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Abstract Lipopolysaccharide (LPS) is an endotoxin

causing sepsis. Studies from our laboratory revealed im-

paired intestinal absorption of L-leucine and D-fructose in

LPS-treated rabbits. The aim of this study was to examine

intestinal D-galactose transport following intravenous

administration of LPS in the rabbit and to identify the

cellular mechanisms driving this process. Endotoxin

treatment diminished the buildup of D-galactose in intes-

tinal tissue, the mucosal to serosal transepithelial flux of

the sugar and its uptake by brush border membrane vesicles

(BBMVs). Intracellular signaling pathways associated

with protein kinase C (PKC), protein kinase A (PKA),

p38 mitogen-activated protein kinase (p38MAPK), Jun

N-terminal kinase (JNK), MAPK/extracellular signal-

regulated kinases 1 and 2 (MEK1/2) and proteasome were

found to be involved in this reduction in sugar uptake. Na+/

glucose cotransporter 1 (SGLT1) protein levels in BBMVs

were lower for LPS-treated animals than control animals.

These findings indicate that LPS inhibits the intestinal

absorption of D-galactose via a complex cellular mecha-

nism that could involve posttranscriptional regulation of

the SGLT1 transporter.
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Introduction

Microorganism toxins can be responsible for septic syn-

drome. Alterations in the physiological functions of the

small intestine, such as amino acid and sugar absorption,

have been reported as a consequence of a natural or

experimental septic state or inflammation (Gardiner et al.,

1995; Sundaram et al., 1997; Sundaram, Wisel & Fromkes,

1998). Moreover, nonlethal doses of endotoxins are able to

modify the intestinal absorption of water and electrolytes

(Grondahl et al., 1998; Hecht & Koutsouris, 1999).

Lipopolysaccharide (LPS), a component of the outer

wall of gram-negative bacteria, is one such endotoxin,

which has been well established as a causative agent of

sepsis in humans and other animals. LPS is recognized by

specific receptors on the cell plasma membrane, and this

leads to the activation of several signaling pathways

involving various protein kinases (protein kinase C [PKC],

protein kinase A [PKA], protein tyrosine kinase [PTK],

mitogen-activated protein kinase [MAPK], and proline-

directed protein kinases) (Chow, Grinstein & Rotstein,

1995). These transduction cascades generate proinflam-

matory cytokines (interleukin 1b [IL-1b], IL-6, tumor

necrosis factor-a [TNF-a]) and other mediators (nitric
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oxide [NO]) that, in turn, trigger secondary signaling cas-

cades in target cells (Johnson, Brunn & Samstein, 2005;

Karima et al., 1999). These secondary cascades include

activation of phospholipases and subsequent release of li-

pid mediators that can activate another set of protein kin-

ases via a signaling route in which diacylglycerol (DAG),

sphingomyelinase, ceramide and nuclear factor-jB (NF-

jB) are activated, leading to cytotoxicity (Schütze et al.,

1992).

NF-jB is a transcription factor which is inactive in the

cytoplasm through its binding to the inhibitory protein

(IkB). The nuclear translocation of NF-jB requires phos-

phorylation of (IkB). In vitro, several protein kinases have

been reported to be able to phosphorylate IkB (PKC, PKA,

cyclic adenosine monophosphate [cAMP], MAPK, etc.)

(Brown et al., 1995; Schulze-Osthoff et al., 1997). Once

phosphorylated, IkB is ubiquitinylated and then degraded

by the 26S subunit of the proteasome (Brown et al., 1995;

Israel, 2000). In the nucleus, NF-jB is able to regulate the

expression of many genes involved in immune and

inflammatory responses such as cytokine synthesis (Mag-

nani et al., 2000). In addition, NF-jB is activated in the gut

by a number of proinflammatory stimuli, including sepsis

(Pritts et al., 2000), cytokines (De Plaen et al., 2000) and

oxidative stress (Aw, 1999).

Previous results from our laboratory have indicated that

LPS endotoxin inhibits the intestinal absorption of L-leu-

cine and D-fructose in the rabbit and that this effect is

mediated by calmodulin protein and PKC (Abad et al.,

2001a,b, 2002a; Garcı́a-Herrera, Abad & Rodrı́guez-Yoldi,

2003). The present study was designed to explore the ef-

fects of bacterial LPS on D-galactose intestinal absorption

and to identify the cell signaling pathways mediating the

process.

Materials and Methods

Chemicals

LPS from Escherichia coli (LPS) serotype 0111:B4, D-

galactose, D-mannitol, 4-(2-hydroxyethyl)-1-piperazinee-

thanesulfonic acid (HEPES), tris(hydroxymethyl)-amino-

methane (TRIS), sucrase, bovine serum albumin, adenosine

5¢-triphosphate (ATP), protein kinase inhibitor (IP20) and

antiactin antibody were obtained from Sigma (Madrid,

Spain). Bisindolylmaleimide I hydrochloride (GF-109203X)

and carbobenzoxy-L-leucyl-L-leucyl-L-leucinal (MG-132)

were obtained from Calbiochem (Darmstadt, Germany).

4-[5-(4-Fluorophenyl)-2-[4-(methylsulfonyl)phenyl]-1H-

imidazol-4-yl]pyridine hydrochloride (SB-203580),

anthra[1-9-cd]pyrazol-6(2H)-one (SP-600125) and 1,4-dia-

mino-2,3-dicyano-1,4-bis[2-aminophenylthio]butadiene

(U-0126) were from Tocris (Bristol, UK). Polyethylene

glycol (PEG) was obtained from Merck (Barcelona, Spain).

D-[U-14C] galactose, [14C] PEG, anti-rabbit immunoglobulin

G (IgG) peroxidase and Biodegradable Counting Scintilla-

tion Liquid were obtained from Amersham Biosciences

(Madrid, Spain). The membrane filters were obtained from

Millipore (Barcelona, Spain). The reagents used in the

Western and Northern blots were from Bio-Rad and Serva

(Barcelona, Spain), Sigma (Madrid, Spain).

Animals

Male New Zealand rabbits weighing 1.8-2.0 kg were caged

at a constant room temperature (24�C) and given free ac-

cess to water and standard rabbit feed. Two experimental

groups were established: one group received an i.v. solu-

tion of 200 ll (2 lg/kg body weight, b.w.) LPS (treated

animals) and the other received 200 ll saline solution

(control animals). In this model, sepsis is achieved after 90

min by measuring body temperature and biochemical/

hematological parameters to confirm this state. At this time

point, rabbits were killed by cervical dislocation and a

segment (~15 cm) of the proximal jejunum was quickly

obtained and washed in ice-cold Ringer’s solution (com-

position, in mM: 140 NaCl, 10 KHCO3, 0.4 KH2PO4, 2.4

K2HPO4, 1.2 CaCl2 and 1.2 MgCl2, pH 7.4).

All procedures for animal handling and experimentation

were performed in accordance with European Union leg-

islation (86/609/EEC).

Sugar Uptake Measurements

The jejunum segment was everted and cut into ~100-mg

pieces. Groups of five intestinal rings were incubated for 3

min (to measure initial uptake) at 37�C in Ringer’s solution

containing 0.5 mM galactose and 0.01 lCi/ml D-[U-14C]

galactose. The incubation medium was continuously bub-

bled with 95% O2-5% CO2. At the end of the incubation

period, the rings were removed from the medium, quickly

washed by two or three gentle shakes in ice-cold Ringer’s

solution and blotted carefully on both sides to remove

excess moisture. The tissue was weighed and the accu-

mulated substrate extracted by shaking the rings for 15 h in

0.5 ml 0.1 M HNO3 at 4�C. Galactose uptake was estimated

from the relationship between the counts per minute re-

corded for the incubation medium (200 ll samples) and the

counts per minute obtained for the HNO3 aliquots (200 ll)

and expressed as micromoles of D-galactose per milliliter

cell water.

To determine cell water in the tissue samples, rings of

everted jejunum were incubated for 15 min in Ringer’s

solution at 37�C containing 0.02 lCi/ml [14C] PEG 4000

and continuously bubbled with 95% O2-5% CO2. After
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incubation, the pieces of tissue were gently blotted on

moist filter paper, weighed and incubated overnight in 0.5

ml 0.1 M HNO3 at 4�C to extract the PEG from the tissue.

Aliquots of 200 ll taken from the extracts and the bathing

solutions were then counted in 2 ml of scintillation liquid.

The rings were dried at 80�C for 12 h and then reweighed.

The total water in the tissue was calculated as the differ-

ence between the wet and dry weights of the tissue sam-

ples. Extracellular water was determined from the tissue

PEG content, and intracellular water was calculated as the

difference between the total and extracellular tissue water.

Transepithelial Flux Measurements

A segment (~20 cm) of jejunum was stripped of its serosal

and external muscle layers and mounted as a flat sheet in an

Ussing-type chamber. The bathing solutions on the muco-

sal and serosal surfaces of the tissue were maintained at

37�C using a circulating water bath. The concentration of

D-galactose was the same in both solutions (1 mM).

Mucosal-to-serosal (Jm-s) or serosal-to-mucosal (Js-m)

sugar fluxes were measured by adding 0.04 lCi/ml D-

[U-14C] galactose to the mucosal or serosal side, respec-

tively. After a 40-min preincubation period, samples

(200 ll) were removed from the nonradioactively labeled

side at 20-min intervals for 60 min. At the beginning of the

experiment, a sample was taken from the radioactively

labeled side for counting. Results are expressed as micro-

moles of D-galactose per centimeter squared per hour.

Preparing Brush Border Membrane Vesicles and

Assessing D-Galactose Transport

Brush border membrane vesicles (BBMVs) were prepared

according to the Mg2+ ethyleneglycoltetraacetic acid

(EGTA) precipitation method (Hauser et al., 1980) with

minor modifications (Brot-Laroche et al., 1986). The final

medium in which the vesicles were resuspended contained

300 mM mannitol and 10 mM HEPES-TRIS (pH 7.4) buffer.

BBMVs were immediately used for the transport studies.

Protein concentrations were determined using the Bradford

(1976) method with a bovine serum albumin standard. The

purity of the membrane preparations was established by

measuring sucrase enzyme activity using the Dahlqvist

(1984) method. Na+/K+-ATPase activity (marker of baso-

lateral membrane) was also determined (Proverbio & del

Castillo, 1981).

Uptake of 0.1 mM galactose was determined at room

temperature (around 25�C) by a rapid filtration technique

(Shirazi-Beechey et al., 1990). Reactions were initiated by

adding 5 ll (200 lg) of BBMV to 45 ll of incubation

medium. The incubation medium contained 10 mM HE-

PES-TRIS, 100 mM NaCl, 0.01 lCi/ml D-[U-14C] galactose

plus 0.1 mM unlabeled galactose and D-mannitol to reach

300 mosmol/l. At selected time points (5, 10, 40, 60 s and

90 min, to reach equilibrium), galactose uptake was

quenched by adding 3 ml of ice-cold stopping solution.

Vesicles were separated from the incubation medium by

placing 0.5 ml of the reaction mixture on cellulose nitrate

filters and rinsing twice in 6 ml of ice-cold stopping

solution. This solution contained 350 mM KCl, 25 mM

MgCl2 and 10 mM HEPES-TRIS (pH 7.4). The radioac-

tivity retained on the filter was measured using a scintil-

lation counter. Uptake at time zero was established by

adding the stopping solution before the vesicles. This value

was subtracted from the total radioactivity recorded for

each sample. Results are expressed as absolute uptake of D-

galactose in picomoles per milligram protein.

Western Blotting

Around 10 lg of BBMV protein samples from control and

treated animals were solubilized in Laemmli sample buffer,

run on a 10% sodium dodecyl sulfate-polyacrylamide gel

electrophoresis (SDS-PAGE) gel for 3.5 h at 55 V and

transferred onto polyvinylidene difluoride (PVDF) mem-

branes using a semidry transblot transfer apparatus (Bio-

Rad) at 15 V for 15 min (3 mA/cm2 membrane). Protein

transfer efficiency was visualized by staining the PVDF

sheet with Ponceau S and by the transfer of Rainbow

molecular weight markers (Sigma). Protein bands corre-

sponding to Na+/glucose cotransporter 1 (SGLT1) were

detected using a rabbit polyclonal antibody raised against

residues 604–615 of rabbit SGLT1 (kindly provided by Dr.

E. Wright, UCLA, Los Angeles, CA) diluted 1:1,000. In

experiments run in parallel, membranes were incubated

with the same antibody previously adsorbed with the

antigenic peptide (also provided by Dr. E. Wright) diluted

1:100. The anti-SGLT1 antibody was detected using anti-

rabbit IgG peroxidase as a secondary antibody (1:6,000

dilution). Immunoreactive proteins were visualized by

chemiluminescence. The intensity of the immunoreactive

SGLT1 bands was estimated by scanning densitometry.

Actin was used to ensure equal loading of total protein onto

the electrophoresis gels. The SGLT1 antibody was stripped

off the membranes by washing with stripping solution for

30 min at 50�C. Membranes were later incubated with a

rabbit antiactin antibody at a dilution of 1:150 according to

the protocol described above.

Northern Blotting

At the moment of sacrifice, a segment of jejunum was

obtained and quickly frozen in liquid nitrogen. Total RNA

was isolated using Trigent reagent (MRC, Cincinnati, OH)

following the manufacturer’s instructions. RNA was
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subjected to Northern blot analysis as described elsewhere

(Calleja et al., 1999). The SGLT1 cDNA probe, inserted

into pBluescript KS+, was a 2.2-kb EcoriI/Xbal fragment

(provided by Dr. E. Wright). A 250-bp KpnI/Xbal fragment

of mouse actin was also used as probe to normalize the

amount of RNA loaded on the gel. The probes were labeled

using [a-32P]-deoxycytidine triphosphate and Rediprime

(GE Healthcare). Filters were exposed to Biomax film

(GE Healthcare) and the films analyzed using a laser LKB

2202 densitometer (GE Healthcare).

Statistical Analysis

All results are expressed as the mean ± standard error (SE).

Means were compared by one-way analysis of variance.

Significant differences (p < 0.05) were established using an

unpaired two-tailed Student’s t-test (Steel & Torrie, 1960).

All statistical tests were performed using the program

StatView SE+Graphics (SAS Institute, Cary, NC).

Results

Effect of LPS on the Intestinal Absorption of D-

Galactose

First, we examined the effect of i.v. administration of LPS

(2 lg/kg b.w.) on the intestinal absorption of 0.5 mM D-

galactose. As shown in Table 1, LPS was found to inhibit

D-galactose uptake by ~50%.

The i.v. administration of LPS had a slight yet signifi-

cant effect on the intracellular water content (0.71 ± 0.01

vs. 0.65 ± 0.02 for control and treated animals, respec-

tively), which was taken into account when calculating D-

galactose uptake expressed according to cell water.

To identify from which side the endotoxin exerted its

inhibitory effect, mucosal-to-serosal and serosal-to-muco-

sal fluxes of 1 mM galactose were measured in control and

LPS-treated animals. The mucosal-to-serosal galactose flux

decreased by ~40% in treated animals, but no change was

found in the serosal-to-mucosal flux (Table 1).

Cellular Factors Mediating the Inhibitory Effect of LPS

on Intestinal D-Galactose Uptake

To identify possible intracellular messengers involved in the

LPS effect on D-galactose uptake, we conducted experiments

using different inhibitors of a series of kinases that were

administered i.v. 15 min before LPS injection. The inhibitors

were also administered to a group of control animals, to

check that they did not affect galactose absorption.

The PKA inhibitor IP20 was administered at 0.155 mg/

kg b.w (Cheng et al., 1986). As shown in Figure 1a, this

Table 1 Effect of LPS on intestinal D-galactose transport

Control LPS

Sugar uptake (lmol/ml cell water) 0.725 ± 0.031 0.350 ± 0.018*

Jm-s (lmol/cm2/h) 0.230 ± 0.014 0.132 ± 0.015*

Js-m (lmol/cm2/h) 0.136 ± 0.019 0.134 ± 0.014

Uptake of 0.5 mM D-galactose was measured in everted intestinal rings

from five control and five LPS-treated animals. Effect of LPS on D-

galactose transepithelial fluxes: mucosal-to-serosal (Jm-s) and sero-

sal-to-mucosal (Js-m) fluxes of 1 mM D-galactose were measured in

jejunum preparations from five control and five LPS-treated animals.

*p < 0.05 with respect to values recorded in control animals

Fig. 1 Effects of IP20 (a) and G-F109203 (b) on the inhibition of

D-galactose uptake by LPS. (a) IP20 (PKA inhibitor) was used at 0.155

mg/kg. (b) GF-109203 (PKC inhibitor) was used at 25, 50 and 500

ng/kg. The inhibitors were administered i.v. 15 min before LPS

treatment. Uptake of 0.5 mM galactose was measured for 3 min in

everted intestinal rings from control and LPS-treated animals. *p <

0.05 with respect to control animals, #p < 0.05 with respect to LPS-

treated animals. Results represent nine determinations made in five

animals per group (control and LPS-treated)
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inhibitor partly (~50%) eliminated the LPS effect on D-

galactose absorption yet did not affect galactose absorption

in control animals.

To establish whether PKC was also involved in the LPS

effect, the intestinal uptake of the sugar was measured after

LPS-treated animals were given GF-109203X, a selective

inhibitor of this kinase. The inhibitor concentrations tested

were 25, 50 and 500 ng/kg b.w. (Suzuki et al., 2001). The

inhibitory effect of LPS on the uptake of 0.5 mM D-galac-

tose was significantly reduced (~70%) using 500 ng/kg of

the inhibitor but not completely abolished (Fig. 1b). These

results indicate that, like PKA, PKC also contributes to the

endotoxin effect.

A similar protocol was used to test three MAPK family

inhibitors (Bennett et al., 2001; Guan et al., 2005; Helliwell

et al., 2000; Squires, Nixon & Cook, 2002). SB-203580, a

selective inhibitor of p38 MAPK, diminished the LPS

inhibitory effect at 5, 15 and 30 lg/kg b.w. to a similar

extent (~50%) (Fig. 2a). SP-600125, an inhibitor of c-Jun

N-terminal kinase (JNK), reduced the LPS inhibitory effect

on sugar absorption at 12.5 and 25 lg/kg b.w. but without

completely blocking endotoxin action (Fig. 2b). Since this

inhibitor was diluted in dimethyl sulfoxide, the same

concentration of the solvent was injected into control ani-

mals to check that it did not alter galactose absorption

(Fig. 2b). The third MAPK inhibitor was U-0126, a

selective inhibitor of MAPK/extracellular signal-regulated

kinase (MEK1/2), and was tested at 13.5 and 27 lg/kg b.w.

The highest concentration was able to decrease the LPS

inhibitory effect by ~50% (Fig. 2c). None of these inhibi-

tors exerted any effects in control animals.

Finally, to investigate the possible implications of the

proteasome, we tested MG-132, a potent cell-permeable

proteasome inhibitor, at 50, 125 and 250 lg/kg b.w.

(Meriin et al., 1998) using the same protocol as for the

other inhibitors. The results indicate that MG-132 treat-

ment before LPS administration abolished the effect of the

endotoxin on D-galactose absorption at 125 and 250 lg/kg

b.w. (Fig. 3).

Effect of LPS on the D-Galactose Transporter SGLT1

To determine whether LPS directly modifies the Na+/glu-

cose cotransporter located at the apical membrane of en-

terocytes, we examined the effect of the endotoxin on D-

galactose uptake in BBMVs prepared from intestinal tissue

taken from control and LPS-treated animals. It may be

observed in Figure 4 that peak D-galactose uptake across

the BBMV occurs at around 60 s for control and treated

animals, yet this peak value was significantly lower for

LPS-treated animals, indicating that SGLT1 is directly

affected by the endotoxin. As expected, equilibrium uptake

values (90 min) were similar for both preparations.

To explore if this inhibitory effect was due to a decrease

in the amount of transporters present at the brush border

membrane, we performed Western blot analyses using

BBMVs from control and treated animals.

The SGLT1 antibody recognized a single band of about 84

kDa in control and LPS-treated animals that was blocked by

preabsorption with the antigenic peptide (P) (Fig. 5a).

Densitometric analysis of the bands revealed a significant

reduction (p < 0.05) in the intensity of the band corre-

sponding to BBMVs isolated from LPS-treated animals

(Fig. 5b), indicating reduced numbers of transporters at the

brush border membrane in these animals. However, SGLT1

mRNA samples from control and LPS-treated animals,

examined by Northern blot, showed a significant increase in

expression in LPS-treated animals (data not shown).

Discussion

Endotoxin, or LPS, in the bacterial cell wall is known to be

the main instigator of gram-negative sepsis. Infectious

Fig. 2 Effects of three MAPK family inhibitors on the inhibition of

D-galactose uptake by LPS. (a) SB-203580 (p38 kinase inhibitor) was

used at 5, 15 and 30 lg/kg. (b) SP-600125 (JNK inhibitor) was used

at 12.5 and 25 lg/kg. (c) U-0126 (MEK1/2 inhibitor) was used at 13.5

and 27 lg/kg. Inhibitors were administered i.v. 15 min before LPS

treatment. Uptake of 0.5 mM galactose was measured for 3 min in

everted intestinal rings from control and LPS-treated animals. *p <

0.05 with respect to control animals, #p < 0.05 with respect to LPS-

treated animals. Results represent nine determinations made in five

animals per group (control and LPS-treated)
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agents can also alter nutrient absorption after an acute

infection (Gardiner et al., 1995; Sodeyama et al., 1993).

Thus, the inhibition of glucose transport after intragastric

infection with Eimeria magna has been shown in rabbit

ileum. This effect was a consequence of both a decrease in

the number of Na+/glucose cotransporters in villus cell

BBMVs and inhibition of Na+,K+-ATPase (Sundaram

et al., 1997). Similar effects on alanine uptake have been

reported in chronically inflamed rabbit ileum produced by

coccidial infection (Sundaram, Wisel & Fromkes, 1998).

In patients with sepsis, diminished sodium-dependent glu-

tamine, alanine, leucine and glucose absorption has also

been reported (Salloum, Copeland & Souba, 1991).

Previous results from our laboratory have shown that

after direct addition of LPS to intestinal tissue, L-leucine

(Abad et al., 2001a, 2002a) and D-fructose (Garcı́a-Herrera,

Abad & Rodriguez-Yoldi 2003) intestinal transport is

Fig. 4 Effect of LPS on D-galactose uptake in BBMVs. The D-

galactose concentration used was 0.1 mM; n = 15 determinations made

in five animals from each group (control and LPS-treated) at each

time point. *p < 0.05 with respect to control animals. Results

represent values recorded in triplicate for five animals per group

Fig. 5 Effect of LPS on SGLT1 protein expression in BBMV. (a)

The antibody recognized an immunoreactive protein of about 84 kDa

in the lanes from control and treated animals. When the antibody was

previously adsorbed with the antigenic peptide, no signal was

detected (P). Actin was used as a loading control of total protein

onto the electrophoresis gels. (b) Relative abundance of SGLT1

protein measured by optical density (counts/mm2). Values represent

percentage means recorded in five separate experiments for each

group (control and LPS-treated). *p < 0.05 with respect to control

animals

Fig. 3 Effect of the proteasome inhibitor MG-132 on the inhibition

of D-galactose uptake by LPS. The inhibitor was administered i.v. 15

min before LPS treatment at doses of 50, 125 and 250 lg/kg. Uptake

of 0.5 mM galactose was determined for 3 min in everted intestinal

rings from control and LPS-treated animals. *p < 0.05 with respect to

control animals, #p < 0.05 with respect to LPS-treated animals.

Results represent nine determinations made in five animals per group

(control and LPS-treated)
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inhibited. This effect was found to be related to calcium

and to involve PKC and calmodulin protein. Moreover,

inhibition of the intestinal absorption of L-leucine after i.v.

LPS administration could be achieved by its secretagogue

action on the gut, also implying other mediators such as

NO, prostaglandins and TNF-a (Abad et al., 2001b, 2002b).

The present study was designed to examine the effects

of i.v. administration of LPS on galactose absorption and to

identify the intracellular factors mediating this effect.

After inducing sepsis with LPS, the mucosal intestinal

absorption of D-galactose was significantly impaired (Ta-

ble 1), and the inhibitory effect was found to be due to a

reduction in the activity of SGLT1 in assays performed

using BBMVs. Moreover, our Western blot analysis re-

vealed that sugar uptake inhibition occurs via a decrease in

the number of SGLT1 molecules at the apical enterocyte

membrane (Fig. 5). The mechanism of this decrease does

not seem to be transcriptional since SGLT1 mRNA levels

were higher in LPS-treated animals (data not shown).

Whether the effect is translational and/or due to impaired

transporter insertion at the plasma membrane from the

intracellular pool or caused by transporter retrieval from

the membrane is yet to be established.

Nevertheless, in COS-7 cells transfected with rabbit

SGLT1 cDNA, PKC activation decreases the Vmax of

SGLT1 with no effect on the number of transporters at the

cell surface, suggesting that PKC may decrease the turn-

over rate of the transporter (Vayro & Silverman, 1999). On

the other hand, in oocytes expressing rat and rabbit SGLT1,

activation of PKC decreases the maximum rate of transport

for both isoforms. This change is accompanied by a pro-

portional change in the number of SGLT1 molecules at the

plasma membrane, indicating that PKC regulates endocy-

tosis of the vesicles containing the transporter (Chang &

Karin, 2001). Here, we found that PKC is involved in the

LPS effect on SGLT1 function (Fig. 1b) such that we

cannot rule out the possibility of regulation of vesicle

endocytosis.

In oocytes expressing rat, rabbit or human SGLT1, PKA

activation increases the maximum transport rate of all three

isoforms of the cotransporter by increasing the number of

SGLT1 molecules at the plasma membrane through regu-

lation of exocytosis of the intracellular pool of transporters

(Wright et al., 1997). Thus, since PKA was also found here

to be involved in the LPS decrease in galactose uptake

(Fig. 1a), this kinase does not appear to directly affect the

recruitment of SGLT1 protein but may mediate other

intermediary pathways.

In mammals, MAPK signaling cascades regulate gene

expression through a posttranscriptional mechanism

involving cytoplasmic targets (Chang & Karin, 2001).

Activation of p38 MAPK, p42/p44 MAPK and JNK has

been described in response to a variety of inflammatory

agents, indicating that they control many cellular responses

to inflammation. As a consequence, inhibitors of these

kinases have been proposed as anti-inflammatory therapy

(van den Blink et al., 2001). The present results demon-

strate that the inhibitory effect of LPS on sugar uptake was

significantly reduced by three MAPK inhibitors (Fig. 2),

indicating that this pathway may be related to the endo-

toxin action on D-galactose absorption across the gut.

The proteasome is responsible for most of the protein

degradation that occurs in cells (Anderson, 2004). It has

been implicated in systemic responses to infection or

inflammatory stimuli (Nelson et al., 2000). A specific

inhibitor of the proteasome pathway, MG-132 (Rock et al.,

1994), prevents NF-jB activation. NF-jB can be activated

in macrophages by exposure to LPS or inflammatory

cytokines such as TNF-a (Ruckdeschel et al., 1998). Our

results show that before sepsis is produced MG-132 treat-

ment abolishes the endotoxin effect on sugar transport

(Fig. 3), suggesting that the proteasome, through NF-jB

activation, may play an additional role in mediating the

effects of LPS on the intestinal absorption of D-galactose.

Given that LPS induces activation of several intracel-

lular mediators via the immune cells, we could hypothesize

that the endotoxin action could be mediated through kin-

ases modifying protein phosphorylation involved directly

or indirectly in controlling the insertion of SGLT1 on the

plasma membrane. In fact, some studies point this way

(Helliwell et al., 2000; Hu et al., 2006; Kroiss et al., 2006;

Veyhl et al., 2006).

In conclusion, our results indicate that in our model of

sepsis achieved 90 min after i.v. administration of LPS, D-

galactose transport across the apical membrane of the en-

terocytes is inhibited via a decrease in the amount of

SGLT1 present at the brush border. Several intracellular

pathways activated during inflammatory processes seem to

be implicated, involving PKC, PKA, MAPKs and the

proteasome. Inhibition of these signaling pathways could

be a potential therapeutic strategy for improving nutrient

malabsorption during the course of sepsis.
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