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Summary

Increasing evidence has demonstrated that Toll-like receptor 4 (TLR4)

-mediated systemic inflammatory response syndrome accompanied by

multiple organ failure, is one of the most common causes of death in

patients with severe acute pancreatitis. Recent reports have revealed that

heparan sulphate (HS) proteoglycan, a component of extracellular matri-

ces, potentiates the activation of intracellular pro-inflammatory responses

via TLR4, contributing to the aggravation of acute pancreatitis. However,

little is known about the participants in the HS/TLR4-mediated inflamma-

tory cascades. Our previous work provided a clue that a membrane potas-

sium channel (MaxiK) is responsible for HS-induced production of

inflammatory cytokines. Therefore, in this report we attempted to reveal

the roles of MaxiK in the activation of macrophages stimulated by HS.

Our results showed that incubation of RAW264.7 cells with HS up-regu-

lated MaxiK and TLR4 expression levels. HS could also activate MaxiK

channels to promote the efflux of potassium ions from cells, as measured

by the elevated activity of caspase-1, whereas this was significantly abol-

ished by treatment with paxilline, a specific blocker of the MaxiK channel.

Moreover, it was found that paxilline substantially inhibited HS-induced

activation of several different transcription factors in macrophages,

including nuclear factor-jB, p38 and interferon regulatory factor-3, fol-

lowed by decreased production of tumour necrosis factor-a and inter-

feron-b. Taken together, our investigation provides evidence that the HS/

TLR4-mediated intracellular inflammatory cascade depends on the activa-

tion of MaxiK, which may offer an important opportunity for a new

approach in therapeutic strategies of severe acute pancreatitis.

Keywords: heparan sulphate; MaxiK; paxilline; Toll-like receptor 4.

Introduction

Toll like receptors (TLRs), the evolutionarily conserved

transmembrane proteins of the interleukin-1 receptor

superfamily, have recently emerged as the key compo-

nents of the innate immune system that recognize con-

served products of microbial metabolisms and trigger

host defence responses.1–3 To date, a total of 13 TLRs

have been found in mammals, and among them, TLR4 is

the most heavily studied.4 Initially, this receptor was

identified as the specific receptor of lipopolysaccharide

(LPS), the principal component of the outer membrane

of Gram-negative bacteria. Reports in recent years have

discovered that TLR4 also plays an essential role in trigger-

ing the innate immune response to endogenous mediators

released during tissue damage and inflammation indepen-

dent of infectious state (known as damage-associated

molecular patterns).5,6

Abbreviations: ERK, extracellular signal-regulated kinase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; HRP, horseradish
peroxidase; HS, heparan sulphate; IFN-b, interferon-b; IRF-3, interferon regulatory factor-3; JNK, c-jun N-terminal kinase; LPS,
lipopolysaccharide; NF-jB, nuclear factor- jB; TEA, tetraethylammonium; TLR4, Toll-like receptors 4; TNF-a, tumour necrosis
factor a
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Generally, TLR4 acts as a sensor of bacterial invasion or

sterile tissue injury and mediates release of the cytokines

necessary for the development of effective immunity.

However, sometimes TLR4 can be excessively activated by

its ligands and contribute to strong inflammatory cascade

responses, resulting in severe complications. Heparan sul-

phate (HS), a negatively charged glycosaminoglycan in

extracellular matrices, is reported to be capable of induc-

ing TLR4-mediated systemic inflammatory response syn-

drome during acute pancreatitis.7 The activated pancreatic

enzymes, especially elastase, might cleave extracellular

matrices and subsequently release soluble HS, which can

be recognized by TLR4, consequently provoking consider-

able production of inflammatory cytokines such as

tumour necrosis factor-a (TNF-a) and thereby contribut-

ing to the resultant aggravation of acute pancreatitis.5,7,8

Although there is much evidence for the critical role of

HS in the TLR4-mediated inflammatory cascade, very lit-

tle is known about the molecules involved in the HS–
TLR4 interaction and consequent signalling process. The

finding from Blunck et al.’ work that activation of a

large-conductance potassium channel (MaxiK) is an early

step in the transmembrane signal transduction of LPS in

macrophages will shed new light on our understanding of

the mechanism underlying the HS–TLR4 inflammatory

cascade.9 In particular, other researchers have stated

that MaxiK blockade inhibited the LPS-induced nuclear

factor-jB (NF-jB) signalling pathway in macrophages.10

These results imply the important role of MaxiK channel

in TLR4 activation after recognizing LPS. It will, accord-

ingly, trigger our interest in revealing the function of

MaxiK in the HS-induced TLR4 signalling cascade,

because HS is also a known agonist of TLR4. In our

preliminary experiment, TNF-a production in response

to HS by murine peritoneal macrophages has been shown

to be dependent on the activation of MaxiK (unpublished

data). Hence, this study extended our original analysis to

evaluate the role of MaxiK in the HS-induced intracellu-

lar inflammatory signal cascade.

Materials and methods

Reagents

Antibodies against interferon regulatory factor-3 (IRF-3),

phosphorylated-IRF-3 (p-IRF-3), p38, p-p38, extracellular

signal-regulated kinase 1/2 (ERK1/2), p-ERK1/2, c-jun-N-

terminal kinase (JNK), p-JNK, glyceraldehyde 3-phosphate

dehydrogenase (GAPDH) and horseradish peroxidase

(HRP) -conjugated goat anti-rabbit antibody were

obtained from Cell Signaling Technology (Beverly, MA).

Rat anti-mouse TLR4 monoclonal antibody (MTS510) and

its control IgG were from Santa Cruz Biotechnology (Santa

Cruz, CA). HS, LPS (from Escherichia coli O111:B4), tetrae-

thylammonium (TEA) and paxilline were purchased from

Sigma (St Louis, MO). To exclude the evoked responses

due to possible LPS contamination, which is an important

consideration in the current study, HS stock solution

(1 mg/ml) was quantified by using the Limulus amoebocyte

lysate assay. The analysis showed a concentration of

< 0�1 EU/ml LPS in the HS stock solution, suggesting that

the amount of contaminated LPS in HS working solutions

(1000 times diluted) could be ignored.11 Paxilline was sus-

pended in 0�05% DMSO and diluted in PBS when used.

Expression of MaxiK and TLR4 in macrophages

Mouse RAW264.7 cells (from the American Type Culture

Collection, Manassas, VA) were maintained in Dulbecco’s

modified Eagle’s medium supplemented with 10% fetal

bovine serum at 37° with 5% CO2. Cells were incubated for

6 hr at 37° with HS (1 lg/ml) or LPS (10 ng/ml) in the

absence and presence of paxilline (2 lg/ml), respectively.

Subsequently total cellular RNA was isolated from the cells

using the RNeasy Mini kit (Qiagen, Valencia, CA) and

reverse transcribed with oligo(dT) primers. Then PCR was

performed with 1% of Taq polymerase and the primers

used for the a-subunit of MaxiK were 5′-ATGCAGTT
TGATGACAGCATCG-3′ and 5′-CAGATCACCATAACA
ACCACCA-3′. The primers for TLR4 were 5′-CAGAGTTG
CTTTCAATGGCATC-3′ and 5′-AGACT GTAATCAAGAA

CCTGGAGG-3′. Primers used for the amplification of

GAPDH mRNA were 5′-GTCGCTGTTGAAGTCAGAG
G-3′ and 5′-GAAACTGTGGCGTGATGG-3′. PCR condi-

tions were 30 cycles of denaturation at 95° for 30 seconds,

annealing at 62° for 40 seconds and extension at 72° for

60 seconds. The PCR products were separated by electro-

phoresis in 1% agarose gels containing 0�1 lg/ml ethidium

bromide and visualized under ultraviolet light.

To determine the protein expression of MaxiK and

TLR4, whole cell lysate was separated on SDS–polyacryl-
amide gels followed by transfer to a PVDF membrane

(Millipore, Billerica, MA) after the protein concentration

was quantified by the BCA protein determination kit

(Pierce, Rockford, IL). The membrane was incubated with

blocking solution (10 mM Tris–HCl, pH 7�4, 150 mM

NaCl, 1% Triton X-100, and 0�25% BSA) containing 5%

skimmed milk for more than 1 hr at room temperature

and subsequently incubated with anti-MaxiK or TLR4

antibody (Santa Cruz Biotechnology, Santa Cruz, CA;

1 : 1000 dilution) overnight at 4°, respectively. After 1 hr

of incubation with HRP-conjugated secondary antibody

(1 : 2000 dilutions) at room temperature, the protein

bands were visualized by the chemiluminescent detection

system (Amersham Biosciences, Piscataway, NJ).

Caspase-1 enzymatic activity assay

As caspase-1 activation is sensitive to the efflux of cellular

K+, we determined the enzymatic activity of caspase-1 in
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RAW264.7 cells to evaluate the HS-induced activation of

the MaxiK channel using the colorimetric assay. Briefly,

RAW264.7 cells were maintained in Dulbecco’s modified

Eagle’s medium containing 10% fetal bovine serum at 37°
with 5% CO2. Then cells were incubated for 4 hr with

HS (1 lg/ml) or LPS (10 ng/ml) in the absence and pres-

ence of paxilline (2 lg/ml), respectively. Cells treated with

only PBS served as the control. The inhibitory effects of

TEA (1 mg/ml), an unselective blocker of potassium

channels, and the anti-TLR4 monoclonal antibody

(MTS510, 20 lg/ml) on HS-caused caspase-1 activation

were also evaluated. Then cells (5 9 106 in 500 ll) were

lysed in a lysis buffer (20 mM HEPES, pH 7�5, 1�5 mM

MgCl2, 1 mM EDTA, 1 mM EGTA, 0�1 mM PMSF and

protease inhibitor cocktail) for 15 min on ice. After cen-

trifugation at 10 000 g for 4 min, the supernatants were

collected and incubated with 40 lM YVAD-pNA (Santa

Cruz Biotechnology), the substrate of caspase-1, followed

by incubation at 37° for 2 hr. The caspase-1 activity was

measured at 405 nm using a microplate reader.

NF-jB activation assay

Electrophoretic mobility shift assay was performed to

determine the activity of NF-jB in the nuclear extract.

Briefly, RAW264.7 cells were incubated for 1 hr at 37°
with HS (1 lg/ml) or LPS (10 ng/ml) in the absence and

presence of paxilline (2 lg/ml), respectively. Cells treated

with only PBS served as negative control. The nuclear

proteins were extracted from macrophages as described

by Schreiber et al.12 and the protein content was deter-

mined using an assay kit (BCA protein assay reagent;

Pierce). The NF-jB activity was determined using an

electrophoretic mobility shift assay kit according to the

manufacturer’s instructions (Promega, Madison, WI).

Briefly, nuclear extract (4 lg) was incubated with 1 ll of
32P-labelled oligonucleotide (5′-AGT TGA GGG GAC

TTT CCC AGG-3′) for 20 min. Binding reactions were

then performed in 1 9 binding buffer (0�5 mM EDTA,

1 mM MgCl2, 50 mM NaCI, 10 mM Tris–HCl, 4% glyc-

erol, 0�5 mM dithiothreitol) and 0�05 mg/ml poly(dI-dC)

in a total volume of 10 ll. Then 1 ll of loading buffer

(50% glycerol, 0�1% bromophenol blue, 0�1% xylene cya-

nol) was added and the reactions were loaded on 4%

non-denaturing polyacrylamide gels. After electrophoresis,

the gels were dried for autoradiography.

Western blotting assay for IRF-3 and mitogen-activated
protein kinases

RAW264.7 cells were grouped and treated as described

above. Cells treated with only PBS served as the negative

control. After incubation for 30 min at 37°, whole cell

lysate was prepared to determine the phosphorylated lev-

els of IRF-3, p38, ERK1/2 and JNK, respectively. The

BCA protein assay kit (Pierce) was employed to deter-

mine protein concentration. Lysate was separated by

SDS–polyacrylamide gels and followed by transferring to

a PVDF membrane (Millipore). The membrane was incu-

bated with blocking solution containing 5% skimmed

milk for more than 1 hr at room temperature and probed
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Figure 1. The mRNA and protein expression of MaxiK and Toll-like

receptor 4 (TLR4) in RAW264.7 cells. RAW264.7 cells were main-

tained in Dulbecco’s modified Eagle’s medium supplemented with

10% fetal bovine serum at 37° with 5% CO2. Cells were incubated

for 6 hr at 37° with heparan sulphate (HS; 1 lg/ml) or lipopolysac-

charide (LPS; 10 ng/ml) in the absence and presence of paxilline

(2 lg/ml), respectively. (a) To determine the mRNA expression lev-

els of MaxiK and TLR4, total cellular RNA was isolated from the

cells and reverse transcribed with primers. After amplification by

PCR, the products were separated by electrophoresis in 1% agarose

gels containing 0�1 lg/ml ethidium bromide and visualized under

ultraviolet light. (b) To detect the protein expression of MaxiK and

TLR4, whole cell lysate was separated on SDS–polyacrylamide gels

followed by transfer to a PVDF membrane. The membrane was

incubated with blocking solution for more than 1 hr at room tem-

perature and subsequently incubated with anti-MaxiK or TLR4 anti-

body (1 : 1000 dilutions) overnight at 4°, respectively. After 1-hr

incubation at room temperature with horseradish peroxidase-conju-

gated secondary antibody (1 : 2000 dilution), the protein bands were

visualized by the chemiluminescent detection system. Results of one

out two experiments with similar results are shown.
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by 1 : 1000 dilutions of rabbit polyclonal antibodies

against IRF-3, p-IRF-3, p38, p-p38, JNK, p-JNK, ERK1/2

and p-ERK1/2, respectively. After washing, membrane

was incubated with secondary goat anti-rabbit antibody

conjugated to HRP for 1 hr at room temperature. Immu-

noreactive proteins were visualized by chemiluminescence

using the Western blotting detection system (Amersham

Biosciences).

Cytokines release from RAW264.7 cells

RAW264.7 cells were incubated with HS (1 lg/ml) or

LPS (10 ng/ml) at 37° in the absence and presence of

paxilline (2 lg/ml), respectively. Cells treated with only

PBS served as negative control. The concentrations of

TNF-a (4 hr later) or interferon-b (IFN-b, 12 hr later) in

the supernatants were analysed using the ELISA kits

(R&D Systems, Minneapolis, MN) as instructed by the

manufacturer.

Statistical and presentation of data

All experimental values are expressed as mean � SE. Sta-

tistical comparisons were examined by the two-tailed Stu-

dent’s t-test. Differences in values were considered

significant if P-values were < 0�05.

Results

HS stimulated expression of TLR4 and MaxiK in
macrophages

We first detected the mRNA levels of TLR4 and MaxiK

in mouse RAW264.7 macrophages under the treatment of

the stimulators by PCR amplification of reverse-tran-

scribed RNA using gene-specific primers for TLR4 and

the pore-forming a-subunit of MaxiK, respectively. As

shown in Fig. 1, treatment of HS or LPS significantly

up-regulated mRNA and protein expression of MaxiK in
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Figure 2. Heparan sulphate (HS) or lipopoly-

saccharide (LPS) -induced activation of cas-

pase-1 in RAW264.7 cells was suppressed by

paxilline. RAW264.7 cells were maintained in

Dulbecco’s modified Eagle’s medium contain-

ing 10% fetal bovine serum at 37° with 5%

CO2. (a) Cells were incubated for 4 hr with

HS (1 lg/ml) alone or in the presence of pax-

illine (2 lg/ml) or tetraethylammonium (TEA;

1 mg/ml), or anti-Toll-like receptor 4 (TLR4)

monoclonal antibody (20 lg/ml), respectively.

(b) Cells were also incubated for 4 hr with

LPS (10 ng/ml) alone or in the presence of

paxilline (2 lg/ml) or TEA (1 mg/ml), or anti-

TLR4 monoclonal antibody (20 lg/ml), respec-

tively. Cells treated with only PBS served as

control. After cells (5 9 106 in 500 ll) were

lysed and centrifuged at 10 000 g for 4 min,

the supernatants were collected and incubated

with 40 lM YVAD-pNA, followed by incuba-

tion at 37° for 2 hr. The caspase-1 activity was

measured at 405 nm using a microplate reader.

*P < 0�05, compared with HS or LPS;
#P < 0�05, compared with control. The data

(mean � SE) of one out three experiments

run in triplicates with similar results are

shown.
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macrophages, which were significantly suppressed by the

addition of paxilline. However, paxilline was unable to

exert similar inhibitory effects on substantially elevated

mRNA and protein expression of TLR4 in response to

HS or LPS stimulation.

HS-stimulated activation of caspase-1 in macrophages
was inhibited by paxilline

Activation of the MaxiK channel is accompanied by an

efflux of cellular potassium ions, which results in the ele-

vated activity of caspase-1. Therefore, we accordingly

measured the enzymatic activity of caspase-1 in HS- or

LPS-challenged mouse macrophages. Compared with the

unstimulated RAW264.7 cells, remarkable activation of

caspase-1 was found when cells were co-incubated with

HS. In contrast, TEA, as well as the TLR4 monoclonal

antibody, almost completely abolished HS-induced cas-

pase-1 activity. Although the MaxiK channel blocker paxil-

line could also effectively suppress HS-caused activation of

caspase-1, the inhibitory effect was relatively weak com-

pared with TEA or TLR4 monoclonal antibody (Fig. 2a).

Moreover, a similar result was found in LPS-treated cells,

as shown in Fig. 2(b).

HS-induced NF-jB, IRF-3, and p38 mitogen-activated
protein kinase activation was inhibited by paxilline

It is known that NF-jB is a ubiquitous transcription

factor that controls pro-inflammatory gene expression in

response to LPS. In the present study, the effect of HS on

NF-jB DNA binding in nuclear extracts prepared from

RAW264.7 cells was evaluated. Furthermore, we asked

whether the increased NF-jB DNA binding activity

induced by HS was MaxiK dependent. Our data illustrated

that HS also acted as a potent agonist of NF-jB and the

MaxiK blocker paxilline substantially abolished either

HS- or LPS-induced NF-jB activation (Fig. 3). Similarly,

treatment of RAW264.7 cells with HS or LPS provoked

markedly augmented phosphorylation of IRF-3, which was

attenuated in the presence of paxilline. In addition, the

exposure to HS or LPS increased the phosphorylated level

of p38, JNK and ERK1/2. Blocking MaxiK channel by

paxilline only reduced the phosphorylation of p38, but had

no influence on JNK and ERK1/2 (Fig. 4).

HS-caused cytokines release in macrophages was
suppressed by paxilline

Tumour necrosis factor-a plays a pivotal role in the pro-

inflammatory cytokine cascade through NF-jB and mito-

gen-activated protein kinase pathways.13 In contrast, the

production of IFN-b is mediated by the IRF-3 signalling

pathway.14 To further verify the inhibitory effect of Max-

iK blockade on HS-induced inflammatory responses, we

measured the amount of TNF-a and IFN-b produced by

HS-treated RAW264.7 cells in the presence of paxilline.

In agreement with the results above, the augmented pro-

duction of TNF-a and IFN-b by macrophages in response

to HS, as well as LPS, was efficiently diminished when

the MaxiK channel was selectively blocked by paxilline

(Fig. 5).
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Figure 3. Heparan sulphate (HS) -induced

nuclear factor-jB (NF-jB) activation in

RAW264.7 cells was inhibited by paxilline.

RAW264.7 cells were incubated for 1 hr at 37°

with HS (1 lg/ml) in the absence and presence

of paxilline (2 lg/ml), respectively. The nuclear

proteins were extracted from macrophages and

incubated with 1 ll of 32P-labelled oligonu-

cleotide for 20 min. Binding reactions were

then performed in 1 9 binding buffer and

0�05 mg/ml poly(dI-dC) in a total volume of

10 ll. Then, 1 ll of loading buffer was added

and the reactions were loaded on a 4% non-

denaturing polyacrylamide gel. After electro-

phoresis the gels were dried for autoradiogra-

phy. Cells treated with lipopolysaccharide

(LPS; 10 ng/ml) in the absence and presence

of paxilline, respectively, served as control.

*P < 0�05, HS + paxilline versus HS;
#P < 0�05, LPS + paxilline versus LPS. Results

of one out two experiments with similar results

are shown.
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Discussion

As an important receptor of the innate immune system,

TLR4 can be activated by stimulation of cells with distinct

agonists to evoke the inflammatory cascade reactions,

finally leading to different complications. Activation of

TLR4 signalling pathways by bacterial LPS is a critical

upstream event in the pathogenesis of Gram-negative sep-

sis.15,16 Likewise, the aggravation of acute pancreatitis is

largely attributed to the HS-induced systemic inflamma-

tory responses through TLR4,5,7,8 suggesting that inhibi-

tion on inappropriate activation of TLR4 may be of

potential therapeutic benefit in those complications.

Previous research highlighted the association between

MaxiK and TLR4-mediated transmembrane signal trans-

duction, making this ion channel an attractive target for

anti-TLR4 therapy.9,10 MaxiK channel blockage conferred

significant inhibition against macrophage activation

induced by LPS, the well-known exogenous ligand of

TLR4, indicating the probability that MaxiK plays similar

roles in HS-induced inflammatory cascade responses dur-

ing acute pancreatitis. For this reason, the beneficial effects

of MaxiK blockade by its inhibitor on HS-stimulated

intracellular signal activation in a murine macrophage line

were evaluated. Here, we found that HS unregulated the

expression of MaxiK, and meanwhile provoked activation

of the transcription factors, followed by increased produc-

tion of cytokines, which could be effectively suppressed by

paxilline, the blocker of the MaxiK channel. These results

linked the MaxiK channel and intracellular inflammatory

responses when macrophages were exposed to HS, and

provided the likely evidence that MaxiK is required for

the HS-mediated inflammatory cascades.

Caspase-1 is a cysteine protease, which is regarded as a

key mediator involved in inflammation and apoptosis.17

In the present observation, the determined enzymatic

activity of caspase-1 served as a marker of MaxiK activa-

tion based on the previous finding that opening of the

MaxiK channel is accompanied by an efflux of potassium

ions from the cell, resulting in caspase-1 activation.18 Pax-

illine, the specific MaxiK channel blocker, showed a signif-

icant, but not complete, inhibitory effect on HS-caused

increase of cellular caspase-1 activity. Compared with pax-

illine, TEA, an unselected inhibitor of potassium channel,

almost completely abolished the HS-caused caspase-1 acti-

vation, providing a clue that other potassium channels

probably participate in HS-induced efflux of potassium

ions and further activation of macrophages, which is in

agreement with the findings from previous reports.19,20

Furthermore, the observation that TLR4 blockade by its

antibody resulted in significant attenuation of the activity

of caspase-1 just revealed the functional association of

TLR4 and potassium ion channels in macrophages when

they are activated by the ligands of TLR4.

The herein described ability of HS to activate the

inflammatory signalling process via the MaxiK channel

was similar to LPS, an exogenous ligand of TLR4. This

finding suggested that a common mechanism of TLR4

initiation via MaxiK is probably shared by both mole-

cules, in spite of the different molecular structures. Given

this background, we further hypothesized that activation

of the MaxiK channel by various stimulators is probably

non-specific. From these findings and considerations,

there are some interesting questions that need to be

addressed by future research. For example, besides LPS

and HS, are there any other molecules possessing similar

potency to activate MaxiK? Is the modulation of MaxiK

by these molecules involved in normal physiological func-

tions? Actually, it is known that the MaxiK channel is

distributed ubiquitously in a wide variety of mammalian

tissues including smooth muscles, skeletal muscles,
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Figure 4. Heparan sulphate (HS) -induced interferon regulatory fac-

tor-3 (IRF-3) and p38 activation in RAW264.7 cells was suppressed

by paxilline. The mouse RAW264.7 macrophages were incubated for

30 min at 37° with HS (1 lg/ml) in the absence and presence of

paxilline (2 lg/ml), respectively. Subsequently whole cell lysate was

prepared and separated by SDS-polyacrylamide gels, followed by

transferring to a PVDF membrane. The membrane was incubated

with blocking solution for more than 1 hr at room temperature and

probed by 1 : 1000 dilutions of rabbit polyclonal antibodies against

IRF-3, p-IRF-3, p38, p-p38, c-jun N-terminal kinase (JNK), p-JNK,

extracellular signal-regulated kinase 1/2 (ERK1/2) and p-ERK1/2,

respectively. After washing, membrane was incubated with secondary

goat anti-rabbit antibody conjugated to horseradish peroxidase

(HRP) for 1 hr at room temperature. Immunoreactive proteins were

visualized by chemiluminescence using the Western blotting detec-

tion system. Cells treated with LPS (10 ng/ml) in the absence and

presence of paxilline, respectively served as control. The results

shown are from one out two experiments.
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neurons, kidney and immune cells except in heart myo-

cytes, function in modulating neurotransmitter release21,22

and endocrine secretion,23 tuning hair cells firing frequen-

cies in the auditory system,24,25 and regulating vascu-

lar,26–28 urinary bladder29 and respiratory tone.30,31

Therefore, the adverse effects caused by MaxiK blockade

should not be negligible, though blocking it will bring

potential beneficial effects in controlling HS- or LPS-

induced systemic inflammatory responses. In this case,

one of our further goals is to develop specific inhibitors

of MaxiK, which could antagonize the TLR4-mediated

inflammatory cascade meanwhile without affecting the

other normal physiological roles of this channel.

Taken together, the findings from our study have

thrown some light on the elucidation of mechanisms

underlying the HS-induced intracellular signalling cascade

and, for the first time, have shown the possibility that

blockade of the MaxiK channel might confer therapeutic

benefits on the HS/TLR4-mediated activation of intracel-

lular inflammatory cascades and even the resultant aggra-

vation of acute pancreatitis. Further studies to elucidate

the relationship between MaxiK and the function of other

signal molecules in inflammatory signal transduction are

warranted.
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Figure 5. Heparan sulphate (HS) -stimulated

production of cytokines in RAW264.7 cells was

inhibited by paxilline. (a) RAW264.7 cells were

incubated for 4 hr at 37° with HS (1 lg/ml)

or lipopolysaccharide (LPS; 10 ng/ml) in the

absence and presence of paxilline (2 lg/ml),

respectively. After centrifugation, the concen-

trations of tumour necrosis factor-a (TNF-a)
in the supernatants were analysed using an

ELISA kit. (b) RAW264.7 cells received the

same treatment as mentioned above. After

12 hr, the concentrations of interferon-b (IFN-

b) were determined by ELISA. Cells treated

with only PBS served as negative control.

*P < 0�05, HS + paxilline versus HS;
#P < 0�05, LPS + paxilline versus LPS. Data are

representative of one out of three experiments.
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