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Involvement of an enterocyte renin–angiotensin system
in the local control of SGLT1-dependent glucose uptake
across the rat small intestinal brush border membrane
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There is increasing evidence that locally produced angiotensin AII (AII) regulates the function

of many tissues, but the involvement of enterocyte-derived AII in the control of intestinal

transport is unknown. This study examined whether there is a local renin–angiotensin system

(RAS) in rat villus enterocytes and assessed the effects of AII on SGLT1-dependent glucose

transport across the brush border membrane (BBM). Gene and protein expression of

angiotensinogen, ACE, and AT1 and AT2 receptors were studied in jejunal and ileal enterocytes

using immunocytochemistry, Western blotting and RT-PCR. Mucosal uptake of D-[14C]glucose

by everted intestinal sleeves before and after addition of AII (0–100 nM) to the mucosal buffer

was measured in the presence or absence of the AT1 receptor antagonist losartan (1 μM).

Immunocytochemistry revealed the expression of angiotensinogen, ACE, and AT1 and AT2

receptors in enterocytes; immunoreactivity of AT1 receptor and angiotensinogen proteins was

especially pronounced at the BBM. Expression of angiotensinogen and AT1 and AT2 receptors, but

not ACE, was greater in the ileum than the jejunum. Addition of AII to mucosal buffer inhibited

phlorizin-sensitive (SGLT1-dependent) jejunal glucose uptake in a rapid and dose-dependent

manner and reduced the expression of SGLT1 at the BBM. Losartan attenuated the inhibitory

action of AII on glucose uptake. AII did not affect jejunal uptake of L-leucine. The detection of

RAS components at the enterocyte BBM, and the rapid inhibition of SGLT1-dependent glucose

uptake by luminal AII suggest that AII secretion exerts autocrine control of intestinal glucose

transport.
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In addition to the Angiotensin II (AII) that is delivered
throughout the body via blood circulation, many
peripheral tissues are also regulated by AII produced by
a local renin–angiotensin system (RAS). The RAS consists
of several key components: the precursor angiotensinogen,
two critical enzymes renin and angiotensin-converting
enzyme (ACE), and the physiologically active peptide AII,
as well as its receptors (Leung, 2004). There is a growing
list of tissue-specific RAS functions exerted by paracrine
and autocrine effects of locally secreted AII (Paul et al.
2006). In the gastrointestinal system, functional RAS has
been identified in the pancreas and liver (Leung et al.
2003; Leung, 2004; Leung, 2007). In the intestine, local
RAS components, including renin (Seo et al. 1991) and
ACE (Erickson et al. 1992), have been detected in small
intestinal mucosa; however, the role of the intestinal RAS
has not been resolved. It has been suggested that mucosal
ACE may function as a brush border membrane (BBM)

peptidase (Yoshioka et al. 1987), but there is no evidence
for the involvement of a local RAS in control of intestinal
solute transport.

The effects of AII on peripheral tissues are mediated
through two receptors: the more prevalent AT1 receptor
and the AT2 receptor. It was shown two decades ago that
AII binds the enterocyte membrane (Cox et al. 1986). More
recent work demonstrated that vascular infusion of low
concentrations of AII stimulates intestinal fluid transport
via the AT2 receptor, whereas higher levels of AII inhibit
fluid transport via an AT1 receptor-dependent process (Jin
et al. 1998). However, the vascular infusion methodology
used in these studies did not allow determination of the site
of AII action at the enterocyte per se. Importantly, despite
the finding that ACE is present at the intestinal BBM
(Stevens et al. 1988; Naim, 1992), there is no information
available on the transport actions of locally produced AII
at this membrane.
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Studies using proximal tubule cells, where the glucose
uptake process is very similar to that in enterocytes,
imply that locally secreted AII affects sugar transport.
For example, AII inhibits uptake of the glucose analogue
α-methyl-glucopyranoside (AMG) into LLC-PK1 cells
(Kawano et al. 2002) and reduces expression of the
sodium-dependent glucose transporter (SGLT1) at the
apical membrane. Thus the aim of the present study
was to test the hypothesis that locally produced AII
regulates enterocyte glucose transport, particularly at the
BBM. To this end, we first examined the localization of
RAS components in intestinal epithelium; specifically, we
compared the expression of angiotensinogen, AT1 and AT2

receptors, and ACE in jejunum and ileum. In parallel
studies, we determined the effect of mucosal AII on the
rate of glucose uptake across the BBM of isolated small
intestine.

Methods

Animals

This study used male adult Sprague–Dawley rats
(240–260 g) purchased from the Laboratory Animal
Services Centre at The Chinese University of Hong Kong.
All procedures were approved by the Animal Ethical
Committee of the Chinese University of Hong Kong.
Animals were maintained on food and water ad libitum
up to the time of experimentation. Anaesthesia prior to
removal of the intestine was achieved by intraperitoneal
injection of sodium pentobarbital (50 mg kg−1 of body
weight). The abdomen was immediately opened via
midline laparotomy. After removal of the intestine, animals
were killed by an overdose of pentobarbital, followed by
cervical dislocation.

BBM vesicles and enterocytes were prepared from
20 cm long segments of small intestine either beginning
10 cm distal to the ligament of Treitz (jejunum) or
ending 2 cm from the caecum (ileum). Intestinal segments
2–3 cm in length, taken from the mid-point of these
regions were used for uptake experiments and for
immunocytochemistry.

Isolation of enterocytes

Villus cells were harvested by a Ca2+-chelation technique
(Del Castillo, 1987; Sundaram et al. 1991), a procedure
which produces enterocytes with a high viability. Briefly,
intestinal segments were washed thoroughly with ice-cold
saline followed by air. The segment was tied off at one
end and filled with Ca2+-free hypertonic isolation buffer
(7 mm K2SO4, 44 mm K2HPO4, 9 mm NaHCO3, 10 mm

Hepes, 2 mm l-glutamine, 0.5 mm dithiothreitol, 1 mm

Na2EDTA, 180 mm glucose 180 mm, pH 7.4), equilibrated
with 95% O2–5% CO2, avoiding over distention. The

segment was then tied off to form a closed sac and
incubated in 0.9% saline at 37◦C with gentle shaking for
16 min. Cells were dislodged manually and the resulting
suspension was collected and centrifuged for 30 s at 500 g .
The pellet was resuspended in freshly prepared cold buffer
and re-centrifuged, a procedure that was repeated twice.
RNase Out (Gibco, Invitrogen) RNase inhibitor was added
to all isolation solutions used for RNA isolation.

BBM preparation

The methods used to prepare BBM vesicles have been
previously described (Kessler et al. 1978). All procedures
were carried out at 4◦C. Jejunal and ileal segments
were opened and the mucosal layers were scraped off
and added to homogenization buffer (50 mm mannitol,
2 mm Hepes, 0.25 mm phenylmethylsulphonyl fluoride
(PMSF), pH 7.1; 28 ml g−1 mucosa). The mixture was
homogenized three times at 50% maximum speed for
20 s using an Ultra Turrax homogenizer (Janke & Kunkel,
Germany). MgCl2 was added to a final concentration
of 10 mm, and the mixture was stirred on ice for
20 min and then centrifuged at 3000 g for 15 min. The
supernatant was re-centrifuged at 27 000 g for 30 min.
The pellet was resuspended in buffer (100 mm mannitol,
0.1 mm MgSO4, and 0.4 mm Hepes-Tris, pH 7.2) and
centrifuged for 15 min at 6000 g . The supernatant was
then re-centrifuged at 27 000 g for 30 min. The resulting
pellet was suspended in the final buffer (300 mm mannitol,
10 mm Hepes-Tris, 0.1 mm MgSO4, and 0.25 mm PMSF,
pH 7.4) by passing six times through a 25-gauge needle.
The purified BBM pellet was then re-suspended in the final
buffer at a protein concentration of 3–6 mg ml−1. Protein
concentration in the BBM preparation was determined as
previously described (Bradford, 1976).

Immunocytochemistry

Immunofluorescent labelling was used to determine the
mucosal localization of AT1 receptors and angiotensinogen
(AO) as previously described (Leung et al. 2000). Intestinal
sections were embedded in OCT medium (Tissue-Tek).
Sections, 6 μm thick, were collected on Superforst slides
(Menzel-Glaser). Sections were fixed in 4% (v/v) chilled
paraformaldehyde and further treated with 0.5% Triton
X-100 and incubated with 10% (w/v) normal goat
serum (NGS) (Jackson ImmunoResearch, USA) for 1 h
at room temperature to block non-specific antibody
binding. Excess blocking solution was poured off and
the slides were incubated overnight at 4◦C with primary
antibody (anti-AT1 receptor rabbit polyclonal antibodies
(Santa Cruz Biotechnology, USA) (1 : 200) or anti-AO
rabbit polyclonal antibody (1 : 12 000)) diluted in 0.1 m

phosphate buffered saline (PBS) with 3% NGS and 0.3%
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Table 1. Sequences of specific primers for the RAS components and β-actin used for
real-time quantitative RT-PCR

Gene Forward primer Reverse primer

β-Actin TCCTCCTGAGCGCAAGTACTC GTGGACAGTAGTGAGGCCAGGAT
AO GCA AATCAGTGCCTTCACCC AAACAAACCCTCACCCCAGGAG
AT1 CTCAAGCCTGTCTACGAAAATGAG TAGATCCTGAGGCAGGGTGAAT
AT2 TGCTGTTGTGTTGGCATTC GCATCCAAGAAGGTCAGAACATG
ACE GGAGACGACTTACAGTGTAGCC CACACCCAAAGCAATTCTTC

Triton X-100 (pH 7.4). After three washes with PBS, bound
primary antibodies were detected by incubating sections
with FITC-conjugated antirabbit secondary antibodies
(1 : 250) (Jackson ImmunoResearch) at room temperature
for 1 h. Immunoreactivity was captured with a fluorescent
microscope equipped with a DC480 digital camera (Leica
Microsystems).

Real-time PCR analysis

Quantitative RT-PCR was performed using an ABI Prism
7700 Sequence Detection System (PE Applied Biosystems,
Foster City, CA, USA) as previously described (Chu &
Leung, 2007). Briefly, total RNA was extracted from
freshly prepared enterocytes using Trizol reagent (Gibco,
Invitrogen) according to the manufacturer’s instructions.
RNase Out (Gibco, Invitrogen) was added to the RNA
solutions to prevent degradation by RNase. Total RNA
served as the template for cDNA preparation using
the Bio-RAD one step cDNA preparation kit. Primers
were designed from rat cDNA sequences using Primer
Express software purchased from Applied Biosystems
(Perkins-Elmer). β-Actin was used as a reference gene to
normalize the relative expression of each RAS gene. The
sequences of all primers used are shown in Table 1.

Sybergreen reactions were set up in a volume of 25 μl
with ABI two-step sybergreen PCR reagents. Each reaction
consisted of 12.5 μl PCR master mix, 0.05–0.30 μm of each
amplification primer and 1 μl cDNA. Each sample was
run in duplicate with an initial 10 min period at 95◦C to
enable the reaction, followed by 40 cycles at 95◦C for 15 s
and 10◦C for 10 s. The samples were heated to 60◦C over
1 min, then to 95◦C over the next minute, and finally cooled
slowly from 95◦C to 60◦C over 20 min. Amplification
data were collected by the 7700 Sequence Detector and
analysed with Sequence Detection System software. The
RNA concentration in each sample was determined from
the threshold cycle (CT) at which fluorescence was first
detected, the cycle number being inversely related to RNA
concentration. The fold changes were calculated using the
2−��CT method (Lau et al. 2004).

Western blotting

The methods used for immunoblotting have been
previously described (Ip et al. 2003). Protein from BBM

vesicles or enterocyte homogenate was extracted using
the CytoBuster Protein Extraction Reagent (Novagen,
Darmstadt, Germany). Protein content was determined
by a Bradford protein assay kit (Bio-Rad, Munich,
Germany). Proteins 10 μg lane−1 were subjected to
electrophoresis on a 10% (w/v) polyacrylamide gel.
The blotted protein was saturated by submersion in
5% (w/v) non-fat skimmed milk in PBS (pH 7.4) with
0.1% (v/v) Tween 20 for 1 h at room temperature. The
membranes were sequentially and individually incubated
with anti-AT1 receptor rabbit polyclonal antibodies
(Santa Cruz Biotechnology) (1 : 200), anti-AT2 receptor
goat polyclonal antibodies (Santa Cruz Biotechnology)
(1 : 300), anti-Angiotensiongen rabbit polyclonal
antibodies (1 : 20,000), anti-ACE goat polyclonal
antibodies (Santa Cruz Biotechnology) (1 : 1300),
anti-SGLT1 rabbit polyclonal antibodies (Abcam)
(1 : 600) and anti-β-actin mouse polyclonal antibodies
(Chemicon) (1 : 2500) overnight at 4◦C. After being
rinsed in PBS, the membranes were incubated with the
following corresponding peroxidase-labelled secondary
antibodies for 1 h at room temperature: anti-rabbit IgG
antibody (Amersham) (1 : 1300), anti-goat IgG antibody
(1 : 1,500) (Amersham) and anti-mouse IgG antibody
(Amersham) (1 : 2500). The positive signal was revealed
using ECL plus Western blotting detection reagent and
autoradiography film (Amersham). The intensity of the
bands was quantified using FluorChemTM software.

D-Glucose and L-leucine uptake

Mucosal glucose and l-leucine uptake was measured by
the everted sleeve technique (Karasov & Diamond, 1983),
a procedure that has previously been fully validated,
including the concentration dependency of glucose uptake
which showed saturation of the uptake process at 50 mm

glucose (Debnam et al. 1988). Although the affinity
of SGLT1 for glucose uptake by isolated brush border
membrane is < 1mM, all reported work using intact
intestine to measure uptake of the sugar shows a much
lower affinity for SGLT1-glucose binding (Debnam et al.
1988; Kellett, 2001). Jejunal and ileal segments were
rinsed with cold saline containing trasylol (5000 kIU ml−1)
and ‘Complete protease inhibitor’ (GE Healthcare) 1
pellet/500 ml saline and everted over a glass rod. The tissue
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Table 2. Relative expression of RAS component mRNAs in enterocytes isolated from rat
jejunum and ileum as determined by real-time RT-PCR

Expression relative
to jejunum

Gene CT
a �CT

b ��CT
c (fold change)d

Jejunum
β-actin 16.13 ± 0.03 — — —
AT1 25.31 ± 0.02 9.18 ± 0.05 — —
AT2 26.37 ± 0.01 10.24 ± 0.04 — —
AO 26.99 ± 0.02 10.86 ± 0.05 — —
ACE 18.58 ± 0.02 2.45 ± 0.05 — —

Distal Ileum
β-actin 15.60 ± 0.04 — — —
AT1 22.93 ± 0.02 7.33 ± 0.06 −1.85 ± 0.11 3.61
AT2 24.14 ± 0.01 8.54 ± 0.05 −1.7 ± 0.09 3.25
AO 24.73 ± 0.02 9.13 ± 0.03 −1.73 ± 0.08 3.31
ACE 20.68 ± 0.01 5.08 ± 0.05 2.68 ± 0.10 0.16

aThe average CT data for each sample; bThe �CT value is calculated by subtraction of the
β-actin CT from each sample CT; cThe ��CT value is calculated by subtraction of the control
�CT from each sample �CT; dThe expression relative to control is calculated using the
expression 2−��CT .

was securely tied to the end of the rod and preincubated in
gassed bicarbonate buffer (mm: NaCl 128, KCl 4.7, CaCl2

2.5, KH2PO4 1.2, MgSO4 1.2 and NaHCO3 20) for 2 min
at 37◦C followed by 4 min in the same buffer to which
AII (0.1–100 nm; Bachem) was added. The tissue was
transferred to fresh buffer containing 50 mm d-glucose and
d-[14C]glucose (0.2 μCi ml−1) (GE Healthcare) with trace
amounts of l-[3H]glucose (0.1 μCi ml−1) (Sigma-Aldrich,
USA) to correct for non-specific uptake. The buffer
contained AII with or without the AT1 receptor antagonist
losartan (1 μm) (Merck, NJ, USA) or 0.3 mm phlorizin
(Sigma-Aldrich, USA). After 2 min, the uptake process
was stopped by the addition of ice-cold buffer containing
0.3 mm phlorizin. The tissue was removed from the rod,
oven-dried and weighed. The dried residue was dissolved
by incubation with 1 ml Soluene-350 (Perkin-Elmer,
USA) per 50 mg of tissue at 60◦C for 4 h. After the
tissue solution had cooled to room temperature, 9 ml
of Ultima Gold scintillation fluid (Perkin-Elmer, USA)
per ml of soluene used was added. A similar procedure
was used to measure uptake of l-[4,5-3H]leucine (5 mm,
0.4 μCi ml−1). Glucose and leucine uptake values were
calculated as pmoles per milligram dry weight per second.

Statistical analysis

All results were analysed by Prism 3.0 software. The data are
expressed as means ± s.e.m. The absence of vertical bars on
bar charts indicates s.e.m. that are too small to be visible.
Student’s unpaired two-tailed t test and one-way analysis
of variance (ANOVA) were used to detect significant
differences between two groups and three or more groups,

respectively. For all comparisons, P < 0.05 was considered
statistically significant. For RT-PCR, the CT value of the
target gene of a sample was first corrected for the CT value
of β-actin, before being statistically analysed (Lau et al.
2004).

Results

Gene expression of RAS components

The real-time RT-PCR analysis results of mRNA
expression of AT1 receptor, AT2 receptor, AO, and ACE
normalized to β-actin from the jejunum and ileum are
shown in Table 2. Enterocyte mRNA expression of AT1,
AT2 and AO was 3.61-, 3.25- and 3.31-fold, respectively,
greater in ileum than in jejunum (P < 0.01 in all cases). In
contrast, expression of ACE mRNA in ileum was 16% of
that in jejunum (P < 0.01).

Western blotting

Western blotting of protein derived from isolated
enterocytes revealed the presence of AT1 and AT2 receptors,
AO and ACE proteins in both jejunum and ileum (Fig. 1).
Levels of AT1 and AT2 receptor and AO protein in ileal
enterocytes were some 0.7-, 0.9- and 1.4-fold, respectively,
higher than in jejunal cells (Fig. 1A–C). However, jejunal
expression of ACE was 3.5-fold higher than in ileum
(Fig. 1D).

RAS proteins were also detected in isolated BBM
(Fig. 2). In keeping with the results from isolated
enterocytes, levels of AT1 and AT2 receptors and of AO
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in ileal BBM all showed an approximate doubling of those
seen in jejunal BBM (Fig. 2A–C). Expression of ACE in ileal
BBM was significantly lower than in jejunal BBM (Fig. 2D).
The expression of SGLT1 protein was markedly lower in
ileal compared to jejunal BBM (Fig. 2E).

Villus localization of RAS components

Immunocytochemistry revealed the presence of AT1

receptors along the entire villus length at both brush
border and basolateral membranes (Fig. 3A and B). BBM
expression of the AT1 receptor was more pronounced
than at the basolateral membrane. AT1 receptor was also
expressed in the lamina propria, muscularis mucosa,
muscle layers and submucosal blood vessels. AO was
expressed at the BBM (Fig. 3D and E), but had a relatively
diffuse cytosolic expression. AO was also expressed in the
lamina propria, the muscularis mucosa, the muscle layer
and submucosal blood vessels. Figure 3C and F depict the
negative controls of AT1 receptor and AO immunolabelling
experiments, respectively, in which no primary antibodies
were added.

Figure 1. Western blot analysis showing the
expression of AT1 receptor (A), AT2 receptor (B),
angiotensinogen (C) and ACE (D) in homogenates
prepared from jejunal or ileal enterocytes
Results are expressed as means ± S.E.M. A, n = 5,
∗P < 0.05 versus jejunum; B, n = 5, ∗P < 0.05 versus
jejunum; C, n = 5, ∗∗∗P < 0.001 versus jejunum;
D, n = 5, ∗∗∗P < 0.001 versus jejunum.

Effects of AII on glucose and leucine uptake

Addition of AII to mucosal fluid caused a dose-dependent
inhibition of jejunal glucose uptake (Fig. 4A) which
became significant at a concentration of 1 nm. At the
maximum concentration of AII used (100 nm), glucose
uptake was decreased from 225 to 90 pmol glucose (mg dry
weight)−1 s−1, a reduction of about 60%. Pretreatment
of the tissue with 1 μm losartan, a specific AT1 receptor
antagonist, did not affect jejunal glucose uptake in the
absence of AII, but abolished the inhibitory effect of
100 nm AII (Fig. 5A). Phlorizin (0.3 mm) in the mucosal
fluid almost completely inhibited glucose uptake. Western
blotting of BBM samples revealed that jejunal exposure
to 100 nm AII for 4 min reduced the expression of SGLT1
(Fig. 5B). Despite these clear effects on glucose uptake, AII
(1 μm) did not affect l-leucine uptake (Fig. 4B).

Consistent with our finding of lower SGLT1 expression
in ileum than jejunum (Fig. 2E), a reduced rate of
ileal glucose uptake was observed relative to jejunum
(Fig. 6). Interestingly, in contrast to its effect in jejunum,
the addition of 1 μm losartan alone to mucosal fluid
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resulted in a doubling of ileal glucose uptake, an action
that was blocked by 0.3 mm phlorizin.

Discussion

Intestinal glucose transport is a highly regulated process
that is altered by both systemic and luminal stimuli.

Figure 2. Western blot analysis showing the
expression of AT1 receptors (A), AT2 receptors (B),
angiotensinogen (C), ACE (D), and SGLT1 (E) in
BBM prepared from jejunal and ileal mucosa
A, n = 6, ∗P < 0.05 versus jejunum; B, n = 5, ∗P < 0.05
versus jejunum; C, n = 5, ∗∗∗P < 0.001 versus jejunum;
D, n = 6, ∗∗∗P < 0.001 versus jejunum; E, n = 5,
∗∗∗P < 0.001 versus jejunum.

Adaptation can occur very rapidly, over a timeframe
of minutes to hours (Karasov & Debnam, 1987), and
may modulate transport at the BBM or basolateral
membrane or at both loci. Changes in glucose uptake
may be a consequence of alterations in levels or activities
of membrane transporters and, in the case of SGLT1,
an altered BBM electrochemical gradient. Established
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systemic influences include stimulatory or inhibitory
actions of endocrine hormones, e.g. insulin (Pennington
et al. 1994), pancreatic glucagon (Debnam & Sharp, 1993),
GIP (Cheeseman & Tsang, 1996), GLP-2 (Cheeseman,
1997; Maenz & Cheeseman, 1986) and CCK (Hirsh &
Cheeseman, 1998), or the level of blood glucose (Maenz
& Cheeseman, 1986; Karasov & Debnam, 1987). Glucose
is also an important luminal stimulus for both SGLT1-
and GLUT2-mediated transport at the BBM (Sharp et al.
1996; Debnam et al. 1998; Dyer et al. 2003), a response

Figure 3. Immunodetection of AT1 receptors and angiotensinogen in rat jejunum
A and B, immunodetection of AT1 receptors; D and E, immunodetection of angiotensinogen. AT1 is highly expressed
at the BBM (B); angiotensinogen is highly expressed in the cytoplasm in addition to the BBM (E). Control slides
were prepared using preabsorption of antibody by the antigens for AT1 receptor (C) and angiotensinogen (F).

that serves to match uptake capacity to the fluctuations
in luminal glucose level during the normal progression
of carbohydrate digestion (Ferraris et al. 1990). Less
information is available concerning local control of
glucose transport. Mucosal release of the proinflammatory
interleukins IL-6, IL-1α, and IL-8 may promote glucose
absorption by an action at the serosal side of the
enterocyte (Hardin et al. 2000); epidermal growth factor
enhances SGLT1-mediated glucose uptake (Bird et al.
1996).
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Gene and protein detection techniques used in our study
provide unequivocal evidence for enterocyte expression
of an RAS system; the intestinal epithelium should now
be added to the growing list of tissues that express a
RAS. Experiments further revealed that AII, the final RAS
product, modulates glucose uptake across the BBM. Taken
together, the data provide the first evidence for autocrine
regulation of intestinal glucose transport. Previous studies
also localized ACE to the BBM (Stevens et al. 1988; Naim,
1992), and a particularly high expression of the enzyme
in upper small intestine suggested an involvement in
BBM dipeptidase activity (Yoshioka et al. 1987). However,
the fact that intestinal ACE has the pharmacological
and kinetic properties of vascular ACE (Stevens et al.
1988) implies a more specific role in enterocyte function.
The expression of both angiotensinogen and ACE at the
enterocyte BBM suggests that these proteins have a role in
transport function.

The addition of AII to rat jejunum mucosal fluid rapidly
(within 4 min) almost completely blocked glucose uptake.
The fact that glucose uptake in the absence of AII was
inhibited by phlorizin indicates that the peptide blocks
SGLT1-mediated uptake. As shown in Fig. 5, the inhibitory
effect of AII on SGLT1 expression at the BBM was relatively
small (∼20%) compared to its effect on glucose uptake,

Figure 4. Effects of AII on glucose and leucine uptake in jejunum
A, the AII effect on jejunal glucose uptake is dose dependent. Data are
given as means + S.E.M., n = 5 for each concentration of AII. At 1 nM

AII, ∗∗∗P < 0.001 versus control; at 10 nM, ∗∗∗P < 0.001 versus
control; and at 100 nM, ∗∗∗P < 0.001 versus control. B, AII (100 nM)
did not affect L-leucine uptake; n = 5 per group, P > 0.05 versus no
AII.

an observation that might be due to reduced activity
of SGLT1 protein at the BBM or to the fact that the
blotting procedure detected SGLT1 that was bound to
the inner surface of the membrane and would therefore
not be detected in uptake studies. Further studies will be
needed to elucidate the reason for the discrepancy between
uptake and SGLT1 expression. However, it is of interest that
the inhibitory effect was specific for glucose since under
the same experimental conditions l-leucine uptake was
unaffected by AII. In contrast to that occurring in isolated
small intestine, glucose movement across the BBM in vivo
involves both SGLT1 and GLUT2 proteins (Kellett, 2001).
The action of AII on GLUT2-mediated glucose transport
is therefore an important area for future study.

Previous work has reported changes in intestinal glucose
transport over a similar time course to that observed
following AII reported here. For example, leptin inhibits
glucose uptake by rat jejunal mucosa within 2–3 min

Figure 5. Effects of losartan on jejunal glucose uptake (A) and
SGLT1 expression of jejunal BBM in response to AII (B)
A, AII reduced jejunal glucose uptake and this decrease was
attenuated in the presence of Losartan. Jej (Jejunum + 0 nM AII),
Jej + AII (Jejunum + 100 nM AII), Jej + los (Jejunum + 1 μM Losartan),
Jej + AII + los (Jejunum + 100 nM AII + 1 μM Losartan), Jej + Phl
(Jejunum + 0.3 mM phlorizin). Results are means + S.E.M., n = 5;
∗∗∗P < 0.001 versus Jej group and ###P < 0.001 versus Jej + AII. B,
Western blot analysis showing relative expression of SGLT1 in jejunal
BBM. Jej (jejunum), Jej + AII (Jejunum + 100 nM AII). Results are given
as means + S.E.M., n = 5; ∗∗∗P < 0.001 versus Jej group.
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(Ducroc et al. 2005), whilst cAMP (Stumpel et al. 1998),
AMP (Kimura et al. 2005), PGE2 (Scholtka et al. 1999) and
enteric-derived glucagon (Stumpel et al. 1998) all stimulate
phlorizin-sensitive glucose transport within 5 min of
exposure to these agents. These very rapid changes in
glucose transport are likely to be the result of alterations
in membrane insertion of SGLT1 from a submembrane
storage compartment. Changes in the electrochemical
driving force for Na+–glucose movement across the BBM
can be excluded since uptake of l-leucine was unaffected
by AII.

The detection of both AT1 and AT2 receptor subtypes at
the BBM in this intestinal region extends the conclusions of
a previous autoradiographic study in which AII binding to
jejunal mucosa was blocked by both AT1 and AT2 receptor
antagonists (Sechi et al. 1993). The ability of losartan
to block the inhibitory effect of AII on jejunal glucose
uptake indicates that the inhibition was mediated by AT1

receptors. The lack of an AT1 receptor blockade effect alone
indicates that there is negligible basal release of AII at the
jejunal BBM.

Glucose uptake across the renal proximal tubule BBM is
strikingly similar to that seen in enterocytes. Interestingly,
it has been reported that AII decreases SGLT-mediated
glucose uptake by proximal tubule cells albeit with a
different time scale than that observed in small intestine
(Han et al. 2004), an AT1 receptor-mediated pathway being
responsible for this action. The fact that proximal tubule
cells can synthesize and secrete AII into tubular fluid
(Wang et al. 2003) further suggests a transport action
of locally secreted AII. Increased glucose uptake across
proximal tubule cells in experimental Type 1 diabetes
mellitus has been linked to reduced AII receptor expression
in these cells (Cheng et al. 1994), a finding that raises
the issue of whether AII is involved in the enhanced
SGLT1-mediated glucose transport that is a feature of
diabetic small intestine (Debnam et al. 1995).

As expected, the rate of ileal glucose uptake was
lower than in jejunum, a likely consequence of the
dependence of uptake capacity on local luminal levels
of the sugar (Debnam et al. 1998). However, unlike the
jejunum, addition of losartan alone to the ileal mucosal
fluid increased glucose uptake implying a basal luminal
secretion of AII in the distal small intestine. This feature
may be linked to our finding of higher ileal expression of
angiotensinogen and AT1 receptor. The relevance of these
observations for normal ileal absorptive function is unclear
at the present time.

The cellular events that link AT1 receptor stimulation
to suppression of jejunal glucose uptake are unknown.
The AT1 receptor-mediated effects of AII in many
peripheral tissues involve reduced activity of the protein
kinase A (PKA) signalling pathway (Glossman et al.
1974). Moreover, levels of AII that cause an AT1 receptor
mediated reduction in fluid transport across rat jejunum

are associated with decreased epithelial production of
cAMP (Jin et al. 1998). Studies have shown that SGLT1
activity is dependent in part on PKA signalling (Wright
et al. 1997) and that cAMP promotes SGLT1-mediated
glucose uptake in rat small intestine (Sharp & Debnam,
1994; Williams & Sharp, 2002). It is possible therefore
that interruption of the PKA signalling pathway may be
responsible, at least in part, for the inhibitory effects of AII
on SGLT1-mediated glucose transport.

The concentration of AII used in our uptake studies was
chosen on the basis of the AII dose–response relationship
shown in Fig. 4. An obvious question to be addressed is
the process by which low levels of locally produced AII
escape degradation at the BBM, bearing in mind the high
protease activity that is crucial to the digestive function of
this membrane. Degradation of AII may be in keeping with
the transport function of the peptide in that a short half-life
would permit rapid changes in SGLT1 level in response
to luminal or blood-borne signals. It is also possible
that degraded fragments of biologically active peptides
may retain the receptor binding properties of the parent
molecule. Recent studies indicate that addition of leptin
to mucosal buffer also acutely inhibits SGLT1-mediated
glucose uptake in rat jejunum in vitro (Ducroc et al. 2005)
and in vivo (Iñigo et al. 2007), an effect that is likely
to involve BBM leptin receptors (Barrenetxe et al. 2002)
and cellular signalling pathways (Barrenetxe et al. 2004).
The response to leptin is intriguing, not only because
it is another example of control of enterocyte glucose
transport by a luminal peptide with an established
circulatory role, but also because it implies that like AII,
leptin must also be resistant to digestive enzyme action.

In conclusion, our work indicates that enterocytes are
able to synthesize AII. It is likely that binding of the peptide
to AT1 receptors at the BBM initiates cellular responses
that culminate in the rapid inhibition of SGLT1-mediated
glucose uptake. Future studies are needed to determine

Figure 6. Losartan (1 μM) increased ileal glucose uptake and
this increase was blocked in the presence of phlorizin (0.3 mM)
Control (Ileum), + los (Control + 1 μM Losartan), + los + Phl
(Control + 1 μM Losartan + 0.3 mM phlorizin). Results are
means + S.E.M., n = 5; ∗∗∗ P < 0.001 versus Control group.

C© 2007 The Authors. Journal compilation C© 2007 The Physiological Society



622 T. P. Wong and others J Physiol 584.2

the physiological role of this autocrine control of glucose
uptake and the cellular signalling pathways that mediate
the transport response.
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