
INTRODUCTION

The small intestinal mucosa serves as an important barrier where
continuous remodelling and production of biologically active 
substances occur in response to intraluminal factors. The intes-
tinal mucosa is continuously exposed to mechanical forces, i.e.
transmural pressure, shear stress and stretch forces, which 
are produced by intestinal motor activities. In recent years,
increased production of inflammatory cytokines by mechanical
forces has been reported in a variety of cells, i.e. vascular endothe-
lial cells, cardiomyocytes and osteoblasts [1–3]. Intraluminal 
transmural pressure may be involved in the regulation of 
surface mucosal remodelling in the intestine, together with vari-
ous cytokines. However, information is sparse concerning the
increased intraluminal pressure induced by intestinal inflamma-
tion or how ileus affects the cytokine production from the 
intestinal epithelial cells.

Interleukin-6 (IL-6) is a multi-functional cytokine that is
involved in diverse biological responses of the host. IL-6 was

originally identified as a B-cell-stimulating factor, and it is now
recognized widely to have multiple biological functions such 
as induction of acute phase protein synthesis by hepatocytes,
induction of cytotoxic T-cell differentiation and activation of
haematopoietic stem cells [4]. Intestinal epithelial cells are known
to be an important source for IL-6 [5]. McGee et al. demonstrated
that proinflammatory cytokines IL-1b and TGF-b could act syn-
ergically to induce IL-6 secretion in rat intestinal epithelial cells
and cholera toxin also stimulated IL-6 secretion in the cells [6].
Goodrich & McGee also showed that IL-6 secreted from the rat
non-transformed IEC-6 cell line on IgA secretion was found to
enhance lipopolysaccharide (LPS) stimulated IgA secretion by
IgA+ mesenteric lymph node B cells [7], suggesting the significant
involvement of intestinal epithelial cell-derived IL-6 in intestinal
immune responses. Recently it has been reported that in the 
rat ileus model plasma IL-6 concentration was elevated, while
TNF-a or IL-1 concentration was not increased [8], suggesting the
specific enhancement of IL-6 production in response to increased
intestinal pressure. Transcription factors, nuclear factor kappa 
B (NF-kB) and NF-IL-6 are identified as important for mediat-
ing expression of IL-6 [9]. NF-kB dimers are sequestered in 
an inactive cytoplasmic complex by binding to its inhibitory
subunit, IkB. Upon stimulation, IkB is phosphorylated, and the
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SUMMARY
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phosphorylation is followed by ubiquitination and rapid degra-
dation by a proteasome-dependent pathway [10,11]. Therefore it
is important to determine whether activation of these transcrip-
tion factors occurs in intestinal epithelial cells after transmural
pressure loading.

The purposes of this study were to (1) investigate how loading
which pressure affects the IL-6 secretion from cultured intestinal
epithelial cell lines, and (2) to determine whether activation of
transcription factors is involved in altered IL-6 synthesis in the
intestinal epithelial cells after pressure loading.

METHODS

Cell cultures and pressure loading
IEC18 cells (a rat intestinal epithelial cell line; American Type
Culture Collection, Manassas, VA, USA) were grown in an
atmosphere of 5% CO2 at 37°C in a culture medium composed of
Dulbecco’s modified Eagle medium containing 5% fetal bovine
serum, 10 mg/ml of insulin, 50 U/ml of penicillin, 50 U/ml of 
streptomycin and 4 mM glutamine. Pressure was added to the 
subconfluent monolayers of IEC18 from passages 8–9. The 
pressure-loading apparatus was set up as reported previously [12].
Cell plates were placed in an acryl flask by removing the upper
panel, and the flask was resealed with a using rubber seal, and
then tightly clamped. The top of each flask was sealed with a
rubber cap which was pierced by a needle connected to tubing
attached to a three-way rotary valve, sphygmomanometer and a
pressure valve. Compressed helium gas was pumped in to raise
the internal pressure, so that the partial pressures of the gases
contained in the flask were kept constant in accordance with
Boyle–Charles’ law [13]. The flask was kept at 37°C.

For the polarity assay of IL-6 release, cells (5 ¥ 105 cells) were
seeded on the tops of collagen-coated microporous supports 
(0·4 mm pore size; 4·7 cm2 growth area) in transwell chambers
(Costar, Cambridge, MA, USA). The medium volumes in the
apical and basal compartments were 1·5 and 2·6 ml, respectively.
The culture supernatants in both compartments were collected
after 48 h pressure loading for determination of IL-6 concentra-
tion. The impermeability of the monolayers was confirmed by
the appearance of only 5% of the added [3H]-mannitol in the

basolateral component 24 h after 80 mmHg loading.

Detection of IL-6 in IEC 18 conditioned medium
IL-6 concentration was measured by bioassay using an IL-6-
dependent murine hybridoma cell line, 7TD1 cells (Riken Cell
Bank, Tsukuba, Ibaragi, Japan). Proliferation of the 7TD1 cells
was determined in an MTT (3-(4,5-dimethylthiazol-2-yl)-diphenyl
tetrazolium bromide) colouriometric assay (Promega, Madison,
WI, USA). The results of MTT assay were compared with a 
standard generated using recombinant murine IL-6 levels and
were expressed in units, where 1 U is defined as the reciprocal of
the dilution giving half-maximal proliferation of the 7TD1 cells.
The 7TD1 assay was carried out with serial dilution of IEC 18 
in the presence or absence of polyclonal goat antimouse IL-6 
IgG antibody (R&D Systems, Minneapolis, MN, USA) [14]. To
confirm the specificity of biologically active IL-6, supernatants
from pressure-stimulated IEC-18 cells were incubated with
various concentrations of the polyclonal goat antimouse IL-6 IgG
antibody. The IL-6 antibody (10 ng/ml) neutralized the 7TD1-
stimulating activity to the background level, while the same con-
centration of normal goat IgG had no effect. In our preliminary

experiment, the immunoreactive rat IL-6 level of IEC 18 culture
supernatant at controls was 85 ± 23 pg/ml when determined by
ELISA using rat IL-6 ELISA kit (Biosource International,
Camarillo, CA, USA).

Detection of IL-6 mRNA expression by polymerase 
chain reaction
Total RNA was extracted from cultured IEC 18 by a one-step
method using RNA zol (Cinna/Biotex, Houston, TX, USA).
Reverse transcription was carried out using a first-strand synthe-
sis kit (Stratagene, La Jolla, CA, USA) to obtain cDNA. PCR 
was performed using the Takara taq kit (recombinant Taq DNA
polymerase; Takara Biochemicals, Tokyo, Japan), with rat-specific
primers for IL-6 as follows [14]: Sense 5¢-GACTGATGTTG
TTGACAGCCACTGC-3¢; antisense 5¢-TAGCCACTCCTTCTC
TGTGACTCTAACT-3¢.

The cDNA amplification products were predicted to be 
508 bp in length. Sequences of sense primer of GAPDH was 
5¢-TCCCTCAAGATTGTCAGCAA-3¢. Antisense primer was 
5¢-AGATCCACAACGGATACATT-3¢. Thirty-five cycles of
amplification were carried out in the DNA thermal cycler with
denaturing for 60 s at 94°C, annealing for 60 s at 58°C, and exten-
sion for 180 s at 72°C. Reaction product was separated by elec-
trophoresis at 100 V in a 1·5% agarose gel and stained with
ethidium bromide. Photographic negatives of the gels were 
calculated densitometrically by using the National Institute of
Health Image 1·62.

Inhibition study
Oligodeoxynucleotides (ODNs) were synthesized using an auto-
mated synthesizer (Sawady Technology, Tokyo, Japan). The 
last three bases at the 3¢ end of each the ODNs described below
were phosphorothioate modified. The following sequence and its 
complement was used as NF-kB transcription factor decoy (TFD)
and mutated NF-kB transcription factor decoy (MUT) [15]. TFD:
5 ¢GGGGACTTTCCGCTGGGGACTTCCAGGGGGA
CTTTCC3¢; MUT: 5¢GTCTACTTTCCGCTGTCTACTTTCCA
CGGTCTACTTTCC3¢.

The kb and mutated kB binding sites in each double-stranded
OND are underlined. IEC-18 cells were preincubated for 24 h 
at 37°C with 2 mM of ODNs and then transmual pressure was
applied.

Western blot analysis of IkB-a phosphorylation
IkB-a phosphorylation activity was assessed with a PhosphoPlusR

IkB-a Antibody kit (New England BioLabs, Beverly, MA, USA).
IEC-18 cells seeded (1 ¥ 106) in flasks were exposured to a pres-
sure of 80 mmHg for 1 and 3 h. Lysates were prepared by 
SDS sample buffer and the supernatants were loaded onto SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) gel. Western
blots were developed on an electrotransfered nitrocellulose mem-
brane using a phospho-I kB-antibody (1 : 1000), followed by incu-
bation with an HRP (horseradish peroxidase)-conjugated
antirabbit secondary antibody (1 : 2000). After the membrane was
washed three times with 15 ml of TBST, incubated with 10 mM 1 ¥
LumiGLO for 1 min at room temperature, the bands were mea-
sured by exposure to X-ray film.

Activation of nuclear factor NFk-B and NF-IL-6
DNA binding activities of NFk-B and NF-IL-6 were determined
by elecrophoretic mobility shift assay (EMSA) using an FITC-

© 2002 Blackwell Science Ltd, Clinical and Experimental Immunology, 129:86–91



88 H. Kishikawa et al.

© 2002 Blackwell Science Ltd, Clinical and Experimental Immunology, 129:86–91

labelled NF-kB oligonucleotide (5¢-AGTTGAGGGGACTTTC
CCAGG-3¢) [16] or a NF-IL-6 oligo-nucleotide (5¢-TGGGTAT
TATGCAATTGGAAG-3¢) as the probe [17]. IEC-18 cells
(1 ¥ 106) were exposed to pressure at 80 mmHg for 1–2 h. NF-kB
oligonucleotide (1 ng) was incubated for 45 min at room tempera-
ture with each of the 20 mg nuclear protein extracts. The samples
were electrophoresed through non-denaturing 5% polyacry-
lamide gels for 1 h. For the competition experiment, an unlabelled
oligonucleotide (50 : 1) was used. The fluorescence intensity was
quantified by a fluorescence laser scanning system equipped with
a computer-assisted image analyser (FluorImager 575; Molecular
Dynamics, Sunnyvale, CA, USA).

Statistical analysis
All results were expressed as means ± s.e.m. Differences among
groups were evaluated by one-way analysis of variance (ANOVA)
and Fisher’s post hoc test. Statistical significance was set at 
P < 0·05.

RESULTS

IL-6 secretion from IEC-18 cells by transmural pressures
Figure 1a shows the effect of transmural pressure on IL-6 
secretion from IEC-18 cells. IL-6 secretion was increased signifi-
cantly to about 2·5–3-fold by a presence of 80 mmHg pressure
compared with controls (0 mmHg) at 12 h and this increase 
continued for 48 h. Pressurization for 24 h increased the IL-6
secretion at 60–80 mmHg (Fig. 1b) significantly. Maximal release
was obtained at 80 mmHg, in which IL-6 secretion reached to 
3·3 times (334 ± 68%, P < 0·05) than the control level. Examina-
tion by light microscopy and the trypan blue exclusion test at 
the end of the experiments showed that the cells were morpho-
logically intact, and detached cells were negligible from 0 to 
120 mmHg.

To determine the involvement of NF-kB in IL-6 secretion, a
7TD1 bioassay was performed under the presence of a NF-kB
decoy. The NF-kB decoy completely reversed the pressure-
induced increase in IL-6 secretion by IEC-18 cells after 80 mmHg
loading for 24 h; however, mutated NF-kB decoy did not affect
IL-6 secretion, as shown in Fig. 2. Figure 3 illustrates the effect 
of transmural pressure on the polarity of IL-6 secretion. In the
control state (0 mmHg), IL-6 secretion was dominant in the baso-
lateral component. Transmural pressure (80 mmHg) significantly
up-regulated IL-6 secretion at 24 h in both the apical and baso-
lateral compartments, although the degree of increase was more
remarkable in the apical compartment, resulting in an increased
apical/basolateral IL-6 ratio.

mRNA expression of IL-6 genes
To assess whether increased IL-6 secretion was paralleled by
increased mRNA levels, the IL-6 mRNA levels were assessed 
by semiquantitative RT-PCR analysis. As determined by the RT-
PCR, IEC-18 cells especially expressed IL-6 mRNA at 508 bp
(Fig. 4). Expression of IL-6 mRNA by IEC-18 cells was increased
6–12 h after exposure to pressure at 80 mmHg compared with that
of non-pressurized cells.

Activation of nuclear factor NF-kB and NF-IL-6
Figure 5 shows an EMSA assay of NF-kB and NF-IL-6 binding
activities after exposure to pressure at 80 mmHg. Nuclear reacts
from control cells contained little activated NF-kB (Fig. 5a, 

left panel, lane 1). An increase in activated NF-kB was evident 1
and 2 h after exposure to a pressure at 80 mmHg (lanes 2 and 
3, respectively), with greater activation at 1 h than 2 h. The 
specificity of NF-kB binding was confirmed with the successful 
competition by cold oligonucleotides (Fig. 5a, right panel). The
activation of NF-IL-6 after pressure loading is shown in Fig. 5b,
left panel. NF-IL-6 activation appeared to increase at 1 h and
increased further at 2 h. The NF-IL-6 binding was also mostly
inhibited by cold oligonucleotides (Fig. 5b, right panel).

Western blot analysis of IkB-a phosphorylation
The IkB-a phosphorylation was determined by Western blot
analysis using a phospho-IkB (Ser32) antibody (Fig. 6). The 
phosphorylation levels induced by pressure at 80 mmHg were 
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Fig. 1. (a) Effect of transmural pressure on IL-6 secretion by IEC-18 cells.
Time-course change of IL-6 secretion after pressurization at 80 mmHg
(control: 0 h). Mean ± s.e.m. of six experiments. #P < 0·05 versus controls.
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significantly higher than those of controls at 1 h and a significant
increase was maintained at 2 h.

DISCUSSION

In this study we have demonstrated a new mechanism that intesti-
nal epithelial cells are able to react to physical stress, such as pres-
sure by the release of biologically active IL-6, that may play a role
in the initial responses of the host to enteric pathogens and bac-
terium [5,18]. It should be noted that IL-6 release was stimulated
only when the pressure ranged from 60 to 80 mmHg. Because
studies in which the intraluminal pressure of the small intestine
was recorded in patients with irritable bowel syndrome showed
that the intraluminal pressure in the jejunum can reach more than
50 mmHg [19], we speculate that IL-6 release could be frequently
induced not only by enteric pathogens, but also in response to
intraluminal pressure of small intestine induced by food or peri-
stalsis. In other words, under physiological condition mechanical
stress may also play a significant role for maintaining mucosal
defence by releasing of immunological mediators. IL-6 secretion
from the intestinal epithelial cells is known to be augmented sig-
nificantly in an inflammatory response, especially in the presence
of TNF-a and IL-1b [20]. Because intestinal epithelial cells also
secrete IL-1 and TNF-a in addition to chemotactic cytokines, the
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question arises as to whether pressure loading regulates IL-6
secretion through IL-1 and TNF-a release. However, in our pre-
liminary study IL-1b and TNF-a were not detected in the cultured
supernatant of intestinal epithelial cells after pressure loading,
suggesting that pressure-induced IL-6 release may be directly due
to the effect of the pressure.

Recently Feving et al. reported that strangulation obstruction
induced experimentally by elevating the pressure around the
ileum caused an increased release of IL-6 in the intestinal venous
blood, but did not cause early changes in plasma levels of endo-
toxin, TNF or IL-1 [8], and that this IL-6 release was not due to
the reduction of arterial blood flow, suggesting that IL-6 could be
released from the intestine immediately in response to critical
illness, including physical stresses. It is suggested that IL-6 may 
be one of the earliest responses following adherence and invasion
of an enteric bacterium, such as Salmonella typhi [18]. IL-6 is 
also known as an important determinant in the protection of

epithelial cells from intracellular multiplication of Listeria mono-
cytogenes [21]. However, analysis of the expression level for IL-6
mRNA in our study showed the relatively later phase of increase
in IL-6 mRNA at 6 h. In osteoblast-like cell line, cyclic mechani-
cal stretch increased the expression of bone growth factors,
TGFb, IGF-1 and bFGF, followed by the later increase in IL-6
mRNA at 16–24 h [1], suggesting the direct effect of mechani-
cal strain on osteoblasts, which may be the driving factors of 
bone growth during destruction. We consider that IL-6 induction
by mechanical stress in intestinal epithelial cells could also be
involved in the remodelling phase of the mucosa in addition to
the acute phase reaction against organisms.

Polarized secretion of IL-6 has been reported in vari-
ous epithelial cells [22,23]. Using rat IEC-6, Mascarenhas et al.
demonstrated that these cells were capable of secreting IL-6 pref-
erentially to the basal surface when stimulated basally with IL-
1b, but TNF-a resulted in a equal level of IL-6 secretion to the
apical and basal surfaces [. 24]. In general, secreted proteins that
are not specifically targeted to the apical surfaces of polarized
epithelial cells appear to be secreted predominantly at the baso-
lateral surfaces of those cells [25]. Our present results demon-
strated that the transmural pressure up-regulated IL-6 secretion
in both the apical and basolateral component with preferential
increase in the apical compartment, suggesting that the entero-
cyte production of IL-6 is regulated differentially at the apical 
and basolateral membranes depending upon different kinds of
stimulation.

Our present results revealed that activation of transcription
factors, NF-kB and NF-IL-6 occurs in intestinal epithelial cells
after transmural pressure loading. The NF-kB or NF-IL-6 
transcription factor plays an important role in the regulation of
transcription of several interleukins and adhesion molecules. For
example, transcriptional activation of the IL-6 and IL-8 genes is
controlled by both kB and NF-IL-6 enhancer elements [9]. DNA
binding of NFkB is known to be induced by LPS or TNF-a, and
in the case of NF-IL-6 its mRNA expression is induced directly
by LPS or TNF-a stimulation [26]. Parikh et al. demonstrated that
IL-1b-induced IL-6 production by the Caco-2 cells was associated

(a)

(b)

Fig. 5. EMSA assay of NF-kB and NF-IL-6 activation after exposure to
pressure in IEC-18 cells. (a) NF-kB DNA binding activity as determined
by elecrophoretic mobility shift assay (EMSA) using a FITC-labelled 
consensus NF-kB oligonucleotide as a probe. Left: control IEC-18 cells
extracts (lane 1), and 1 and 2 h after exposure to a pressure of 80 mmHg
(lanes 2 and 3). Right: the specificity of NF-kB binding was confirmed with
the competition by cold oligonucleotides. (b) EMSA assay of NF-IL-6
DNA binding activity after exposure to pressure in IEC-18 cells. Left:
control IEC-18 cells extracts (lane 1), and 1 and 2 h after the exposure of
pressure at 80 mmHg (lanes 2 and 3). Right: the specificity of NF-IL-6
binding was confirmed by cold oligonucleotides.

Fig. 6. Western blot analysis of IkB-a phosphorylation. The IkB-a phos-
phorylation was determined by Western blot analysis using a phospho-IkB
(Ser32) antibody. The loading of transmural pressure at 80 mmHg induced
increases in phosphorylation of IkB-a after 1 and 2 h compared with 
controls (0 h).
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with the activation of NF-kB as determined by EMSA and that
the inhibition of IL-6 production by the NF-kB inhibitors indi-
cates that the IL-6 production is regulated by NF-kB [27]. In this
study we demonstrated that pressure-induced IL-6 production is
also mediated by activation of NFkB by inhibition with sequence-
specific DNA-binding proteins. The NF-kB decoy competes for
protein binding with the authentic binding elements, interfering
with gene regulation, without affecting the production of the
target protein [15, 28]. We also demonstrated that there was a
pressure-induced phosphorylation of IkappaB, which may be 
followed by activation of NF-kB with degradation of IkappaBs.
Although further investigations are required to compare the
cytokine-induced and pressure-induced intracellular signals,
similar pathways involving NF-kB activation may be important
for IL-6 secretion in intestinal epithelial cells. In this study we
have presented evidence that intestinal epithelial cells produce
significant levels of IL-6 in response to mechanical pressure,
although their exact physiological and pathophsyiological roles in
intestinal immune response remain to be elucidated.
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