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ABSTRACT

Absorption of glucose from the lumen of the intestine
into enterocytes is accomplished by sodium-glucose
co-transporter 1 (SGLT1). In the majority of mam-
malian species, expression (this includes activity) of
SGLT1 is upregulated in response to increased dietary
monosaccharides. This regulatory pathway is initiated
by sensing of luminal sugar by the gut-expressed sweet
taste receptor. The objectives of our studies were to
determine (1) if the ruminant intestine expresses the
sweet taste receptor, which consists of two subunits
[taste 1 receptor 2 (T1R2) and 3 (T1R3)], and other
key signaling molecules required for SGLT1 upregula-
tion in nonruminant intestines, and (2) whether T1R2-
T1R3 sensing of artificial sweeteners induces release of
glucagon-like peptide-2 (GLP-2) and enhances SGLT1
expression. We found that the small intestine of sheep
and cattle express T1R2, T1R3, G-protein gustducin,
and GLP-2 in enteroendocrine L-cells. Maintaining
110-d-old ruminating calves for 60 d on a diet contain-
ing a starter concentrate and the artificial sweetener
Sucram (consisting of saccharin and neohesperidin di-
hydrochalcone; Pancosma SA, Geneva, Switzerland)
enhances (1) Na-dependent D-glucose uptake by over
3-fold, (2) villus height and crypt depth by 1.4- and 1.2-
fold, and (3) maltase- and alkaline phosphatase-specific
activity by 1.5-fold compared to calves maintained on
the same diet without Sucram. No statistically sig-
nificant differences were observed for rates of intestinal
glucose uptake, villus height, crypt depth, or enzyme
activities between 50-d-old milk-fed calves and calves
maintained on the same diet containing Sucram. When
adult cows were kept on a diet containing 80:20 ryegrass
hay-to-concentrate supplemented with Sucram, more
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than a 7-fold increase in SGLT'1 protein abundance was
noted. Collectively, the data indicate that inclusion of
this artificial sweetener enhances SGLT1 expression
and mucosal growth in ruminant animals. Exposure of
ruminant sheep intestinal segments to saccharin or neo-
hesperidin dihydrochalcone evokes secretion of GLP-2,
the gut hormone known to enhance intestinal glucose
absorption and mucosal growth. Artificial sweeteners,
such as Sucram, at small concentrations are potent
activators of T1R2-T1R3 (600-fold > glucose). This,
combined with oral bioavailability of T1R2-T1R3 and
the understanding that artificial sweetener-induced
receptor activation evokes GLP-2 release (thus leading
to increased SGLT1 expression and mucosal growth),
make this receptor a suitable target for dietary ma-
nipulation.

Key words: ruminant, intestine, glucose absorption,
taste 1 receptor 2, taste 1 receptor 3

INTRODUCTION

Ruminants have evolved a digestive system that
enables microbial fermentation of plant structural
carbohydrates in the rumen to produce nutrients such
as proteins and short-chain FA to fulfil their energy
demands. Their digestive system is not designed for
efficient utilization of nonstructural carbohydrates,
such as starch. However, current feeding practices for
ruminants promote the consumption of diets containing
high levels of starch to provide the bulk of dietary en-
ergy (Walker and Harmon, 1995). Most dietary starch
is fermented in the rumen, but, depending on the grain
type and the degree of processing, up to 60% of starch
intake may be available in the small intestine for enzy-
matic hydrolysis by the host (Theurer, 1986; Nocek and
Tamminga, 1991; Firkins et al., 2001).

Generally, starch is hydrolyzed in the small intestine
of mammalian species by pancreatic a-amylase and
brush border membrane disaccharidases to glucose
(Shirazi-Beechey, 1995). In ruminants, small intestinal
digestion of starch to glucose is energetically more ef-
ficient than microbial fermentation to short-chain FA
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in the rumen (Owens et al., 1986; Harmon, 2009). It
has been proposed that at least 75% of starch escap-
ing ruminal fermentation must be hydrolyzed and
absorbed in the small intestine in order to provide a
positive energy contribution to the host, thus avoiding
energetically inefficient digestion in the large intestine
(Harmon, 2009).

It has been suggested that major factors limiting
small intestinal starch utilization by ruminants may in-
clude limited activity of pancreatic a-amylase or intes-
tinal glucose absorption. Thus, a better understanding
of potential limitations to starch digestion and glucose
absorption in the intestines of ruminants, and methods
to overcome such limitations, is essential for rational
formulation of feed in order to maintain animal health
and enhance growth, performance, and productivity.

Absorption of glucose in the ruminant small intestine,
similar to other mammalian species, is accomplished
by the apically located sodium-glucose co-transporter 1
(SGLT1; Shirazi-Beechey, 1995). With rumen develop-
ment, expression and activity of this protein declines
dramatically and becomes negligible in sheep and cow
intestines (Wolffram et al., 1986; Shirazi-Beechey et al.,
1989, 1991; Lescale-Matys et al., 1993; Wood et al.,
2000; Dyer et al., 2003). However, intestinal infusion
of ruminant sheep, through duodenal cannulae, with
D-glucose and D-galactose (metabolizable substrates of
SGLT1), 3-O-methyl a, D-glucopyranoside and methyl-
a-D-glucosopyranoside (nonmetabolizable substrates of
SGLT1), p-fructose (a monosaccharide not transported
by SGLT1), and di(glucose-6-yl)poly(ethylene glycol)g
(a membrane impermeable D-glucose analogue), en-
hanced expression of SGLT1 by over 50 fold (Shirazi-
Beechey et al., 1991; Lescale-Matys et al., 1993; Wood
et al., 2000; Dyer et al., 2003). This indicated that the
ruminant intestine maintains the ability to upregulate
its capacity to absorb increased luminal glucose, that
metabolism of glucose by enterocytes is not responsible
for enhanced SGLT1 expression, and that a glucose
sensor expressed on the luminal membrane of intestinal
epithelial cells initiates pathways controlling glucose-
induced SGLT1 expression (Dyer et al., 2003).

We subsequently showed, for the first time, that the
lingual epithelium sweet taste receptor, consisting of 2
subunits, taste 1 receptor 2 (T1R2) and 3 (T1R3), is
expressed in mouse intestinal enteroendocrine cells and
proposed that it acts as the intestinal glucose sensor
(Dyer et al., 2005). The sensor (receptor) functions in
association with the G-protein gustducin_(McLaughlin
et al., 1992).

Convincing evidence for the involvement of gut-
expressed T1R2-T1R3 heteromer and gustducin in
intestinal sweet transduction and SGLT1 upregulation
was provided by our studies using mice in which the
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genes for either the a-subunit of gustducin (GNATS)
or the T1R3 sweet receptor subunit (Tas!R3) were de-
leted. The elimination of sweet transduction in mice in
vivo prevented the dietary monosaccharide-induced up-
regulation of SGLT1 expression observed in wild-type
mice (Margolskee et al., 2007). Expression of SGLT1
in both types of knockout mice was identical to that of
wild-type animals on a low-carbohydrate diet, imply-
ing that there is a constitutive pathway independent
of luminal glucose sensing by T1R3 and a-gustducin,
which maintains basal expression of SGLT1 and an
inducible pathway dependent on T1R2-T1R3 (Mar-
golskee et al., 2007). Furthermore, when included in
the diet of the wild-type mice (Margolskee et al., 2007)
or infused directly into the intestine (Stearns et al.,
2010), artificial sweeteners also enhanced the expres-
sion of SGLT1. In contrast, the knockout mice showed
no increase in SGLT'1 expression in response to supple-
mentation with sweeteners, indicating that T1R2-T1R3
and a-gustducin are required for sensing the presence
of sugars and sweeteners in the intestinal lumen (Mar-
golskee et al., 2007).

It is well established that enteroendocrine L-cells, in
response to luminal monosaccharides or artificial sweet-
eners, secrete glucagon-like peptides-1 and -2 (GLP-1
and GLP-2; Rehfeld, 2004; Jang et al., 2007; Sato
et al., 2013). Insulin secretion is enhanced by GLP-
1, whereas GLP-2 increases small intestinal mucosal
growth (Drucker et al., 1996). This stimulation of intes-
tinal growth is evidenced by increased crypt depth and
villus height (Hartmann et al., 2000; Ramsanahie et al.,
2004) and mediated by greater crypt cell proliferation
(Drucker et al., 1996), reduced cell apoptosis, and a
subsequent increase in the number of villus-differenti-
ated cells (Tsai et al., 1997). It has also been shown
that GLP-2 increases SGLT1 expression and intestinal
glucose absorption in the rat and pig small intestine
(Cheeseman, 1997; Ramsanahie et al., 2003; Cottrell
et al., 2006). Our experimental evidence suggests that
sensing of monosaccharides and artificial sweeteners by
T1R2-T1R3, residing in murine enteroendocrine L-cells,
evokes the release of GLP-2, and that this gut hormone
enhances SGLT1 expression via a neuro-paracrine
pathway in absorptive enterocytes (Shirazi-Beechey et
al., 2011).

The major objectives of this study were to assess
if (1) cow and sheep intestines express T1R2, T1R3,
and other signaling elements required for SGLT1 up-
regulation, (2) artificial sweeteners included in the diet
enhance SGLT1 expression, and (3) glucose and arti-
ficial sweeteners evoke GLP-2 release from ruminant
intestinal tissue. The AA sequences of cow T1R2 and
T1R3 were deduced from the bovine genome. However,
due to lack of information on ovine T1R2-T1R3 AA
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sequences in public databases, cDNA encoding for
T1R2 and T1R3 was amplified from sheep mRNA,
extracted from lingual and intestinal tissues, cloned,
and sequenced. We show here that both cow and sheep
intestine express T1R2-T1R3, gustducin, and GLP-2
in endocrine L-cells and that the artificial sweetener
Sucram (Pancosma SA, Geneva, Switzerland), when
included in the diet, enhances SGLT'1 expression.

MATERIALS AND METHODS
Animals

Calves. Sixteen 10- to 15-d-old bull_Holstein calves
were randomly assigned to 1 of 4 treatment groups,
housed individually, and cared for under typical com-
mercial conditions. They all received 2 feedings daily,
consisting of 2 L of commercial milk replacer (20.9% CP,
19.2% fat; Exomilk E60, Interjoma SL, Mataro, Spain )
until 50 d of age. Group 1 (n = 4) was used as a control
(Con 1); group 2 (n = 4) received the same diet but
supplemented with Sucram (an artificial sweetener con-
sisting of saccharin and neohesperidin dihydrochalcone;
400 mg/kg of DM of milk replacer; SUC 1). Groups 3
and 4 (n = 4 per group) were maintained for additional
60 d on a commercial starter concentrate (24% CP,
19% crude fat, and 5.5% crude fiber; Elvor Arranque,
Sofiro, St. Brice en Cogles, France) ad libitum, with
group 3 acting as controls (Con 2) and the diet of
group 4 supplemented with Sucram (200 mg/kg of DM;
SUC 2). Milk replacer was provided with free access
to the starter diet and water during the milk-feeding
period. One week before weaning, milk replacer was
reduced to 2 L daily, and then animals were switched
to a starter diet only.

At the end of dietary treatments, 50-d-old (Con 1 and
SUC 1) and 110-d-old (Con 2 and SUC 2) calves were
anesthetized with sodium pentobarbital and segments
of duodenal tissues were removed. Tissues were rinsed
in ice-cold saline, cut into small pieces, and fixed in
ice-cold 4% (wt/vol) paraformaldehyde in PBS for 4 h,
followed by immersion in 20% (wt/vol) sucrose (Fluka,
Gillingham, UK) in PBS maintained at 4°C. Remaining
tissues were wrapped in aluminum foil, placed in liquid
nitrogen and subsequently stored at —80°C.

Cows. In a separate experiment, 6 Holstein dairy
cows in the dry period (45-60 d before parturition,
blocked by calving dates) were randomly assigned to
1 of 2 dietary treatments: a control diet (no addition
of Sucram) (Con; 2 cows) and Sucram-supplemented
(SUC; 4 cows), which was the same diet as controls
but containing Sucram (2 g/cow per d). Cows were
fed once daily with a ratio of 80:20 ryegrass hay-to-
concentrate diet (the latter consisting of 14.3% CP,
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48.8% NDF, and 30.7% ADF on a DM basis), with
the dietary design in line with NRC nutritional rec-
ommendations (NRC, 2001). Before feeding, Sucram
was mixed with 0.5 kg of the concentrate feed and of-
fered as top dress to the animals in order to ensure
full consumption. After 5 d, duodenal biopsies were
obtained by surgery under anesthesia. Tissue samples
were wrapped in aluminum foil, immersed immediately
in liquid nitrogen, and subsequently kept at —80°C or
fixed, as described previously. Fixed and frozen tissues
from both experiments were sent by express post to
the UK laboratory for analysis. All experimental pro-
cedures for the studies were approved by the Ethics
Committee for Experimental Procedures on Animals of
the Universitat Autonoma de Barcelona.

Sheep. Four sheep (~3-yr-old, pure Lleyn breed)
were euthanized with an intravenous injection of 20
mL of sodium pentobarbitone (200 mg/mL, Pentoject,
AnimalCare Ltd, York, UK), in line with schedule
1 UK Home Office regulations and approved by the
University of Liverpool Ethics Committee. Intestinal
tissue samples were removed promptly after euthana-
sia. Sections of small intestine, ~20 cm in length, were
removed from the duodenum jejunum and ileum. Fresh
~2-cm sections of intestine were used immediately for
gut hormone measurements, with 1- to 2-cm sections
from each region fixed as described previously for his-
tological and immunohistochemical analyses. Sections
of sheep tongue were also cut into ~1-cm pieces, frozen
in liquid nitrogen, and stored at —80°C until used for
RNA extraction. Histological examination of bovine
and ovine intestinal tissues revealed that tissues were
intact with epithelial cells attached.

Cloning of Ovine Tas1R2 and Tas1R3

Total RNA was isolated from ovine tongue and intes-
tinal tissues using peqGOLD total RNA isolation kit
with on-column DNase 1 digestion (PEQLab, Hamp-
shire, UK). The RNA was quantified by UV spectro-
photometry [assuming an optical density reading at 260
nm (ODyg) that gives a value of 1 = 40 pg/mL]O and
integrity determined by gel electrophoresis. Comple-
mentary DNA was prepared using random hexamer
primers and superscript III reverse transcriptase (Life
Technologies, Paisley, UK), purified using QiaQuick
PCR purification kit (Qiagen, Crawley, West Sussex,
UK), and quantified by UV spectrophotometry (assum-
ing an ODyg value of 1 = 33 pg/mL). Consensus prim-
ers designed to cow, human, pig, and mouse T1R2 and
T1R3 sequences, purchased from Eurogentec (Seraing,
Belgium), are listed in Table 1. Polymerase chain re-
actions were performed using consensus primers (final
concentration of 0.2 pM), velocity DNA polymerase
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Table 1. List of primers
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Primer name Sequence

Melting temperature

(°C)

Ovine taste 1 receptor 2
Sense primer 1
Antisense primer 1
Sense primer 2
Antisense primer 2

Ovine taste 1 receptor 3
Sense primer 1
Antisense primer 1
Sense primer 2
Antisense primer 2

5-TTCCGCTGGAATTGGATCGT-3'
5-GTTGAAGGACTCGGTGGTGT-3'
5-CTGCTTCACCGTCTGCATCT-3' 52.7
5-CTAGTCCTTCCGCATGGTG-3'

5- CAACCGCGAGACGTTCCCATC-3'
5-GCTCCATGCCCGGTAGTGTCA-3'
5-TCCATTCCTGCTGCTACGAC-3'
5-TCACTTGTTTTTCCCCTGAGTCTC-3'

56.7
51.1

50.4

61.1
59.4
52.7
55.4

(2.5 unit; Bioline, Essex, UK), and 50 ng of cDNA as
template in a 50-pL reaction. The cycling conditions
were an initial denaturation of 95°C for 2 min, followed
by 25 cycles of 95°C for 15 s, and annealing for 15 s at
72°C for 30 s. The annealing temperatures were 5°C
below the lowest primer temperature. The PCR prod-
ucts were gel purified on 1% agarose gels, cloned into
pGEM-T Easy vector (Promega, Southampton, UK),
and custom sequenced (Eurofins-MWG, Ebersberg,
Germany). Sequence alignments were performed using
commercial software (Vector NTi, Life Technologies).

Quantitative PCR

Relative mRNA expression in the intestine of calves
maintained on different diets was determined by quan-
titative real-time reverse transcription PCR. The RNA,
isolated from bovine small intestinal tissue and quanti-
fied as described previously, was used as template for
first-strand ¢cDNA synthesis. Purified ¢cDNA quanti-
fied by UV spectrophotometry was diluted to 5 ng/
pL. Primers to bovine SGLT1 (bSGLTI; sense primer
= 5-AAGGCGGGGGTGGTGACGAT-3'; antisense
primer = 5-CGCCAGGCCCCCTGTGATTG-3'), and
RNA polymerase IT (b POLR2A; sense primer = 5'-TGC-
GCTGCATCGAGTCCAACAT-3'; antisense primer =
5'-GGCTCACGCCGTCCGTCTC-3') were designed
using Primer-BLAST (Ye et al., 2012) and purchased
from Eurogentec. Each PCR reaction consisted of 25
ng of cDNA template, 1x SYBR green JumpStart Tag
ReadyMix (Sigma-Aldrich, Poole, Dorset, UK), and
900 nM of each primer in a total volume of 25 pL. The
PCR cycling consisted of initial denaturation at 95°C
for 2 min followed by 45 cycles of 95°C for 15 s and 60°C
for 1 min. Assays were performed in triplicate using
a RotorGene 3000 (Qiagen) with relative abundance
calculated using RG-3000 comparative quantification
software (Qiagen). The abundance of SGLT1 mRNA
was normalized to that of RNA polymerase II; expres-
sion of RNA polymerase II did not change throughout
the experiments. Routinely, PCR assays without using
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reverse transcriptase were employed and indicated a
lack of any DNA contamination. Melt curve analysis
showed no primer dimer formation in the assays. The
PCR amplification efficiencies for all genes ranged be-
tween 86 and 92%, with a mean efficiency of 89%.

Morphometry

Morphometric analysis was performed on 10-pm thick
sections of calf duodenal tissues. As described previously
(Moran et al., 2010b), the sections were exposed to tap
water for 1 min, transferred to Mayer’s Haemalum (3.3
mM Mayer’s Haemalum-haematoxylin, 1 mM sodium
iodate, 0.42 mM potassium alum; Sigma-Aldrich) for 1
min, and washed gently with running tap water for 5
min. They were stained with eosin Y solution [1% (wt/
vol) eosin aqueous; HD Supplies, Buckingham, UK] for
30 s and subsequently dehydrated by step-wise wash-
ing in 70% ethanol (vol/vol) for 2 x 1-min intervals,
absolute ethanol for 2 x 1-min intervals, and xylene for
3 x 1-min intervals, before mounting with DPX neutral
mounting medium (Sigma-Aldrich).

Digital images were captured with an Eclipse E400
microscope and DXM 1200 digital camera (Nikon,
Kingston upon Thames, Surrey, UK), analyzed using
ImageJ software (National Institutes of Health, Bethes-
da, MD), and calibrated using a 100-pm gradient slide.
The crypt depth and the villus height were measured
as the average distance from crypt base to crypt-villus
junction and villus base to villus tip, respectively. The
villus height and the crypt depth measurements were
taken from an average of 16 well-oriented crypt-villus
units. A minimum of 3 images were captured per sec-
tion, with a minimum of 8 sections prepared per animal.
All images were captured under the same conditions
with care taken to ensure that the same villus was not
counted twice.

Immunohistochemistry

Sheep and cow small intestinal tissues used for immu-
nohistochemical studies were processed in an identical
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manner. Fixed and cryoprotected tissue samples were
embedded in gelatin and frozen in liquid nitrogen-cooled
isopentane before sectioning on a cryostat (Leica, CM
1900UV-1-1, Milton Keynes, UK). Serial sections (8-pm
thick) thaw-mounted onto polylysine-coated slides were
washed for 5 x 5 min in PBS before nonspecific bind-
ing sites were blocked using antibody-specific blocking
solutions for 1 h at room temperature. For procedures
using antibodies to T1R2, T1R3, and a-gustducin,
blocking solution containing 5% (wt/vol) sucrose, 3%
(wt/vol) BSA, 2% (vol/vol) donkey serum, and 0.1%
(wt/vol) NaN; in PBS was used. When using antibodies
to GLP-2, the blocking solution consisted of 3% (wt/
vol) BSA, 2% (vol/vol) donkey serum, and 0.1% (wt/
vol) NaNj; in PBS; for antibodies to chromogranin A (a
classical marker of enteroendocrine cells), the blocking
solution contained 10% (vol/vol) donkey serum in PBS.
A number of primary antibodies raised in different spe-
cies were used for single and double immunolabelling. A
monoclonal antibody (ab8204; Abcam Ltd, Cambridge,
UK) to chromogranin A was used at a dilution of 1:100.
Antibodies to T1R2 (H-90; raised in rabbits) and T1R3
(N-20; raised in goats) were both used at dilutions of
1:750. The antibody to a-gustducin (I-20; raised in rab-
bits) was used at a dilution of 1:300, whereas the GLP-2
antibody (C-20; raised in goats) was diluted 1:100. These
antibodies were purchased from Santa Cruz Biotechnol-
ogy (Wembley, Middlesex, UK). The composition of the
buffer containing antibodies (primary and secondary)
was 2.5% (vol/vol) donkey serum, 0.25% (wt/vol) NaNs,
and 0.2% (vol/vol) triton X-100 in PBS. For double im-
munostaining, tissues were incubated at 4°C overnight
with primary antibodies raised in different species; an-
tibodies were mixed with one another without changing
the required final concentration. Following incubation
with primary antibodies, slides were washed with PBS
followed by staining with fluorochrome-labelled cyanine
3- or fluorescein isothiocyanate-conjugated anti-rabbit/
anti-goat/anti-mouse IgG (Jackson ImmunoReseach,
Newmarket, UK) at a dilution of 1:500 for 1 h at room
temperature. Sections were washed thoroughly with
PBS, as described previously, before mounting with
Vectashield Hard Mounting Medium (Vector Labora-
tories Limited, Peterborough, UK). The sections were
visualized using an epifluorescence microscope (Nikon)
and images were captured with a Hamamatsu digital
camera (C4742-96-12G04, Hamamatsu Photonics K.K.,
Hamamatsu City, Japan). Images from double immu-
nohistochemistry were merged using Imaging Products
Laboratory imaging software (BioVision Technologies,
Exton, PA). Specificity of antibodies has been verified
in our previous studies (Moran et al., 2010a; Batchelor
et al., 2011; Daly et al., 2013). However, omission of pri-
mary antibody was routinely used as a further control.
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Preparation of Brush Border Membrane Vesicles

Brush border membrane vesicles (BBMV) were
isolated from bovine duodenal tissues based on the pro-
cedure described by Shirazi-Beechey et al. (1990), with
modifications outlined by Rowell-Schéfer et al. (1999)
and Dyer et al. (2003). All steps were carried out at
4°C. Tissues were thawed in a buffer solution (100 mM
mannitol, 2 mM HEPES/Tris, pH 7.1, with protease
inhibitors, 0.5 mM dithiothreitol, 0.2 mM benzamidine,
and 0.2 mM phenolmethylsulfonyl fluoride), cut into
small pieces, and vibrated for 1 min at maximum speed
using a Vibromixer (Alpha Laval, Camberley, Surey,
UK) in order to free epithelial cells. Subsequently,
the suspension was filtered through a Biichner funnel
(Thermo Scientific Nalgene, Hemel Hempstead, UK) to
remove any muscle and connective tissues. The filtrate
was then homogenized using a Polytron (Ystral, Read-
ing, UK) for 2 x 30 s. The resulting homogenate was
then filtered through 2 layers of nylon gauze. Next,
MgCl, was added to a final concentration of 10 mM and
the solution stirred on ice for 20 min. The suspension
was then centrifuged for 10 min at 3,000 x g (SS34
rotor, Sorvall, UK) and the resulting supernatant was
spun for 30 min at 30,000 x g¢. The pellet was sus-
pended in buffer (100 mM mannitol, 0.1 mM MgSO,,
and 20 mM HEPES/Tris, pH 7.1) and homogenized
with 10 strokes of a Potter Elvehjem Teflon hand-held
homogenizer (Sigma-Aldrich, Poole, UK) before centri-
fuging for 30 min at 30,000 x ¢ at 4°C. The final pellet
was resuspended in an isotonic buffer solution (300 mM
mannitol, 0.1 mM MgSO,, and 20 mM HEPES/Tris, pH
7.4) and homogenized by passing through a 27-gauge
needle several times. The protein concentration in the
BBMYV was estimated by its ability to bind Coomassie
blue according to the Bio-Rad assay technique (Bio-
Rad, Hemel Hempstead, UK). Porcine ~-globulin was
used as the standard. Inclusion of protease inhibitors
in the buffers is essential for avoiding SGLT1 protein
degradation.

In preparation for Western blot analysis, aliquots of
freshly prepared BBMV were diluted with sample buf-
fer [62.5 mM Tris/HCI, pH 6.8, 10% (vol/vol) glycerol,
2% (wt/vol) SDS, 0.05% (vol/vol) B-mercaptoethanol,
0.05% (wt/vol) bromophenol blue] and stored at —20°C
until use. The remaining BBMV were divided into ali-
quots and stored in liquid nitrogen until use for glucose
uptake studies.

Western Blotting

The abundance of SGLT1 and (3-actin proteins in the
BBMYV isolated from bovine duodenum was determined
by Western blotting, as described previously (Dyer et

Journal of Dairy Science Vol. 97 No. 8, 2014



4960

al., 2003; Moran et al., 2010b). Protein components
of BBMV were separated by SDS-PAGE on 8% (wt/
vol) polyacrylamide mini gels, containing 0.1% (wt/
vol) SDS, and electrotransferred to polyvinyldifluo-
ride (PVDF) membrane (Immun-Blot, Bio-Rad). The
PVDF membranes were blocked by incubating for 1 h
at room temperature in PBS-TM buffer [PBS contain-
ing 0.05% (vol/vol) Tween-20 and 0.5% (wt/vol) nonfat
dried milk] before incubation with SGLT1 antibody
diluted 1:1,000 in PBS-TM.

The antibody to SGLT1 was raised in rabbits (cus-
tom synthesis) to a recombinant peptide correspond-
ing to amino acids 554 to 639 of ovine SGLT1 protein
sharing 96.5% homology to bovine SGLT1 sequence
(Wood et al., 2000; Dyer et al., 2009). Immunoreactive
bands were detected by incubation for 1 h with affinity-
purified horseradish peroxidase-linked anti-rabbit sec-
ondary antibody (Dako Ltd, Cambridge, UK), diluted
1:2,000 in PBS-TM, and visualized using West-one
Western blot detection system (iNtRON Biotechnol-
ogy, Chembio Ltd., Hertfordshire, UK) and Bio-Max
Light Chemiluminescence Film (Sigma-Aldrich). The
intensity of the immunoreactive bands was quantified
using scanning densitometry (Phoretix 1D quantifier,
Nonlinear Dynamics, Newcastle upon Tyne, UK).

The PVDF membranes were stripped by 3 x 10-
min washes in 137 mM NaCl, 20 mM glycine/HCI (pH
2.5) and then reprobed with a monoclonal antibody to
B-actin (clone AC-15, diluted 1:20,000; Sigma-Aldrich);
used as a loading control. Blocking solution consisted
of 5% (wt/vol) skimmed milk powder, 0.1% (vol/vol)
Triton X-100, and 0.1 mM EDTA in PBS. Incubation
and washing buffers were made up of 0.1% (vol/vol)
Triton X-100 and 0.1 mM EDTA in PBS (PBS-TE).
Horseradish peroxidase-linked anti-mouse secondary
antibody (DAKO Ltd) diluted 1:2,000 in PBS-TE was
used and visualized, as described previously.

Measurement of Na*-Dependent Glucose Uptake

Sodium-dependent glucose uptake into BBMV was
measured as described (Shirazi-Beechey et al., 1990;
Moran et al., 2010b). The uptake of D-glucose was
initiated by the addition of 100 pL of incubation me-
dium [100 mM sodium thiocyanate, NaSCN (or potas-
sium thiocyanate, KSCN), 100 mM mannitol, 20 mM
HEPES/Tris (pH 7.4), 0.1 mM MgSO,, 0.02% (wt/vol)
NaNj, and 0.1 mM (U-"'C)-D-glucose (10.6 GBq/mmol,
Perkin Elmer, Seer Green, Bucks, UK)] to BBMV (100
pg of protein) at 37°C. The reaction was stopped after
3 s by the addition of 1 mL of ice-cold stop buffer
[150 mM KCI, 20 mM HEPES/Tris (pH 7.4), 0.1 mM
MgSO,, 0.02% (wt/vol) NaN;, and 0.1 mM phlorizin].
Aliquots (0.9 mL) of the reaction mixture were removed
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and filtered under vacuum through a 0.22-pm pore cel-
lulose acetate or nitrate filter (GSTF02500, Millipore,
Hertfordshire, UK). The filter was washed with 5 x 1
mL of ice-cold stop buffer, placed in a vial containing 4
mL of scintillation fluid (Scintisafe 3, Fisher Scientific,
Loughborough, UK), and the radioactivity retained on
the filter was measured using an LS 6500 multipurpose
scintillation counter (Beckman-Coulter, High Wy-
combe, UK). All uptakes were measured in triplicate.

Enzyme Assays

Maltase activity was measured based on the method
described by Dahlqvist (1964), whereas the activity of
alkaline phosphatase was determined according to the
method of Shirazi et al., (1981). Brush border mem-
brane vesicles were initially diluted 1:100 with buffer
[300 mM mannitol, 20 mM HEPES/Tris (pH 7.4),
0.1 mM MgSO,]. For maltase determination, diluted
BBMV (50 pL) were incubated at 37°C in 50 pL of
reaction buffer [56 mM maltose and 100 mM Na male-
ate (pH 6.0)] for 15 min. Reactions were stopped by
immersing the tubes in boiling water for 2 min. Con-
centration of released glucose in each reaction mixture
was measured using a commercial kit (Roche, Burgess
Hill, West Sussex, UK). Maltase-specific activity was
calculated as nanomoles per minute per milligram of
brush border membrane protein.

For alkaline phosphatase measurements, assay buffer
was prepared by mixing buffer [0.1 mM MgSO,, 100
mM Na,CO3;/NaHCO; (pH 10)] with substrate (10 mM
p-nitrophenolphosphate; Fluka, Poole, Dorset, UK) in
a 10:1 ratio. The reaction was started by the addition
of 1 mL of assay buffer to 50 pL of diluted BBMV
and incubating at 37°C for 15 min. The reaction was
stopped by the addition of 1 mL of 0.5 M NaOH. The
absorbance of released p-nitrophenol was measured at
400 nm (Hitachi U-2000 spectrophotometer, Intel MS,
Leixlip, Co. Kildare, Ireland) and the alkaline phospha-
tase specific activity (nanomoles per minute per mil-
ligram of protein) was calculated using the millimolar
extinction coefficient = 17 mM.

Gut Hormone Secretion Measurements

Freshly removed sections of sheep duodenum, jeju-
num, and ileum (~2 cm) were prepared and treated as
described previously (Daly et al., 2013). Briefly, sec-
tions were incubated at 37°C in incubation media [Dul-
becco’s modified Eagle’s medium (5.55 mM D-glucose;
Sigma-Aldrich) with 10% (vol/vol) fetal bovine serum,
2 mM r-glutamine, 100 U/mL of penicillin, 100 pg/mL
of streptomycin, 20 pL/mL of dipeptidyl peptidase-4
(DPPIV) inhibitor (Millipore, Watford, UK)] supple-
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mented with either 300 mM D-glucose, 300 mM manni-
tol, or 5 mM each of the artificial sweeteners, sucralose,
saccharin, or neohesperidin dihydrochalcone (NHDC).
Control tissues were maintained simultaneously in in-
cubation media without supplementation. After 1 h,
incubation media were collected, centrifuged to remove
cell debris, and stored at —80 °C. Cellular and tissue
integrity were assessed as described previously (Daly et
al., 2013). Levels of secreted GLP-2 in the media were
determined using commercial enzyme immunoassay kits
(Phoenix Pharmaceuticals, Phoenix Europe GmbH,
Karlsruhe, Germany) following manufacturer instruc-
tions. Samples were assayed in duplicate and calibrator
samples were included in each assay. The intraassay
variation was + 6%. Standard curves were constructed
using GraphPad Prism 5 (GraphPad Software Inc., La
Jolla, CA). The DPPIV inhibitor was included in the
incubation media to avoid degradation of GLP-2 by the
enzyme DPPIV present in the intestinal tissue. Man-
nitol was used as a control to determine any potential
effect of osmolarity.

Statistical Analysis

For comparison of SGLT1 expression, maltase and al-
kaline phosphatase activity, and measurements of crypt
depth or villus height in intestinal tissues of animals
kept as controls or fed diets containing Sucram, one-
way ANOVA (GraphPad Prism 5, GraphPad Software
Inc.) with Dunnett’s multiple comparison post-test was
used. For assessing differences in levels of GLP-2 release
from ovine intestinal tissues in response to D-glucose or
artificial sweetener compared to untreated control, one-
way ANOVA with Bonferroni’s multiple comparison
post-test was used. The level of statistical significance
was set at P < 0.05.

RESULTS

Cloning of T1R2 and T1R3 from Ovine
Lingual and Intestinal Epithelia

The PCR amplicons, produced from RNA isolated
from sheep lingual and intestinal epithelia, were cloned
and sequenced. Two separate fragments specific for
T1R2, 522 and 348 bp in length, respectively, were
screened against the National Center for Biotechnol-
ogy Information nonredundant nucleotide database,
via BlastN (Zhang et al., 2000), identifying the cloned
sequences as homologous to T1R2 in many other mam-
malian species. The two fragments of sheep T1R2 had
94.6 and 96% homology to the cow T1R2 sequence, 85.4
and 90.5% homology to the pig T1R2 sequence, 83.7
and 89.1% homology to the human T1R2 sequence, and

4961

77.1 and 84.2% to the mouse T1R2 sequence. A 966-bp
fragment, obtained using T1R3-specific primers, was
identified as being homologous to T1R3 in many other
species. The sheep T1R3 fragment shows 95.2, 82.8,
79.7, and 74.4% sequence homology to cow, pig, human,
and mouse T1R3, respectively. The National Center
for Biotechnology Information accession numbers for
the mRNA sequences of ovine T1R2 and T1R3 are
KC469057 and KC469056, respectively.

The cloned cDNA fragments were translated to pro-
duce sequences of 174 and 115 AA (corresponding to
residues 201 to 372 and 723 to 838 of cow T1R2) and
321 AA (corresponding to residues 510 to 831 of cow
T1R3). The data indicate that ovine lingual and intes-
tinal epithelia express T1R2 and T1R3 mRNA. The
AA residues, aligned using commercial software (Vector
NTi; Life Technologies) to the corresponding regions in
cow, pig, human, and mouse T1R2 and T1R3 (Figure 1
and 2), show a high degree of homology to cow, human,
mouse, and pig sequences. The two fragments of sheep
T1R2 have 94.8 and 99.1% homology to the cow T1R2
sequence. The sheep T1R3 fragment shows 97.2% se-
quence homology to cow T1R3.

Expression of T1IR2 and T1R3 Proteins
in the Ovine Small Intestine

By immunohistochemistry, we show that the sweet
receptor subunits, T1R2 and TI1R3, along with
a-gustducin, are expressed in the ovine small intes-
tine (Figure 3). Cells possessing T1R2, T1R3, and
a-gustducin have a characteristic flask-shaped feature
indicative of being enteroendocrine cells. This was con-
firmed by showing that these cells also express chromo-
granin A. The pattern of expression for T1R2, T1R3,
and a-gustducin were similar along the longitudinal
axis of ovine small intestine (data not shown). Collec-
tively, the data demonstrate that the ovine intestine
expresses both mRNA and protein for TIR2 and T1R3.

Expression of T1R2, T1R3, a-Gustducin,
and GLP-2 in the Bovine Small Intestine

As shown in Figure 4A, T1R2, T1R3, and a-gustducin
are co-expressed with chromogranin A, demonstrating
that the sweet receptor signaling components reside
in enteroendocrine cells of bovine duodenum. Further-
more, Figure 4B shows that T1R2 is co-expressed with
GLP-2. Similar patterns of co-expression for T1R3 and
GLP-2 were observed (data not shown). This indicates
that T1R2 and T1R3 are expressed in L-endocrine
cells, as shown in other species (Margolskee et al., 2007;
Moran et al., 2010a; Batchelor et al., 2011; Daly et al.,
2012). Moreover, the data confirm that endocrine cells
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Figure 1. Alignment of ovine taste 1 receptor 2 (T1R2) AA sequence for (A) 174 and (B) 115 AA fragments deduced from the cloned mRNA
nucleotide sequence, with the corresponding regions of cow, pig, human, and mouse TIR2 (numbers in parentheses relate to initiating Met resi-
due). Color version available in the online PDF.
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Figure 2. Alignment of ovine taste 1 receptor 3 (T1IR3) AA sequence (321 AA fragments deduced from the cloned mRNA nucleotide se-
quence) with the corresponding region of cow, pig, human, and mouse T1R3 (numbers in parentheses relate to initiating Met residue). Color
version available in the online PDF.
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Figure 3. A representative figure showing immunohistochemical localization of taste 1 receptor 2 (T1R2), taste 1 receptor 3 (T1R3), and
a-gustducin in the ovine small intestine. Sections of ovine jejuna were probed with fluorescently labeled antibodies to TIR2 (A and B), T1R3
(C and D), and a-gustducin (E and F). In figures B, D, and F, nuclei are stained with 4’,6-diaminido-2-phenylindole (darker gray/blue); images
shown at 1,000x magnification; scale bar = 10 pm. Color version available in the online PDF.

expressing T1R2 and T1R3 also possess GLP-2, sup-
porting their functional association.

Expression of SGLT1 in Ruminant Calf
Intestine is Upregulated by Supplementation
of Feed with Sucram

Fifty-day-old calves maintained on a milk-replacer
diet supplemented with Sucram (SUC 1), tended to

)

express (P < 0.10) higher intestinal SGLT1 mRNA
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abundance (Figure 5A), but no change was detected (P
= 0.60) in the initial rate of Na‘-dependent D-glucose
uptake in BBMV isolated from their intestines com-
pared to control calves maintained on milk replacer
alone (Con 1; Figure 5B). Initial rates of Na*-dependent
glucose uptake were 83 £+ 27.5 and 132.5 + 79 pmol/s
per milligram of protein, respectively, showing wide
interindividual variation.

In 110-d-old ruminant calves maintained for 60 d on
a starter concentrate diet containing Sucram (SUC 2),
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Merged

Figure 4. A representative image demonstrating that bovine L-enteroendocrine cell expresses taste 1 receptor 2 (T1R2), taste 1 receptor 3

(T1R3), and a-gustducin. (A) Sections of bovine duodenal tissues were probed with antibodies to T1R2 (a), T1R3 (d), a-gustducin (Gust; g)

and chromogranin A (ChA; b, e, and h). Merged images (c, f, and i) demonstrate co-expression. (B) Co-localization (1) of TIR2 (j) and glucagon-
like peptide-2 (GLP-2; k) shows that T1R2 is present in L-enteroendocrine cells expressing GLP-2. A similar co-expression pattern was obtained
for TIR3 and GLP-2. Images shown at 1,000x magnification; scale bar = 10 pm.

SGLT1 mRNA abundance was similar (P = 0.55) to
controls (Con 2; Figure 5A). However, rates of Na'-
dependent D-glucose uptake into BBMV isolated from
the intestines were 105 + 15 (SUC 2) and 31 + 17.6
(Con 2), demonstrating a 3.4-fold (P = 0.03) increase
in SGLT1 function in the Sucram-fed 110-d-old calves
(Figure 5B). In a separate study, when adult cows were

fed either a control diet or the same diet containing
Sucram for 5 d, SGLT1 protein abundance in BBMV
isolated from the intestine of the Sucram-fed group was
7.3-fold (P = 0.002) higher than that measured in the
control group, demonstrating a significant enhancement
of SGLT1 abundance in response to Sucram (Figure 6).
We have shown consistently that a good quantitative
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correlation exists between SGLT1 protein abundance
and function (Shirazi-Beechey et al., 1991; Wood et al.,
2000; Dyer et al., 2003).

Changes in Villus Height and Crypt Depth
in Calves in Response to Supplementation
of Feed with Sucram

Morphometric analyses demonstrated that no differ-
ences existed between the villus height (P = 0.24) and
crypt depth (P = 0.89) in the duodenum of 50-d-old
milk-fed calves (Con 1) or those supplemented with
Sucram (SUC 1; Figure 7). However, in response to
inclusion of Sucram in the diet of 110-d-old ruminat-
ing calves (SUC 2), 1.4- (P = 0.0012) and 1.2-fold (P
= 0.038) increases in villus height and crypt depth,
respectively, were observed (Figure 7). The values for
mean villus height for Con 2 and SUC 2 were 219 £ 10
and 308 £ 8.5 um, respectively, with mean crypt depth
being 118 £+ 9 and 140 + 3 pm, respectively.

Maltase and Alkaline Phosphatase-Specific Activity
in BBMV Isolated from the Calf Intestine

Specific activities of maltase and alkaline phosphatase
were similar in BBMV isolated from the intestine of
50-d-old milk-fed calves (Con 1) or those supplemented
with Sucram (SUC 1; Figure 8). In contrast, in BBMV
isolated from the intestine of 110-d-old ruminating
calves supplemented with Sucram (SUC2), compared
to controls (CONZ2), 1.5-fold increases were noted in
both maltase- (P = 0.03) and alkaline phosphatase-
specific (P = 0.04) activities (Figure 8). Mean specific
activity for Con 2 and SUC 2 were 16 £+ 2.7 and 24
+ 1.5 nmol/min per milligram of protein for maltase,
and 163 + 6 and 249 + 37 nmol/min per milligram of
protein for alkaline phosphatase, respectively.

Exposure of the Ruminant Intestine to Glucose
or Artificial Sweeteners Evokes GLP-2 Release

Due to the ease of availability of fresh sheep intesti-
nal tissues, sheep intestinal explants were used in this
study. Figure 9 shows that exposure of sheep proximal
intestinal explants to 300 mM glucose or 5 mM artificial
sweetener (sucralose, saccharin, or NHDC) evokes GLP-
2 secretion. We determined, using a range of glucose
concentrations, that 300 mM glucose evokes maximal
GLP-2 release from tissue explants (data not shown),
and that this secretion is not due to the effect of media
osmolarity; 300 mAM mannitol did not elicit GLP-2 se-
cretion (Figure 9). Incubation of ovine intestinal tissue
explants with 300 mM D-glucose resulted in a 1.6-fold
increase (P < 0.01) in secretion of GLP-2 compared to
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untreated control tissues or tissues exposed to 300 mM
mannitol. Furthermore, the artificial sweeteners, sucra-
lose, saccharin, and NHDC, evoked 1.8- (P < 0.001),
1.8- (P < 0.001), and 1.7-fold (P < 0.001) increases in
GLP-2 secretion, respectively (Figure 9).

DISCUSSION
Effect of Sucram on Expression of SGLT1

The data presented in the current paper suggest that
inclusion of Sucram in the feed of ruminant animals sig-
nificantly enhances intestinal SGLT1 expression, as has
previously been demonstrated in rodents (Margolskee
et al., 2007; Stearns et al., 2010) and pigs (Moran et
al., 2010a). This will provide a higher intestinal capac-
ity to absorb glucose. However, the increase in SGLT'1
expression in the intestine of milk-fed calves in response
to Sucram supplementation was not statistically sig-
nificant, mainly due to high interanimal variation and
low animal numbers. Further studies are required to
assess if Sucram does indeed have any significant ef-
fect on SGLT1 expression in the preruminant intestine.
However, it may be also rationalized that the intestine
of preruminants already possesses high levels of basal
SGLT1 expression, sufficient for absorbing glucose re-
leased from the milk sugar lactose.

Sucram contains both saccharin and NHDC, and the
question arises as to which of these sweeteners may
be sensed by the intestinal sweet receptor, leading to
changes in SGLT1 expression. Using explants of sheep
intestine, we demonstrated that exposure of the tissue
to sucralose, saccharin, or NHDC results in secretion
of GLP-2, the gut hormone known to enhance SGLT1
expression (Cheeseman, 1997). It is well established
that these sweeteners are detected by the sweet recep-
tor through binding to specific AA residues on T1R2
and TI1R3, evoking downstream signaling (Winnig
et al., 2005; Assadi-Porter et al., 2010). However, in
vivo, these sweeteners have to pass through the rumen,
which possesses vast numbers of microbiota capable of
metabolizing a huge variety of compounds.

Saccharin has previously been shown to be resis-
tant to degradation by intestinal microbiota (Lethco
and Wallace, 1975; Buerge et al., 2011). We have also
demonstrated, using HPLC, that the concentration and
quantity of saccharin remain constant during transit
through the gastrointestinal tract (K. Daly, University
of Liverpool, Liverpool, UK, and S. P. Shirazi-Beechey;
unpublished data). The NHDC is a flavonoid glycoside
that is neither absorbed nor metabolized by the host
tissue (Braune at al., 2005). Tt has, however, been
shown that NHDC can be degraded and metabolized
by the combined action of a number of bacterial groups
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Figure 5. Expression of sodium-glucose co-transporter 1 (SGLT1)
mRNA and protein function in bovine intestine in response to sup-
plementation of feed with the artificial sweetener Sucram (saccharin
and neohesperidin dihydrochalcone). Brush border membrane vesicles
(BBMV) and RNA were isolated from duodenal tissues of calves main-
tained for 50 d on a milk-replacer diet (Con 1, n = 4, group 1) or
supplemented with Sucram (SUC 1, n = 4, group 2), with two other
groups switched for a further 60 d to a starter concentrate (Con 2,
n = 4, group 3) or the same dietary regimen but supplemented with
Sucram (SUC 2, n = 4, group 4). (A) Steady-state levels of SGLT1
mRNA abundance normalized to RNA polymerase II (RP2). (B)
Initial rates of Na'-dependent [U'C]-D-glucose uptake into BBMV.
Data were generated in triplicate. Results are shown as mean =+
SEM; statistically significant results were determined using a one-way
ANOVA and Dunnett’s multiple comparison post-test, where an aster-
isk (*) indicates P < 0.05.

(Braune at al., 2005). From these observations it was
concluded that, in vivo, saccharin is the sweetener de-
tected by the ruminant intestinal T1R2-T1R3 receptor,
leading to SGLT1 upregulation.

In these studies, due to the complexity of the tech-
nique and not having animals with cannulation of
the hepatic portal vein at hand, we were not able to
measure blood glucose concentrations to demonstrate
that enhanced expression of SGLT'1 results in increased
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Figure 6. Expression of sodium-glucose co-transporter 1 (SGLT1)
protein in the bovine intestine in response to feed supplementation
with the artificial sweetener Sucram (saccharin and neohesperidin di-
hydrochalcone). Two groups of cows in the dry period, 45 to 60 d
before parturition, were fed either a control (Con, n = 2) diet or the
same diet supplemented with Sucram (SUC, n = 4). (A) Expression
of SGLT1 and (-actin proteins in brush border membrane vesicles
isolated from duodenal biopsies assessed by Western blotting. (B)
Densitometric analysis of Western blots normalized SGLT1 protein
abundance to 3-actin. Results are expressed as mean + SEM; statis-
tically significant results were determined using a one-way ANOVA
and Dunnett’s multiple comparison post-test, where two asterisks (**)
indicates P < 0.01.

concentration of blood glucose. Interestingly, our data
indicate that when 110-d-old ruminating calves were
maintained on a starch-based diet for 60 d, rates of
Na'-dependent glucose uptake in BBMV isolated from
the intestine (31 £ 17 pmol/s per milligram of protein),
were several orders of magnitude higher than rates
reported in BBMV isolated from the intestine of rumi-
nant cows kept on conventional roughage diets (0.5 +
0.2 pmol/s per milligram of protein; Wood et al., 2000).
The present study suggests that these calves either had
higher SGLT1 expression levels or that starch escap-
ing the rumen had been hydrolyzed to glucose, as the
expression of SGLT1 is upregulated by glucose and not
by starch (Shirazi-Beechey et al., 1991; Wood, 1995;
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Figure 7. Villus height and crypt depth increase in the duodenum of ruminating calves in response to supplementation with the artificial
sweetener Sucram (saccharin and neohesperidin dihydrochalcone). (A) Representative light micrographs of duodenal tissues of 50-d-old milk-fed
calves (Con 1), 50-d-old milk-fed calves with Sucram supplementation (SUC 1), 110-d-old ruminating calves (Con 2), and 110-d-old ruminat-
ing calves with Sucram supplementation (SUC 2). Images were obtained at 40x magnification. (B) Morphometric analyses of villus height and
crypt depths are shown as histograms (pm £ SEM): Con 1 (white bar), SUC 1 (gray bar), Con 2 (dotted bar), SUC 2 (checked bar); n = 3 to
4 animals. Statistically significant results were determined using one-way ANOVA with Dunnett’s post-test. An asterisk (*) indicates P < 0.05;
2 asterisks (**) indicates P < 0.01; 3 asterisks (***) indicates P < 0.001. Color version available in the online PDF.
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Figure 8. Changes in specific activities of maltase and alkaline
phosphatase in the bovine intestine in response to supplementation
with the artificial sweetener Sucram (saccharin and neohesperidin di-
hydrochalcone). Brush border membrane vesicles (BBMV) were iso-
lated from duodenal tissues of calves maintained for 50 d on a milk-
replacer diet (Con 1, n = 4, group 1) or supplemented with Sucram
(SUC 1, n = 4, group 2), with 2 other groups switched to a starter
concentrate for further 60 d (Con 2, n = 4, group 3) or the same di-
etary regimen but supplemented with Sucram (SUC 2, n = 4, group
4). Maltase- (A) and alkaline phosphatase-specific (B) activities were
measured in BBMV. Data were generated in triplicate. Results are
shown as mean specific activity (nmol/min per milligram of protein) +
SEM; statistically significant results were determined using a one-way
ANOVA and Dunnett’s multiple comparison post-test. An asterisk (*)
indicates P < 0.05.

Dyer et al., 2003). Moreover, the disparity between
Sucram-induced increases in SGLT1 mRNA abundance
and glucose transport protein function in the intestine
of ruminating calves indicates that the regulation of
SGLT1 expression is at post-transcriptional levels, as
shown previously in ovine intestine (Freeman et al.,
1993; Lescale-Matys et al., 1993; Wood et al., 2000).
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Figure 9. Effects of glucose, mannitol, sucralose, saccharin, and
neohesperidin dihydrochalcone (NHDC) on glucagon-like peptide-2
(GLP-2) secretion from the sheep intestine. Sheep jejunal tissues were
cut into ~2-cm sheets with the serosa removed, as previously described
(Daly et al., 2012), and incubated in 500 pL of media consisting of
low-glucose (5.55 mM) Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% (vol/vol) fetal bovine serum, 100 units/mL of
penicillin, 100 pg/mL of streptomycin, and 20 pL/mL of dipeptidyl
peptidase-4 inhibitor, gassed with carbogen (5% CO,, 95% O,), and

B

supplemented with either 300 mM glucose, 300 mM mannitol, or 5
mM sucralose, saccharin, or NHDC for 1 h at 37°C, 5% CO,. The
GLP-2 content of media was measured as described (n = 4). Results
are expressed as mean + SEM, where P-values are based on one-way
ANOVA with Bonferroni’s multiple comparison post-test; 2 asterisks
(**) indicates P < 0.01 and 3 asterisks (***) indicates P < 0.001.

Mechanism Underlying Sweetener-Induced SGLT1
Upregulation; Identification of Molecular Targets

It is known that in response to dietary monosac-
charides L-endocrine cells secrete GLP-1 and GLP-2
(Rehfeld, 2004). It was previously thought that L-cells
were present mainly in the distal intestine. However,
more recent research has demonstrated that, in addi-
tion to colon and ileum, duodenum and jejunum also
contain L-cells (Theodorakis et al., 2006; Steinert et al.,
2011; Daly et al., 2013). Both GLP-1 and GLP-2 are
products of the pro-glucagon gene (GCG; Orskov et al.,
1987) and are both co-secreted from L-cells. They have
a very short circulating half-life, due to their degrada-
tion by the enzyme DPPIV (Hartmann et al., 2000).
The GLP-1 increases insulin secretion, whereas GLP-2
has a tropic effect enhancing intestinal mucosal growth
(Tsai et al., 1997, Ramsanahie et al., 2003; Cottrell et
al., 2006). In pigs and rodents, GLP-2 stimulation of
intestinal growth is evident by increased villus height
(i.e. increased number of villus cells) and crypt depth
(Burrin et al., 2000; Hartmann et al., 2000; Ramsana-
hie et al., 2003). Additionally, GLP-2 increases expres-
sion of SGLT1 protein molecules in the intestinal brush
border membrane (Cheeseman, 1997; Ramsanahie et
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al., 2003; Cottrell et al., 2006). The latter observa-
tion was supported by detailed studies of Cheeseman
(1997), demonstrating that in vivo vascular infusion of
GLP-2 in rats increases, with similar magnitudes, the
maximal rates of Na*-dependent glucose transport and
Na*-dependent phlorizin binding, as well as increas-
ing SGLT1 protein abundance in the intestinal brush
border membrane. Furthermore, this GLP-2 effect is
inhibited by brefeldin A, an inhibitor of protein trans-
location from the trans-Golgi apparatus to the plasma
membrane (Hunziker et al., 1991; Helms and Rothman,
1992).

We have shown previously that exposure of mouse
small intestinal tissue to glucose and artificial sweeten-
ers evokes release of GLP-2, and that this secretion is
inhibited by gurmarin (Daly et al., 2012), an inhibitor
of the murine sweet taste receptor (Ninomiya and Imo-
to, 1995; Maillet et al., 2009), supporting the conclu-
sion that glucose- or sweetener-induced GLP-2 release
occurs through the activation of gut-expressed T1R2-
T1R3. In the current paper, we have demonstrated that
the intestines of sheep and cow, similar to nonruminant
species, express T1R2, T1R3, and gustducin, and that
these sweet-signaling molecules are expressed in GLP-2
containing L-cells, showing their functional association.
Furthermore, exposure of the sheep small intestine to
glucose and to the artificial sweeteners, sucralose, sac-
charin, and NHDC, evokes secretion of GLP-2. Nota-
bly, supplementation of the diet of ruminating calves
with Sucram led to significant increases in villus height
(1.4-fold) and brush border membrane enzyme (alka-
line phosphatase and maltase; 1.5-fold) compared to
controls. Close similarities exist between the magnitude
of increases in specific activities of maltase and alkaline
phosphatase, markers of villus differentiated cells, and
villus height. The data support the conclusion that the
intestinotropic peptide, GLP-2, secreted in response to
Sucram supplementation, increases the number of villus
differentiated cells. However, the disparity between the
observed increases in Na'-dependent D-glucose uptake
(3.4-fold), and villus height or enzyme activities (1.4-
/1.5-fold), indicates that sweetener-induced SGLT1
upregulation is only partly due to increased villus cell
number, but also owed to enhancement in the number
of SGLT1 proteins per enterocyte.

Collectively, these studies suggest that dietary supple-
ments, such as artificial sweeteners, that induce GLP-
2 release, can be used to enhance intestinal growth,
maturity, and glucose absorption. This has applications
for maintaining health and productivity of domestic
animals.

It has been predicted that global consumption of
meat will increase from 209 million tonnes in 1997 to
334 million tonnes in 2020. Similarly, global production
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of milk is projected to increase from 445 to 661 million
t in the same period (Delgado, 2003). Increased price
variability in starch-containing raw materials (e.g. corn)
is beginning to discourage the use of such ingredients
in animal feed production. With this in mind, it can
be predicted that ruminants may progressively lose out
in competition for starch with humans, nonruminant
livestock, and biofuels.

With the population of the world increasing at ever
more alarming rates, it is envisaged that domestic ani-
mals may be almost completely dependent upon range-
land forages or agricultural and industrial wastes for
their nutritional sustenance. Therefore, understanding
the molecular characteristics of the digestive physiology
and the sensory component of the food acceptance pro-
cess, and how they can be modified by certain naturally
occurring compounds, becomes increasingly important.
As such, there will be plenty of interesting and challeng-
ing research opportunities to entertain animal scientists
and nutritionist for years to come.
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