-
frozen and stored in liquid nitrogen until extraction. Total RNA
was extracted using Trizol reagent (Trizol reagent, 15596;
GIBCO Life Technologies, Mississauga, Ontario, Canada) as
per manufacturer’s instructions. Total RNA was further puri-
fied using the RNA cleanup protocol supplied in the RNeasy
Mini Kit (RNeasy Mini Kit, 74104; Qiagen, Mississauga,
Ontario, Canada). Poly-A� RNA (mRNA) was purified using
the polyASpin mRNA Isolation Kit (polyASpin Isolation Kit,
1560; New England Biolabs, Mississauga, Ontario, Canada).
An oligo-dT primed (homo-oligomeric DNA pd (T)12–18,
2778503; Pharmacia Biotech, Baie D’Urfe, Quebec, Canada)
first-strand cDNA was prepared using Superscript II reverse
transcriptase (SuperScript II RNase H–reverse transcriptase,
18064022; GIBCO Life Technologies) and 2 �g of poly-A�
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RNA from a control rabbit as template. A full-length SGLT-1
cDNA was prepared by PCR using primers based on the
published rabbit SGLT-1 mRNA sequence obtained from Gen-
bank (accession number M84020), and was subsequently
cloned into pBluescript SK (Stratagene, La Jolla, CA, U.S.A.).

Gel electrophoresis and Northern blotting of SGLT-1
mRNA. Total RNA samples from remnant ileal tissue from
resected animals and resected animals receiving oral EGF and
corresponding tissues from controls were diluted to the same
final volume containing 1 �g of RNA, and then suspended in
2 vol of RNA sample loading buffer (RNA Sample Loading
Buffer, R4268; Sigma Chemical Co., St. Louis, MO, U.S.A.),
heated to 65°C for 10 min, quickly chilled on ice, and run on
standard 1% agarose-formaldehyde gels. Separated RNA was
capillary blotted overnight onto Hybond XL (Hybond XL
membrane, RPN 1520B; Pharmacia Biotech) using 10� SSC
(20� standard saline citrate (SSC), GIBCO 15557044,
GIBCO, Mississauga, Ontario, Canada) as a transfer buffer.
RNAs were fixed to the membrane using a 5-min incubation on
pads of filter paper soaked with 50 mM NaOH. Blots were
rinsed briefly in renaturing solution (87.66 g NaCl, 9.7 g Tris
base, 66.1 g Tris-HCl, 2 mL 0.5 M EDTA, in 1 L douible-
distilled H2O, pH 7.4), followed by two to three rinses in 2�
SSC.

Probes (50 ng) were labeled with 50 �Ci [32P]dCTP (Am-
ersham) using a Prime-It II labeling kit (Stratagene; Baie
d’Urfe, Quebec) according to the manufacturer’s protocol.
Membranes were prehybridized at 68°C in Expresshyb (Ex-
presshyb solution, 80152; Clontech, Mississauga, Ontario,
Canada) in bottles in a hybridization oven. Boiled probes were
added to fresh hybridization solution preheated to 68°C, which
was then added to the membranes in the roller bottles. Hybrid-
ization was allowed to proceed for 1 h. Filters were washed
twice for 10 min each with 2� SSC/1% SDS at room temper-
ature, twice for 15 min each in 1� SSC/0.1% SDS at 65°C, and
finally for 15 min at 65°C in 0.1� SSC in 0.1% SDS. Mem-
branes were exposed to Kodak Biomax MS film (Kodak
Biomax MS and Transcreen HE combo kit, 1017391; Eastman
Kodak, Rochester NY, U.S.A.) overnight at �70°C. The same
blots were stripped by washing five to six times with vigorous
agitation in 0.1� SSC/0.1% SDS, which had been brought to
a boil immediately before use. These stripped membranes were
then probed for the housekeeping gene GAPDH to provide an
internal standard for each blot. Bands were measured by
densitometry (Bio-Rad GS710 Imaging Densitometer and Bio-
Rad Quantity One image analysis software; Bio-Rad Labora-
tories), and expressed as arbitrary units of trace OD � SEM.

Immunohistochemical localization of SGLT-1 along the
villus axis. In separate experiments, tissues were prepared for
immunohistochemical localization of SGLT-1 as previously
described (11), with the exception of intraperitoneal sodium
pentobarbital as anesthetic (1 mL/kg, Somnotol; MTC Phar-
maceuticals, Cambridge, Ontario, Canada). Briefly, animals
were perfused transcardially with saline, followed by 10%
buffered neutral formalin (R04586; BDH, Toronto, Ontario,
Canada). Tissue was then postfixed in 10% formalin at 4°C
overnight. Fixed tissues were cryoprotected through a series of
graded sucrose–PBS solutions (sucrose, ACS 888; BDH, in

diluted 10� Dubelcco’s PBS, 14080–055; GIBCO-BRL, Mis-
sissauga, Ontario, Canada), and then embedded in OCT em-
bedding media (OCT compound, 4583; Tissue-Tek, Miles Inc.,
Elkhart, IN, U.S.A.). Serial 7-�m cryosections were mounted
directly onto silane-coated slides (silane adhesive, 63411;
Electron Microscopy Sciences, Ft. Washington, PA, U.S.A.),
and stored at �20°C until further processing for immunoflu-
orescent detection of SGLT-1 as previously described (11).
Anti-SGLT-1 polyclonal antibodies were obtained commer-
cially (Cedarlane Laboratories Ltd., Hornby, Ontario, Canada)
and were raised in rabbits against a 19-amino acid synthetic
peptide corresponding to amino acids 402–420 of the putative
extracellular loop of rabbit intestinal SGLT-1 conjugated to
keyhole limpet hemocyanin.

Stained slides were then coverslipped with FluorSave re-
agent to preserve the fluorescent properties of the secondary
antibody, viewed on a fluorescent microscope (Zeiss Axioskop,
Toronto, Ontario), and measured using an ocular micrometer.
Immunoreactive stain length along the villus axis was coarsely
measured by micrometer, and expressed as a ratio of immuno-
reactive stain distance per entire villus length. To assess the
relative pattern of staining intensity along the villus each villus
was divided into a villus tip, upper villus, lower villus, and
villus bottom. Staining was scored along the villus for each
segment by a blinded observer. A score of 2 was given if both
sides of the villus demonstrated continuous immunoreactive
staining; 1 if staining was present on one or both sides but was
discontinuous; and a score of 0 was given if staining was not
present. Measurements were converted to log format before
statistical analysis.

In situ hybridization to localize SGLT-1 mRNA. Analysis
of the full-length SGLT-1 cDNA used for Northern blotting
revealed an approximately 200-base region (from nucleotides
237–446) flanked by BamH1 and XhoI restriction sites, which
we believed would make an ideal probe for in situ analysis.
This fragment was excised and subcloned into pBlueScript SK.
Linearized template (1 �g) was transcribed to create a digoxi-
genin ribonucleotide antisense probe using a DIG RNA label-
ing kit (1175025; Boehringer Mannheim, Indianapolis, IN,
U.S.A.) with T3 polymerase (T3 RNA polymerase, 1031163;
Boehringer Mannheim) as per manufacturer’s instructions.
Transcripts were precipitated by addition of 0.1 vol of 4 M
LiCl (L9650; Sigma Chemical Co.), 1 �L of glycogen (20
mg/mL stock G0885; Sigma Chemical Co.), and 2.5 vol of
anhydrous ethyl alcohol, and stored at �70°C for at least 30
min. Probes were spun down in a microfuge, washed two times
with 70% ethanol and the pellets were air-dried. Pellets were
then resuspended in diethyl pyrocarbonate (DEPC)-treated wa-
ter. Labeling efficiency and probe concentration was estimated
as per manufacturer’s instructions.

Tissue preparation and in situ hybridization protocols were
performed essentially as described in Muldrew et al. (12) with
several minor modifications. Distal remnant tissues and con-
trols were flash-frozen in OCT, and 5-�m rather than 6-�m
sections were used. Probe concentration was reduced to 100
ng/mL. In addition, Levamisole (6 mg/30 mL Buffer 3) was
included in the color reaction, which was monitored under a
light microscope and stopped with three 5-min washes in
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double distilled H2O, followed by quick dips in graded eth-
anols, and coverslipping with Eukitt (Eukitt; O. Kindler Co.,
Freiburg, Germany).

Statistical analysis. Data are expressed as mean � SEM
unless otherwise specified. Western immunoblot and Northern
blot data were analyzed by one-way ANOVA with Student-
Newman-Keuls multiple comparisons post test. Immunohisto-
chemistry measurements were analyzed using nonparametric
Kruskal-Wallis using Dunn’s post test. Statistical significance
was set at p � 0.05.

RESULTS

Brush border SGLT-1 content. Analysis of BBM sugar
transporter levels from unmanipulated control and transected
control groups did not reveal any significant differences, there-
fore control data were pooled for ease of presentation. Probing
with the polyclonal antibody against SGLT-1 revealed one
immunoreactive band at roughly 70–75 kD, which is in agree-
ment with previous reports for rabbit SGLT-1 (10, 13, 14). As
shown in Figure 1, BBM from remnant tissues contained less
SGLT-1 than compared with control BBM (resected, 0.347 �
0.041, n � 10, versus pooled controls, 0.487 � 0.041 arbitrary
units trace OD, n � 10, p � 0.01). Oral EGF therapy did not
correct the defect in BBM SGLT-1 content (resected � EGF,
0.357 � 0.025, n � 5, p � 0.05; Fig. 1A). Figure 1B shows the
results of analysis of arbitrary band density units as a percent
of controls. BBM from both resected animals and resected
animals receiving oral EGF demonstrated significantly less
SGLT-1 than pooled control values.

Northern blot analysis of SGLT-1 mRNA in mucosal
scrapings. Northern blots for SGLT-1 mRNA were standard-

ized to the internal control GAPDH. Figure 2A depicts repre-
sentative bands corresponding to SGLT-1 mRNA obtained
from mucosal scrapings taken from control animals, resected
animals, and resected animals receiving oral EGF therapy. No
alteration in band density was observed among groups. These
findings were confirmed by densitometry (Fig. 2B). No alter-
ation in the relative levels of SGLT-1 mRNA was detected
among any of the groups examined.

Immunohistochemical localization of SGLT-1 along the
villus axis. Figure 3 shows representative photomicrographs
demonstrating the immunohistochemical localization of
SGLT-1 along the villus axis in tissue from control animals,
resected animals, and resected � EGF animals. Control tissues
demonstrated a reproducible pattern of increasing apical stain
intensity from the base of the villus, to the villus tip, with no
immunoreactivity observed in the crypt. In remnant tissue a
shift in the pattern of SGLT-1 immunoreactivity was noted
such that stain intensity peaked near the lower and midvillus
region, and decreased toward the villus tip. Tissue from re-
sected animals treated with oral EGF demonstrated a pattern of
SGLT-1 immunoreactivity that was indistinguishable from
control. Immunofluorescent stain intensity in the villus tip,
upper midvillus, lower midvillus, and villus bottom was as-
sessed (Fig. 4). Resection resulted in a downward shift in
SGLT-1 staining along the villus compared with controls. EGF
treatment returned the staining pattern to that seen in controls.

Measurement of the length of SGLT-1 apical stain was then
correlated to the overall crypt-villus length and expressed as a
percent of the overall length. These measurements indicated
that after resection, villi in the remnant intestine had a larger
proportion of villus cells expressing immunoreactive SGLT-1

Figure 1. SGLT-1 expression in BBM harvested from control, resected, and
oral EGF-treated resected animals 10 d after surgery. A, representative immu-
noreactive bands corresponding to BBM SGLT-1 from control (left), resected
(middle), and oral EGF-treated (right) resected animals. Resected and EGF-
treated animals demonstrated decreased SGLT-1 band density when compared
with control animals. B, densitometric analysis of SGLT-1 immunoreactive
bands from control (open), resected (black), and EGF-treated resected animals
(gray). Densitometry revealed a significant decrease in the amount of SGLT-1
in BBM harvested from resected animals. Resected animals treated with oral
EGF also demonstrated decreased BBMV SGLT-1 content. n � 10 (control),
n � 10 (resected), n � 5 (resected � EGF). *p � 0.05.

Figure 2. Northern blot analysis of SGLT-1 mRNA content from mucosal
scrapings harvested from control, resected, and oral EGF-treated resected
animals. A, representative SGLT-1 Northern blots and GAPDH internal stan-
dards from control (left), resected (middle), and resected � EGF tissues (right).
The relative amounts of SGLT-1 mRNA did not differ among treatment
groups. B, densitometric analysis of Northern blots for mucosal SGLT-1
mRNA. Neither resection nor EGF treatment altered the relative amounts of
mucosal SGLT-1 mRNA. n � 8 (control), n � 4 (resected), n � 4 (resected
� EGF).
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when compared with control measurements (Fig. 5; resected,
52.01 � 1.03% versus control, 47.3 � 1.12% crypt-villus
length, n � 60 from 4 animals, p � 0.05). This result indicates
that remnant tissue recruits more enterocytes into the glucose-
transporting population, albeit in a different region of the
villus. In contrast, resected animals receiving oral EGF dis-
played a normalized ratio of SGLT-1 immunoreactivity to
villus-crypt length (Fig. 5; resected � EGF, 43.4 � 1.41, n �
60 from 4 animals). In EGF-treated animals, the proportion of

villus length that was stained positive for SGLT-1 was not
different from controls, but significantly different from resected
tissues (p � 0.05).

In situ hybridization to localize SGLT-1 mRNA along the
villus axis. Using digoxigenin-labeled antisense probes for an
approximately 200-base sequence (nucleotides 237– 446)
within the SGLT-1 mRNA sequence allowed visualization and
localization of SGLT-1 mRNA transcription along the villus
axis. Specificity was confirmed by omission of the antisense
probe. Initial experiments outlined the importance of including
Levamisole in the color detection buffer to inhibit endogenous
phosphatase activity. Sections incubated without antisense
probe, and in the presence of Levamisole in the color detection
buffer, did not display any color reaction (data not shown).

Figure 6 shows representative photomicrographs demon-
strating the results of in situ hybridization for SGLT-1 mRNA

Figure 3. Immunofluorescent localization of SGLT-1 protein along the villus
axis (20� magnification). Control tissues displayed consistent immunoreac-
tivity (black apical stain) from the base to the tip of the villus. Resected tissues
demonstrated a shift in SGLT-1 expression to the lower two thirds of the villus.
Oral EGF therapy (Res � EGF) returned the pattern of SGLT-1 immunore-
activity to that observed in controls.

Figure 4. Scored immunofluorescent stain intensity in villus tip, upper
midvillus, lower midvillus, and bottom villus. Immunofluorescent staining was
significantly reduced in the tip and significantly increased in the lower portions
of the villus in resected animals compared with control animals. EGF treatment
(R � EGF) returned staining to a pattern similar to that seen in control animals.
Control n � 11, resected n � 16, R � EGF n � 6; *p � 0.05.

Figure 5. Measurement of the cohesive SGLT-1 immunoreactivity in control
(open), resected (black), and resected � EGF animals (gray) as percent of the
total villus-crypt length. Remnant tissues demonstrated increased SGLT-1
immunoreactive staining along the crypt-villus axis when compared with
control tissues as determined by nonparametric Kruskal-Wallis analysis and
Dunn’s post test. Resected � EGF tissues demonstrated a normalized ratio of
SGLT-1 immunoreactivity to crypt-villus length when compared with control
tissues (n � 4 animals from each treatment group, n � 60 measurements per
group).

Figure 6. In situ hybridization for SGLT-1 mRNA (25� magnification).
Control tissues demonstrated consistent hybridization for SGLT-1 mRNA
from the base to the tip of the villus. Resection altered SGLT-1 mRNA
expression along the villus axis. Probe hybridization displayed a pattern similar
to that seen for SGLT-1 protein, with mRNA expression at the base of the
villus, and little or no mRNA at the villus tip. Oral EGF (Res � EGF)
normalized SGLT-1 mRNA expression to control patterns (n � 4 animals for
each treatment group).
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in tissue from control animals, resected animals, and resected
� EGF animals. Control tissues demonstrated the presence of
SGLT-1 mRNA from the base of the villus, with a slight
decrease in intensity near the villus tip. No SGLT-1 mRNA
was localized to the crypt epithelial cells, nor did the probe
hybridize cells within the lamina propria region. In contrast, in
remnant tissue from resected animals, a visible decrease in
SGLT-1 mRNA hybridization was observed in the region of
the villus tip. This pattern of SGLT-1 mRNA localization
corresponded to the altered expression pattern of SGLT-1
protein when assessed by immunohistochemistry. Treatment
with oral EGF returned the pattern of SGLT-1 mRNA hybrid-
ization back to the normal control pattern, with message dis-
tributed from the base of the villus to the tip.

DISCUSSION

The findings from the current study suggest that the decrease
in glucose transport function observed in remnant bowel is
caused in part by an alteration in the expression of SGLT-1
mRNA and protein, leading to a shift in SGLT-1 localization
from the villus tip to the midvillus region, in addition to the
decrease in SGLT-1 protein content. EGF treatment improves
glucose transport function by returning the pattern of SGLT-1
expression to that seen in normal animals. In control tissue,
SGLT-1 protein was expressed from the base of the villus to
the villus tip with staining intensity being greatest at the tip. In
remnant tissue SGLT-1 was expressed primarily in the mid-
villus region with little staining at the villus tip. EGF treatment
normalized the pattern of SGLT-1 along the crypt-villus axis.
Likewise a similar pattern was observed for SGLT-1 mRNA.
Resection caused a decrease in SGLT-1 mRNA expression at
the villus tip in remnant tissue that was returned to the control
pattern after EGF treatment.

In the current study, EGF was administered orally, once a
day, at the same time each morning, for a period of 5 d. A body
of evidence has accumulated indicating orally administered
EGF can influence the adaptive response after small bowel
resection (4, 5, 15, 16). Surgical removal of the submandibular
gland, the major source of endogenous EGF, diminished the
adaptive response after resection whereas oral administration
of EGF to replace that lost by sialoadenectomy was shown to
restore the adaptive response to normal (15). Similarly, mice
overexpressing EGF in the small intestine showed marked
improvement in their adaptive responses after resection (17).
Finally, recent studies have indicated the presence of EGF
receptors on the apical BBM in normal small intestinal tissue,
as well as after massive small bowel resection (18–20).

A dose of 40 �g of EGF/kg per day was administered to
resected animals in this study. Early work in the laboratory
demonstrated that this dose of EGF, delivered orogastrically,
significantly increased mucosal DNA in the distal small intes-
tine and induced precocious maturation of intestinal brush
border disaccharidases (21). As this dose was shown to pro-
duce a significant effect on intestinal function and develop-
ment, it was subsequently used to examine the effect of EGF on
adaptation in remnant bowel after massive small bowel
resection.

The data suggests that a number of mechanisms are involved
in the chronic regulation of sugar transport in the small intes-
tine. At the cellular level, resection results in a decrease in the
relative amounts of brush border SGLT-1. The reduction in
BBM SGLT-1 correlates with the observed decrease in brush
border glucose uptake kinetics (22). This decrease in BBM
SGLT-1 concentration does not appear to be the result of a
decrease in the overall amount of mRNA for these transporters.

Oral EGF therapy normalizes glucose transport in intact
remnant tissue after resection (4), but this is not because of an
increase in the amount of SGLT-1 per unit of membrane.
SGLT-1 content in BBM from EGF-treated resected animals
was not different from BBM prepared from remnant tissue
from resected animals (5). Therefore, the recovery of function
seen in intact remnant tissue in EGF-treated resected animals
must involve other variables. Oral EGF treatment significantly
increased brush border height over that seen in resected rem-
nant tissue (5). As BBM glucose uptake kinetics were normal-
ized to unit membrane protein, as were Western immunoblots
for BBM SGLT-1, the compensation seen in intact tissues is
likely in part the result of an overall increase in the absolute
amount of SGLT-1 expressed along the brush border. There-
fore, although the BBM in resected remnant tissue might be
less functional as shown by Western immunoblot and glucose
uptake kinetics, there is more of this membrane inserted into
the brush border of animals receiving oral EGF. Studies in
other laboratories have also reported a beneficial effect of EGF
on SGLT-1 expression in the adapting bowel (23). Both su-
crase and SGLT-1 content were reported increased in isolated
enterocytes obtained from remnant bowel. Administration of
EGF to resected animals resulted in a further increase in
SGLT-1 expression over resection alone although sucrase was
not altered. It is unknown whether the observed defect in
transport function per unit of membrane protein in EGF-treated
animals returns to a more normal value at a later time. Evi-
dence from other studies suggests that adaptive changes in
bowel function and structure may or may not persist depending
on the factor examined. The increase in brush border surface
area reported 10 d after surgery in remnant bowel returns to
normal values by 21 d (5). Increases in villus height appear to
remain elevated for an extended period after surgery (24–26).
Other studies measuring functional changes reported disparate
findings. Mucosal disaccharidase activity has been reported to
both decrease after resection but return to control values at later
time points (4) and to increase in the initial postsurgical period
and remain elevated (25). Glucose transport in remnant tissue
is depressed 10 d after surgery and remains so at 21 d (4, 5). In
contrast transport-specific activities were reported generally
decreased 2 wk after resection but had either increased or
returned to control values by 4 wk (24). The findings to date
suggest that as bowel surface area increases with time, alter-
ations in enterocyte function may return to more normal
values.

The expression of SGLT-1 protein along the crypt-villus
axis in remnant tissue was markedly different from the pattern
of SGLT-1 expression observed in control tissue. Control
tissues demonstrated a gradual increase in SGLT-1 stain inten-
sity from the base of the villus toward the villus tip similar to
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what others have reported (27–29). Remnant tissue displayed
altered SGLT-1 expression along the villus axis, with the
majority of stain occurring near the midvillus, and greatly
decreased immunoreactivity at the villus tip. The significance
of the altered pattern of SGLT-1 immunolocalization on the
transport function of the tissue is not known. However, as
EGF-treated tissues demonstrated a pattern of SGLT-1 protein
expression similar to control tissue, increasing from the base to
the tip of the villus, the normalization of SGLT-1 localization
along the villus axis may be responsible for the improvement
in glucose transport capacity seen in intact EGF-treated rem-
nant tissue (4). Despite a decrease in BBM SGLT-1 concen-
tration and glucose uptake kinetics, the localization of SGLT-1
to the upper villus region might improve the access of the
transporter to the luminal glucose load.

In situ hybridization for SGLT-1 mRNA in control tissues
demonstrated a consistent pattern of staining from the base of
the villus to the villus tip. The pattern of SGLT-1 mRNA
hybridization is in agreement with other studies examining the
distribution of SGLT-1 mRNA along the crypt-villus axis
(30–32). Remnant tissue demonstrated an altered pattern of
SGLT-1 mRNA expression along the villus with expression at
the base of the villus but little or no expression at the villus tip.
Oral EGF treatment normalized the pattern of SGLT-1 expres-
sion along the villus to that seen in control tissue. This apparent
decrease in SGLT-1 mRNA per enterocyte is particularly
interesting as EGF stimulation has been reported to decrease
Sp1 binding activity, and Sp1 binding has been implicated in
maintaining basal levels of SGLT-1 mRNA transcription (33, 34).

A number of variables appear to be involved in adaptation in
remnant tissue: 1) an increase in villus height and subsequent
expansion of the transporting compartment, 2) the insertion of
additional less functional microvillus membrane into the brush
border and the subsequent increase in absolute SGLT-1 ex-
pression, and 3) a downward shift in SGLT-1 expression along
the villus axis. EGF enhances adaptation in remnant tissue by
stimulating 1) a further increase in microvillus membrane inser-
tion above that induced by resection alone, and 2) by the normal-
ization of SGLT-1 expression along the crypt-villus axis.

The mechanisms behind the alterations in SGLT-1 expres-
sion seen in remnant tissue are unknown but may involve the
increase in enterocyte migration rate observed in remnant
tissue in our laboratory (5) and others (35). Other studies have
demonstrated that the number of apoptotic enterocytes is sig-
nificantly increased at the villus tip in remnant tissue (36), and
EGF has been shown to inhibit apoptosis in remnant bowel
(37). Enterocyte migration rate is increased almost 6-fold in
remnant tissue compared with control tissue (5). Thus, resec-
tion might lead to an increase in enterocyte migration rate,
which induces premature expression of SGLT-1 and early
programmed cell death. EGF may provide clinical benefit both
by increasing microvillus absorptive surface area and by nor-
malizing the rate of enterocyte migration and maturation.

CONCLUSIONS

In conclusion, the findings indicate that the defect in glucose
transport observed in remnant tissue is caused by a redistribu-

tion of SGLT-1 protein and message along the villus length as
well as a reduction in overall SGLT-1 expression. EGF enhances
glucose transport in remnant tissue in part by returning the pattern
of SGLT-1 protein and message expression to that seen in control
tissue. This suggests that the functional activity of SGLT-1 is
dependent on where it is expressed along the villus axis.
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