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Recent findings indicate that enhanced glucose uptake protects enterocytes from excessive
apoptosis and barrier defects induced by LPS exposure. The aim of this study was to
characterize the mechanisms responsible for increased sodium-dependent glucose
cotransporter (SGLT)-1 activity in enterocytes challenged with LPS. SGLT-1-transfected
Caco-2 cells were incubated with LPS in high glucosemedia. LPS increased SGLT-1 activity in
dose- and time-dependent fashion, and is due to increased Vmax of the cotransporter.
Elevated apical expression of SGLT-1 was also demonstrated. This LPS-induced effect was
colchicine-inhibitable, suggesting microtubule-dependent translocation of SGLT-1 onto
apical surface. Immunofluorescence staining showed expression of CD14 on the apical
surface, but no TLR-4, on these cells. Neutralizing anti-CD14 decreased the LPS-induced
upregulation of SGLT-1 activity, whereas anti-TLR-4 had no effect. Pharmacological studies
indicated that signaling for LPS-mediated SGLT-1 glucose uptake depends on caspase-8 and
-9 activation, but occurs independently of caspase-3. The findings describe a novel feedback
mechanism within the apoptotic signaling pathway for SGLT-1-dependent cytoprotection.
The observation suggests a new function for CD14 on enterocytes, involving the induction of
the caspase-dependent SGLT-1 activity, which ultimately leads to cell rescue. The
understanding of these signaling events may shed light on enterocytic cytoprotection and
homeostasis mechanism upon pro-apoptotic challenges.
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Introduction

The intestinal epithelial barrier protects the host against
penetration of luminal microbial pathogens, cytotoxic agents,
and other intestinal contents. The high-turnover rate of
enterocytes (3–5 days) covering the villi stresses the impor-
.
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tance of the balance between cell proliferation and cell death,
and the maintenance of homeostasis. Physiological extrusion
of apoptotic enterocytes from the tips of the villi does not
compromise this barrier function [1,2]. However, excessive
enterocytic cell death induced by pathogens and their
products (including Giardia duodenalis, Escherichia coli,
.
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Salmonella enteritica, or bacterial lipopolysaccharide (LPS)), may
lead to disruption of the connecting tight junction structures
and results in barrier defects [3–6].

Excessive loads of bacterial products in the gut mucosa are
seen in a number of intestinal disorders, e.g., bacterial
enteritis and inflammatory bowel diseases. We recently
demonstrated that luminal exposure of E. coli LPS as a stressor
induces cell apoptosis, and subsequent tight junctional
damages and increased paracellular permeability in enter-
ocytes. However, the presence of high exogenous glucose
concentrations during stressor challenge protects the epithe-
lium against these damages [6]. This cytoprotective mechan-
ism depends on enhanced glucose uptake mediated by
upregulated activity of sodium-dependent glucose cotran-
sporter (SGLT)-1. Indeed, in high glucose environment, LPS
triggers the activity of SGLT-1 in intestinal epithelial cells.
While this report represented the first documentation that a
microbial product may increase host epithelial sugar absorp-
tion for cytoprotection, the mechanisms responsible for LPS-
induced SGLT-1 activation have yet to be characterized.

SGLT-1 is the main apical transporter for active glucose
uptake in small intestinal epithelial cells [7]. This transporter
unidirectionally mediates glucose absorption from the intest-
inal lumen into epithelial cells. A number of reports have
shown that growth factors, such as epidermal growth factor
and insulin-like growth factors [8,9], augment intestinal
nutrients absorption by increasing the sodium-dependent
glucose uptake and expression of SGLT-1 in enterocytes. Upon
activation by growth factors, SGLT-1 proteins translocate from
an intracellular pool to the apical membrane of the cells, and
this phenomenon is dependent on actin filaments [8].
Whether the enhanced glucose uptake seen in enterocytes
upon exposure to LPS reflects alterations in SGLT-1 affinity or
expression remain unknown.

The LPS receptor complex includes toll-like receptor 4 (TLR-4),
MD-2, and CD14 [10–12]. Membrane-bound CD14 mediates the
attachment of LPS, which is then transferred to TLR-4 for
downstream signals [11]. The role of TLR-4 as a primary
recognition and signaling molecule for the induction of proin-
flammatory responses to LPShas beenwell established [12,13]. In
addition to its LPS-binding function,membrane-boundCD14 has
also been implicated in cellular uptake/internalization and
clearance/detoxification of endotoxin, whereas a role for TLR-4
in these processes was ruled out [11]. The role of CD14 and/or
TLR-4 in the mechanism of upregulation of SGLT-1 activity
triggered by LPS remains obscure.

Cells that undergo apoptosis may be initiated extrinsically
via cell surface TNF receptor families or intrinsically via
mitochondrial pathways, which are mediated by caspase-8
and caspase-9, respectively. Both pathways lead to caspase-3
cleavage and ultimately endonuclease activation and nuclear
DNA fragmentation (see reviews) [14]. Our previous study
showed that enterocytic apoptosis induced by LPS in low
glucose condition is dependent on caspase-8, -9 and-3, and
results from a loss of mitochondrial membrane integrity [6]. In
the presence of high glucose environments, enhanced glucose
uptake mediated by SGLT-1 prevented the final apoptotic
process of caspase-3 activation and DNA fragmentation [6].
However, it is unknown whether SGLT-1-mediated glucose
uptake inhibited the activation of early apoptotic signals
caspase-8 and -9 in high glucose conditions. The role played by
apoptotic pathways in the signaling for LPS-induced augmen-
tation of SGLT-1 activation requires further investigation.

The aim of this study was to characterize the mechanisms
responsible forLPS-induced increaseofSGLT-1-mediatedglucose
uptake in intestinal epithelial cells. The role of LPS receptors and
the involvement of apoptotic signaling pathways were investi-
gated. A better understanding of this cytoprotective mechanism
will offer novel insights into the regulation of epithelial home-
ostasis during pro-apoptotic challenges.
Materials and methods

Cell culture model

SGLT-1-transfected Caco-2 cells were grown in high glucose
Dulbecco's modified Eagle's medium (DMEM) (Life technologies,
Inc., Gaithersburg, MD) that contained 25 mM of glucose as
previously [6]. This particular Caco-2 cell line is a well-character-
ized human transformed intestinal epithelial line that displays a
number of enterocytic functions, including brush border differ-
entiation, tight junctional formation, and ion secretion. In
addition, these growth conditions are known to initiate SGLT-1-
mediated cell rescue from LPS-induced apoptosis [6]. The high
glucose DMEM media was supplemented with 10% fetal bovine
serum, 15 mM HEPES, 100 U/ml and 0.1 mg/ml penicillin/
streptomycin (Sigma, St. Louis, MO), and 0.25 mg/ml Geneticin
(Life technologies, Inc.) [15]. Culture medium was replenished
every 2 to 3 days. Cells were seeded onto 24-well plates (106 cells/
well, Costar, Corning Inc, Corning, NY), 6-well plates (6×106 cells/
well, Costar), or 12-well transwells which contained 1 cm2

semipermeable filter membrane with 0.4 μm pores (106 cells/
well, Costar) and grown to confluence for 1 week at 37°Cwith 5%
CO2 and 96% humidity for experiments. Confluent monolayers
were exposed to LPS (from E. coli O26:B6, Sigma) at various
concentrations and time points in the high glucose DMEMmedia
in all experiments [6]. In all studies, cells were used between
passages 21 and 28.

Sugar uptake assay

A first series of experiments assessed time- and dose-
dependent upregulation of SGLT-1 activity upon LPS chal-
lenge. Cells grown on transwells were apically exposed to LPS
at various concentrations and time points, in high glucose
DMEM media as previously [6]. For measurement of sugar
uptake, a radioassay using a C14-labeled sugar probe, α-methyl
glucopyranoside (αMG) (Amersham Biosciences, Quebec,
Canada), was performed. The α-MG sugar probe selectively
binds SGLT-1, and is not transported by other glucose
transporters [15,16]. Briefly, cells were gently washed five
times with glucose-free Hank's balanced salt solution supple-
mented with 25 mM D-mannitol (mannitol-HBSS) and then
incubated with 0.2 ml of apical mannitol-HBSS containing
2 μCi/ml 14C-labeled α-MG for 30 min at 37°C and 5% CO2. Cells
were washed with HBSS 4 times at 4°C, solubilized with 0.4 ml
of 0.1 N NaOH, and the cell lysate was added into 5ml of Ready
safe liquid scintillation cocktail (Beckman Coulter, Fullerton,
CA). The level of sugar uptake was measured using a β-



3278 E X P E R I M E N T A L C E L L R E S E A R C H 3 1 2 ( 2 0 0 6 ) 3 2 7 6 – 3 2 8 6
scintillation counter, and values were expressed presented as
moles of αMG/cm2. Selective uptake of the α-MG sugar probe
by SGLT-1 was verified by using 0.5 mM phloridzin (Sigma)
[15]. Phloridzin is a glucose analog that specifically inhibits
SGLT-1 activity; it has a higher affinity than α-MG or D-glucose
for binding to SGLT-1 [15,16]. The uptake of α-MG is linear from
15 min to at least 2 h [15]. The level of SGLT-1-mediated sugar
uptake in each treatment group was presented as the
percentage of that measured in control cells. Another set of
experiments characterized the kinetics of SGLT-1 activation by
calculating Km and Vmax of the receptor's activity. A GraphPad
Prism software (v. 4.0, San Diego, CA) was used for the analysis
of the kinetics of SGLT-1 activity.

Amicrotubule disrupting agent (colchicine) [17], or an actin
depolymerizing agents (cytochalasin D) [8] were added to cell
cultures 1 h prior to exposure to LPS for 12 h, and SGLT-1
activity was examined. These reagents were purchased from
Sigma. As cytoskeletal disruptors may induce cell apoptosis
[18,19], blocking concentrations of these reagents that do not
induce cell apoptosis were selected in preliminary experi-
ments in which apoptosis was measured using a cell death
ELISA (Roche, Laval, Quebec, Canada).

Neutralizing antibodies, including monoclonal antibodies
mouseanti-humanCD14 (clone134620orMAB3832,R&Dsystems,
Minneapolis, MN) [20], mouse anti-human TLR4 (clone HTA125,
eBioscience Inc., San Diego, CA) [21] or mouse anti-human TLR2
(clone TL2.1, eBioscience Inc.) [22], were added to cell cultures 1 h
prior to LPS challenge (24 h) and SGLT-1 activity was measured.
Isotype controls are mouse IgG1 or IgG2a (BD Biosciences).

Additional functional blocking experiments included the
administration of selective inhibitors of caspase-3 (Z-DEVD-
FMK), caspase-8 (Z-IETD-FMK), or caspase-9 (Z-LEHD-FMK)
added to cells 1 h prior to LPS challenge (24 h). These inhibitors
are cell-permeable, and their effects are irreversible (Calbio-
chem, Biosciences, Inc., La Jolla, CA). All caspase inhibitors
were used at a concentration of 120 μM as previously [3].

Immunofluorescence and confocal microscopy

Cells were grown to confluence for one week in 8-well
chamber slides (Lab-Tek, Nalge Nunc, Rochester, NY), and
exposed to LPS for various times. Monolayers were rinsedwith
sterile tissue culture grade phosphate-buffered solution (PBS),
fixed with 4% fresh paraformaldehyde for one hour on ice, and
quenched with 50 mM NH4Cl in PBS for 10 min at room
temperature. The following staining protocolswere performed
at room temperature. After blocking with 0.1% bovine serum
albumin (BSA) in PBS for 1 h, monolayers were stained with
primary antibodies in a permeabilizing buffer (0.05% saponin,
and 0.1% BSA in PBS) for 1 h. Cells were washed twice with
0.1% BSA-PBS, and incubated with a secondary antibody
conjugated to a fluorescent probe for 1 h in the dark. Excess
stain was rinsed off by two washes, and cells were mounted
with Aqua Poly-Mount (Polysciences, Warrington, PA). The
slides were visualized on a Leica fluorescence microscope
(model DMR). Micrographs were obtained with a Photometrics
CoolSNAP digital camera (Roper Scientific, Tuscon, AZ).
Alternatively, multiple image series were recorded using a
Leica TCS SP2 AOBS confocal microscope equipped with the
Leica Confocal software (LCS).
Primary antibodies included a polyclonal rabbit anti-mouse
SGLT-1 antibody that cross-reacts with human SGLT-1 (1:500,
Chemicon International, Temecula, CA), mouse anti-human
CD14 (1:50, R&D systems), mouse anti-human TLR4 (1:100,
eBioscience), andmouse anti-human TLR-2 antibodies (1:1000,
Santa Cruz Biotechnology Inc., Santa Cruz, CA), mouse IgG1
and IgG2a isotype controls (R&D systems), and rabbit IgG
isotype controls (BD Biosciences Pharmingen,Missisauga, ON).
Secondary antibodies included goat anti-mouse or goat-anti-
rabbit antibodies conjugated to Alexa 594 or Alexa 488
(Molecular Probes, 1:200–1:1000). For detection of cell contour,
phalloidin conjugated to Alexa 488 (Molecular Probes, 1:40)
was used to stain for F-actin.

BrdU assay and cell counts

The level of cell proliferation was verified by a cell prolifera-
tion colorimetric BrdU assay (Roche, Penzberg, Germany).
Cells were grown to confluence in 96-well plates and treated
with 50 μg/ml of LPS for 24 h before incubated with BrdU
labeling solution for 4 h. Absorbance wasmeasured at 405 nm,
following the manufacturer's instructions. For calculation of
cell numbers, cells were grown in 24-well plates and exposed
to 50 μg/ml of LPS for 24 h. Monolayers were then trypsinized,
resuspended into single cell populations, and the number of
cells was calculated using a hemocytometer.

Caspase-8, -9, -3 proteolytic activity assay

Cells were grown in 24-well plates, and exposed to apical LPS
(50 μg/ml) for 24 h. For measurement of caspase-8, -9, -3
enzymatic activity, cells monolayers were lysed with 100 μl of
cell lysis buffer, and protein concentration adjusted to 2 mg/
ml following the manufacturer's instructions (Medicorp Bio-
source International, Inc., Camarillo, CA). The proteolytic
assay kits provided the substrates conjugated with chromo-
phore, p-nitroanilide (pNA), for caspase cleavage. Upon
cleavage of the substrate by caspases, absorption of light by
free pNA can be quantified by spectrophotometer reading at
405 nm. The substrate for caspase-8, -9, and -3 are IETD (Ile-
Glu-Thr-Asp), LEHD (Leu-Glu-His-Asp), and DEVD (Asp-Gluc-
Val-Asp), respectively.

Statistical analysis

Values were expressed as mean±standard error. Statistical
significance was determined by one-way analysis of variance
(ANOVA) followed by Tukey's compromise test for multiple
comparisons, or paired student T-test, where appropriate.
Significance was established at p<0.05.
Results

(1) Increased SGLT-1 activity upon exposure to LPS in
intestinal epithelial cells is dose and time-dependent

Our previous study showed that bacterial LPS triggers
intestinal epithelial cells for enhanced SGLT-1 activity in
high glucose environments. This SGLT-1-mediated sugar



3279E X P E R I M E N T A L C E L L R E S E A R C H 3 1 2 ( 2 0 0 6 ) 3 2 7 6 – 3 2 8 6
uptake is responsible for cytoprotection against LPS-induced
apoptosis [6]. The experiments reported here first character-
ized the dose- and time-dependent response of sugar uptake
after apical exposure to LPS. The concentration of LPS
required to increase αMG sugar uptake started as low as
100 ng/ml. The maximum αMG sugar uptake was induced by
10–50 μg/ml LPS (Fig. 1A). The addition of phloridzin during
αMG assay completely inhibited the sugar uptake, confirming
that αMG sugar absorption was dependent upon the SGLT-1
transporter. Moreover, cells were exposed to 50 μg/ml of LPS
for various time points and the levels of αMG sugar uptake
were measured. Elevated SGLT-1 activity was statistically
significant at 12 h and reached ∼180% of baseline values at
24 h post-LPS challenge (Fig. 1B). A previous study has
demonstrated that apical LPS at high concentration, i.e.,
50 μg/ml, induces cellular apoptosis in low glucose environ-
ments [6]. Therefore, this concentration of LPS was chosen to
evaluate the role of cytoskeletal proteins, receptors, and
apoptotic signaling in the mechanism of upregulation of
SGLT-1 activity.

(2) Kinetic analysis of LPS-induced upregulation of SGLT-1
activity: increased Vmax without change in Km of the
transporter

Further experiments determined whether the regulation in
sugar uptake induced by LPS was due to alterations in Km or
Vmax of the SGLT-1 transporter. The Km values represent the
affinity between the transporter and the sugar ligand, whereas
Vmax reveals the maximum velocity of the reaction. A
biochemical approach applying increased extracellular radi-
Fig. 1 – Dose- and time-dependent augmentation of SGLT-1
activity induced by LPS in high glucose is due to increased
Vmax, without change in Km, and parallels increase of SGLT-1
expression on apical membrane. (A) LPS-induced
upregulation of SGLT-1-specificαMG sugar uptake activity is
dose-dependent. Addition of phloridzin during αMG sugar
assay inhibited both basal and LPS-induced sugar uptake,
confirming the selectivity of this sugar for SGLT-1. Values are
mean±standard error. n=3/group. *p<0.05 compared to
controls. (B) LPS triggers the increase of SGLT-1 activity in a
time-dependent manner. Cells were exposed to 50 μg/ml of
LPS for various time points and the levels of αMG sugar
uptake were measured. Values are mean±standard error.
n=3/group. *p<0.05 compared to controls. (C) First-order
kinetics of sugar transport by SGLT-1 in control and
LPS-exposed cells. 50 μg/ml of LPS was used as the stimuli
for the kinetics study. The figures illustrate
phloridzin-inhibitable αMG sugar uptake in control (▪) and
LPS-exposed (▼) cells. Each point represents an individual
measurement of αMG uptake after subtracting the mean
nonspecificαMGuptake, i.e., sugar uptake in the presence of
phloridzin. Data were fit to Michaelis-Menten first-order
kinetics and Km values were calculated. Representative
confocal serial images revealed enhanced expression of
SGLT-1 after exposure to LPS (E) versus controls (D). No
staining was seen using rabbit isotype control antibodies (F).
Bars represent 10 μm.
olabeled sugar for SGLT-1 uptake was used for kinetic analysis
[15]. Transport by SGLT-1 in controls and LPS-challenged cells
was regulated by extracellular sugar concentrations in a dose-
dependent pattern that fits Michaelis-Menten first-order
kinetics, J=Vmax([S]/([S]+Km)). The SGLT-1 Vmax was signifi-
cantly (∼2-fold) increased by exposure to LPS (50 μg/ml, 24 h)
(Fig. 1C). The average baseline Km of SGLT-1 activity in control
cells was 0.65 mM, in keeping with previously published
results [15]. The Km of SGLT-1 activity in LPS-treated cells
(0.53 mM) was not significantly different from control values
(Fig. 1C).
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Confocal imaging revealed an enhanced expression of
SGLT-1 on the apical membrane of epithelial cells exposed to
LPS compared to that of control cells (Figs. 1E and D). The
selectivity of the immunocytochemistry was confirmed using
an isotype control antibody (Fig. 1F). Recent studies have
shown that LPS may increase cell turnover in immature
epithelial cells, and cause cell cycle arrest in mature cells [23].
To ensure that the LPS-induced augmentation of SGLT-1
activity did not simply reflect alterations of the total cell
numbers, cells were counted before and after LPS challenge.
The number of cells was not different following exposure to
LPS for 24 h in high glucose media (12.82±0.43 versus 10.51
±1.18×105 cells/well).

(3) Microtubule-dependent upregulation of SGLT-1 activity

Previous studies have demonstrated that the upregulation of
SGLT-1 activity by epidermal growth factor is due to the
translocation of SGLT-1 from intracellular compartments
into the brush border membrane [8,24]. The next experi-
ments investigated whether cytoskeletal scaffolding proteins
were implicated in the LPS-induced upregulation of SGLT-1
Fig. 2 – LPS-induced SGLT-1 activation in high glucose is
dependent on microtubules, but not actin filaments. LPS
(50 μg/ml) induces increased SGLT-1-mediated sugar uptake,
whichwas dose-dependently inhibited by colchicine (panelA),
but not by cytochalasin D (panel B). n=3/group. *p <0.05
compared to respective controls. #p<0.05 compared to values
in LPS-exposed cells in the absence of colchicine.
activity. Pretreatment with colchicine, a microtubule-dis-
rupting agent, significantly inhibited the LPS-triggered
increase (percentage and net) of SGLT-1 activity in a dose-
dependent fashion (Fig. 2A). The net increase of sugar
uptake in LPS-exposure groups pretreated with 0, 2.5, 5 and
10 μM of colchicine were 0.279±0.055, 0.140±0.035, 0.070
±0.015, and 0.061±0.006 nmol/cm2 higher than the values of
their respective controls. Pretreatment with cytochalasin D,
which depolymerizes actin, did not affect the LPS-induced
SGLT-1 activity (Fig. 2B). Concentrations higher than 10 μM
for colchicine and cytochalasin D are cytotoxic based on
preliminary data and therefore were not included in the
study.

(4) Neutralizing anti-CD14 antibodies partially decrease the
LPS-induced SGLT-1 sugar uptake in a dose-dependent
manner

To identify the putative LPS receptors involved in these
observations, antibodies against CD14 or TLR4 were used for
immunofluorescence staining. The expression of TLR2,
which is the receptor for bacterial lipoprotein [25], was also
examined. Punctate staining of CD14 was demonstrated on
control cells (Fig. 3A). Confocal microscopy of Z-axis serial
imaging revealed that CD14 was concentrated on the apical
surface of epithelial cells (Fig. 3B), and its location was
verified by double staining for F-actin (Fig. 3C). No staining
was observed when using isotype IgG1 control antibody (Fig.
3D), or when the primary antibody was omitted (data not
shown). Absence of staining with anti-TLR4 antibodies (Figs.
3E and F) indicated the lack of expression of TLR4 in these
Caco-2 cells, which is in agreement with a number of
previous studies [26–28]. Positive control data for anti-TLR4
antibody staining were established using HT29 cells (Fig. 3G),
whereas negative control IgG2a isotype antibodies revealed
no staining (Fig. 3H). Staining of TLR2 was observed on the
basolateral membrane of Caco-2 cells (Figs. 3I, J, and K).
Staining with isotype antibodies was negative in these cells
(Fig. 3L).

To determine which receptors were involved in the LPS-
induced SGLT-1 activation, functional blocking antibodies
were apically administered prior to LPS challenge, followed
with radiolabeled sugar uptake assay. The addition of
neutralizing anti-CD14 [20] partially decreased the LPS-
induced SGLT-1 sugar uptake in a dose-dependent manner
(Fig. 4A). Isotype control mouse IgG1 antibody at the highest
concentration did not affect LPS-induced sugar uptake (Fig.
4A). Neutralizing antibodies against TLR4 or TLR2 were
tested at various concentrations [21,22] in which none alter
the LPS-induced sugar uptake (Figs. 4B and C).

(5) Mechanism of LPS-induced upregulation of SGLT-1 activity
is initiated within the apoptosis pathway

Recent findings indicate that LPS-induced epithelial cell
apoptosis in low glucose environment is characterized by
loss of mitochondrial membrane integrity, procaspase-3
cleavage, and DNA fragmentation. The LPS-induced cell
apoptosis in low glucose media was dependent on activa-
tion of caspase-8, -9, and-3. In contrast, in high glucose



Fig. 3 – Apical expression of CD14, but not TLR4 or TLR2, on untreated SGLT-1-transfected Caco-2 cells. (A) Immunofluorescence
staining with anti-CD14 antibodies. (B) Confocal Z-axis serial imaging showed apical staining of CD14. (C) Apical staining of
CD14 co-localizeswith phalloidin staining for F-actin, which also concentrates on the apical surface. Phalloidin stained strongly
on the apical brush border and faintly on the basolateral membrane of epithelial cells. (D) Negative control with IgG1 isotype
antibodies. (E) No stainingwas seenwith anti-TLR4 antibodies on SGLT-1-transfected Caco-2 cells. (F) Confocal xz-plane images
showed negative staining with anti-TLR4 antibodies (red fluorescence) when double stained with phalloidin (green
fluorescence). (G) Positive control for TLR4 staining using the same antibodies (red fluorescence) in HT29 cells co-stained with
phalloidin (green fluorescence). (H) Negative staining for TLR4 in HT29 cells with IgG2a isotype controls. (I) Staining with
anti-TLR2 antibodies (red fluorescence). Cells were double stainedwith phalloidin (green fluorescence). (J) Confocal Z-axis serial
imaging revealed the basolateral expression of TLR2 (red fluorescence) on epithelial cells. (K) Confocal xz-plane images
showing expression of TLR2 (red fluorescence) when double stained with phalloidin (green fluorescence). (L) IgG2a isotype
controls showed no staining. Bars represent 10 μm.
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media, enhanced SGLT-1-mediated glucose uptake pro-
tected cells against the late stage apoptotic markers, i.e.,
procaspase-3 cleavage and DNA fragmentation. To identify
whether signals upstream of caspase-3 are still activated
upon LPS exposure in high glucose, the proteolytic activity
of early apoptotic caspases, i.e., caspase-8 and -9, were
examined. The results indicate that in presence of high
glucose, LPS exposure is able to activate caspase-8 and



Fig. 4 – Neutralizing anti-CD14 dose-dependently inhibits
the upregulation of SGLT-1 activity upon LPS exposure.
(A) Preincubation of cells with functional blocking anti-CD14
(clone 134620, 0–25 μg/ml) partly decreased the LPS-induced
SGLT-1 sugar uptake in a dose-dependent manner. Isotype
controls mouse IgG1 was used at the concentration of 25
μg/ml and had no effect. (B) Pretreatment with neutralizing
anti-TLR4 (HTA125, 20μg/ml) did not alter the level of SGLT-1
activity. Mouse IgG2a was used as isotype controls.
(C) Functional anti-TLR2 (clone TL2.1, 20 μg/ml) had no effect
on the level of LPS-induced SGTL-1 sugar uptake, nor did
isotype controls. *p<0.05 compared to LPS exposure group.
n=6/group.

Fig. 5 – Effects of LPS on caspase-8, -9, and-3 in intestinal
epithelial cells. (A) In high glucose environment, LPS
exposure activates caspase-8 and -9, but not caspase-3. n=3/
group. *p<0.05 compared to controls. (B) To assess the role
played by apoptotic signals in the upregulation of SGLT-1,
cells were pretreated with specific caspase inhibitors prior to
LPS challenge. Inhibitors of caspase-8 (Z-IETD-FMK) and
caspase-9 (Z-LEHD-FMK) abolished the LPS-induced SGLT-1
activity. In contrast, caspase-3 inhibitor (Z-DEVD-FMK) and
0.1% DMSO vehicle alone did not affect SGLT-1 sugar uptake.
n=9/group. *p<0.05 compared to controls. #p<0.05 compared
to LPS-treated group without inhibitors.
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caspase-9 (early apoptotic signals), but not caspase-3 (the
final effector in apoptosis) (Fig. 5A). This lack of caspase-3
enzymatic activity is in agreement with our previous
findings by Western blotting, which showed that the
presence of high glucose prevented procaspase-3 cleavage
upon LPS challenge.

To assess whether early apoptotic signals are involved in the
mechanism of enhanced SGLT-1 activity, further experiments
were performed utilizing selective caspase inhibitors. Specific
inhibitors of caspase-8 (Z-IETD-FMK), caspase-9 (Z-LEHD-FMK)
or caspase-3 (Z-DEVD-FMK), were added to cells prior to LPS
challenge in high glucose media. Inhibitors of caspase-8 and -9
abolished the enhanced SGLT-1 activity upon LPS exposure,
whereas the caspase-3 inhibitor had no effect (Fig. 5B). The
caspase inhibitor vehicle alone (0.1% DMSO) did not alter SGLT-1
activity.
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Discussion

In a recent report, we documented that bacterial LPS
stimulates human intestinal epithelial cells for enhanced
SGLT-1 activity in high glucose environments [6]. This
phenomenon protected enterocytes from LPS-induced cell
death via inhibition of the mitochondrial apoptotic pathway.
The present findings indicate that increased SGLT-1 glucose
uptake subsequent to LPS challenge is dose- and time-
dependent, and is due to a higher Vmax of the transporter.
This novel mechanism is mediated at least in part by CD14,
and is downstream of caspase-8 and -9 signaling, but is
triggered upstream of caspase-3. Together, these observations
describe a novel process through which activation of CD14
may trigger SGLT-1-mediated cytoprotection within the apop-
totic cascade.

Results from the present study demonstrate that apical
exposure to LPS in intestinal epithelial cells increases SGLT-1-
mediated sugar uptake in dose- and time-dependent manner.
The concentration of LPS required to increase SGLT-1 activity
started as low as 100 ng/ml, and peaked between 10 and 50 μg/
ml LPS. Phloridzin inhibition of this process confirmed the role
of SGLT-1 in sugar uptake upon LPS challenge. Since SGLT-1-
mediated sugar uptake is also dependent on the cotransport of
sodium ions, the use of sodium-free medium may further
clarify the role of SGLT-1 from other sodium-independent
glucose transporters in the mechanism of LPS-induced sugar
uptake.

The normal luminal concentration of LPS in the terminal
ileum of rats is approximately 1.8 μg/ml [29]. However, much
higher local levels of LPS, consistent with the 50 μg/ml used in
this study, may be present in conditions such as during gram-
negative bacterial infections. Our study as well as others
demonstrated this high doses of luminal LPS are pathogenic,
as they may induce epithelial apoptosis and barrier defects in
cell culture and animalmodels [6,30,31]. Therefore, 50 μg/ml of
apical LPSwas chosen for subsequent experiments to evaluate
the involvement of cytoskeletal proteins, receptors and
apoptotic caspases in the mechanism of upregulated SGLT-1
activity triggered by LPS.

Using a biochemical approach applied with first order
kinetics analysis, experiments demonstrated that the LPS-
induced increase of SGLT-1 activity was due to augmentation
of Vmax, without changes in Km, implying that the binding
affinity of the cotransporter was not altered. Moreover,
confocal xz-plane imaging confirmed that apical expression
of SGLT-1 was enhanced following LPS treatment, consistent
with the increased Vmax data.

The findings also indicate that the increased expression of
SGLT-1 on apical membranes of enterocytes upon exposure to
LPS requires intact cytoskeletal proteins and microtubules. It is
noteworthy that only the LPS-induced, but not the constitutive
form of SGLT-1 activity, was inhibited by colchicine, indicating
that the apical expression of SGLT-1 requires microtubular
translocation of the cotransporter only when increased by
exposure to LPS. These results are in agreement with previous
immunocytochemical studies showing that intracellular com-
partments containingSGLT-1were attached tomicrotubules [32].
In contrast, pretreatment with cytochalasin D had no effect on
SGLT-1 activity, implying that actin filamentsmaynot play a role
in thismechanism.Our results differ fromgrowth factor-induced
SGLT-1 activity which is actin-dependent [8]. Future investiga-
tions will determine whether this apparent discrepancy may
reflect different response pathways upon pathological versus
physiological stimuli.

Further experiments attempted to characterize the LPS
receptor(s) involved in the enhanced SGLT-1 activity. Mem-
brane-expressed CD14 is crucial for the initial binding and
subsequent internalization of LPS, leading to TLR4-dependent
downstream signaling pathways [11,26]. TLR4 is known as a
primary LPS recognition and signaling molecule for the
induction of proinflammatory responses, including NFkB
activation, and the production of IL-8 [12,13]. In the present
study, immunofluorescence imaging showed that Caco-2 cells
exhibited strong CD14 expression on the apical membrane,
while TLR-4 was absent. This observation is in agreement with
other studies documenting the lack of TLR-4 mRNA and
protein in this cell line [12,33]. Moreover, the expression of
TLR-2 was restricted to the basolateral membrane of these
cells.

Pretreatment with neutralizing anti-CD14 antibody [20]
partly inhibited the LPS-induced SGLT-1 activity in a dose-
dependent fashion. This partial inhibition may imply that
both CD14-dependent and -independent pathways are
involved in augmentation of SGLT-1 glucose uptake in
intestinal epithelial cells. In monocytes, recognition of LPS
and the downstream tyrosine phosphorylation, has also been
documented to signal via both CD14-dependent and
-independent mechanisms [34]. Moreover, neutralizing anti-
TLR4 antibodies had no effect on modifying SGLT-1 activity,
consistent with the absence of TLR4 in these cells. The
neutralizing activity of this antibody at the concentration
used here [21] has been previously validated in our laboratory
as it inhibits the secretion of IL-8 in a well-characterized
model system, HT29 cells challenged with LPS (data not
shown) [12]. Furthermore, with the evidence that TLR-2
expression is restricted to basolateral surface of the cells,
and the finding that functional blocking anti-TLR2 antibodies
[22] did not decrease the SGLT-1 activity triggered by luminal
LPS, possible lipoprotein contamination can be ruled out.
Future experiments investigating the roles of other compo-
nents of LPS receptor complex, e.g., LPS-binding protein and
MD-2, in the mechanism are warranted.

Bacterial LPS is known to cause a variety of cytopatholo-
gical effects, including production of proinflammatory cyto-
kines, reactive oxygen species, and nitric oxide synthases
[27,35,36]; and induction of cell death, increase of permeability
and bacterial translocation in hepatic sinusoidal, vascular
endothelial, and intestinal epithelial cells [36–40].

On the other hand, repeated exposure to LPS down-
regulates the proinflammatory responses in intestinal epithe-
lial cells, liver sinusoidal endothelial cells, and macrophages
[26,41,42], a phenomenon that may contribute to immune
tolerance in the gut mucosa and the liver. This LPS desensi-
tization, also referred to hyporesponsiveness or endotoxin
tolerance, has been attributed in part to low TLR-4 expression
on the cell surface [26,41,42]. Importantly, intestinal epithelial
cell lines, which are traditionally called unresponsive to LPS
(e.g., withminimal IL-8 secretion andNFkB responses), display
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low surface expression and/or few intracellular pools of this
receptor [12,26,27]. In contrast, upregulation of CD14 at both
transcriptional level and cell surface staining was documen-
ted in mouse enterocytes, and in human tracheal neutrophils
and macrophages upon exposure to LPS [10,43]. The physio-
logical significance of this augmentation is not well under-
stood. A scavenging function for CD14 is implicated, where a
role for TLR4 has been ruled out [11]. Together, these
observations suggest that CD14 expression on intestinal
epithelial cells may provide functions independent of the
presence of TLR-4. The current findings provide further
evidence of a novel role for CD14 in enterocytes, whereby
LPS/CD14 may signal for cytoprotective upregulation of SGLT-
1 activity and glucose uptake.

Apoptosis may be triggered by caspase-8 activation
through the TNF receptor families, or by the mitochondrial
pathway which activates caspase-9 [44]. Capase-8 signaling
may also merge into the mitochondrial pathway and activate
caspase-9 [45]. The key feature of themitochondrial regulation
of apoptosis is the loss of mitochondrial membrane potential,
ultimately leading to the release of cytochrome c into the
cytosol, and inducing the cytoplasmic apoptosis protease
factor (Apaf) to form apoptosome complexes [44]. These
complexes subsequently cleave and activate caspase-3,
which in turn executes the final step of apoptosis, i.e., DNA
fragmentation [44]. The findings reported here demonstrate
for the first time that early apoptosis signaling may serve as a
warning system to upregulate cellular glucose uptake by
increasing the activity of SGLT-1 in an attempt to induce cell
rescue. Indeed, early apoptosis signals, such as activation of
caspase-8 and -9, were both observed in epithelial cells
following LPS challenge in presence of high glucose. In
contrast, LPS exposure in a high glucose environment failed
to activate the late apoptotic effector caspase-3 and to execute
the final DNA fragmentation process. In this study, pharma-
cological inhibition of caspase-8 and caspase-9 prior to LPS
challenge abolished the increase of SGLT-1 activity, whereas
pretreatment with caspase-3 inhibitors had no effect. These
results indicate that rescue signals reside in early stages of
apoptosis, and from these findings, we speculate that they are
triggered between the activation of caspase-8/9 and that of
caspase-3. In this context therefore, activation of the late
apoptotic effector caspase-3may serve as ‘a point of no return’
for cell apoptosis. The cytoprotective mechanism exerted by
upregulation of SGLT-1-mediated glucose uptake may repre-
sent a physiological self-rescue mechanism to maintain
epithelial homeostasis. More studies are needed to character-
ize the detailed signaling pathways involved in SGLT-1
upregulation downstream of caspase-8 and -9.

It was recently established that glucose-mediated cytopro-
tection in epithelial cells exposed to LPS occurs at the level of
the mitochondria by blocking the release of cytochrome c [6].
Intriguingly, the results reported here suggest that these
rescue signals occur downstream of caspase-9 activation.
During apoptosis, activated capsase-9may cleave procaspase-
3 directly. However, there also is an alternative pathway that
does not lead to the activation of caspase-3. A number of
reports have demonstrated that self-association of alternative
splice forms, or Apaf-1 mutants, may promote the autoactiva-
tion of procaspase-9, in the absence of cytochrome c, an event
that fails to activate caspase-3 for induction of apoptosis
[46,47]. The present observations are consistent with these
findings, and reveal that caspase-9 is activated upon LPS
challenge in presence of high glucose, without the release of
cytochrome c, without activating caspase-3, and without
causing DNA fragmentation. These findings point for the
first time to an alternativemitochondrial signaling pathway in
the apoptotic cascade that may lead to cell rescue. The role of
Apaf-1 in this caspase-9-dependent SGLT-1 activation
mechanism requires further investigation.

In summary, the findings reported here describe a novel
cell signaling pathway whereby CD14 activation in intestinal
epithelial cells, independently of TLR-4, may activate SGLT-1-
mediated glucose uptake to protect the epithelium against
LPS-induced apoptosis. Mechanistic experiments revealed
that this survival process is triggered from within the
apoptotic cascade, upstream of caspase-3 activation. The
results also demonstrate that CD14-induced SGLT-1 activation
operates via an increase of the transporter's Vmax, in a process
that requires a functionalmicrotubular network. In view of the
physiological and pathological implications of these mechan-
isms, further research into this new pathway may help
identify therapeutic targets in a variety of intestinal disorders,
including bacterial enteritis and inflammatory bowel diseases.
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