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Abstract
Aim—We examined the eVect of pro-
inflammatory and anti-inflammatory in-
terleukins on jejunal nutrient transport
and expression of the sodium-glucose
linked cotransporter (SGLT-1).
Methods—3-O-methyl glucose and
L-proline transport rates were examined
in New Zealand White rabbit stripped,
short circuited jejunal tissue. The eVects
of the proinflammatory cytokines inter-
leukin (IL)-1á, IL-6, and IL-8, IL-1á plus
the specific IL-1 antagonist, IL-1ra, and
the anti-inflammatory cytokine IL-10
were investigated. In separate experi-
ments, passive tissue permeability was
assessed and brush border SGLT-1 ex-
pression was measured by western blot in
tissues exposed to proinflammatory inter-
leukins.
Results—The proinflammatory inter-
leukins IL-6, IL-1á, and IL-8 significantly
increased glucose absorption compared
with control levels. This increase in glu-
cose absorption was due to an increase in
mucosal to serosal flux. IL-1á and IL-8
also significantly increased L-proline ab-
sorption due to an increase in absorptive
flux. The anti-inflammatory IL-10 had no
eVect on glucose transport. The receptor
antagonist IL-1ra blocked the ability of
IL-1á to stimulate glucose transport. IL-8
had no eVect on passive tissue permeabil-
ity. SGLT-1 content did not diVer in brush
border membrane vesicles (BBMV) from
control or interleukin treated tissue.
Conclusions—These findings suggest that
intestinal inflammation and release of
inflammatory mediators such as inter-
leukins increase nutrient absorption in the
gut. The increase in glucose transport
does not appear to be due to changes in
BBMV SGLT-1 content.
(Gut 2000;47:184–191)
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Interleukins (IL) are small soluble mediators
that participate in a variety of physiological and
pathological events. During inflammatory
states interleukins regulate the intensity of the
intestinal immune response and mediate
altered physiology in response to the inflamma-
tory process (for example, diarrhoea) either
directly or via production of additional eVector
molecules.1 2 Interleukins are classified as pro-
or anti-inflammatory based on their activity in
promoting or inhibiting the inflammatory
response. Interleukin-1á (IL-1á), IL-6, and

IL-8 are among the best characterised pro-
inflammatory interleukins while IL-10 has
demonstrated anti-inflammatory activity. Aside
from their role in the regulation of the immune
cascade, interleukins have also been shown to
modulate intestinal transport function. The
proinflammatory IL-1á has been reported to
inhibit Na+ and Cl− absorption in rabbit ileum3

while IL-1â stimulates anion secretion in
chicken intestine.4 Conversely, the anti-
inflammatory cytokine IL-10 has been shown
to stimulate net sodium and chloride absorp-
tion and inhibit stimulated chloride secretion
in rat small intestine.5 IL-10 has also been
shown to regulate epithelial permeability in
addition to inhibiting stimulated chloride
secretion in T84 cell monolayers.6 In contrast,
IL-6 has no direct eVect on chloride secretion
in colonic HT29 cl 19A cells but reduces over-
all electrolyte transport following long term
exposure.7

Systemic and acute inflammation is associ-
ated with an increase in whole body and tissue
metabolic activity.8 9 A number of proinflam-
matory cytokines, notably IL-1á, have been
reported to exert significant eVects on central
and peripheral glucose regulation which may
be related to the increased metabolic demands
of inflamed tissue. IL-1á has been shown to act
centrally to enhance whole body glucose
metabolism10 and low intraperitoneal doses of
IL-1â have been reported to aVect glucose
homeostasis in vivo by increasing insulin blood
levels.11 IL-3 promoted glucose transport in a
bone marrow derived cell line12 and IL-1á has
been shown to stimulate glycolysis and glucose
uptake in human dermal fibroblasts,13 and glu-
cose uptake and phosphorylation in murine
astrocytes.14 These findings suggest a role for
proinflammatory interleukins in the regulation
of glucose transport in response to inflamma-
tory events.

We hypothesised that because of increased
metabolic demands, proinflammatory cy-
tokines upregulate intestinal nutrient absorp-
tion. Therefore, the aim of this study was to
examine the role of pro- and anti-inflammatory
cytokines in the regulation of intestinal nutri-
ent transport.

Abbreviations used in this paper: TTBS, 0.05%
Tween 20 Tris buVered saline; BSA, bovine serum
albumin; BBMV, brush border membrane vesicle;
EDTA, ethylene diaminetetraacetic acid; SGLT-1,
sodium-glucose linked cotransporter; IL, interleukin;
PD, potential diVerence; Isc, short circuit current; G,
conductance; Jms, mucosal to serosal flux; Jsm, serosal to
mucosal flux; Jnet, net flux; SDS/PAGE, sodium dodecyl
sulphate-polyacrylamide gel electrophoresis.
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Methods and materials
New Zealand White rabbits (800–1200 g) were
used for the study. Animals were killed after a
24 hour fast and a 10 cm segment of jejunum,
beginning 5 cm distal to the ligament of Treitz,
was removed. The lumenal contents of the seg-
ment were flushed with cold Kreb’s solution
and the tissue was stripped of its muscle and
serosa. Four adjacent pieces of tissue that did
not contain Peyer’s patches were mounted in
Ussing-type chambers with apertures of
0.4 cm2. Mucosal and serosal surfaces were
bathed with 10 ml of oxygenated Kreb’s buVer
(120.3 mM NaCl, 5.9 mM KCl, 2.5 mM
CaCl2, 1.2 mM MgCl2, 15.4 mM NaHCO3,
1.2 mM NaH2PO4, pH 7.35 at 37°C). In addi-
tion, the serosal buVer contained 10 mM
glucose to provide metabolic energy to the tis-
sue and the mucosal buVer contained 10 mM
mannitol to osmotically balance the bathing
solutions. The spontaneous potential diVer-
ence (PD) was determined and the tissue
clamped at zero voltage by introducing an
appropriate short circuit current (Isc) with an
automatic voltage clamp (World Precision
Instruments, Narco Scientific, Downsview,
Canada). Isc was continuously monitored and
PD measured by briefly removing the voltage
clamp for 2–3 seconds every five minutes. PD is
expressed as millivolts (mV), Isc as µEq/cm2/
hour, and conductance as millisiemens/cm2

(mS/cm2). Tissue pairs were discarded if
conductance varied by >25%.

NUTRIENT TRANSPORT

Experiments examined the eVect of pro- and
anti-inflammatory interleukins on in vitro uni-
directional and net jejunal 3-O-methyl glucose
and L-proline fluxes. 3-O-methyl glucose (20
mM) (Aldrich, Milwaukee, Wisconsin, USA)
was added to both mucosal and serosal bathing
solutions in all chamber experiments except
those examining L-proline and L-glucose trans-
port. In experiments assessing glucose trans-
port, 10 µCi of [3H]3-O-methyl glucose were
added to either the serosal or mucosal side
immediately after mounting. In separate ex-
periments to assess amino acid transport,
5 mM of L-proline were added to the mucosal
and serosal bathing solutions and, immediately
after mounting, 10 µCi of L-[3H]-proline were
added to either the serosal or mucosal side.
L-Glucose transport was assessed following
addition of 20 mM of L-glucose to both
surfaces and addition of 10 µCi of [3H]-L-
glucose to the mucosal or serosal bathing solu-
tion. Cr-EDTA permeability was assessed
following addition of 10 µCi of [51Cr]-EDTA to
the mucosal or serosal reservoir. After a 20
minute equilibration period, unidirectional
mucosa to serosa (Jms), serosa to mucosa (Jsm),
and net (Jnet) fluxes were determined by meas-
uring one overall 15 minute flux and three
consecutive five minute fluxes to ensure steady
state conditions. In studies assessing 3-O-
methyl glucose transport, IL-1á (at 5, 10, or 50
ng/ml; 0.28 nM, 0.56 nM, or 2.8 nM),
IL-1á+IL-1ra (at 10 and 100 ng/ml, respec-
tively; 0.56 and 5.9 nM), IL-1ra alone (100
ng/ml; 5.9 nM), IL-6 (10 ng/ml; 0.49 nM),

IL-8 (at 10 or 100 ng/ml; 1.2 or 12.5 nM), or
IL-10 (10 ng/ml; 0.54 nM) was then added to
the serosal surface. In the proline studies, 5 or
50 ng/ml of IL-1á or 100 ng/ml of IL-8 were
added to the serosal surface. The tissue was
then allowed to equilibrate for an additional
five minutes after which a further three, five
minute fluxes and overall 15 minute flux were
determined. Subsequent studies examining the
mechanisms involved in the eVect of proinflam-
matory interleukins on nutrient transport used
IL-8 at a concentration of 100 ng/ml as this pro-
duced the greatest increase in net 3-O-methyl
glucose transport seen in the study. In separate
experiments, the role of the enteric nervous sys-
tem in mediating the eVect of the proinflamma-
tory interleukins on nutrient transport was
examined by addition of 5×10-7 M tetrodotoxin
(TTX; Sigma, St Louis, Missouri, USA) to the
serosal surface immediately after mounting of
the tissue. After a 20 minute equilibration
period, unidirectional mucosa to serosa, serosa
to mucosa, and net fluxes were determined over
an initial 15 minute basal period and then for a
further 15 minute period, five minutes following
addition of 100 ng/ml of IL-8 to the serosal
bathing solution. Neural blockade was con-
firmed by transmural field stimulation at the end
of each experiment. All interleukins and the IL-1
receptor antagonist (IL-1ra) were obtained from
R+D Systems (Minneapolis, Minnesota, USA).
Fluxes were calculated as previously described15

and expressed as µEq/cm2/hour. [51Cr]-EDTA
movement is expressed as percentage of total
“hot” side radioactivity crossing to the “cold”
side per five minute period.

Na
+/K+

ATPase ACTIVITY

In separate experiments, stripped jejunal tissue
was mounted in short circuited Ussing cham-
bers as described above. After a 20 minute
equilibration period and a subsequent 15
minute basal period, 100 ng/ml of IL-8 was
added to the serosal surface in two of the
chambers and vehicle added to the remaining
two chambers. The tissue was maintained for a
further 20 minutes and then the chambers were
broken down, tissue removed, and the mucosa
exposed to the Ussing chamber lumen,
scraped, homogenised in 2.5 mM EDTA, flash
frozen, and stored at −70°C until the day of
assay. Mucosal homogenates were assessed for
protein content by the method of Lowry and
colleagues.16 Mucosal Na+/K+ ATPase activity
was measured by the method of Kelly and
colleagues17 and values are reported as U/mg
protein.

SGLT-1 EXPRESSION

Jejunal tissue was removed, stripped, and
mounted into short circuited Ussing chambers
as described above. To maximise mucosal
yield, large 1.86 cm2 aperture chambers were
used. The tissues were paired and, in separate
experiments, after a 20 minute equilibration
period either IL-8 (100 ng/ml) or IL-6 (10
ng/ml) was added to the serosal surface in two
of the four chambers. After 15 minutes the tis-
sue was removed and mucosa scraped for
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preparation of brush border membrane vesicles
(BBMV).

Brush border membrane vesicle isolation
BBMV were prepared by a calcium chloride
precipitation method as previously described.18

BBMV were stored in liquid nitrogen until the
day of assay. All measurements were normal-
ised to membrane protein content as deter-
mined by the method of Lowry and
colleagues.16 Purity and basolateral contamina-
tion of membranes was assessed by determin-
ing sucrase activity by the method of
Dalquist,19 and Na+/K+ ATPase activity by the
method of Kelly and colleagues,17 in both the
initial mucosal homogenate and microvillus
membrane preparations.

Western blot
BBMV were separated on 8% denaturing
sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS/PAGE) mini-gels as pre-
viously described.20 Briefly, BBMV were di-
luted 1:3 in 2×Laemmli SDS protein sample
buVer (S-3401, Sigma, St Louis, Missouri,
USA) and boiled at 100°C for five minutes to
denature and linearise the proteins. BBMV
were then loaded onto 8% SDS mini-gels (25
µg protein/lane) together with a high range
molecular weight marker set (V-5251,
Promega, Madison, Wisconsin, USA); the
lanes were separated using a constant current.
Separated proteins were transferred overnight
onto nitrocellulose paper (Trans-Blot Transfer
Medium, 0.45 µm, Bio-rad, Mississauga,
Ontario, Canada) with low ionic transfer buVer
at constant current. Finished blots were rinsed
in phosphate buVered saline, blotted dry on fil-
ter paper, and stored at −20°C until later use.

Blots were probed with a polyclonal anti-
body directed against residues 402–420 of the
rabbit SGLT-1 sequence21 (8327-1109, Cedar-
lane Laboratories Ltd., Hornby, Ontario,
Canada). Immunoreactive bands were en-
hanced using a modification of the immuno-
gold-silver technique, as described by Fowler.22

Briefly, blots were thawed, rehydrated with
0.05% Tween 20 Tris buVered saline (TTBS),

and then blocked with 5% w/v bovine serum
albumin (BSA) in TTBS for one hour followed
by three 10 minute washes with TTBS.
Purified anti-SGLT-1 antibody was diluted
1:100 v/v in 1% BSA/TTBS and incubated
with the blots for four hours. Blots were then
given three more 10 minute washes in TTBS
and probed with a secondary antibody (á-
rabbit IgG conjugated to 10 nm gold, G-7402,
Sigma, St Louis, Missouri, USA) diluted 1:200
v/v in gelatin buVer (0.1% BSA/0.4% gelatin/
TTBS) for 1.5 hours. Blots were washed three
more times with TTBS and once with ddH2O
and then incubated with silver enhancer (RPN
492, Cedarlane Laboratories Ltd) for 30–45
minutes to amplify the gold signal. Immunore-
active bands were analysed by two dimensional
scanning densitometry with incident illumina-
tion on a Scanalytics SCPI Masterscan densi-
tometer, using Camscan (Scanalytics). The
image was then analysed by RFLPScan 1.01
and expressed as units of integrated optical
density.

STATISTICAL ANALYSIS

Data are expressed as mean (SEM) and statis-
tical analyses were performed using the paired
t test. An associated probability of <5% was
considered significant.

Results
3-O-METHYL GLUCOSE TRANSPORT

In the absence of drugs or interleukins, the
mucosal to serosal, serosal to mucosal, and net
fluxes of 3-O-methyl glucose did not diVer
between the first and second study periods. As
shown in table 1, the proinflammatory inter-
leukin IL-1á at concentrations of 5, 10, and
50 ng/ml significantly increased net jejunal
3-O-methyl glucose uptake. The increase in net
3-O-methyl glucose uptake was due to a
significant increase in mucosal to serosal flux.
IL-1á also resulted in a small but significant
increase in serosal to mucosal flux at concen-
trations of 5 and 50 ng/ml. The delta increase,
or diVerence, in net 3-O-methyl glucose uptake
was maximal at a concentration of 5 ng/ml
IL-1á. The delta increase in net 3-O-methyl

Table 1 EVect of IL-1á and IL-1ra on jejunal 3-O-methyl glucose transport

Jms
(µEq/cm2/h)

Jsm
(µEq/cm2/h)

Jnet
(µEq/cm2/h)

PD
(mV)

Isc
(µA/cm2)

G
(mS/cm2)

Basal period 1 0.80 (0.09) 0.22 (0.02) 0.58 (0.10) 3.3 (0.2) 38 (5) 29 (3)
Control period 2 0.89 (0.08) 0.27 (0.02) 0.62 (0.08) 3.0 (0.2) 34 (5)a 28 (3)

(n=8) Ä=0.10 (0.04) Ä=0.05 (0.03) Ä=0.04 (0.04)
Basal 0.74 (0.07) 0.13 (0.01) 0.62 (0.07) 3.4 (0.2) 34 (3) 26 (2)
IL-1á (5 ng/ml) 0.97 (0.11)a 0.19 (0.01)a 0.78 (0.1)a 3.0 (0.2) 30 (3) 26 (2)

(n=5) Ä=0.22 (0.05) Ä=0.06 (0.01) Ä=0.17 (0.05)
Basal 0.87 (0.05) 0.15 (0.01) 0.72 (0.06) 3.2 (0.2) 42 (4) 34 (4)
IL-1á (10 ng/ml) 1.14 (0.06)b 0.2 (0.03) 0.95 (0.06)a 2.8 (0.1)a 40 (3) 36 (4)

(n=5) Ä=0.27 (0.04) Ä=0.05 (0.02) Ä=0.22 (0.06)
Basal 0.88 (0.08) 0.18 (0.03) 0.70 (0.09) 3.4 (0.3) 40 (3) 30 (2)
IL-1á (50 ng/ml) 1.16 (0.14)a 0.26 (0.02)a 0.91 (0.13)a 3.0 (0.3)b 35 (2)b 29 (2)

(n=6) Ä=0.28 (0.08) Ä=0.07 (0.02) Ä=0.21 (0.07)
Basal 0.78 (0.1) 0.12 (0.01) 0.66 (0.1) 3.1 (0.3) 34 (4) 28 (3)
IL-1á (10 ng/ml)+

IL-1ra (100 ng/ml)
0.91 (0.14) 0.15 (0.02) 0.77 (0.15) 2.7 (0.2)a 29 (4)a 27 (3)

(n=5) Ä=0.13 (0.06) Ä=0.03 (0.01) Ä=0.10 (0.06)
Basal 0.79 (0.04) 0.17 (0.01) 0.62 (0.05) 3.2 (0.4) 35 (2) 27 (4)
IL-1ra (100 ng/ml) 0.89 (0.04) 0.19 (0.03) 0.70 (0.04) 2.9 (0.1) 31 (2) 26 (2)

(n=4) Ä=0.10 (0.01) Ä=0.02 (0.03) Ä=0.08 (0.03)

Data are mean (SEM).
Jms, mucosal to serosal flux; Jsm, serosal to mucosal flux; Jnet, net flux; PD, potential diVerence; Isc, short circuit current; G, conductance.
ap<0.05, bp<0.01 compared with basal period.
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glucose uptake did not diVer between experi-
ments performed with 5, 10, or 50 ng/ml of
IL-1á. The eVect of IL-1á on 3-O-methyl glu-
cose transport was abolished by the specific
receptor antagonist IL-1ra. In vitro 3-O-methyl
glucose Jms, Jsm, and Jnet fluxes did not diVer
between basal and stimulated periods when
IL-1á was applied at a concentration of
10 ng/ml in the presence of 100 ng/ml of
IL-1ra. IL-1ra alone at a concentration of 100
ng/ml had no eVect on Jms, Jsm, or Jnet 3-O-methyl
glucose transport. Table 2 shows the eVect of
IL-6, IL-8, and IL-10 on in vitro 3-O-methyl
glucose transport. The proinflammatory inter-
leukins IL-6 (10 ng/ml) and IL-8 (at 10 and
100 ng/ml) increased net 3-O-methyl glucose
uptake. As was the case for IL-1á, the increase
in net 3-O-methyl glucose uptake following
application of IL-6 or IL-8 was due to a signifi-
cant increase in mucosal to serosal flux of 3-O-
methyl glucose. The serosal to mucosal flux of
3-O-methyl glucose also slightly but signifi-
cantly increased in the presence of 10 ng/ml of
IL-6 and IL-8. In contrast, the anti-
inflammatory interleukin IL-10 at a concentra-
tion of 10 ng/ml had no eVect on mucosal to
serosal or net flux of 3-O-methyl glucose.

Application of IL-10 to chambered jejunal tis-
sue resulted in a significant increase in the
serosal to mucosal flux of 3-O-methyl glucose.
As shown in table 3, neural blockade had no
eVect on the increase in 3-O-methyl glucose
transport observed after addition of 100 ng/ml
of IL-8 to the serosal surface.

PROLINE TRANSPORT

Further experiments were performed with the
proinflammatory interleukins IL-1á and IL-8
to determine if the eVect of these mediators
was specific for 3-O-methyl glucose uptake or if
they produced a more generalised elevation of
nutrient uptake. Table 4 shows the eVect of
IL-1á (at 5 and 50 ng/ml) and IL-8 (100
ng/ml) on in vitro L-proline transport. At a
concentration of 5 ng/ml, IL-1á had no eVect
on mucosal to serosal, serosal to mucosal, or
net flux of L-proline. At a concentration of
50 ng/ml, IL-1á caused a small but significant
increase in mucosal to serosal and net flux of
L-proline. Similarly, IL-8 (100 ng/ml) also
stimulated an increase in net transport of
L-proline due to an increase in mucosal to
serosal flux. IL-8 also caused a small but

Table 2 EVect of IL-6, IL-8, and IL-10 on jejunal 3-O-methyl glucose transport

Jms
(µEq/cm2/h)

Jsm
(µEq/cm2/h)

Jnet
(µEq/cm2/h)

PD
(mV)

Isc
(µA/cm2)

G
(mS/cm2)

Basal 0.98 (0.11) 0.20 (0.02) 0.78 (0.10) 3.3 (0.2) 33 (3) 26 (2)
IL-6 (10 ng/ml) 1.21 (0.1)b 0.26 (0.02)b 0.94 (0.06)a 3.0 (0.2)b 29 (2) 25 (2)

(n=6) Ä=0.24 (0.05) Ä=0.06 (0.01) Ä=0.17 (0.05)
Basal 0.92 (0.09) 0.19 (0.02) 0.74 (0.09) 3.5 (0.2) 42 (4) 31 (4)
IL-8 (10 ng/ml) 1.23 (0.15)b 0.26 (0.02)b 0.97 (0.15)a 3.2 (0.2)a 39 (3) 31 (4)

(n=5) Ä=0.31 (0.06) Ä=0.08 (0.01) Ä=0.23 (0.06)
Basal 0.85 (0.19) 0.18 (0.02) 0.68 (0.17) 3.3 (0.3) 32 (5) 25 (2)
IL-8 (100 ng/ml) 1.14 (0.18)b 0.20 (0.01) 0.94 (0.17)b 3.0 (0.3)b 29 (4) 24 (2)

(n=4) Ä=0.29 (0.03) Ä=0.02 (0.01) Ä=0.26 (0.03)
Basal 0.91 (0.15) 0.20 (0.04) 0.70 (0.15) 3.2 (0.2) 35 (3) 28 (2)
IL-10 (10 ng/ml) 1.06 (0.14) 0.27 (0.03)a 0.79 (0.14) 2.9 (0.2) 32 (3)a 27 (2)

(n=5) Ä=0.16 (0.10) Ä=0.07 (0.02) Ä=0.09 (0.08)

Data are mean (SEM).
Jms, mucosal to serosal flux; Jsm, serosal to mucosal flux; Jnet, net flux; PD, potential diVerence; Isc, short circuit current; G, conductance.
ap<0.05, bp<0.01 compared with basal period.

Table 3 EVect of neural blockade on IL-8 stimulated 3-O-methyl glucose transport

Jms
(µEq/cm2/h)

Jsm
(µEq/cm2/h)

Jnet
(µEq/cm2/h)

PD
(mV)

Isc
(µA/cm2)

G
(mS/cm2)

Basal 0.83 (0.12) 0.24 (0.03) 0.59 (0.12) 2.7 (0.2) 30 (2) 28 (2)
IL-8 (100 ng/ml) 1.25 (0.13)a 0.25 (0.04) 0.99 (0.14)a 2.2 (0.2)b 24 (1)b 27 (2)

(n=5) Ä=0.42 (0.12) Ä=0.01 (0.04) Ä=0.40 (0.15)

Data are mean (SEM).
Jms, mucosal to serosal flux; Jsm, serosal to mucosal flux; Jnet, net flux; PD, potential diVerence; Isc, short circuit current; G, conductance.
ap<0.05, bp<0.01 compared with basal period.
TTX 5×10-7 M was added to the serosal reservoir of all chambers immediately after mounting of the tissue.

Table 4 EVect of IL-1á and IL-8 on jejunal proline transport

Jms
(µEq/cm2/h)

Jsm
(µEq/cm2/h)

Jnet
(µEq/cm2/h)

PD
(mV)

Isc
(µA/cm2)

G
(mS/cm2)

Basal 0.76 (0.11) 0.15 (0.01) 0.61 (0.1) 2.5 (0.3) 28 (5) 27 (3)
IL-1á (5 ng/ml) 0.80 (0.13) 0.17 (0.01) 0.63 (0.13) 2.5 (0.3) 27 (4) 26 (3)

(n=4) Ä=0.04 (0.02) Ä=0.02 (0.01) Ä=0.02 (0.03)
Basal 0.60 (0.05) 0.28 (0.04) 0.32 (0.05) 3.0 (0.1) 37 (2) 32 (2)
IL-1á (50 ng/ml) 0.69 (0.07)a 0.30 (0.04) 0.38 (0.05)a 2.7 (0.1)a 32 (1)b 30 (2)

(n=5) Ä=0.09 (0.03) Ä=0.02 (0.01) Ä=0.07 (0.02)
Basal 0.77 (0.07) 0.23 (0.02) 0.54 (0.05) 2.5 (0.1) 31 (3) 31 (2)
IL-8 (100 ng/ml) 0.85 (0.07)b 0.26 (0.02)a 0.59 (0.06)a 2.4 (0.1) 29 (3) 30 (2)a

(n=6) Ä=0.07 (0.01) Ä=0.03 (0.01) Ä=0.05 (0.02)

Data are mean (SEM).
Jms, mucosal to serosal flux; Jsm, serosal to mucosal flux; Jnet, net flux; PD, potential diVerence; Isc, short circuit current; G, conductance.
ap<0.05, bp<0.01 compared with basal period.
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significant increase in the serosal to mucosal
flux of L-proline.

L-GLUCOSE TRANSPORT

L-Glucose transport was examined to deter-
mine the eVect of proinflammatory inter-
leukins on passive glucose movement. The
eVect of IL-8 on jejunal L-glucose transport is
shown in table 5. Serosal IL-8 (100 ng/ml) had
no eVect on mucosal to serosal, serosal to
mucosal, or net flux of L-glucose.

[51Cr]-EDTA PERMEABILITY

The eVect of IL-8 on jejunal [51Cr]-EDTA was
also assessed to determine if proinflammatory
interleukins altered 3-O-methyl glucose trans-
port by changing passive tissue permeability.
[51Cr]-EDTA movement did not diVer between
basal and experimental periods in IL-8 (basal
0.0018 (0.0002) v experimental 0.0015
(0.0001)% total hot/5 minutes; n=4) or vehicle
treated (basal 0.0026 (0.0005) v experimental
0.0018 (0.0001); n=4) tissue.

TISSUE ELECTRICAL PARAMETERS

In the 3-O-methyl glucose transport experi-
ments, all proinflammatory interleukins, ex-
cept IL-1á at its lowest concentration (5
ng/ml), caused a significant decrease in tissue
PD (tables 1, 2). Isc was also decreased in the
presence of 50 ng/ml IL-1á, 10 ng/ml IL-1á,
and 100 ng/ml IL-1ra. The anti-inflammatory
IL-10 had no eVect on PD but resulted in a
decrease in tissue Isc. Tissue conductance did
not diVer in any of the 3-O-methyl glucose
transport experimental groups. In the L-proline
transport experiments, tissue PD was not
aVected by IL-1á or IL-8 (table 4). However,
both IL-1á, at a concentration of 50 ng/ml, and
IL-8 (100 ng/ml), resulted in a significant
decrease in both Isc and conductance (G).
Addition of 100 ng/ml IL-8 to the serosal sur-
face in the L-glucose experiments resulted in a
significant decrease in PD, Isc, and G during the
experimental period compared with basal
values.

Na
+/K+

ATPase ACTIVITY

Na+/K+ ATPase activity was measured in IL-8
and vehicle treated jejunal tissue to determine
if proinflammatory interleukins alter the
gradient for sodium entry into the enterocyte.
Na+/K+ ATPase activity did not diVer between
IL-8 (38.9 (5.7) U/mg protein; n=6) and vehi-
cle (36.2 (4.5); n=6) treated tissue.

SGLT-1 EXPRESSION

All BBMV preparations used in the study had
a greater than 10-fold increase in sucrase activ-
ity compared with the original mucosal ho-

mogenates and less than threefold basolateral
contamination, as determined by Na+/K+

ATPase activity. BBMV protein content (con-
trol 7.06 (0.83); IL 7.42 (1.1) mg/ml; n=8),
sucrase activity (control 1169 (186); IL 1171
(172) U/g protein; n=8), and Na+/K+ ATPase
activity (control 95 (31); IL 147 (33) U/g pro-
tein; n=8) did not diVer between control and
interleukin (IL-8 or IL-6) treated tissue.
Sucrase (control 99 (19); IL 99 (18) U/g
protein; n=8) and Na+/K+ ATPase (control 171
(20); IL 165 (23) U/g protein; n=8) activity in
the original mucosal homogenates also did not
diVer between control and interleukin (IL-8 or
IL-6) treated tissue. Antibody staining revealed
a single immunoreactive band at ∼75 kDa.
SGLT-1 band density did not diVer between
BBMV harvested from control or IL-8 treated
tissue (control 3.30 (0.23); IL-8 2.82 (0.28)
integrated optical density units; n=4) or
control and IL-6 treated tissue (control 4.96
(0.37); IL-6 4.31 (0.55) integrated optical
density units; n=4).

Discussion
The findings suggest that proinflammatory
interleukins stimulate jejunal nutrient absorp-
tion. Anti-inflammatory interleukins appear to
have no role in the regulation of jejunal
nutrient transport.

Inflammation is a common response of the
intestinal mucosa to pathological insults or
injury. A variety of soluble mediators have been
shown to participate in the gastrointestinal
inflammatory process, including the proinflam-
matory interleukins IL-1á,2 23 IL-6,24 25 and
IL-8,2 26 the endogenous IL-1 receptor antago-
nist IL-1ra,27 and the anti-inflammatory
interleukin-10 (IL-10).28

Inflammation results in alterations in meta-
bolic status. Elevated energy expenditure,
enhanced gluconeogenesis, fat mobilisation,
and protein catabolism are prominent features
of inflammation induced hypermetabolism.8 29

Furthermore, studies have suggested that the
magnitude of the hypermetabolic response to
tissue injury is directly proportional to the
extent of tissue damage.30

In the current study, proinflammatory inter-
leukins increased both glucose and proline
uptake while the anti-inflammatory IL-10 had
no eVect. These findings suggest proinflamma-
tory interleukins may produce a generalised
increase in nutrient absorption, including hex-
ose and amino acid uptake. Furthermore, this
eVect appears to be specific, as IL-1á induced
increases in glucose uptake were blocked in the
presence of the IL-1 receptor antagonist,
IL-1ra. A number of studies have suggested a
role for proinflammatory interleukins in the

Table 5 EVect of IL-8 on jejunal L-glucose transport

Jms
(µEq/cm2/h)

Jsm
(µEq/cm2/h)

Jnet
(µEq/cm2/h)

PD
(mV)

Isc
(µA/cm2)

G
(mS/cm2)

Basal 0.186 (0.042) 0.216 (0.035) -0.03 (0.042) 1.9 (0.2) 21 (2) 27 (1)
IL-8 (100 ng/ml) 0.194 (0.029) 0.232 (0.044) -0.038 (0.047) 1.8 (0.2)a 18 (2)b 25 (1)a

(n=5) Ä=0.08 (0.05) Ä=0.02 (0.03) Ä=-0.01 (0.07)

Data are mean (SEM).
Jms, mucosal to serosal flux; Jsm, serosal to mucosal flux; Jnet, net flux; PD, potential diVerence; Isc, short circuit current; G, conductance.
ap<0.05, bp<0.01 compared with basal period.

188 Hardin, Kroeker, Chung, et al

www.gutjnl.com

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://gut.bm

j.com
/

G
ut: first published as 10.1136/gut.47.2.184 on 1 A

ugust 2000. D
ow

nloaded from
 

http://gut.bmj.com/


regulation of central and peripheral glucose
metabolism. Interleukin-1á has been reported
to increase the uptake of glucose into both
neonatal murine astrocytes14 and human der-
mal fibroblasts.13 In the former study, IL-6 also
increased glucose uptake into murine astro-
cytes; the small size of the eVect reported may
be due to the relatively low concentration of
IL-6 used (2 ng/ml) compared with concentra-
tions used in our experiments.14 Intracerebro-
ventricular IL-1á has been shown to act
centrally to increase whole body glucose
metabolism and peripheral glucose
utilisation.10 Intravascular IL-1â results in
hypoglycaemia and altered whole body glucose
homeostasis in mice.11 These findings are in
agreement with our data demonstrating in-
creased epithelial nutrient uptake in response
to proinflammatory interleukins and suggest
one of the roles of these cytokines is to increase
nutrient availability to meet the increased
metabolic demand of inflamed tissue.

All of the proinflammatory mediators exam-
ined in this study produced a consistent and
significant decrease in tissue PD except IL-1á
at the lowest concentration tested (5 ng/ml).
While there was a trend towards reduced Isc in
all the experimental groups this eVect only
achieved significance in the IL-1á (50 ng/ml),
IL-1á+IL-1ra, and IL-10 experimental groups
and in the L-glucose experiments. These
findings are in contrast with a previous report
on the eVect of IL-1á on ileal ion transport.
Chiossone and colleagues3 measured an in-
crease in short circuit current due to anion
secretion. However, the eVect reported by
these authors was slow, reaching a maximum at
30–40 minutes. In contrast, our experiments
were performed in jejunal tissue and flux
measurements began five minutes following
the addition of IL-1á and continued for 15
minutes, thus ending after 20 minutes and well
before the time point at which Chiossone et al
reported their maximal eVect. Furthermore, in
our experiments 20 mM 3-O-methyl glucose
was added to the mucosal surface at mounting
thus providing a substrate for SGLT-1. Addi-
tion of 3-O-methyl glucose activates SGLT-1
thus increasing enterocyte Na+ uptake. This
eVect would tend to counteract the reported
decrease in Na+ and Cl− absorption seen by
these authors. More recently, other investiga-
tors have examined the eVect of IL-1á on Cl−

secretion in T84 cells. Incubating T84 cells for
30–60 minutes with 5 ng/ml IL-1á had no
eVect on basal Isc.

31 As previously reported,5

IL-10 resulted in a significant decrease in tissue
short circuit current.

Glucose can enter the bloodstream from the
lumen of the intestine by two pathways: via a
transcellular route across enterocyte cell mem-
branes or by a paracellular route between
epithelial cells. Transcellular glucose uptake
occurs by an active uptake mechanism that
couples the movement of glucose to the down-
hill gradient for sodium entry into the entero-
cyte. Glucose then exits the enterocyte via the
facilitated glucose transporter GLUT2 and
sodium by basolateral Na+/K+ ATPase.32 Al-
terations in tissue Vmax may be attributed to

changes in either the number of transport pro-
teins, the rate at which the transporter translo-
cates substrate across cell membranes, or in the
chemical or electrical gradients driving the
transport process. In adipocytes and striated
muscle cells, glucose uptake is acutely in-
creased in the presence of insulin due to
recruitment of a pool of preformed transport
proteins into the plasma membrane.33 Simi-
larly, increases in jejunal glucose transport fol-
lowing administration of epidermal growth
factor34 or glucagon-like peptide 235 have been
associated with acute increases in the brush
border content of the Na+/glucose cotrans-
porter (SGLT-1). In the intestine, alterations in
brush border membrane fluidity have been
shown to alter rates of glucose and proline
transport.36 37 Recently, a membrane associated
protein, RS1, has been described which may
have a role in the regulation of glucose
transport.38 Co-injection of RS1 cDNA to-
gether with SGLT-1 cDNA into oocytes results
in a 40-fold increase in the activity of SGLT-1.
The increased Vmax for jejunal glucose uptake
observed in experimental type I diabetes is
associated with an increase in Na+/K+ ATPase
protein and activity.39

Paracellular transport involves the move-
ment of glucose between enterocytes in the
epithelial layer either by passive diVusion or
solvent drag.40 Paracellular transport can be
modulated by a variety of stimuli all with a
common eVector mechanism apparently tied
to the cytoskeleton.40 Activation of Na+ couple
glucose transport has been reported to elicit
alterations in intestinal epithelial tight junc-
tions leading to increased paracellular perme-
ability and passive solute uptake.41 42 Paracellu-
lar permeability has also been shown to be
modulated by external agents, such as inter-
feron ã43 and intracellular mediators such as
protein kinase C.44 However, in our studies
jejunal glucose transport was assessed in short
circuited Ussing chambers. This experimental
set up eliminates all passive electrical and
chemical gradients. Thus the increase in jejunal
glucose transport seen following administra-
tion of proinflammatory interleukins is unlikely
to have been caused by any change in passive
tissue permeability. To confirm that altered
permeability was not a factor, the epithelial
movement of L-glucose and Cr-EDTA was
examined. Treatment with IL-8 also had no
eVect on passive L-glucose or Cr-EDTA move-
ment, further supporting the interpretation
that proinflammatory interleukins increase
glucose transport by an active mechanism.
There was a small increase in the serosal to
mucosal flux that reached statistical signifi-
cance in many of the treatment groups. This
likely reflects a small increase in paracellular
permeability and is probably due to a specific
action of the cytokines. Serosal to mucosal flux
did not significantly diVer in vehicle treated
control experiments or in studies examining
the eVect of concurrent IL-1á and the antago-
nist IL-1ra.

In the current study, Na+/K+ ATPase activity
did not diVer between mucosal homogenates
obtained from control or IL-8 treated tissue
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suggesting that interleukin induced increases in
glucose transport are not due to alterations in
the transcellular sodium gradient. Further-
more, the increase in jejunal glucose transport
seen following exposure to proinflammatory
cytokines does not appear to be due to
alterations in the brush border expression of
SGLT-1. The lack of alteration in either Na+/K+

ATPase or SGLT-1 suggests the possibility that
proinflammatory interleukins increase jejunal
glucose transport by modulating the eYciency
of the existing population of Na+/glucose
cotransporters.

Inflammatory mediators may be derived
from mononuclear cells in the lamina propria
or from epithelial cells, or both.1 23 26–28 45 46 The
site of cytokine production can vary depending
on the inflammatory stimulus. For example,
epithelial cells in normal and inflamed tissue
express neither IL-8 mRNA nor protein. IL-8
is produced primarily in the lamina propria of
the colon in inflammatory bowel disease. IL-8
mRNA and protein are localised to macro-
phages and neutrophils near the site of
ulceration.46 In contrast, infection of T84 mono-
layers with S typhimurium induces the synthesis
and release of IL-8.47 Similarly, Clostridium dif-
ficile toxin A induces the production of IL-8
from human colonic epithelial cells.48 IL-6 is
primarily produced by macrophages and
monocytes, fibroblasts, and endothelial cells.1

S typhimurium infection can induce the pro-
duction of IL-6 from small and large intestinal
epithelial cells.45 Thus the site of production of
bioactive cytokines varies depending on the site
and mechanism of injury and the eVect of
proinflammatory interleukins on intestinal
nutrient transport may be the result of
endocrine, paracrine, or autocrine activity.

It is not known whether the cytokines used in
this study are acting on the epithelium directly
or if they are acting through release of other
mediators from cellular elements in the intesti-
nal wall. Experiments performed with the
nerve blocker tetrodotoxin suggest enteric
nerves do not play a role in mediating the eVect
of the proinflammatory interleukins on nutri-
ent transport. Type I IL-1 receptor protein and
mRNA have been associated with small intesti-
nal epithelial cells.49 50 IL-6 receptors have been
reported on colonic epithelial cells.51 In addi-
tion, functional receptors for a variety of other
interleukins have also been described on intes-
tinal epithelial cells, including those for IL-2,
IL-4, IL-7, and IL-13.52–55 These findings indi-
cate that the eVect of these proinflammatory
cytokines on small intestinal nutrient transport
may be due to a direct action on intestinal epi-
thelial cells.

During the inflammatory process pro- and
anti-inflammatory mediators are produced and
released in the intestinal mucosa at concentra-
tions similar to those used in our experiments.
Concentrations of IL-6 released from
S typhimurium infected small intestinal cell cul-
tures exceeded 10 ng/ml45 and biopsies ob-
tained from Crohn’s patients contained IL-6 at
concentrations greater than 15 ng/ml.24 Bacte-
rial invasion of T84, HT29, and Caco-2 cell
monolayers, as well as freshly isolated human

colonic epithelial cells, induces the release of
IL-8 into the media in concentrations ranging
from 1.4 to 80.5 ng/ml.56 Moreover, IL-10
modulates ion transport in rat small intestine
with a maximal response at a concentration of
1 ng/ml5 and serosal IL-1á produces its
maximal eVect on rabbit ileal mucosal ion
transport at a concentration of 5 ng/ml.3 In our
study the eVect of IL-1á on nutrient uptake
was also maximal at a concentration of 5 ng/ml.
Therefore, the eVect of proinflammatory me-
diators on intestinal nutrient uptake occurs
within the physiological range of these com-
pounds that are released during disease states.

In summary, our findings suggest that release
of proinflammatory interleukins promotes the
uptake of nutrients across the small intestinal
epithelium. The enhanced uptake of nutrients
may play a role in the intestinal response to the
hypermetabolic state observed during inflam-
matory episodes.
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