
Acute increase, stimulated by prostaglandin E2, in
glucose absorption via the sodium dependent
glucose transporter-1 in rat intestine

B Scholtka, F Stümpel, K Jungermann

Abstract
Background/Aims—Acute stimulation by
cAMP of the sodium dependent glucose
cotransporter SGLT1 has previously been
shown. As prostaglandin E2 (PGE2) in-
creases intracellular cAMP concentra-
tions via its receptor subtypes EP2R and
EP4R, it was investigated whether PGE2

could enhance intestinal glucose absorp-
tion.
Methods—The action of PGE2 on carbohy-
drate absorption in the ex situ perfused
rat small intestine and on 3-O-
[14C]methylglucose uptake in isolated vil-
lus tip enterocytes was determined.
Expression of mRNA for the PGE2 recep-
tor subtypes 1–4 was assayed in entero-
cytes by reverse transcriptase polymerase
chain reaction (RT-PCR).
Results—In the perfused small intestine,
PGE2 acutely increased absorption of glu-
cose and galactose, but not fructose
(which is not a substrate for SGLT1); in
isolated enterocytes it stimulated 3-O-
[14C]methylglucose uptake. The 3-O-
[14C]methylglucose uptake could be
inhibited by the cAMP antagonist Rp-
cAMPS and the specific inhibitor of
SGLT1, phlorizin. High levels of EP2R
mRNA and EP4R mRNA were detected in
villus tip enterocytes.
Conclusion—PGE2 acutely increased glu-
cose and galactose absorption by the small
intestine via the SGLT1, with cAMP serv-
ing as the second messenger. PGE2 acted
directly on the enterocytes, as the stimula-
tion was still observed in isolated entero-
cytes and RT-PCR detected mRNA for the
cAMP-increasing PGE2 receptors EP2R
and EP4R.
(Gut 1999;44:490–496)
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Carbohydrate absorption in small intestine
involves a number of distinct transporters. On
the luminal (apical) side, glucose and galactose
are transported into the enterocytes via the
sodium dependent glucose cotransporter-1
(SGLT1)1 and fructose via the glucose
transporter-5 (GLUT5).2 On the serosal (ba-
solateral) side, all three carbohydrates are
released into the circulation via GLUT2.2

Acute stimulation by the intracellular messen-
ger cAMP of intestinal glucose absorption via

the SGLT1 has been shown. cAMP enhanced
sugar accumulation in chicken epithelial cells3

and augmented glucose uptake into brush bor-
der membrane vesicles prepared from rat
enterocytes.4 Pancreatic glucagon, a hormone
that elevates cAMP levels, acutely increased
galactose uptake into rat enterocytes.5 In addi-
tion, in the isolated perfused small intestine
and in suspensions of mature enterocytes of the
rat, enteroglucagon-37 (oxyntomodulin)
cAMP-dependently increased glucose absorp-
tion via the SGLT1.6

Of the five naturally occurring prostanoids,
prostaglandin (PG) D2, E2, F2á, I2, and throm-
boxane A2, only PGE2, PGD2 and PGI2 are
known to increase intracellular cAMP
concentrations.7 For PGE2, four receptor sub-
types are known, named EP1R, EP2R, EP3R,
and EP4R. EP1R is coupled to a phospholipase
C stimulating Gq protein and increases intra-
cellular calcium concentrations, EP3R is cou-
pled to an inhibitory Gi protein and decreases
intracellular cAMP concentrations, and EP2R
and EP4R are linked to a stimulatory Gs

protein and thus increase intracellular cAMP
concentrations.7 The synthesis of PGE2 has
been shown in epithelial and subepithelial lay-
ers of the rat intestine.8 In mice and rats mRNA
for the PGE2 receptor subtypes EP2R and
EP4R has been detected in the intestinal
mucosal layer.9 10 PGE2 was previously shown
to stimulate adenylate cyclase in rat intestinal
epithelial cells via a receptor mediated
mechanism,11 and to enhance bicarbonate
secretion in guinea pig intestine.12 The mRNA
expression of Gs linked EP2R and EP4R,10 the
observed activation of adenylate cyclase by
PGE2,

11 and the reported stimulation of
3-O-methylglucose uptake by dbcAMP4 in
enterocytes suggested that PGE2 should en-
hance intestinal glucose absorption. The possi-
ble regulation of glucose absorption by PGE2

has so far not been studied in the isolated per-
fused small intestine, only in isolated mice
enterocytes, where, surprisingly, PGE2 had no
eVect on á-methylglucose uptake.13

Thus it was the aim of this study to
investigate the possible stimulation by PGE2 via
cAMP of intestinal carbohydrate absorption. It
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could be shown that PGE2 acutely enhanced
intestinal glucose absorption via the SGLT1 in
perfused small bowel and enterocytes isolated
from the rat. In addition, mRNA for the Gs

linked PGE2 receptor subtypes EP2R and
EP4R was detected in the villus tip enterocytes.

Materials and methods
MATERIALS

All chemicals were of reagent grade and from
commercial sources. Enzymes were purchased
from Boehringer (Mannheim, Germany),
PGE2, dextran, and bovine serum albumin
from Appli Chem (Darmstadt, Germany),
dibutyryl adenosine 3’,5’-cyclic monophos-
phate (dbcAMP) from Sigma (Deisenhofen,
Germany), and the R-stereoisomer of adenos-
ine 3’,5’-cyclic monophosphothioate (Rp-
cAMPS) from Calbiochem-Novabiochem
GmbH (Bad Soden, Germany).

ANIMALS

Male Wistar rats were supplied by Harlan-
Winkelmann (Borchen, Germany). They were
kept on a 12 hour day/night rhythm with free
access to water and food (standard diet of
SsniV, Soest, Germany). Preparation of the
organ perfusion and isolation of enterocytes
were started at 9 am. Treatment of the animals
was in accordance with the German Law on
Protection of Animals.

PERFUSION OF ISOLATED RAT INTESTINE

The preparation was performed as described
previously.6 In brief, rats (300–350 g) were
anaesthetised by intraperitoneal injection of
pentobarbital (60 mg/kg) followed by a midline
laparotomy. Then a vascular non-recirculating
perfusion of the intestine was started by
cannulating the superior mesenteric artery and
coeliac trunk with the outflow in the portal
vein. Intestinal contents were washed out with
a warmed saline solution through a catheter
placed in the lumen of the duodenum with the
outflow through an additional catheter in the
caecum. The latter was used during the experi-
ment to collect the luminal small intestinal
eZuent. The perfusion medium consisted of
Krebs-Henseleit buVer containing 5 mmol/l
glucose, 2 mmol/l lactate, 0.2 mmol/l pyruvate,
1 mmol/l glutamine, 3% dextran, and 1%
bovine serum albumin, equilibrated with a
mixture of O2/CO2 gas (19:1, v/v). Samples of
the perfusion medium were obtained from the
portal vein for subsequent determination of
carbohydrates. Total vascular flow was quanti-
fied by fractionating the eZuent of the portal
vein into calibrated tubes; it amounted to about
33 ml/min. Flow in the superior mesenteric
artery was measured using a Transonic T 106
Flowmeter (Transonic Systems Inc, Ithaca,
New York, USA). Flow in the coeliac trunk was
defined as the diVerence between the flow in
the portal vein and superior mesenteric artery.
Finally the whole intestine was removed from
the body and transferred to an organ bath filled
with warmed saline solution. Experiments were
started after a preperfusion period of 20
minutes.

CARBOHYDRATE ABSORPTION EXPERIMENTS WITH

ISOLATED PERFUSED RAT SMALL INTESTINE

A bolus of 1 g (5.5 mmol) glucose, galactose, or
fructose in 1.5 ml 0.9% NaCl was infused
within one minute through the pyloric sphinc-
ter at the given time points. Metabolites in the
vascular inflow and outflow were measured
using standard enzymic techniques.14 15 Lumi-
nal flow and thus transit were due to
physiological intestinal peristalsis. The time
interval from application of the carbohydrate
bolus to appearance of the carbohydrate in the
small intestinal eZuent was taken as the transit
time. As the luminal outflow occurred through
a catheter placed into the caecum, luminal
substrates could be absorbed only from the
small intestine. Therefore the isolated perfused
intestinal preparation used corresponded func-
tionally to perfused small intestine.

ISOLATION OF VILLUS TIP ENTEROCYTES

A low temperature method was used to isolate
villus tip enterocytes,6 16 as SGLT1 is expressed
mainly in mature enterocytes located on the
villus tips. In brief, everted small pieces of the
proximal one third of the small intestine were
first stirred on ice for five minutes in oxygen-
ated Hanks balanced salt solution containing
0.5 mmol/l dithiothreitol, and then subjected
to a mechanical wash out in oxygenated
calcium chelate buVer (27 mmol/l trisodium
citrate, 5 mmol/l Na2HPO4, 96 mmol/l NaCl, 8
mmol/l KH2PO4, 1.5 mmol/l KCl, 20 mmol/l
D-sorbitol, 20 mmol/l sucrose, 2 mmol/l
glutamine, 1.5 mmol/l dithiothreitol, 1 mg/ml
hyaluronidase) for another 20 minutes. The
separated enterocytes in the supernatant were
collected by centrifugation (1000 g for six min-
utes at 4°C) and washed twice in incubation
medium (80 mmol/l NaCl, 100 mmol/l manni-
tol, 20 mmol/l Tris, 3 mmol/l K2HPO4, 1
mmol/l MgCl2, 2 mmol/l glutamine, and 1
mg/ml bovine serum albumin) as described by
Kimmich.17 Viability, assessed by the trypan
blue exclusion method, was greater than 90%.
Cells were suspended in incubation medium to
a final concentration of 2 × 106/ml. Light
microscopy and alkaline phosphatase activity
were used to verify the purity of the villus tip
enterocyte fraction, as alkaline phosphatase
activity is highest in the upper villus zone and
almost absent in the crypts.18

CARBOHYDRATE UPTAKE EXPERIMENTS WITH

ISOLATED ENTEROCYTES

A rapid filtration technique was used to deter-
mine glucose uptake into isolated enterocytes.
A 200 µl sample of the stock suspension of cells
was added to several glass flasks each contain-
ing 100 µl incubation medium, and incubated
in a thermostatically controlled water bath
(37°C). After an incubation period of 10 min-
utes with or without eVector substances, the
experiments were started by adding 10 µCi
3-O-[14C]methylglucose (specific radioactivity
320 mCi/mmol; NEN, Bad Homburg, Ger-
many) diluted in 100 µl incubation medium to
a final glucose concentration of 50 µM. The
experiments were stopped at the given time
points by rapid transfer to a Whatman filter

Prostaglandin E2 and intestinal glucose absorption 491

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://gut.bm

j.com
/

G
ut: first published as 10.1136/gut.44.4.490 on 1 A

pril 1999. D
ow

nloaded from
 

http://gut.bmj.com/


(Whatman, Maidstone, Kent, UK; pore size
0.45 µm). Adhering radioactivity was washed
from the retained cell pellet with 10 ml ice cold
incubation medium. Dried filters were directly
transferred to scintillation fluid (LSC Hy-
droluma; Baker, Deventer, The Netherlands)
and counted for radioactivity.

REVERSE TRANSCRIPTASE POLYMERASE CHAIN

REACTION (RT-PCR) DETECTION OF PGE2

RECEPTOR mRNA IN VILLUS TIP ENTEROCYTES

Total RNA was extracted from isolated villus
tip enterocytes and, for controls, from isolated
hepatocytes by CsCl gradient centrifugation,19

and then incubated with RNase-free DNase to
remove any possible remaining genomic DNA
contamination. First strand cDNA was synthe-
sised by oligo(dT)12–18-primed reverse tran-
scription. To amplify fragments of the PGE2

receptor subtypes EP1R, EP2R, EP3R, and
EP4R, 35 cycles of PCR were carried out using
10 ng first strand cDNA as template and oligo-
nucleotide primers corresponding to mouse
EP1R or rat EP2R, EP3R, and EP4R se-
quences in table 1. Amplification of SGLT1
mRNA was taken as a positive control for the
RNA isolated from the villus tip enterocyte
fraction expressing the SGLT1. Positive PCR
products were checked by DNA sequencing.

STATISTICAL ANALYSIS

All results are presented as means (SEM) for
the indicated number of observations. Data
were analysed by Student’s t test for unpaired
data. DiVerences were considered significant at
p<0.05.

Results
ACUTE INCREASE IN GLUCOSE ABSORPTION

STIMULATED BY PGE2 IN ISOLATED PERFUSED

INTESTINE

The possible stimulatory eVect of PGE2 on
intestinal carbohydrate absorption was first
examined with isolated perfused rat intestine.
Basal intestinal glucose absorption from the
small bowel without addition of any eVector
was measured after application of a first
glucose bolus into the intestinal lumen. The
glucose concentration in the portal vein as a
result of intestinal glucose absorption in-
creased from 4.9 (0.1) mmol/l to a peak value
of 6.1 (0.1) mmol/l (fig 1). The total amount of
glucose absorbed was 388 (48) µmol, as
indicated by the corresponding area under the
portal glucose concentration curve v time
(11.8 (2.9) µmol/ml/min) multiplied by the

portal flow (33 ml/min) (fig 1). On infusion of
PGE2 (1 µM) into the superior mesenteric
artery, the portal glucose concentration after
the second glucose bolus was raised to a peak
value of 10.2 (0.6) mmol/l. Thus PGE2 stimu-
lated intestinal glucose absorption by 3.2-fold
to 1246 (184) µmol (area under the curve =
71.8 (10.6) µmol/ml/min) × (flow = 33
ml/min). When, as a control, the second
glucose bolus was given without arterial
infusion of PGE2, the maximum increase in
portal glucose concentration as well as the total
amount of glucose absorbed were not diVerent
from glucose absorption after the first glucose
bolus (fig 1). Lactate release by the small intes-
tine during the entire experiment was at a low
constant level and was not altered by the infu-
sion of PGE2 (data not shown). The vascular
flow of the perfusion system remained essen-
tially constant during the whole experimental
period—that is, it was not modified by the
infusion of PGE2 (fig 1). The intestinal transit
time did not diVer significantly between the
first glucose bolus without and the second glu-
cose bolus with arterial PGE2 infusion (fig 1).

SGLT1 AS TARGET OF THE STIMULATORY EFFECT

OF PGE2 ON GLUCOSE ABSORPTION

Glucose and galactose are absorbed by
SGLT1, and fructose by GLUT5.1 2 Thus the
use of glucose, galactose, or fructose as absorb-
able substrate will identify the intestinal carbo-
hydrate transporter involved in the action of
PGE2. Phlorizin (a competitive inhibitor of
SGLT1) was not used in the perfusion experi-
ments because its solubility in the intraluminal
carbohydrate bolus was too low to produce
suYcient competitive inhibition. When galac-
tose or fructose instead of glucose was perfused
as a bolus luminally through the pyloric
catheter, absorption of galactose but not
fructose was increased to a similar extent to
that of glucose by PGE2 infused into the supe-
rior mesenteric artery (fig 2). Further evidence
was obtained in isolated enterocytes with phlo-
rizin, a specific inhibitor of SGLT120 (see
below). These results, obtained with the two
experimental systems, indicate that PGE2

stimulated glucose absorption via the SGLT1.

STIMULATION BY PGE2 OF

3-O-[14
C]METHYLGLUCOSE UPTAKE VIA cAMP INTO

VILLUS TIP ENTEROCYTES

To confirm the stimulation of intestinal glucose
absorption by PGE2 in an experimental system
without any possible interference from endog-

Table 1 Oligonucleotide primers and PCR conditions used for detection of mRNA of the prostaglandin E2 (PGE2) receptor subtypes EP1R, EP2R, EP3R
and EP4R and SGLT1 in rat small intestinal enterocytes

Oligonucleotide sequence (5’→3’) Receptor and primer position (GenBank accession no) Temperature profile

GTGGTGCTGCCAACAGGCGATAATGGCACA mEP1R, 150–179, sense (D16338) 1 min 95°C, 1 min 55°C, 2 min 72°C
GGGACCTGCGGTCTTTCGGAATCGTCGAGA mEP1R, 792–821, antisense (D16338) 1 min 95°C, 1 min 55°C, 2 min 72°C
CATGGCCCTGGAACGCTACC rEP2R, 498–517, sense (U48858) 1 min 95°C, 1 min 58°C, 2 min 72°C
TCAGTGAAGTCCGACAACAGAGG rEP2R, 1095–1117, antisense (U48858) 1 min 95°C, 1 min 58°C, 2 min 72°C
GCGGCGGGCGATGGAGGAGAG rEP3R, 27–47, sense (X83855) 1 min 95°C, 1 min 65°C, 2 min 72°C
GCGGGACACCAGGGCTTTGATG rEP3R, 834–855, antisense (X83855) 1 min 95°C, 1 min 65°C, 2 min 72°C
TCTCTTACATGTACGCGGGCTTCA rEP4R, 731–754, sense (D28860) 1 min 95°C, 1 min 60°C, 2 min 72°C
GTCTGGCAGGTATAGGAGGGTGTG rEP4R, 1366–1389, antisense (D28860) 1 min 95°C, 1 min 60°C, 2 min 72°C
CGGGCAGCTCTTTGACTACAT CCA rSGLT1, 1516–1539, sense (D16101) 1 min 95°C, 1 min 60°C, 2 min 72°C
AAGGCGGGGTTCAGGCAAAATA rSGLT1, 2156–2177, antisense (D16101) 1 min 95°C, 1 min 60°C, 2 min 72°C

r, rat; m, mouse.
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enous hormones or mediators in the gut, the
action of PGE2 on glucose transport was
examined in isolated enterocytes. In the cell
suspension at 37°C, 3-O-[14C]methylglucose
uptake was time-dependent and carrier-
mediated, as almost no 14C accumulation was
detected in experiments performed at 4°C (fig
3A). The amount of 3-O-[14C]methylglucose
accumulated at 10 minutes in control experi-
ments without eVector substances was taken as
100%. SGLT1 was the glucose transporter
involved, as phlorizin (50 µmol/l), a specific
inhibitor of SGLT1,20 reduced basal (fig 3A)
and PGE2 stimulated (fig 3B) 3-O-
[14C]methylglucose uptake by isolated entero-
cytes to about 30%. PGE2 (10 µM) increased
3-O-[14C]methylglucose uptake into entero-
cytes time-dependently to 200% (fig 3B). To
examine the involvement of cAMP in the PGE2

stimulated increase in glucose uptake, addi-
tional experiments were performed with the
cAMP analogue, dibutyryl cAMP (dbcAMP),
and with PGE2 in the presence of the protein
kinase A inhibitor, the R-stereoisomer of 3’,5’-
cyclic adenosine monophosphothioate
(RpcAMPS).21 In the isolated villus tip entero-
cytes, dbcAMP (10 µM) enhanced 3-O-
[14C]methylglucose uptake to 220% (fig 3A),
and RpcAMPS completely blocked the stimu-
lation of 3-O-[14C]methylglucose transport by
PGE2 (fig 3B). Incubation of the enterocytes
with RpcAMPS alone did not aVect 3-O-
[14C]methylglucose uptake (data not shown).
These results clearly indicate that cAMP medi-
ated the increase in glucose absorption by
PGE2.

EXPRESSION OF G
S

LINKED PGE2 SUBTYPE 4 AND 2

RECEPTOR mRNA IN VILLUS TIP ENTEROCYTES

To verify the direct action of PGE2 on villus tip
enterocytes, the expression of the four PGE2

receptor subtypes was examined at the mRNA
level by RT-PCR. Detection of SGLT1 mRNA
served as a positive control confirming correct
isolation of villus tip enterocytes and their
RNA as a template for the RT-PCR (fig 4).
mRNA for Gs linked PGE2 receptor subtypes 2
and 4 appears to be strongly expressed in the
enterocytes (fig 4). mRNA of the Gq linked
subtype 1 receptor was also detectable, but that
of the Gi linked subtype 3 receptor was
undetectable (fig 4). The PCR products were
sequenced; the sequence was identical with the
corresponding receptor sequence. To exclude
the possibility that EP3R mRNA was missed
because of non-functioning primers or ineVec-
tive reverse transcription or PCR, mRNA from
isolated primary hepatocytes, which express
EP3R, served as a positive control (data not

Figure 1 Prostaglandin E2 (PGE2) stimulated increase in glucose absorption with
constancy of flow rates and transit time in the isolated perfused small bowel of the rat. Rat
small intestine was perfused through the coeliac trunk and superior mesenteric artery with
Krebs-Henseleit buVer containing 5 mmol/l glucose, 2 mmol/l lactate, 0.2 mmol/l pyruvate,
1 mmol/l glutamine, 3% dextran, and 1% bovine serum albumin, equilibrated with O2/CO2

(19:1, v/v). After the intraluminal bolus of 5.5 mmol glucose in the 6th minute, glucose was
absorbed as indicated by the increase in portal glucose concentration. From the 23rd to the
35th minute of the experiment, PGE2 (10 µmol/l) was infused into the superior mesenteric
artery. Glucose was applied again as a luminal bolus of 5.5 mmol in the 26th minute. As a
control, the second glucose bolus was given without infusion of PGE2. Values are means
(SEM) from four experiments. Flow in the superior mesenteric artery (SMA) was
measured with a flow meter and in the portal vein (PV) by fractionated sampling. Flow in
the coeliac trunk (CT) was the diVerence between flow in the superior mesenteric artery
and that in the portal vein. Transit time was the time interval from carbohydrate bolus
application to appearance in the luminal eZuent from the caecum.
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shown). Thus villus tip enterocytes express
only those PGE2 receptor subtypes that have
been shown to be linked to stimulatory
G-proteins and thus increase intracellular
cAMP concentrations.7 This supports the con-
clusion that PGE2 directly stimulates glucose
uptake into enterocytes via an increase in
cAMP.

Discussion
BASAL GLUCOSE ABSORPTION IN ISOLATED

PERFUSED RAT INTESTINE

The experimental system of the single path
vascularly perfused intestine used in this inves-
tigation ensured suYcient oxygen supply, as
indicated by little lactate release, which re-
mained constant during the experiments (data
not shown). Basal intestinal glucose absorp-
tion, vascular flow rates, and intestinal transit
time (fig 1) were comparable with previous
results.6 22–24 As rats consume about 20 g of
food a day containing 75% carbohydrates,25 the
intraluminal glucose bolus applied of 1 g
amounted to less than 7% of the daily ingested
carbohydrates. Water movements across the
intestinal wall into the lumen induced by the
intraluminal carbohydrate bolus through os-
motic forces and out of the lumen through
absorption of the carbohydrates were balanced;
there was a constant luminal net movement of
water of less than 0.3 ml/min during the entire
experiment (data not shown), which is compa-
rable with the results of previous
investigations.22–24 The constancy of flow in the
coeliac trunk and superior mesenteric artery
excluded the possibility of any deterioration of
the preparation from tissue oedema or develop-
ment of microembolisms.26 27

ACUTE INCREASE IN GLUCOSE ABSORPTION

STIMULATED BY PGE2 VIA SGLT1 IN ISOLATED

PERFUSED INTESTINE OF THE RAT

In isolated perfused small intestine, PGE2

acutely increased glucose and galactose but not
fructose absorption (figs 1 and 2). As glucose
and galactose are absorbed via SGLT11 and
fructose via GLUT5,2 this indicates that SGLT1
was involved in the stimulation of absorption by
PGE2. These results are supported by the data
obtained with isolated enterocytes, in which
phlorizin, a specific inhibitor of SGLT1,20 mark-
edly decreased the PGE2 stimulated 3-O-
[14C]methylglucose uptake (fig 3B). The diVer-
ent responses to PGE2 of glucose and galactose
absorption on the one hand and fructose
absorption on the other also ruled out stimula-
tion via the paracellular route, which has been
proposed previously.28 29 In addition, no stimula-
tory eVect would be detectable in isolated ente-
rocytes because, in cell suspensions, no paracel-
lular pathways are present. This is in accordance
with the previous finding of negligible paracellu-
lar intestinal glucose transport in the rat.30 Also
PGE2 induced changes in intramucosal flow are
unlikely to cause, or contribute to, the increase
in glucose and galactose absorption. Firstly, no
alteration in total vascular flow or flow through
the superior mesenteric artery and coeliac trunk
(fig 1) could be measured. Secondly, and more
importantly, a change in intramucosal blood
flow would alter all absorptive processes not only
the absorption of glucose and galactose (fig 2).
An alteration in intestinal motility may also be
involved in the increase in glucose absorption.
However, intestinal motility, as measured by the
transit time of the glucose load, was not signifi-
cantly modified by PGE2 (fig 1). In conclusion,
the stimulatory eVect of PGE2 in the isolated
perfused intestine must occur via SGLT1.

Figure 3 Involvement of dibutyryl cAMP (dbcAMP) in the prostaglandin E2 (PGE2)
stimulated increase in 3-O-[14C]methylglucose uptake in isolated villus tip enterocytes.
Villus tip enterocytes were isolated collagenase free in chelate buVer and incubated in single
glass flasks placed in a thermostatically controlled water bath (37°C, except for temperature
dependence experiment). The experiments were started by the addition of
3-O-[14C]methylglucose. Uptake at 10 minutes in controls without addition of an eVector
was taken as 100%. Phlorizin (50 µmol/l), dbcAMP (10 µmol/l), PGE2 (10 µmol/l),
PGE2 plus RpcAMPS (10 µmol/l), or PGE2 plus phlorizin was added 10 minutes before
the start of the experiment. Incubation with RpcAMPS alone did not aVect
3-O-[14C]methylglucose uptake (data not shown). Experiments were terminated at the
given time points by transfer to a Whatman filter. The retained cell pellet was washed and
counted for radioactivity. Data are means (SEM) from four to six experiments.
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control for the isolation of the cells and the RT-PCR
procedure. Expression of EP3R mRNA in isolated
hepatocytes (not shown) confirmed the correct functioning
of the PCR primer used.
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The rapid onset of the stimulatory eVect of
PGE2 (fig 1) clearly diVers from the well known
adaptative increase in carbohydrate absorption
known to occur during pregnancy,31 lactation,31

streptozotocin induced diabetes mellitus,32

experimental hypo- and hyper-insulinaemia,33

and high carbohydrate diets34 in rats. In all
these, the underlying mechanism was modula-
tion of the number of SGLT1 molecules. In
line with this, the luminal carbohydrate content
controlled the expression of SGLT1 in several
animals35 and man.36 The acute increase in glu-
cose and galactose absorption produced by
PGE2 in the present investigation excludes the
possibility of de novo synthesis of the SGLT1.
The rapid action of PGE2 is in line with a
chemical modification or translocation of the
SGLT1 from intracellular storage pools to the
cell membrane. No evidence is so far available
for a chemical modification. Electrophysiologi-
cal data obtained with SGLT1 transfected
oocytes showed cAMP dependent transloca-
tion of the SGLT1, which became detectable
only after more than 10 minutes.37 The half
time of insulin dependent insertion of GLUT4
into the plasma membrane in skeletal muscle
and adipose tissue is about five minutes.38

PGE2 infusion in the present investigation was
started only two minutes before application of
the carbohydrate bolus; thus the increase in
glucose absorption occurred more rapidly than
SGLT1 could be expected to be inserted into
the plasma membrane, making this mechanism
unlikely. However, as oocytes have a larger vol-
ume than enterocytes or adipocytes, the longer
time lag of insertion observed in oocytes37 does
not definitively rule out SGLT1 traYcking in
the smaller enterocytes. The rapid stimulation
of glucose absorption by PGE2 is in accord with
several recent observations. In the jointly
perfused intestine and liver of the rat, luminal
glutamine22 and portal insulin23 acutely stimu-
lated glucose absorption. Electrophysiological
data from mice show a cAMP dependent short
term increase in the activity of SGLT1,39 and,
in the isolated rat intestine, enteroglucagon-37
rapidly enhanced glucose absorption.6

PGE2 STIMULATION OF AN ACUTE INCREASE IN

INTESTINAL GLUCOSE ABSORPTION VIA CAMP

The intracellular signalling that elicits the rapid
stimulation of SGLT1 mediated transport is
not understood in detail. It probably involves
the intracellular messenger cAMP. This is the
case for PGE2 stimulated intestinal glucose
absorption, because, in isolated enterocytes,
RpcAMPS, an inhibitor of protein kinase A,21

completely prevented the stimulation of 3-O-
[14C]methylglucose uptake by PGE2 (fig 2).
This is in accord with data showing a stimula-
tory eVect of cAMP on glucose absorption.3–6 39

Maybe, cAMP stimulates phosphorylation of
the translocator via protein kinase A. Consen-
sus sites for phosphorylation have been
described.40 In addition, a regulatory subunit
(RS1) of SGLT1 has recently been described,
which may be involved in the PGE2 dependent
stimulatory eVect via cAMP.41

In the present study mRNA for the Gs linked
PGE2 receptor subtypes EP2R and EP4R7 was

detected in villus tip enterocytes from rat. In
mice, expression of EP4R mRNA has previ-
ously been observed by in situ hybridisation in
the duodenum, jejunum, and ileum,9 and, in
rats, northern blot analysis showed EP4R
receptor gene expression in the intestinal
mucosal layer.10 Apparently, PGE2 receptors
that increase cAMP7 are present on entero-
cytes. Moreover, PGE2 synthesis has previously
been shown in epithelial and subepithelial lay-
ers of rat intestine.8 Thus PGE2, formed in the
intestine in response to as yet unknown stimuli,
may act directly via its receptors on the entero-
cytes. This is supported by the direct stimula-
tory eVect of PGE2 on 3-O-[14C]methylglucose
uptake in isolated villus tip enterocytes (fig 3).
In a previous study with mice enterocytes,
PGE2 did not alter á-methylglucose uptake13;
this discrepancy with the present finding
cannot be readily explained at present.

CONCLUSION

PGE2 stimulation of glucose absorption has
been shown in isolated perfused small intestine
and isolated villus tip enterocytes of the rat.
The increase in glucose absorption was elicited
via Gs linked PGE2 receptors of subtype 4 and
2, found expressed in villus tip enterocytes, and
is thus mediated by cAMP; it occurs via the
sodium-dependent glucose cotransporter
SGLT1.

We are grateful to A Hunger, B Döring, and F Rhode for their
excellent technical assistance. The work was supported by the
Deutsche Forschungsgemeinschaft through the Sonderforsc-
hungsbereich 402, Teilprojekt B3.

1 Wright EM. The intestinal Na+/glucose cotransporter. Annu
Rev Physiol 1993;55:575–89.

2 Thorens B. Facilitated glucose transporters in epithelial
cells. Annu Rev Physiol 1993;55:591–608.

3 Moreto M, Planas JM, DeGabriel C, et al. Involvement of
cellular cyclic AMP in theophylline induced sugar accumu-
lation in chicken intestinal epithelial cells. Biochim Biophys
Acta 1984;771:68–73.

4 Sharp PA, Debnam ES. The role of cyclic AMP in the con-
trol of sugar transport across the brush-border and basola-
teral membranes of rat jejunal enterocytes. Exp Physiol
1994;79:203–14.

5 Debnam ES, Sharp PA. Acute and chronic eVects of
pancreatic glucagon on sugar transport across the brush-
border and basolateral membranes of rat jejunal entero-
cytes. Exp Physiol 1993;78:197–207.

6 Stümpel F, Scholtka B, Jungermann K. A new role for
enteric glucagon-37: acute stimulation of glucose absorp-
tion in rat small intestine. FEBS Lett 1997;410:515–19.

7 Coleman RA, Smith WL, Narumiya S. International union
of pharmacology classification of prostanoid receptors:
properties, distribution, and structure of the receptors and
their subtypes. Pharmacol Rev 1994;46:205–29.

8 Smith GS, Warhurst G, Lees M, et al. Synthesis and degra-
dation of prostaglandin E2 in the epithelial and subepithe-
lial layers of the rat intestine. Biochim Biophys Acta
1982;713:684–7.

9 Morimoto K, Sigimoto Y, Katsuyama M, et al. Cellular
localisation of mRNAs for prostaglandin E receptor
subtypes in mouse gastrointestinal tract. Am J Physiol
1997;272:G681–7.

10 Ding M, Kinoshita Y, Kishi K, et al. Distribution of prosta-
glandin E receptors in the rat gastrointestinal tract. Prostag-
landins 1997;53:199–216.

11 Smith G, Warhurst G, Lees M, et al. Evidence that PGE2
stimulates intestinal epithelial cell adenylate cyclase by a
receptor-mediated mechanism. Dig Dis Sci 198732:71–5.

12 Odes HS, Muallem R, Reimer R, et al. Comparative activi-
ties of agonists of active duodenal bicarbonate secretion in
the guinea pig. Digestion 1994;55:410–16.

13 Dempster JA, Kellett GL. A submucosal mechanism of
action for prostaglandin E2 on hexose absorption and
metabolism in mouse intestine. J Physiol (Lond) 1992;453:
449–59.

14 Banauch D, Brümmer W, Ebeling W, et al. Eine Glucose
Dehydrogenase für die Glucose-Bestimmung in Körper-
flüssigkeiten. Zeitschrift fur Klinische Chemie and Klinische
Biochemie 1975; 13: 101–7.

15 Noll F. Lactat-Bestimmung mit LDH, GPT und NAD. In:
Bergmeyer HU, ed. Methoden der enzymatischen Analyse.
Weinheim/Bergstraâe: Verlag Chemie, 1974:1521–5.

Prostaglandin E2 and intestinal glucose absorption 495

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://gut.bm

j.com
/

G
ut: first published as 10.1136/gut.44.4.490 on 1 A

pril 1999. D
ow

nloaded from
 

http://gut.bmj.com/


16 Flint N, Cove FL, Evans GS. A low-temperature method for
the isolation of small-intestinal epithelium along the crypt-
villus axis. Biochem J 1991;280:331–4.

17 Kimmich GA. Preparation and properties of mucosal
epithelial cells isolated from small intestine of the chicken.
Biochemistry 1970;9:3659–68.

18 Imondi AR, Balis ME, Lipkin M. Changes in enzyme levels
accompanying diVerentiation of intestinal epithelial cells.
Exp Cell Res 1969;58:323–30.

19 Chirgwin JM, Przybyla AE, MacDonald RJ, et al. Isolation
of biologically active ribonucleic acid from sources
enriched in ribonuclease. Biochemistry 1979;18:5294–9.

20 Alvarado F, Crane RK. Studies on the mechanism of intes-
tinal absorption of sugars. VII. Phenyl glucoside transport
and its possible relationship to phlorizin inhibition of the
active transport of sugars by the small intestine. Biochem
Biophys Acta 1962;93:116–35.

21 Dostmann WR, Taylor SS, Genieser HG, et al. Probing the
cyclic nucleotide binding sites of cAMP-dependent protein
kinases I and II with analogs of adenosine 3’,5’-cyclic
phosphorothioates. J Biol Chem 1990;265:10484–91.

22 Gardemann A, Watanabe Y, Groâe V, et al. Increase in
intestinal glucose absorption and hepatic glucose uptake
elicited by luminal but not vascular glutamine in the jointly
perfused small intestine and liver of the rat. Biochem J
1992;283:759–65.

23 Stümpel F, Kucera T, Gardemann A, et al. Acute increase by
portal insulin in intestinal glucose absorption via hepatoen-
teral nerves in the rat. Gastroenterology 1996;110:1863–9.

24 Tormo MA, Zubeldia MAG, Montero JL, et al. In vitro
study on the contribution of the rat intestine-pancreas to
glucose homeostasis. Diabetologia 1988;31:916–21.

25 Zucker I. Light-dark rhythms in rat eating and drinking
behavior. Physiol Behav 1971;6:115–26.

26 Windmueller HG, Spaeth AE, Ganote CE. Vascular
perfusion of isolated rat gut: norepinephrine and glucocor-
ticoid requirement. Am J Physiol 1970;218:197–204.

27 Hirayama H, Xin X, Pang KS. Viability of the vascularly
perfused, recirculating rat intestine and intestine-liver
preparations. Am J Physiol 1989;257:G249–58.

28 Pappenheimer JR, Reiss Z. Contribution of solvent drag
through intercellular junctions to absorption of nutrients by
the small intestine of the rat. J Membr Biol 1987;100:123–36.

29 Pappenheimer JR. Paracellular intestinal absorption of glu-
cose, creatinine and mannitol in normal animals: relation to
body size. Am J Physiol 1990;259:G290–9.

30 Schwartz RM, Furne JK, Levitt MD. Paracellular intestinal
transport of six-carbon sugars is negligible in the rat. Gas-
troenterology 1995;109:1206–13.

31 Philpott DJ, Butzner JD, Meddings JB. Regulation of intes-
tinal glucose transport. Can J Physiol Pharmacol 1992;70:
1201–7.

32 Fedorak RN. Adaptation of small intestinal membrane
transport processes during diabetes mellitus in rats. J
Physiol Pharmacol 1990;68:630–5.

33 Westergaard H. Insulin modulates rat intestinal glucose
transport: eVect of hypoinsulinemia and hyperinsulinemia.
Am J Physiol 1989;256:G911–18.

34 Miyamoto K, Hase K, Takagi T, et al. DiVerential response
of intestinal glucose transporter mRNA transcripts to levels
of dietary sugars. Biochem J 1993;295:211–15.

35 Ferraris RP, Diamond JM. Specific regulation of intestinal
nutrient transporters by their dietary substrates. Annu Rev
Physiol 1989;51:125–41.

36 Dyer J, Hosie KB, Shirazi-Beechey SP. Nutrient regulation
of human intestinal sugar tranporter (SGLT1) expression.
Gut 1997;41:56–9.

37 Hirsch JR, Loo DDF, Wright EM. Regulation of Na+/
glucase cotransporter expression by protein kinases in
Xenopus laevis oocytes. J Biol Chem 1996;271:14740–6.

38 Shinobu S, Nishimura H, Clark AE, et al. Use of
bismannose photolabel to elucidate insulin-regulated
GLUT 4 subcellular traYcking kinetics in rat adipose cells.
J Biol Chem 1993;268:17820–9.

39 Grubb BR. Ion transport across the jejunurn in normal and
cystic fibrosis mice. Am J Physiol 1995;268:G505–13.

40 Kennelly PJ, Krebs EG. Consensus sequences as substrate
specificity determinants for protein kinases and protein
phosphates. J Biol Chem 1991;266:15555–8.

41 Veyhl M, Spangenberg J, Püschel B, et al. Cloning of a
membrane-associated protein which modifies activity and
properties of the Na+-D-glucose cotransporter. J Biol Chem
1993;268:25041–53.

496 Scholtka, Stümpel, Jungermann

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://gut.bm

j.com
/

G
ut: first published as 10.1136/gut.44.4.490 on 1 A

pril 1999. D
ow

nloaded from
 

http://gut.bmj.com/

