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Abstract
AIM: To examine the pathway related to the IL-1β-
induced activation of mitogen-activated protein (MAP) 
kinases in cat esophageal smooth muscle cells.

METHODS: Culture of the esophageal smooth muscle 
cells from cat was prepared. Specific inhibitors were 
treated before applying the IL-1β. Western blot analysis 
was performed to detect the expressions of COX, iNOS 
and MAP kinases.

RESULTS: In the primary cultured cells, although IL-1β 
failed to upregulate the COX and iNOS levels, the levels 
of the phosphorylated forms of p44/42 MAP kinase and 
p38 MAP kinase increased in both concentration- and 
time-dependent manner, of which the level of activation 
reached a maximum within 3 and 18 h, respectively. 
The pertussis toxin reduced the level of p44/42 MAP 
kinase phosphorylation. Tyrphostin 51 and genistein also 
inhibited this activation. Neomycin decreased the density 
of the p44/42 MAP kinase band to the basal level. 
Phosphokinase C (PKC) was found to play a mediating 
role in the IL-1β-induced p44/42 MAP kinase activity. 
In contrast, the activation of p38 MAP kinase was 
inhibited only by a pretreatment with forskolin, and was 
unaffected by the other compounds. 

CONCLUSION: Based on these results, IL-1β-induced 
p44/42 MAP kinase activation is mediated by the Gi 
protein, tyrosine kinase, phospholipase C (PLC) and 
PKC. The pathway for p38 MAP kinase phosphorylation 
is different from that of p44/42 MAP kinase, suggesting 
that it plays a different role in the cellular response to IL-
1β.

© 2006 The WJG Press. All rights reserved.
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INTRODUCTION
Esophageal reflux is a common condition that affects 
both children and adults. If  left untreated, it can result 
in chronic esophagitis, aspiration pneumonia, esophageal 
strictures and Barrett’s esophagus, which is a premalignant 
condition[1]. Reflux esophagitis (RE) is a multifactorial 
disease that may depend on the relaxation of  the transient 
lower esophageal sphincter (LES), the speed of  esophageal 
clearance, the mucosal resistance and other factors, and is 
often associated with the LES pressure[2]. Cytokines exhibit 
potent chemotactic activity toward different populations 
of  leukocytes, and are essentially involved in the induction 
of  acute and chronic inflammatory reactions[3,4]. The 
selective infiltration of  various leukocyte subsets into the 
esophagus indicates the participation of  chemokines in the 
immune and inflammatory processes of  RE.

Interleukin-1 (IL-1) has several biological effects on 
many cell types, and plays a key role in regulating the 
inflammatory reaction[5]. The IL-1 family is an important 
part of  the innate immune system, which regulates 
functions of  the adaptive immune system. In the presence 
of  excess IL-1, inflammatory and autoimmune diseases 
can develop in many organs, including the joints, lungs, 
gastrointestinal track, central nervous system, or blood 
vessels. Stimulation of  the cells by IL-1 initiates the 
transcription of  many pro-inflammatory genes, including 
IL-6 and IL-8. The levels of  the inflammatory genes are 
higher in the esophageal mucosa of  those patients with 
RE[6]. IL-1 has its own identical biological functions and 
it is induced by gastric ulceration in rats[7,8]. Increased 
mucosal levels of  IL-1 are constantly observed during 
acute and chronic intestinal inflammation in human 
beings[9,10] and animals[11,12]. The immunoneutralization 
of  the IL-1 activity has been reported to greatly reduce 
the severity of  colitis in a murine model of  the disease, 
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suggesting that this cytokine plays an important role in 
initiating inflammation[12]. The IL-1 mRNA and protein 
were strongly expressed in the gastric mucosa of  gastritis 
and ulcer patients[13,14]. Therefore, it is suggested that the 
pro-inflammatory effects of  IL-1 are due to the induction 
of  COX-2 gene expression in many tissues, including 
mucous[14]. However, there are few reports about the effect 
on the smooth muscle.

In mammalian cells, there have been at least three 
different subfamilies of  mitogen-activated protein (MAP) 
kinases reported. They include the extracellular signal-
regulated kinases (ERKs, p44/42 MAP kinase), c-Jun 
N-terminal kinase (JNK), and p38. These kinases are 
activated by distinct upstream MAP kinases (MEKs), 
which phosphorylate the residues within a tripeptide 
motif  (Thr-X-Tyr) on the MAP. Once activated, MAP 
kinases, in turn, phosphorylate a variety of  intracellular 
substrates, including certain transcription factors[15]. IL-1β 
is known to activate all three MAP kinase subfamilies in 
human airway smooth muscle cells. IL-1β stimulation 
has been associated with several MAP kinases cascades 
involved in the transmission of  a signal from the cell 
surface to the nucleus. Although these pathways have not 
been demonstrated to be involved in the IL-1β-mediated 
effects on the esophageal smooth muscle, p38 and ERK 
have been shown to contribute to such effects in human[16] 
or canine airway[17] or myometrial[18] smooth muscle. 
Therefore, in this study, we examined the mechanism 
associated with IL-1β-induced MAP kinases activation in 
cat esophageal smooth muscle cells.

MATERIALS AND METHODS
Materials
Fetal bovine serum (FBS) was purchased from Biofluids 
(Rockville, MD, USA). Dulbecco’s modified Eagle’
s medium (DMEM), antibiotic-antimycotic (penicillin, 
streptomycin, amphotericin B), and trypsin-EDTA were 
obtained from Invitrogen (Grand Island, NY, USA). 
Phospho-p44/p42 monoclonal MAP kinase antibody, 
phospho-SAPK/JNK monoclonal antibody, phospho-p38 
monoclonal MAP kinase antibody, p44/42 MAP kinase 
antibody, SAPK/JNK antibody and p38 MAP kinase 
antibody were acquired from Cell Signaling (Beverly, MA, 
USA). Goat anti-mouse IgG-HRP was purchased from 
Santa Cruz Biotechnology (Santa Cruz, CA, USA). The 
rainbow prestained molecular weight marker was obtained 
from Amersham (Arlington Heights, IL, USA). The 
enhanced chemiluminescence agents were purchased from 
PerkinElmer Life Sciences (Boston, MA, USA). Sodium 
dodecyl sulfate (SDS) sample buffer was acquired from 
Owl Scientific, Inc. (Woburn, MA, USA). Nitrocellulose 
membrane, Tris/glycine/SDS buffer and Tris/glycine 
buffer were purchased from BioRad (Richmond, CA, 
USA). Phosphate-buffered saline (PBS) was acquired from 
Boehringer Mannheim (Indianapolis, IN, USA). The PD 
98059 and SB202190 were obtained from Calbiochem 
(La Jolla, CA, USA). The GF 109203X was purchased 
from Tocris (Ellisville, MO, USA). RestoreTM Western Blot 
Stripping Buffer was obtained from Pierce (Rockford, 
IL, USA). Horseradish peroxidase-conjugated goat anti-

rabbit antibody, phorbol-12-myristate-13-acetate (PMA), 
genistein, tyrphostin 51 and other reagents were purchased 
from Sigma Chemical Co. (St. Louis, MO, USA).

Preparation of feline esophageal smooth muscle tissue 
and cell culture
Adult cats of  either gender, weighing between 2.5 and 
3.5 kg, were used in this study. The cats were anesthetized 
with ketamine (50 mg/mL per kg) and the abdomen was 
then opened with a midline incision. The esophagus and 
stomach were excised together, cleaned and maintained in 
Krebs buffer with the following composition (mmol/L): 
NaCl 116.6, NaHCO3 21.9, NaH2PO4 1.2, KCl 3.4, 
CaCl2 2.5, glucose 5.4 and MgCl2 1.2. The esophagus and 
stomach were opened along the lesser curvature. The 
location of  the squamocolumnar junction was identified 
and the mucosa was peeled off. The high-pressure zone 
was identified by a visible thickening of  the circular 
muscle layer in conjunction with the squamocolumnar 
junction and immediately proximal to the sling fibers of  
the stomach. It has been shown that a 5- to 8-mm band 
of  tissue coinciding with the thickened area constitutes the 
LES, and has distinct in vivo characteristics in an organ bath 
or as single cells after enzymatic digestion[19,20].

After opening the esophagus and stomach and 
identifying the LES, the mucosa and submucosal 
connective tissues were removed via a sharp dissection. 
The LES was excised and a 3- to 5-mm wide strip at the 
junction of  the LES and esophagus was discarded in order 
to avoid potential overlap. The circular muscle layer from 
the esophagus was cut into 0.5-mm-thick slices using a 
Stadie Riggs tissue slicer (Tomas Scientific Apparatus, 
Philadelphia, PA, USA). The last slices containing the 
myenteric plexus, the longitudinal muscle and the serosa 
were discarded, and the remaining slices were then cut into 
2 mm × 2 mm tissue squares by hand.

The sl iced t issue was then placed into DMEM 
supplemented with 500 mL/L FBS containing 100 U/mL 
penicillin, 0.1 mg/mL streptomycin, and 0.25 μg/mL 
amphotericin B and incubated at 37 ℃ in a humidified 
atmosphere containing 50 mL/L CO2 and 950 mL/L air. 
On the following day, fresh DMEM containing 1 0  0    mL/L 
FBS was added. Ten days later, the tissue explants were 
removed and the medium was exchanged with fresh 
DMEM containing 100 mL/L FBS. After the cells reached 
confluence, the cells were detached with 10 g/L trypsin-
EDTA in HBSS with sodium bicarbonate. The cells were 
then counted, seeded at 1×106 cells/mL on 100-mm 
culture dishes, and maintained in DMEM containing 
100 mL/L FBS. The medium was changed every 48 h 
until the cells reached confluence. The experiments were 
performed on the cells of  passage 2.

In order to characterize the isolated and cultured 
esophageal smooth muscle cells as well as to exclude 
contamination by epithelial cells and fibroblasts, the cells 
were identified using an indirect immunofluorescent 
staining method with a monoclonal antibody of  a light 
chain myosin[21]. More than 95% of  the cell preparation 
was found to be composed of  smooth muscle cells.

Preparation of cell extracts and Western blot analysis
For the animal esophagitis model, esophageal smooth 
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musc le t i s sue squares were homog en ized in an 
homogenizing buffer containing 20 mmol/L Tris 
(hydroxymethyl) aminomethane (Tris), 160 mmol/L 
HCl (pH 7.5), 0.5 mmol/L EGTA, 0.5 mmol/L EDTA, 
10 μg/mL leupeptin, 10 μg/mL aprotinin, 10 mmol/L 
β-mercaptoethanol and centrifuged at 14 000 g for 15 
min at 4 °C. The supernatants were used as the whole cell 
extract.

For the IL-1β treatment experiments, the cells were 
plated in six-well culture plates and made quiescent at 
confluence by incubating them in serum-free DMEM for 
24 h. The growth-arrested esophageal smooth muscle cells 
were incubated with or without IL-1β at 37 °C at various 
times. When the inhibitors were used, they were added 1 
h before applying the IL-1β according to the inhibitors, 
with the exception that the cells were pretreated with the 
pertussis toxin 24 h prior to IL-1β. After incubation, the 
cells were rapidly washed with ice-cold PBS and lysed for 
5 min in an ice-cold lysis buffer containing 25 mmol/L 
Tris-HCl (pH 7.4), 25 mmol/L NaCl, 25 mmol/L NaF, 
25 mmol/L sodium pyrophosphate, 1 mmol/L sodium 
vanadate, 2.5 mmol/L EDTA, 2.5 mmol/L EGTA, 
0.5 g/L Triton X-100, 5 g/L SDS, 0.5 g/L deoxycholate, 
0.5 g/L NP-40, 5 μg/mL leupeptin, 5 μg/mL aprotinin, 
and 1 mmol/L PMSF. After incubation, the lysates were 
scrapped and collected by centrifugation at 45 000 g for 1 h 
at 4 °C to yield the whole cell extract.

Equal amounts of  the protein from each sample were 
resolved on a SDS-polyacrylamide gel by electrophoresis. 
Prestained molecular mass markers were also run in 
an adjacent lane to determine the molecular mass. 
The separated proteins were transferred to a 0.45-μm 
nitrocellulose membrane in 25 mmol/L Tris (pH 8.3), 
192 mmol/L glycine, and 100 mL/L methanol using a 
power supply (Power Pac 1000, BioRad, Melville, NY, 
USA). The membranes were incubated in a PBS buffer 
containing 50 g/L non-fat dry milk for 1 h at room 
temperature in order to block the nonspecific binding. 
After washing thrice with PBS, the blots were incubated 

with the primary antibodies in a PBS solution containing 1 
g/L BSA at 4 °C overnight. The membranes were washed 
using PBS containing 0.5 g/L Tween 20 and then incubated 
with the horseradish peroxidase-conjugated secondary 
antibody (1:1 000 dilution) for 1 h. The immunoreactive 
bands were visualized by enhanced chemiluminescence 
(ECL; Amersham). The total MAP kinase expression level 
was determined by subsequently stripping the same blot 
with a stripping buffer and reproving the blot with p44/42 
MAP kinase antibodies. Developed films from ECL were 
scanned and analyzed densitometrically using Scion Image. 

Protein determination
The protein concentration of  the supernatant in each 
reaction vial was measured spectrophotometrically at 
a wavelength of  595 nm using a BioRad assay (BioRad 
Chemical Division, Richmond, CA, USA). 

Statistical analysis
The data were expressed as mean ± SE of  three separate 
experiments, and the statistical differences between means 
were determined by using Student’s t test. A P < 0.05 was 
considered statistically significant.

RESULTS
The treatment of  the esophageal smooth muscle cells 
(ESMC) with IL-1β did not increase the COX-2 expression 
level (Figure 1). In other cell types such as canine tracheal 
smooth muscle cells[22], human gastric cancer cells[23], and 
human myometrial smooth muscle cells[18], it has been 
reported that IL-1β exerts its biological effects partly by 
inducing COX-2 expression. However, the cells treated 
with IL-1β at a concentration of  0.5-50 ng/mL for 18 h 
did not show an increased COX-1 and COX-2 expression 
levels (Figure 1A). In addition, when treated with 
25 ng/mL IL-1β for 15 min to 24 h, the COX expression 
level in the cat ESMC was not altered (Figure 1B). These 
results corresponded to previous results showing that an 
experimentally induced rat esophagitis did not cause an 
increase in the COX-2 level, suggesting that COX-2 might 
not mediate esophagitis (unpublished data). 

It is also known that IL-1β mediates inflammation, at 
least in part, by inducing the expression of  inducible nitric 
oxide synthase (iNOS)[7], with the concomitant enhanced 
synthesis of  NO, which is a critical effector molecule, in 
rat pulmonary artery smooth muscle cells. The cat ESMCs 
were treated with IL-1β (25 ng/mL) for 18 h and the iNOS 
level was determined by using Western blotting analysis 
(Figures 1C and 1D). This treatment did not increase the 
iNOS expression level, suggesting that iNOS, like COX-2, 
might not be a mediator of  the cellular response to IL-1β 
in ESMC.

Although there was no change in the COX and iNOS 
levels, which is similar to other reports, IL-1β activated 
p44/42 MAP kinase with increasing concentration 
(Figure 2). After a treatment with 0.5-50 ng/mL IL-
1β for 3 h, p44/42 MAP kinase was phosphorylated 
at concentrations above 10 ng/mL. Densitometric 
assessments demonstrated that the exposure of  ESMCs to 
25 ng/mL IL-1β for 3 h significantly increased the level of  

COX 1

COX 2

IL-1β, ng/mL     0         0.5       1        2.5        5           10      25         50

A

COX 1

COX 2

IL-1β, h      0       0.25     0.5      1       3         6        12      18      24

B

C
IL-1β, ng/mL   0        0.5         1        2.5         5         10        25         50

iNOS

D
IL-1β, h      0       0.25     0.5     1         3        6       12      18        24

iNOS

Figure 1 No increase of COX and iNOS expression levels by IL-1β. (A) The 
cultured cat ESMCs were treated with IL-1β for 18 h at each dose scale. The 
COX-1 and COX-2 expression levels were not altered by IL-1β at concentrations 
up to 50 ng/mL. (B) The IL-1β (25 ng/mL) treatment also failed to elevate the level 
after 24 h. (C) iNOS expression was unaffected by IL-1β.
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activation of  p44/42 MAP kinase by 2.9 ± 0.1 times over 
the level of  control samples (Figure 2A). Furthermore, 
IL-1β (25 ng/mL) produced a time-dependent increase 
in p44/42 MAP kinase phosphorylation (Figure 2B). The 
effect of  IL-1β on p44/42 MAP kinase was observed 
within 30 min. The maximum increase (2.6 ± 0.1-fold 
increase over the control) in this response was observed 
within 3 h, and a gradual decrease to the basal level 
within 18 h was observed. Based on the concentration-
response and time-course data, the ESMCs were exposed 
to IL-1β at a final concentration of  25 ng/mL for 3 h 
in later experiments, aiming at identifying the signaling 
pathway of  p44/42 MAP kinase activation. Similarly, p38 
MAP kinases were activated by IL-1β in the cat ESMCs. 
As shown in Figure 2A, an 18-h IL-1β treatment caused 
phosphorylation of  p38 MAP kinase in a concentration-
dependent manner. A clear increase (1.9 ± 0.1-fold) was 
observed at concentrations above 10 ng/mL IL-1β. The 
time course of  p38 MAP kinase phosphorylation indicated 
that the IL-1β increased the activity within 12 h, which was 
maintained up to 24 h (1.5 ± 0.04-fold increase over the 
control). Therefore, even though IL-1β activated p38 MAP 
kinase as well as p44/42 MAP kinase, a difference in the 
activated time of  the two MAP kinases was also observed. 
This suggests that IL-1β can evoke these cellular responses 
via at least two pathways, involving p38 MAP kinase and 
p44/42 MAP kinase, in the cat ESMCs. 

In order to determine if  the effects of  IL-1β on 
p44/42 and p38 MAP kinases were mediated through the 
activation of  a receptor coupled to the pertussis toxin 
(PTX)-sensitive G protein, the ESMCs were pretreated 
with 100 ng/mL PTX for 24 h, followed by stimulation 
with IL-1β for 3 and 18 h, respectively (Figure 3A). 
Previous studies showed that various types of  G proteins, 
such as Gs, Gq, Go and Gi1-3, could be detected in the 
cat ESMCs[24]. As shown in Figure 3A, pretreatment of  
these cells with PTX caused a slight attenuation of  p44/42 
phosphorylation, indicating that IL-1β exerts its effects 
through the receptor-coupled Gi protein. However, p38 
MAP kinase phosphorylation was maintained without 
being mediated by the Gi protein. In order to determine 
the involvement of  adenylate cyclase (AC) in the activation 

of  MAP kinases, the cells were pretreated with forskolin 
24 h before IL-1β in order to activate the AC (Figure 2A). 
AC had little effect on p44/42 MAP kinase activation, but 
was found to decrease the phosphorylated forms of  p38 
MAP kinase. Therefore, it is believed that IL-1β-induced 
p38 MAP kinase activation is negatively regulated by 
cAMP. 

Recently, it has been proposed that IL-1β causes 
the activation of  tyrosine kinase and regulates protein 
tyrosine phosphorylation[22]. There are two classic tyrosine 
kinases, namely, receptor and nonreceptor tyrosine 
kinase. The receptor tyrosine kinases are actually the 
growth factor receptors located in the inner side of  the 
cytoplasmic membrane and undergo dimerization and 
autophosphorylation upon activation. In this study, we 
examined the possibility that the observed increase in 
the level of  MAP kinases phosphorylation after an IL-1β 
treatment might be mediated by tyrosine kinase (Figure 
3B). Therefore, the cells were pretreated with genistein for 
1 h prior to adding IL-1β. This resulted in a decrease in 
IL-1β-induced p44/42 MAP kinase activation. In addition, 
tyrphostin 51, which is a member of  the genistein family 
of  tyrosine kinase inhibitors and is specific to the receptor 
tyrosine kinase, significantly decreased the level of  p44/42 
MAP kinase phosphorylation, suggesting that tyrosine 
kinase might participate in these responses to IL-1β.

The involvement of  phospholipase in the IL-1β-
induced p44/42 MAP kinase activation was examined 
using a phospholipase C (PLC) inhibitor (neomycin), a 
PLA2 inhibitor (DEDA), and a PLD inhibitor (ρCMB). 
As shown in Figure 4A, pretreatment of  the ESMCs with 
neomycin attenuated the p44/42 MAP kinase activation. 
DEDA also slightly decreased the band density, but could 
not reach statistical significance. In addition, pretreatment 
of  the ESMCs with ρCMB did not decrease the level 
of  p44/42 MAP kinase activation induced by IL-1β, 
suggesting that IL-1β-stimulated p44/42 activation in 
ESMC might be mediated via the activation of  PLC. 
In this study, we therefore investigated whether or not 

Phospho-p44/42

Phospho-p38

IL-1β, ng/mL       0        0.5        1       2.5       5       10       25       50

A

B
Phospho-p44/42

Phospho-p38

IL-1β, h        0     0.25    0.5       1       3        6      12       18      24

Figure 2  Concentration- and time-dependent activation of MAP kinases after IL-
1β treatment. (A) To obtain dose-dependent course of p44/42 MAP kinase and p38 
MAP kinase, the cat ESMCs were treated with IL-1β for 3 and 18 h, respectively. 
The levels of p44/42 MAP kinase and p38 MAP kinase phosphorylation were 
increased above a dose of 10 ng/mL, which was maintained up to 50 ng/mL. (B) 
After treatment the cells with IL-1β (25 ng/mL), the level of p44/42 MAP kinase 
phosphorylation reached a maximum within 3 h with a subsequent decrease to 
the basal level (upper panel). The phosphorylated forms of p38 MAP kinase were 
increased within 12 h, which were sustained to 24 h.

A
Phospho-p44/42

Phospho-p38

Control                -                Forskolin              FTX

IL-1β

B
Phospho-p44/42

Phospho-p38

Control                -               Tyrphostin        Genistein

IL-1β

Figure 3  Relation of Gi protein and tyrosine kinase with activation of p44/42 MAP 
kinase, and negative regulation of p38 MAP kinase by adenylate cyclase. (A) 
Pretreatment with the pertussis toxin (100 ng/mL, 24 h) decreased the density of 
phosphorylated p44/42 MAP kinase only. On the other hand, forskolin (10 μmol/L) 
attenuated p38 MAP kinase phosphorylation by IL-1β. (B) The receptor tyrosine 
kinase inhibitor, tyrphostin 51 (30 μmol/L), markedly reduced the IL-1β-induced 
phosphorylation of p44/42 MAP kinase. The activation of p38 MAP kinase was 
unrelated to the tyrosine kinases.
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phosphokinase C (PKC) activation enhanced the p44/42 
MAP kinase levels. The ESMCs were pretreated with the 
PKC inhibitor, GF109203X and chelerythrine (Figure 
4B), which reduced the level of  p44/42 MAP kinase 
phosphorylation induced by IL-1β. It was assumed that 
there was no relationship between p38 MAP kinase 
phosphorylation and the phospholipases (Figure 4A). As 
the pretreatment with the phospholipase inhibitors had no 
effect on phospho-p38 MAP kinase band density, the PKC 
inhibitors did not decrease the level of  activation by IL-1β 
(Figure 4B). Overall, IL-1β might activate p38 MAP kinase 
in cat ESMCs via a pathway other than the phospholipase- 
and PKC-associated pathway.

The relationship between the activation of  the two 
MAP kinases was identified after treating the ESMCs 
with either 10 μmol/L PD98059 (a synthetic inhibitor 
of  MEK1/2 activation) or 30 μmol/L SB202190 (a p38 
MAP kinase inhibitor) for 1 h (Figure 5A). PD98059 
resulted in inhibition of  the IL-1β-induced p44/42 MAP 
kinase activation. However, SB202190 had little effect, 
indicating that p44/42 MAP kinase activation in ESMCs 
was mediated by the upstream kinase MEK, which was 
not affected by p38 MAP kinase. SB202190 markedly 
decreased the level of  p38 MAP kinase phosphorylation 
to almost the basal control level, whereas PD98059 had 
little effects on this activation. This means that the IL-
1β-induced p38 MAP kinase and p44/42 MAP kinase 
activation might be accomplished by independent 
pathways.

Although IL-1β did not enhance the COX-2 and iNOS 
expression levels, the participation of  COX and NOS 
in the activation of  p44/42 MAP kinase by IL-1β is still 
unclear. Therefore, the cells were treated with a COX 
inhibitor, indomethacin, and a NOS inhibitor, L-NAME, 
for 1 h before IL-1β stimulation in order to determine 
whether COX and NOS play a role in the activation (Figure 
5B). The increase in the phosphorylated forms of  MAP 
kinases was maintained even with the pretreatment of  
inhibitors. This suggested that COX and NOS played no 
role in IL-1β-induced MAP kinases activation.

DISCUSSION
It is evident that the proinflammatory cytokines and 
chemokines play an important role in the pathogenesis 
of  various inf lammatory conditions[3,4,25]. Recently, 
it was reported that there was a significantly higher 
expression level of  IL-8 mRNA in biopsy specimens 
obtained from RE patients than that from non-inflamed 
samples, which was determined by competitive reverse 
transcriptase polymerase chain reaction[26]. Furthermore, 
in addition to IL-8, the MCP-1 and RANTES levels were 
also significantly higher in esophagitis patients. In that 
report, although there were no significant differences 
in the mucosal IL-1β levels between the RE samples 
and the control group, the tissue IL-1β levels correlated 
significantly with the level of  IL-8 production[6]. Cytokines, 
such as IL-1β and TNF-α, act locally and systemically 
to recruit and activate the target cells that can produce 
additional cytokines. IL-1 induces the gene expression of  
neutrophils and monocyte chemotactic cytokines, such as 
IL-8, IL-9, and macrophage inflammatory proteins that in 
turn stimulate migration and degranulation of  neutrophils 
in vivo[27]. The surgically induced esophagitis rats resulted in 
an approximately two-fold increase in the level of  TNF-α 
and IL-1β production[28]. 

Previous studies demonstrated that COX-2 and iNOS 
were the effectors of  the IL-1β-induced cellular responses, 
products of  which were PGE2 and NO, respectively. In 
our previous study, although iNOS expression and nitrite 
levels in the tissue were higher after inducing esophagitis in 
rats (unpublished data), the COX-2 level was unaffected by 
each IL-1β concentration ranged from 0.5 to 50 ng/mL. In 
addition, the IL-1β treatment by 24 h failed to increase the 
iNOS concentration in the cultured cat ESMCs. Therefore, 
IL-1β did not play a direct role in the inflammatory process 
in the esophagus, suggesting that IL-1β might be related 
to the induction of  other cytokines, which would be an 
immediate cause of  the inflammatory cellular response, 
such as COX-2 and iNOS, in cat ESMC. 

Phospho-p44/42

Phospho-p38

A

Control         -           Neomycin      DEDA       ρCMB

IL-1β

B
Phospho-p44/42

Phospho-p38

Control                 -          Chelerythrine     GF109203X
IL-1β

Figure 4  IL-1β-induced activation of p44/42 MAP kinase is mediated by PLC 
and PKC. (A) Neomycin (10 μmol/L, 1 h) decreased the phosphorylated forms of 
p44/42 MAP kinase. DEDA (10 μmol/L, 1 h) and ρCMB (10 μmol/L, 1 h) had no 
effect on the IL-1β-induced activation of p44/42 MAP kinase. (B) PKC inhibitors 
chelerythrine (10 μmol/L, 1 h) and GF109203X (10 μmol/L, 1 h) decreased the 
active form of p44/42 MAP kinase. All the phospholipase inhibitors and PKC 
inhibitors failed to regulate the activation of p38 MAP kinase by IL-1β.
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Figure 5  MAP kinase activation by IL-1β was not affected by other kind of MAP 
kinase, COX and iNOS. (A) MEK inhibitor PD98059 (10 μmol/L, 1 h) reduced the 
level of p44/42 MAP kinase phosphorylation by IL-1β. SB202190 (30 μmol/L, 1 
h), p38 MAP kinase inhibitor, had no effect on the p44/42 MAPK phosphorylation, 
which blocked p38 MAP kinase activation. (B) Indomethacin (10 μmol/L) and 
L-NAME (10 μmol/L) had no effect on the activations of p44/42 MAP kinase and 
p38 MAP kinase by IL-1β.
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IL-1β plays its own role in the cellular signaling 
components in the cat ESMC. The MAP kinase pathway 
has been suggested to be a mechanism by which various 
signals are transduced from the cell surface to the nucleus 
in response to a variety of  different stimuli. These 
proteins participate in several intracellular processes by 
further inducing the level of  phosphorylation of  various 
intracellular substrates, such as other protein kinases and 
transcription factors. This signaling mechanism is believed 
to control a wide spectrum of  cellular physiological 
and pathophysiological processes including cell growth, 
differentiation, and the stress response[29]. The treatment 
of  the ESMC with > 10 ng/mL IL-1β resulted in the 
activation of  p44/42 MAP kinase, which was generated 
by 30 min and reached a maximum within 3 h, with a 
subsequent decrease. A similar pattern was observed 
with p38 phosphorylation, which was also concentration-
dependent above 10 ng/mL. This increase was observed 
after 12 h, suggesting that p44/42 MAP kinase might 
participate in the early phase response to IL-1β, and p38 
MAP kinase might be a mediator of  the late phase IL-1β 
effects. 

In order to determine whether IL-1β interacts with 
the G proteins, the requirement of  the G protein was 
evaluated using ESMC pretreated with the pertussis 
toxin (PTX). PTX has been shown to inhibit the 
intrinsic GTPase activity of  the Gα subunit by the ADP-
ribosylation of  specific residues. A previous report 
demonstrated that Gq, G11, Gi1, Gi2, and Gi3 were 
present in the esophagus and LES[24]. In this study, the IL-
1β-induced activation of  p44/42 MAP kinase was affected 
by the PTX pretreatment, suggesting the involvement of  
a PTX-sensitive G protein in these processes. However, 
PTX had little effect on the IL-1β-induced activation of  
p38 MAP kinase. This inhibitory effect of  the toxin might 
result from the increases in the cyclic AMP (cAMP) level 
via the abrogation of  the Gi protein in ESMC. A previous 
report demonstrated that IL-1β activated AC in vascular 
smooth muscle via COX-2[30]. Therefore, a cAMP elevating 
agent, forskolin, was used to activate adenylate cyclase 
in order to evaluate its role in IL-1β-induced responses. 
Forskolin failed to attenuate the IL-1β-induced p44/42 
MAP kinase activation, excluding the involvement of  
elevated cAMP. In contrast, the cAMP concentration 
affected the level of  p38 MAP kinase phosphorylation, 
suggesting that the delayed activation of  p38 MAP kinase 
is due to the elevation of  cAMP by IL-1β. 

It is well known that IL-1β triggers the activation of  
PI-PLC and PC-PLC in U937 cells and tracheal smooth 
muscle cells to generate DAG and IP3

[31,32]. DAG and IP3 
activate PKC and release Ca2+ from the intracellular stores, 
respectively, and may play an important role in regulating 
the cellular functions in several cell types[33]. PKC is a 
major component in the kinase cascade that is initiated by 
ligand attachment to both the G protein-coupled receptors 
and the receptors possessing intrinsic tyrosine kinase 
activity. Different PKC isozymes appeared to mediate the 
LES tone as well as the phasic contraction of  the ESMC[34]. 
In order to confirm the participation of  phospholipase 
in the IL-1β-induced activation of  MAP kinases, the cells 
were pretreated with inhibitors of  each phospholipase. 

Neomycin markedly decreased the activity of  p44/42 MAP 
kinase, but failed to reduce the activity of  p38 MAP kinase. 
Therefore, p44/42 MAP kinase and p38 MAP kinase are 
on a different IL-1β signaling pathway at least downstream 
from the receptors. The regulatory mechanisms involved in 
IL-1β-induced MAP kinase activation by PKC were further 
investigated. These results showed that pretreatment with 
the PKC inhibitors attenuated the IL-1β-induced p44/42 
MAP kinase activation in the ESMC. These results were 
consistent with those showing that cytokine activated the 
PLC-coupling signaling pathways in the human histiocytic 
lymphoma cell line, U937[31]. Despite the relationship 
between p44/42 MAP kinase activation by IL-1β and PKC, 
the PKC inhibitors did not exert any inhibitory effects on 
p38 MAP kinase activation. 

The implication of  a tyrosine kinase in the activation 
MAP kinases by IL-1β was investigated using tyrosine 
kinase inhibitors, genistein and tyrphostin 51. Genistein 
and tyrphost in 51 inhibi ted p44/42 MAP kinase 
phosphorylation, indicating the involvement of  tyrosine 
kinase in this response. In contrast, these inhibitors did not 
block the phosphorylation of  p38 MAP kinase by IL-1β. 

The activation of  p44/42 MAP kinase requires both 
tyrosine and threonine phosphorylation as a result of  
the dual specificity MEK1/2. PD98059, a synthetic and 
highly specific MEK1/2 inhibitor, has been shown to 
inhibit p44/42 MAP kinase activation by several stimuli[35]. 
In this study, a PD98059 pretreatment attenuated the 
p44/42 MAP kinase activation, leaving p38 MAP kinase 
phosphorylated. In addition, IL-1β has been shown to 
phosphorylate p38 MAP kinase, which appears to be 
distinct from p44/42 MAP kinase in several cell types[36,37]. 
SB202190 inhibited the IL-1β-induced p38 MAP kinase 
activation, but did not show any inhibitory effect on 
p44/42 MAP kinase activation. Overall, the activation 
of  p44/42 MAP kinase and p38 MAP kinase appears to 
involve independent pathways. 

The absence of  a role of  COX and iNOS in these 
pathways was confirmed by their respective inhibitors, 
indomethacin and L-NAME. Indomethacin plays a role 
in preventing COX-2 from producing prostaglandin, 
and L-NAME blocks NO synthesis by NOS. The IL-1β-
induced activity of  p44/42 MAP kinase and p38 MAP 
kinase remained unchanged even after the indomethacin 
and L-NAME treatment, thereby excluding the role of  
prostaglandin and NO in this responses. 

In conclusion, IL-1β, which is believed to act as a pro-
inflammatory mediator by evoking other cytokines in the 
esophagitis, can induce p44/42 MAP kinase and p38 MAP 
kinase activation. The pathway related to p44/42 MAP 
kinase is composed of  a PTX-sensitive G protein, tyrosine 
kinase, PLC and PKC. These components are believed to 
play a role in the early cellular responses via IL-1β-induced 
p44/42 activation, but have little effect on p38 MAP kinase 
phosphorylation, which is generated later and is regulated 
negatively by cAMP.
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