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NF-B in the MALT (mucosa-associated lymphoid tumor)
lymphomas and identified in the innate immune response
cascade in lymphocytes and macrophages (9, 19, 28, 30, 31).
Other recent reports have also identified Bcl10 as a mediator of
an inflammatory cascade in nonimmune cells (16, 20, 26).
In the colonic epithelial cells, silencing Bcl10 by smallinterfering RNA (siRNA) did not entirely inhibit LPS-activation of the phospho-IB␣-NF-B-IL-8 cascade. In this report,
we present a second pathway of LPS-induced activation of
NF-B that proceeds through increased reactive oxygen species (ROS) and reduced phosphorylated Hsp27 and is inhibited
by the ROS scavenger Tempol. Bcl10 silencing by siRNA and
exposure to Tempol together completely inhibited the LPSinduced activation of phospho-IB␣, NF-B, and IL-8.
In addition to experiments with human colonic epithelial
cells, we present data from experiments with macrophages and
ex vivo colonic tissue from TLR4-deficient mice that support
the occurrence of two distinct pathways of NF-B activation
initiated by LPS. Since Bcl10 interacts with IKK␥, the regulatory domain of the IKK signalosome, and Hsp27 phosphorylation is inversely associated with phosphorylation of IKK␤,
a catalytic component of the IKK signalosome, the two pathways of LPS activation of NF-B are likely to be integrated at
the IKK signalosome (1, 15, 23, 24, 29). Recognition of these
distinct mechanisms by which LPS activates the inflammatory
response may facilitate the development of new therapeutic
approaches.
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MATERIALS AND METHODS

LIPOPOLYSACCHARIDE (LPS) from the bacterial cell wall induces
inflammation in experimental models and is a significant
source of clinical morbidity and mortality owing to its role in
the etiology of systemic inflammatory response syndrome
(SIRS) and sepsis. Although improvements in the therapeutic
approach to SIRS and sepsis have been achieved, better understanding of the underlying mechanisms by which LPS
induces inflammation may improve clinical outcomes and lead
to new approaches to treatment. Recently, we reported that the
LPS-Toll-like receptor (TLR)4-induced pathway of NF-B
activation in colonic epithelial cells required Bcl10 (B-cell
CLL/lymphoma 10), a caspase-recruitment domain (CARD)containing adaptor protein (5). Previously, translocations involving Bcl10 were associated with constitutive activation of

Cell culture of human colonic epithelial cells. The human colonic
epithelial cell line NCM460 was originally derived from the normal
mucosa of a 68-yr-old Hispanic man (21). For the experiments,
NCM460 cells were grown in M3:10 media (INCELL, San Antonio,
TX) at 37°C in a humidified, 5% CO2 environment with media
exchange at 2-day intervals in T25 flasks. Confluent cells were
harvested by EDTA-trypsin and replated in multiwell tissue culture
plates. In the majority of experiments, cells were treated with LPS (10
ng/ml) for 6 h. Cells were harvested by scraping, and total cell protein
was measured by BCA protein assay kit (Pierce, Rockford, IL), with
bovine serum albumin as standard. Spent media were collected from
control and treated wells and stored at ⫺80°C.
Ex vivo studies with TLR4-deficient mouse colon. Mice with a
deletion of the TLR4 gene locus (C57BL/10ScNJ) as well as normal,
age-matched controls (C57BL/10ScSnJ) were obtained from The
Jackson Laboratory (Bar Harbor, ME) (13). Animal care was approved by the Institutional Animal Care and Use Committees of the
University of Illinois at Chicago and the Jesse Brown Veterans Affairs
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Bhattacharyya S, Dudeja PK, Tobacman JK. Lipopolysaccharide
activates NF-B by TLR4-Bcl10-dependent and independent pathways
in colonic epithelial cells. Am J Physiol Gastrointest Liver Physiol 295: G784 –G790, 2008. First published August 21, 2008;
doi:10.1152/ajpgi.90434.2008.—In colonic epithelium, one of the
pathways of lipopolysaccharide (LPS) activation of NF-B and IL-8
is via Toll-like receptor (TLR)4, MyD88, IRAK1/4, and B-cell CLL/
lymphoma 10 (Bcl10). However, this innate immune pathway accounts for only ⬃50% of the NF-B activation, so additional mechanisms to explain the LPS-induced effects are required. In this report,
we identify a second pathway of LPS-induced stimulation, mediated
by reactive oxygen species (ROS), in human colonic epithelial tissue
cells in tissue culture and in ex vivo mouse colonic tissue. Measurements of IL-8, KC, Bcl10, phospho-IB␣, nuclear NF-B, and phosphorylated Hsp27 were performed by ELISA. The TLR4-Bcl10 pathway was inhibited by Bcl10 siRNA and in studies with colonic tissue
from the TLR4-deficient mouse. The ROS pathway was inhibited by
Tempol, a free radical scavenger, or by okadaic acid, an inhibitor of
Hsp27 dephosphorylation by protein phosphatase 2A (PP2A). The
ROS pathway was unaffected in the TLR4-deficient tissue or by
silencing of Bcl10. The combination of exposure to the free radical
scavenger Tempol and of TLR4 or Bcl10 suppression was required to
completely inhibit the LPS-induced activation. The ROS pathway was
associated with dephosphorylation of Hsp27. LPS appears to activate
both the regulatory component of the IB␣-kinase (IKK) signalosome
through Bcl10 interaction with Nemo (IKK␥) and the catalytic component through Hsp27 interaction with IKK␤. Since LPS exposure is
associated with septic shock and the systemic inflammatory response
syndrome, distinguishing between these two pathways of LPS activation may facilitate new approaches to prevention and treatment.
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used for detection, with hydrogen peroxide/TMB for color development.
ELISA for phospho-IB␣. Phospho-IB␣ in the control and treated
cells NCM460 cells was measured by the PathScan Sandwich ELISA
(Cell Signaling Technology, Danvers, MA) that detects IB␣ with
phosphorylation of Ser32. NCM460 cells were grown in 24-well
plates and treated with LPS (10 ng/ml ⫻ 6 h), after treatment with
control siRNA or Bcl10 siRNA for 24 h, either alone or in combination with Tempol. Ex vivo colonic tissues, prepared as indicated
above from control and TLR-deficient mice, were treated with LPS
alone or in combination with Tempol or okadaic acid. Following
treatment, extracts were prepared from treated and control NCM460
cells and from homogenized treated and control ex vivo mouse
colonic tissue. Lysates were prepared in ice-cold lysis buffer (Cell
Signaling Technology) that contained 20 mM Tris, pH 7.5, 150 mM
NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium
pyrophosphate, 1 mM ␤-glycerophosphate, 1 mM Na3VO4, 1 g/ml
leupeptin, and 1 mM PMSF. Cells were sonicated twice for 20 s and
centrifuged at 13,500 g for 10 min at 4°C. The supernatant (cell
lysate) was collected and stored at ⫺80°C until assayed. PhosphoIB␣ in the samples was captured in microtiter wells that were coated
with monoclonal antibody to IB␣. Captured IB␣ was detected by a
specific rabbit phospho-IB␣ antibody that detected Ser32 phosphorylation and was then recognized by an anti-rabbit IgG-HRP. The
enzyme activity of bound HRP was determined by adding hydrogen
peroxide-TMB chromogenic substrate. The magnitude of the optical
density for the developed color was measured in an ELISA reader at
450 nm, after stopping the reaction with 2 N sulfuric acid. The
intensity of the developed color is proportionate to the quantity of
phospho-IB␣ in each sample. Sample values were normalized with
the total cell protein and expressed as percent control.
ELISA of nuclear NF-B. Nuclear extracts were prepared from the
treated and control NCM460 cells using a nuclear extraction kit, and
activated NF-B was determined by oligonucleotide-based ELISA
(Active Motif). Treated and control samples were incubated in 96well microtiter wells that were coated with the NF-B consensus
nucleotide sequence (5⬘-GGGACTTTCC-3⬘). NF-B from the samples that attached to the wells was then captured by antibody to
NF-B (p65) and detected by an anti-rabbit-HRP-conjugated IgG.
Color developed with hydrogen peroxide/TMB chromogenic substrate
and was proportional to the quantity of NF-B in each sample.
Specificity of the NF-B binding to the nucleotide sequence was
determined by adding either free consensus nucleotide or mutated
nucleotide to the reaction buffer. The sample values were normalized
with the total cell protein determined by protein assay kit (Pierce).
Measurement of phosphorylated Hsp27 by ELISA. Phospho-Hsp27
in the control and treated NCM460 cells was measured by ELISA
(R&D). NCM460 cells were grown in 24 well plates and treated with
LPS (10 ng/ml ⫻ 6 h), after treatment with control or Bcl10 siRNA,
and either with or without Tempol or okadaic acid. Similarly, ex vivo
colon tissues from control and TLR-deficient mice were treated with
LPS alone or in combination with Tempol or okadaic acid. Following
LPS exposure, extracts were prepared from treated and control
NCM460 cells or homogenized treated and control ex vivo colonic
tissue of mice and phospho-Hsp27 was measured. Phospho-Hsp27
was captured in microtiter wells coated with monoclonal antibody to
Hsp27. Captured phospho-Hsp27 molecules were detected by an
anti-phospho Hsp27 antibody conjugated with biotin and streptavidinHRP and the enzyme activity of bound HRP was determined by
adding hydrogen peroxide-TMB chromogenic substrate. The magnitude of the optical density for the developed color was measured in an
ELISA reader at 450 nm, after the reaction was stopped. The intensity
of the developed color is proportionate to the quantity of phosphoHsp27 in each sample. Phospho-Hsp27 concentrations of the samples
were extrapolated from a standard curve derived by using known
concentrations of phospho-Hsp27. Sample values were normalized
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Medical Center. Mice were euthanized at 8 wk, and the colonic tissue
was excised and placed in DMEM with 10% FBS and Pen-Strep
antibiotics. Tissue was cut into small fragments 1 mm ⫻ 2 mm and
placed into wells of a 24-well tissue culture plate. Triplicate samples
with technical replicates were exposed to lipopolysaccharide (LPS) 1
ng/ml for 2 or 6 h, while incubated in a humidified environment at
37°C with 5% CO2. Samples were also exposed to LPS in combination with Tempol (4-hydroxy-2,2,6,6-tetramethylpiperidinyloxy, 100
nM), a ROS quencher, or with okadaic acid (5 nM), an inhibitor of
protein phosphatase 2A (PP2A) (8, 11). Tissue was incubated at 37°C
and 5% CO2. At 2 and 6 h, spent media were collected for measurement of KC, the murine homolog of IL-8, by ELISA. The treated
control and TLR4-deficient tissues were collected and homogenized,
and soluble lysates were prepared for the determination of Bcl10,
phospho-IB␣, and phospho-Hsp27 by ELISA.
Measurement of ROS. The production of ROS following LPS
exposure was measured by use of hydroethidine for detection (22).
Hydroethidine (HE) detects intracellular superoxide anion by changing from blue to red fluorescence when the oxyethidium derivative
forms in the presence of O⫺
2 . NCM460 cells were harvested from T-75
flasks and seeded in a 96-well tissue culture plate. After 24 h, the
media were changed, and treatment with LPS and the free radical
scavenger Tempol began. After 2 h or 6 h exposure, the media were
removed, and cells were washed with Hank’s balanced salt solution
(HBSS). Cells were incubated at 37°C for 60 min with 200 l HBSS
containing 10 M HE. Media were removed, and fresh HBSS (200
l/well) added. Intracellular HE fluorescence emitted by the cells was
measured using a microplate fluorescence reader (FL600, Bio-Tek
Instruments) at 488-nm excitation with a 610-nm emission filter.
Silencing Bcl10 by siRNA. siRNA for Bcl10 (NCBI NM_003921)
silencing and control, scrambled siRNA labeled with rhodamine were
procured (Qiagen, Valencia, CA). The expression of Bcl10 was
silenced in NCM460 colonic cells, as reported previously (5, 7). The
effectiveness of Bcl10 silencing was determined by Western blot of
the cell lysates with Bcl10 monoclonal antibody (Santa Cruz Biotechnology). Following exposure to siRNA for 24 h, cells were treated
with LPS or LPS in combination with Tempol or okadaic acid.
Measurement of IL-8 secretion by ELISA. Secretion of IL-8 in the
spent media of control and treated NCM460 cells was measured with
the DuoSet ELISA kit for human IL-8 (R&D Systems), as described
previously (4, 5). Sample values were normalized with total protein
content (BCA protein assay; Pierce) and expressed as picograms per
milligram cellular protein.
Measurement of KC secretion by ELISA. Ex vivo colon tissues
from control and TLR-deficient mice were treated with LPS alone or
in combination with Tempol or okadaic acid. Following exposure for
2 or 6 h, the spent medium was collected and secretion of KC in the
media determined. KC was captured in microtiter wells coated with
rat anti-mouse monoclonal antibody to KC. Captured KC molecules
were detected by biotinylated goat anti-mouse KC antibody and
streptavidin-horseradish peroxidase (HRP), and the enzyme activity of
bound HRP was determined by adding hydrogen peroxide-tetramethylbenzidine (TMB) chromogenic substrate (R&D). The magnitude of
the optical density of the developed color was measured in an ELISA
plate reader at 450 nm. KC concentrations were determined from a
standard curve made with known concentrations of KC. Sample
values were normalized with the total protein concentrations determined by BCA protein assay kit (Pierce).
ELISA for Bcl10. The protein content of Bcl10 in the NCM460
cells was determined by a solid-phase sandwich ELISA designed to
quantify cellular Bcl10, as previously reported (6). Control and treated
ex vivo colon tissues of normal and TLR-deficient mice were homogenized, and lysates were prepared in RIPA buffer. Bcl10 was measured by ELISA using a goat polyclonal Bcl10 antibody against an
NH2-terminal epitope of Bcl10 as the capture antibody (Santa Cruz
Biotechnology, Santa Cruz, CA). A mouse monoclonal Bcl10 antibody (Santa Cruz Biotechnology) and goat anti-mouse IgG-HRP were
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with the total cell protein concentrations determined by BCA protein
assay (Pierce).
Statistical analysis. Data are means ⫾ SD of three biological
samples with two technical replicates of each, unless stated otherwise.
Statistical significance was determined in all of the experiments by
one-way ANOVA followed by a post hoc Tukey-Kramer test for
multiple comparisons using Prism or Instat software.
RESULTS

Fig. 1. Increased reactive oxygen species (ROS) production following LPS
exposure in NCM460 cells. NCM460 cells in culture were treated with LPS
(10 ng/ml) for 1 h or 6 h and ROS production was measured. LPS stimulated
ROS production within 1 h. Differences between the control (Cn) and treated
cells at the same time point are statistically significant (***P ⬍ 0.001). When
NCM460 cells were treated with LPS in combination with Tempol 100 nM, the
production of ROS declined to less than baseline (***P ⬍ 0.001).
AJP-Gastrointest Liver Physiol • VOL

Fig. 2. Increased IL-8 secretion reduced by Tempol. IL-8 secretion from
NCM460 cells was inhibited by Tempol when cells were treated with LPS (10
ng/ml) for 1 h or 6 h. LPS increased IL-8 secretion to 2,588 ⫾ 91 pg/mg
protein, but in the presence of Tempol IL-8 secretion declined to 1,548 ⫾ 48
pg/mg protein. The increase with LPS exposure and the decline with Tempol
were statistically significant at both time points (***P ⬍ 0.001).

LPS-induced increase in IL-8 (Fig. 3). Tempol reduced the
LPS-induced increase in IL-8 less than Bcl10 silencing (from
2,584 ⫾ 140 to 1,259 ⫾ 35 pg/mg protein). Some of the
Tempol-associated decline in IL-8 was attributable to a small
effect on the baseline IL-8 secretion. Basal IL-8 secretion
declined to 110 ⫾ 5 pg/mg protein from 172 ⫾ 9 pg/mg
protein because of Tempol. These findings demonstrated
that LPS-induced IL-8 secretion proceeds predominantly
through the Bcl10-mediated pathway, with a secondary
pathway through ROS.
Tempol did not affect the LPS-induced increase in Bcl10.
NCM460 cells were treated with siRNA for Bcl10, Tempol,
and LPS either alone or in different combinations, as well as
the appropriate controls, and Bcl10 concentrations were determined. LPS increased the Bcl10 concentration in the cells, but
Tempol, either alone or in combination with LPS, had no effect
on Bcl10 concentration (Fig. 4). Hence, the LPS-induced ROS
and IL-8 production do not involve Bcl10 signaling but influence IL-8 secretion by an independent pathway.

Fig. 3. Combination of Bcl10 silencing by small-interfering RNA (siRNA)
and ROS quenching by Tempol required to inhibit LPS-induced increase in
IL-8. The LPS-induced increase in secreted IL-8 was reduced to less than
baseline by the combination of Tempol and Bcl10 silencing, but neither
Tempol nor Bcl10 silencing alone was sufficient to inhibit the LPS-induced
increase. Differences from control values following LPS and LPS with Bcl10
siRNA (Bcl10si) or LPS with Tempol or LPS with Bcl10 siRNA and Tempol
were statistically significant (***P ⬍ 0.001). Cnsi, control siRNA.
295 • OCTOBER 2008 •
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LPS-induced increase in ROS. Production of ROS in NCM460
cells was markedly increased, following exposure to LPS (10
ng/ml) at 1 and 6 h (Fig. 1). When treated with LPS, the ROS
production in the NCM460 cells increased to over 10 times the
control level within the first hour of treatment and to over 19
times the control level at 6 h. The differences between LPSexposed and control cells were statistically significant at all
time points (***P ⬍ 0.001).
When NCM460 cells were treated with LPS in the presence
of the free radical scavenger Tempol, significant reduction in
production of ROS occurred (Fig. 1) (***P ⬍ 0.001). In the
presence of Tempol (100 nM for 1 or 6 h), ROS levels declined
to less than baseline values.
LPS-induced increase in IL-8 secretion from NCM460 cells.
LPS treatment resulted in a marked increase in IL-8 secretion
from the NCM460 cells. This increase was blocked significantly (***P ⬍ 0.001), in the presence of Tempol (Fig. 2).
Following LPS (10 ng/ml), IL-8 secretion rose from 27 ⫾ 1
pg/mg protein to 430 ⫾ 39 pg/mg protein within an hour and
to 2,588 ⫾ 91 pg/mg protein at 6 h.
In the presence of Tempol, IL-8 declined to 1,548 ⫾ 48
pg/mg protein at 6 h, compared with a control value of 166 ⫾
9 pg/mg protein. Almost 43% of the LPS-associated increase in
IL-8 was attributable to an effect of ROS.
LPS-induced increases in IL-8 secretion depend on both
Bcl10 and ROS. NCM460 cells were treated with siRNA for
Bcl10, Tempol, and LPS, as well as the appropriate controls,
and the IL-8 concentrations in the spent media were measured.
Both Bcl10 siRNA and Tempol were required to eliminate the
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Fig. 4. Bcl10 content not reduced by Tempol. In the NCM460 cells, Bcl10
content was increased by LPS exposure, but Tempol had no effect on the Bcl10
content. No significant difference in Bcl10 was found between LPS ⫹ control
siRNA and LPS ⫹ Tempol (P ⬎ 0.05).

Fig. 5. Phospho-Hsp27 reduced by LPS, and unaffected by Bcl10 silencing.
LPS reduced and Tempol increased the phospho-Hsp27 in the NCM460 cells
(***P ⬍ 0.001). Tempol increased the phospho-Hsp27 by 40%, and LPS
reduced the phospho-Hsp27 to 45% of baseline. Bcl10 silencing by siRNA had
no impact on the phospho-Hsp27.
AJP-Gastrointest Liver Physiol • VOL

cells with only Bcl10 siRNA had no effect on phosphoIB␣. In contrast, Tempol alone reduced the baseline phospho-IB␣ 20 ⫾ 6%. LPS exposure increased both the
phospho-IB␣ (Fig. 6A) and activated NF-B (Fig. 6B) to
⬃300% of the baseline level. Bcl10 silencing decreased the
LPS-induced activation by ⬃66% and Tempol reduced it by
⬃45–50%. Bcl10 silencing and Tempol in combination totally
inhibited the LPS-induced increases in the phosphorylation of
IB␣ and activation of NF-B. These data suggest that LPS
stimulates the phosphorylation of IB␣ and the activation of
NF-B through two distinct signaling pathways.
Effect of Bcl10 silencing on KC in TLR4-deficient mouse
macrophages. To determine whether there were any alternate
pathway involving Bcl10 that did not require TLR4, we tested
the effect of LPS stimulation on KC in TLR4-deficient mouse
macrophages following Bcl10 silencing by siRNA (Fig. 7).
The increase in KC was much greater in the control mouse
macrophages (2,603 ⫾ 78 vs. 1,264 ⫾ 111 pg/mg protein from
baseline values of 305 ⫾ 19 and 319 ⫾ 6 pg/mg protein).
Bcl10 silencing produced a decline in KC response in the
control macrophages but had no effect in the TLR4-deficient
cells, consistent with TLR4 and Bcl10 mediating the same path
to chemokine activation.
KC secretion from ex vivo colonic tissue of TLR4-deficient
mice. Ex vivo colonic tissues from TLR4-deficient mice and
normal control mice were treated with LPS alone or in com-

Fig. 6. Combined Bcl10 knockdown and ROS quenching by Tempol required
to inhibit the LPS-induced increases in phospho-IB␣ and NF-B. LPSinduced increases in phospho-IB␣ (A) and nuclear NF-B (p65) (B) were
reduced to less than baseline by the combination of Tempol and Bcl10
silencing, but neither Tempol nor Bcl10 silencing alone was sufficient to
inhibit the LPS-induced increases. Differences between values following LPS
and LPS with Bcl10 siRNA or LPS with Tempol or LPS with Tempol and
Bcl10 siRNA are statistically significant (***P ⬍ 0.001).
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ROS production associated with LPS-induced decline in
phospho-Hsp27. Phospho-Hsp27 was measured by ELISA in
control and LPS-treated NCM460 cells. Phospho-Hsp27 declined significantly (***P ⬍ 0.001) following LPS exposure
(10 ng/ml ⫻ 6 h) (Fig. 5). Combined exposure to LPS and
Tempol reversed the LPS-induced decline in phospho-Hsp27.
In contrast, Bcl10 knockdown by siRNA had no effect on the
LPS-induced reduction in phospho-Hsp27. Exposure to Tempol alone increased the baseline phospho-Hsp27 by 44 ⫾ 5%.
LPS alone reduced the phospho-Hsp27 by 56 ⫾ 2%, but in
combination with Tempol it increased the value by 42 ⫾ 7%
over the baseline. These results demonstrated that the LPSinduced increase in ROS production was responsible for the
decline in phospho-Hsp27, since the decline was reversed by
the addition of an ROS scavenger. In contrast, Bcl10 silencing
had no effect on phospho-Hsp27. Differences observed between control and LPS and control and Tempol groups are
statistically significant (***P ⬍ 0.001).
LPS-induced increases in phosphorylation of IB␣ and
activation of NF-B depend on both Bcl10 and ROS. NCM460
cells were treated with siRNA for Bcl10, Tempol, and LPS,
alone or in combination, and the phospho-IB␣ and activated
NF-B (p65) content were measured. Both Tempol and Bcl10
siRNA were required to inhibit the LPS-induced increase in
phospho-IB␣ and nuclear NF-B. Transfection of control
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to 0.47 ⫾ 0.05 from 1.04 ⫾ 0.08 ng/mg protein, 45% of the
baseline control value. Tempol and okadaic acid alone increased the phospho-Hsp27 concentration to 122–125% of the
baseline level. In the TLR4-deficient and in the control mice,
the effects of Tempol or okadaic acid and LPS with Tempol or
okadaic acid on phospho-Hsp27 were similar.
Effect of LPS on phospho-IB␣ in TLR4-deficient mouse. In
the TLR4-deficient mouse colonic tissue, LPS increased the
phospho-IB␣ concentration by 54 ⫾ 9% and increased the
phospho-IB␣ concentration by 154 ⫾ 22% in the control
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Fig. 7. In TLR4-deficient models, no effect of Bcl10 silencing on KC. LPS
increased the KC secretion from 305 ⫾ 18 pg/mg protein to 2,603 ⫾ 78 pg/mg
protein in the control TIB-71 macrophages. With Bcl10 knockdown by siRNA,
KC decreased to 1,231 ⫾ 98 pg/mg protein. In the TLR4-deficient macrophages (23ScCr), LPS increased the KC secretion less, from 319 ⫾ 6 pg/mg
protein to 1,264 ⫾ 111 pg/mg protein (***P ⬍ 0.001) and was unaffected by
Bcl10 silencing.

bination with Tempol or okadaic acid. At the end of the
treatment, the spent media were collected and assayed for KC,
the murine IL-8 homolog. Tissues were homogenized and
solubilized in lysis buffer, and phospho-Hsp27, phospho-IB␣,
and Bcl10 were measured by ELISA.
LPS treatment (1 ng/ml ⫻ 6 h) increased the KC secretion
from baseline value of 251 ⫾ 19 to 373 ⫾ 31 pg/mg protein in
the ex vivo TLR4-deficient colonic tissue. In the control tissue,
LPS induced an increase from 250 ⫾ 13 to 582 ⫾ 17 pg/mg
protein (Fig. 8A). The absence of the TLR4 receptor markedly
reduced the LPS effect. The increase in KC secretion was
totally inhibited in the TLR4-deficient mice by either Tempol
or okadaic acid, two inhibitors of the ROS pathway. In contrast, similar treatment inhibited the LPS-induced increase in
KC secretion in the control mice by only ⬃55%, since neither
Tempol nor okadaic acid inhibit the TLR4-Bcl10 pathway.
Effect of LPS on phospho-Hsp27 in TLR4-deficient mouse.
Determinations of phospho-Hsp27 (Fig. 8B) in ex vivo colonic
tissue from TLR4-deficient and control mice were performed
following treatment with LPS, either alone or in combination
with Tempol or okadaic acid. LPS reduced the phospho-Hsp27
Fig. 8. Measurements of KC, phospho-Hsp27, and phospho-IB␣ from
ex vivo colonic tissue of TLR4-deficient and control mice. Ex vivo colonic
tissue from TLR4-deficient and control mice were treated with LPS 1 ng/ml
alone or in combination with Tempol 100 nM or okadaic acid (OA) 25 nM for
6 h. LPS-induced increase in KC secretion was significantly greater in the
control than the TLR4-deficient colonic tissue (***P ⬍ 0.001). Tempol and
okadaic acid reduced the response to KC in both the TLR4-deficient and
control samples (A). In the TLR4-deficient mouse colonic tissue, the changes
in phospho-Hsp27 content were similar to those in the control tissue. Tempol
and okadaic acid inhibited the LPS-induced decline in phospho-Hsp27 (B). The
increase in phospho-IB␣ concentration following LPS exposure was greater
in the control than in the TLR4-deficient mouse colonic tissue (***P ⬍ 0.001)
(C). Tempol and okadaic acid had similar effects on reduction of the phosphoIB␣ content in the TLR4-deficient and control samples. When Bcl10 content
was measured in ex vivo colonic tissue from TLR4-deficient and control mice
following LPS (1 ng/ml ⫻ 6 h), no increase in the Bcl10 content was
demonstrated in the TLR4-deficient tissue, in contrast to a significant increase
in the control sample (D).
AJP-Gastrointest Liver Physiol • VOL
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DISCUSSION

Investigation of the mechanisms by which LPS activates
NF-B reveals that two distinct pathways are involved: a
TLR4-Bcl10 pathway and an ROS-Hsp27 pathway (Fig. 9).
These cascades are integrated at the level of the IKK signalosome, leading to the regulated phosphorylation of IB␣ that
enables the nuclear translocation of NF-B (p65). Findings
demonstrate that LPS stimulated both of these pathways in the
human and mouse tissues studied and that the complete abrogation of NF-B activation requires inhibition of both cascades.
In the TLR4-deficient mouse macrophages and ex vivo
colonic tissue, LPS effects were mediated only by ROS, as
demonstrated by the inhibitory effects of Tempol and okadaic
acid on the LPS-induced increases in phospho-IB␣, NF-B,
and KC. The LPS-induced decline in phospho-Hsp27 was

Fig. 9. Proposed model of LPS-induced activation of NF-B-IL-8 through
TLR4-MyD88-IRAK-Bcl10 and ROS-Hsp27 mediated pathways. The schematic drawing indicates 2 pathways of LPS-induced inflammation that appear
to be integrated at the level of the IKK signalosome.
AJP-Gastrointest Liver Physiol • VOL

preserved in the TLR4-deficient colonic tissue, consistent with
an intact ROS-mediated cascade. In the TLR4-deficient macrophages, KC secretion was less than in the control macrophages and was unaffected by Bcl10 silencing, consistent with
absence of activation of the TLR4-Bcl10-mediated pathway. In
contrast to the control tissue, Bcl10 silencing had no impact on
phospho-IB␣, NF-B, or KC in the TLR4-deficient ex vivo
mouse colonic tissue. Bcl10 content did not increase following
LPS exposure in the absence of TLR4. The combination of
Bcl10 silencing and Tempol was required to completely inhibit
the LPS-induced effects in the NCM460 cells.
Integration of these distinct pathways of NF-B activation at
the level of the IKK signalosome is suggested by Bcl10’s
known interaction with IKK␥ (Nemo), the regulatory component of the IKK signalosome, and by phospho-Hsp27’s known
inverse relationship with phospho-IKK␤ (15, 23, 24, 29, 31).
Bcl10 coimmunoprecipitates with IKK␥ and influences its
ubiquitination, which, in turn, affects the activation and ubiquitination of phospho-IB␣ and produces the constitutive activation of NF-B. The phosphorylation of Hsp27 is inverse to
the phosphorylation of IKK␤, both of which can be dephosphorylated by PP2A. Study data demonstrate that the LPSinduced decline in phospho-Hsp27 was reversed by exposure
to okadaic acid, an inhibitor of PP2A, or by the ROS scavenger
Tempol. In contrast, Bcl10 siRNA had no impact on phosphoHsp27. In the study experiments, we have not isolated specific
changes in IKK␤, anticipating further work to investigate the
phospho-exchanges involved.
The specific characteristics of LPS that lead to the TLR4MyD88-IRAK-Bcl10-IKK␥ or the ROS-Hsp27-IKK␤ route of
NF-B activation require further clarification. LPS is a highly
complex structure, including the conserved hydrophobic lipid
A, the core oligosaccharide that is attached to lipid A, and the
O-antigen, the variable polysaccharide side chain extending
from the core oligosaccharide. The TLRs are able to recognize
the pathogen-associated molecular pattern of LPS produced by
bacteria or other pathogens and trigger the innate immune
response (1). Other endogenous factors, including MD-2 and
the lipoprotein receptor, may be required for interaction with
TLR4 (18, 25). We have reported that the sulfated polysaccharide carrageenan, which has the unusual ␣-1,3-galactosidic link
that is the epitope for the anti-Gal antibody (2, 12), is recognized by TLR4 and induces an innate immune response mediated by Bcl10, as well as an ROS-mediated inflammatory
response (3, 4). The O-antigen of enteropathogenic Escherichia coli O86 and O127 appears to have some similarly
configured linkages between galactose and N-acetylgalactosamine residues (10), suggesting a possible relationship to
pathogenicity. Activation of the ROS pathway is expected to
be initiated by interactions with membrane lipids. These reactions generate free radicals and stimulate a cascade that may
include other mediators often implicated in LPS-induced inflammation (14, 17, 27). The ROS-induced cascade appears to
culminate in the decline in Hsp27 phosphorylation and increase
in IKK␤-IB␣ phosphorylation.
This analysis presents two pathways by which LPS activates
NF-B and the IL-8 chemokine response. Separation of the
LPS-induced effects into these two distinct pathways may
facilitate the development of more highly specified interventions that reduce the morbidity and mortality associated with
LPS-associated SIRS or septic shock. The LPS induction of
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mice (Fig. 8C). The increase in phospho-IB␣ was totally
nullified by cotreatment with Tempol or okadaic acid in the
TLR4-deficient mouse, consistent with ROS mediation of only
the LPS-induced pathway of NF-B activation in the TLR4deficient mouse tissue. Tempol and okadaic acid reduced the
baseline phospho-IB␣ concentration to less than baseline in
the control and TLR4-deficient mice.
Bcl10 content in TLR4-deficient mouse. In the TLR4-deficient mice, neither LPS alone nor LPS in combination with
Tempol or okadaic acid affected the Bcl10 concentration in the
colonic tissue (Fig. 8D). In the control mouse tissue, LPS
increased the Bcl10 concentration, but this increase was not
affected by either Tempol or okadaic acid because they are
inhibitors in the LPS-ROS pathway and have no effect on
Bcl10.

G789

G790

LPS ACTIVATION BY DISTINCT PATHWAYS

other mediators of the inflammatory cascade is not explained
by the mechanisms elucidated in this report. Activation of
multiple signaling mediators may be triggered by secondary
effects initiated by LPS, including NF-B and Bcl10 transcriptional effects in the epithelial cells and recruitment of a
neutrophil and macrophage inflammatory infiltrate induced by
IL-8 secretion.
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