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Original article 

Mitogen-activated protein kinase (MAPK) regulates 

leukotriene D4-induced HB-EGF and ADAM12 expression 

in human airway smooth muscle cells 

Fumio Kumasawa, Shu Hashimoto, Kenji Mizumura, Ikuko Takeshita, Akira Onose, Itsuro Jibiki, 

Shuichiro Maruoka, Ken Matsumoto, Yasuhiro Gon, Tomoko Kobayashi and Noriaki Takahashi

Summary 

Background: Cysteinyl leukotriene (LT) induces 

bronchoconstriction as well as airway inflammation 

and remodeling. Heparin-binding EGF-like growth 

factor (HB-EGF) is associated with remodeling in 

airway smooth muscle (ASM) cells in bronchial 

asthma. A disintegrin and metalloproteinase 

(ADAM) 12 is an enzyme implicated in the 

ectodomain shedding of membrane-anchored 

proHB-EGF and release of HB-EGF.  

Objective:  To determine the role of LTD4 in HB-

EGF and ADAM12 expression and the regulatory 

mechanism in human ASM cells, we analyzed a 

functioning signaling molecule in LTD4-induced 

HB-EGF and ADAM12 expression in human 

ASM cells by focusing on the role of mitogen-

activated protein kinase (MAPK) cascades.  

Method:  Human ASM cells were stimulated 

LTD4 in a time-dependent manner. We observed 

phosphorylation of MAPK by western blot 

analysis and the expression of HB-EGF and 

ADAM12 by quantitative PCR analysis of 

mRNA. Furthermore, we pretreated with specific 

inhibitors of MAPK and LTD4. 

Results:  LTD4 induced an extracellular-signal 

regulated kinase (ERK), p38 MAPK and c-Jun-

NH2-terminal kinase (JNK) phosphorylation in 

human ASM cells. LTD4 induced HB-EGF and 

ADAM12 mRNA expression. Furthermore, the 

regulation of LTD4-induced HB-EGF and 

ADAM12 mRNA expression is associated with 

ERK and p38 MAPK, not but JNK. 

 

 

 

 

 

 

Conclusion:  we conclude that p38 MAPK and 

ERK are capable of regulating LTD4-induced 

HB-EGF and ADAM12 expression in human 

ASM cells. In bronchial asthma, the specific 

inhibitor of p38 MAPK and ERK may produce 

beneficial effects in controlling airway 

remodeling and inflammation. (Asian Pac J 

Allergy Immunol 2013;31:58-66) 

Key words: ADAM12, HB-EGF, LTD4, MAPK, 

remodeling 

Introduction 

Cysteinyl leukotrienes (LTs), LTC4, LTD4 and 

LTE4, which are metabolites of arachidonate via the 

5-lipoxygenase pathway, have various biological 

activities such as bronchial constriction, mucous 

hypersecretion, increase in microvascular permeability, 

bronchial hyper-responsiveness, and eosinophil 

chemotaxis.
1,2

 In addition, cysteinyl LTs are known 

to promote airway smooth muscle (ASM) cell 

proliferation, induce the production of granulocyte-

macrophage colony stimulating factor (GM-CSF), 

interleukin (IL)-4, IL-5, tumor necrosis factor-alpha 

(TNF-alpha) and are regulated upon activation of 

normal T-cell expression and secretion is equal to 

RANTES, the synthesis of collagenase and 

proteoglycan and the induction of P-selectin 

expression.
3-7

 In animal models of asthma, LT 

receptor antagonist attenuates airway remodeling.
8
 

Thus, cysteinyl LTs play important roles in the 

pathogenesis of airway inflammation and 

remodeling. 

Heparin-binding epidermal growth factor (EGF)-

like growth factor (HB-EGF) was originally purified 

from conditioned medium in which macrophage like 

U-937 cells had been cultured.
9
 As a member of the 

EGF family, HB-EGF binds to EGF receptor 

(EGFR) directly and thereby enhances its 

phosphorylation, resulting in cell growth and 

differentiation.
10

 HB-EGF is synthesized as a 
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membrane-anchored form (proHB-EGF) and then 

proteolytically processed to become a bioactive 

soluble form by ectodomain shedding.
11

 The 

ectodomain shedding of proHB-EGF is an important 

post-translational modification that converts a 

tethered insoluble juxtacrine growth factor into a 

soluble ligand leading to the autocrine or paracrine 

activation of EGFR. In this EGFR transactivation 

signaling, the ectodomain shedding of proHB-EGF 

is required to generate specific metalloproteinases, 

such as ADAM12.
12,13

 ADAM12 belongs to the 

ADAM family; more than 30 ADAMs have been 

identified in flies, worms, and humans. ADAM has 

emerged as a major proteinase family involved in 

various biological functions. For example, 

ADAM10 regulates Notch signaling in 

neurogenesis,
14

 and ADAM33 is associated with 

airway remodeling and hyperresponsiveness in 

bronchial asthma.
15,16

  

 Members of the mitogen-activated protein 

kinase (MAPK) family are involved in signal 

transduction of cytokine expression and apoptosis as 

well as cell proliferation growth and 

differentiation.
17,18

 Three subgroups of mammalian 

MAPKs have been molecularly characterized: c-Jun 

N-terminal kinase (JNK), p38 MAPK, and 

extracellular signal-regulated kinase (ERK). They 

are preferentially activated by environmental 

stresses such as hyperosmotic shock, cold shock, 

ultraviolet irradiation, chemical mediators, 

inflammatory cytokines and virus infections,
17,18

 and 

play an important role in apoptosis and cytokine 

expression.
17-19

 In the MAPK signaling cascades, 

MAPK kinase kinase (MAPKKK) activates MAPK 

kinase (MAPKK), which subsequently activates 

MAPK. Each MAPK is activated by distinct 

upstream kinases.
17

 

In bronchial asthma, HB-EGF is a potent 

mitogen and chemotactic factor with multiple 

potential roles in airway remodeling in ASM cells.
20

 

However, the regulatory mechanisms of HB-EGF 

and ADAM12 in ASM cells are largely unknown. 

We therefore analyzed a functioning signaling 

molecule in LTD4-induced HB-EGF and ADAM12 

expression in human ASM cells by focusing on the 

role of MAPK cascades. To this end, we first 

examined p38 MAPK, JNK, and ERK 

phosphorylation in LTD4-stimulated ASM cells and 

the effect of MK571 as an LT receptor antagonist of 

LTD4. Next, we examined HB-EGF and ADAM12 

mRNA expression in LTD4-stimulated ASM cells 

and the effect of MK571, SB203580 as a specific 

inhibitor of the p38 MAPK-mediated signaling 

pathway, SP600125 as a specific inhibitor of JNK-

mediated signaling pathway, and PD98059 as a 

specific inhibitor of MAPK-1 (MEK-1), which is 

upstream of ERK, in LTD4-stimulated ASM cells.     

Methods 

Reagents and Cell cultures 

LTD4 [5S-hydroxy-6R-(S-cysteinylglycinyl)-

7E,9E,11Z,14Z-eicosatetraenoic acid] was obtained 

from the Cayman Chemical Company (Ann Arbor, 

MI). LTD4 was dissolved in ethanol. Human ASM 

cells derived form normal healthy subjects were 

used as ASM cells in this study and were obtained 

from Clonetics (San Diego, CA). The cells were 

placed on a tissue culture plate (Falcon 1007, 

Oxnard, CA) and cultured using ASM cell growth 

medium (SmBM; Clonetics) containing 5% fetal 

bovine serum (FBS), gentamycin-amphotericin B, 

EGF, fibroblast growth factor (FGF) and 

dexamethasone (DEX) at 37 °C in a humidified 5% 

CO2 atmosphere. When the cells had grown in 

subconfluent conditions, the culture medium was 

replaced with growth factor and serum free medium 

and the cells were cultured for 16 h. SB203580 of 

p38 MAPK inhibitor, SP600125 of JNK inhibitor, 

and PD98059 of MEK-1 inhibitor were obtained 

from Sigma Chemical (St. Louis, MO, U.S.A.). The 

cells that had been incubated with various 

concentrations of SB203580 (0.1, 1, 10µM), 

SP600125 (0.2, 2, 20µM), or PD98059 (0.5, 5, 

50µM) for 30 minutes were stimulated with LTD4. 

Western blot analysis of threonine and tyrosine 

phosphorylation of MAPK  

Analysis of threonine and tyrosine 

phosphorylation of p38 MAPK was performed using 

an anti-phosphorylated threonine and tyrosine of 

p38 MAPK antibody (Ab) (anti-phospho-specific 

p38 MAPK Ab, New England Biolabs ,Inc., 

Beverly, MA, USA) that is specific for active p38 

MAPK and does not cross react with JNK and ERK. 

Analysis of threonine and tyrosine phosphorylation 

of JNK was performed using an anti-phosphorylated 

threonine and tyrosine of JNK Ab (anti-phospho-

specific JNK kinase Ab, New England Biolabs, Inc., 

Beverly, MA, USA) that is specific for active JNK 

and does not cross react with p38 MAPK and ERK. 

Analysis of threonine and tyrosine phosphorylation 

of ERK was performed using an anti-phosphorylated 

threonine and tyrosine of ERK Ab (anti-phospho-

specific ERK Ab, New England Biolabs, Inc., 

Beverly, MA, USA) that is specific for active ERK 



Asian Pac J Allergy Immunol 2013;31:58-66 

 

60 

 

and does not cross react with p38 MAPK and JNK. 

Analysis of threonine and tyrosine phosphorylation 

of p38 MAPK, JNK, or ERK was performed 

according to the manufacturer’s instructions, as 

described previously.
18

 Briefly, after separating 

proteins from cell lysate by 15% SDS-page, 10µg  

of cell lysate  of protein was electrophoretically 

transferred to a nitrocellulose membrane, and the 

membrane was incubated with specific Ab to 

phosphorylated threonine and tyrosine of p38 

MAPK (affinity-purified rabbit polyclonal IgG), 

specific Ab to phosphorylated threonine and tyrosine 

of JNK (affinity-purified rabbit polyclonal IgG), or 

specific Ab to phosphorylated threonine and tyrosine 

of ERK (affinity-purified rabbit polyclonal IgG). It 

was incubated with the horseradish peroxidase-

conjugated anti-rabbit Ab horseradish peroxidase-

conjugated antibiotin Ab to detect biotinylated 

protein markers. Blots were incubated in ECL 

(enhanced chemiluminescence) solution for 1 min 

and exposed on KODAK XAR films. In order to 

show the amounts of p38 MAPK, JNK, and ERK 

precipitated, blots were stripped and reprobed with 

phosphorylation-state independent p38 MAPK-

specific Ab (affinity-purified rabbit polyclonal IgG) 

to determine total p38 MAPK levels, 

phosphorylation-state independent JNK-specific Ab 

(affinity-purified rabbit polyclonal IgG) to 

determine total JNK levels, or phosphorylation-state 

independent ERK-specific Ab (affinity-purified 

rabbit polyclonal IgG) to determine total ERK 

levels, respectively. 

ADAM12 and HB-EGF mRNA expression 

For quantitative PCR analysis of mRNA, total 

mRNA was isolated from ASM cells using an 

RNAgent total RNA isolation system (Promega, 

Madison WI) and reverse transcribed using Primer 

Express 2.0 software (Applied Biosystems, Foster 

City CA). The following oligonucleotides were 

used: 

Human ADAM12 forward primer; 5’-CTGGGC 

ACCTCCCTTCTGT-3’ 

Human ADAM12 reverse primer; 5’-TGCTTC 

TGCTTGCCGGA-3’ 

Human HB-EGF sense; 5’-TCGCTTATATACC 

TATGACCACACAAC-3’ 

Human HB-EGF anti-sense; 5’-CATAACCTCCT 

CTCCTATGGTACCTAAA-3’ 

Human GAPDH sense; 5’-GTCGGAGTCAA 

CGGATTTGG-3’; and 

Human GAPDH anti-sense; 5’-GGCAACAATAT 

CCACTTTACCAGAG-3’. 

Quantitative RT-PCR was carried out by an ABI 

PRISM 7300 sequence detection system using SYBR 

Green PCR Master Mix (Applied Biosystems). 

 

Statistical analysis 

Statistical significance was analyzed by using 

analysis of variance (ANOVA). P value less than 

0.05 was considered significant. When statistical 

significance was reached, post hoc tests (Fischer’s 

protected least significant difference, Scheff’s F) 

were performed.  

 

Results  

LTD4 induces MAP kinase phosphorylation in 

ASM cells 

First, we examined the threonine and tyrosine 

phosphorylation of p38 MAPK, JNK, and ERK in 

LTD4-stimulated ASM cells which were immunoblotted 

at the desired times as indicated. The amounts of 

phosphorylated threonine and tyrosine of p38 

MAPK, JNK, and ERK increased at 5 min, were 

maximal at 10 min, and thereafter returned to the 

basal level (Figure 1a, upper panel). Pretreatment 

with MK571 resulted in the inhibition of LTD4-

induced p38 MAPK, JNK, and ERK phosphorylation in 

a dose-dependent manner (Figure 1b, upper panel). 

These results confirmed that LTD4-induced p38 

MAPK, JNK, and ERK phosphorylation is a 

leukotriene receptor-mediated event. The lower 

panels of Figure 1a and 1b show that equal amounts 

of p38 MAPK, JNK, and ERK protein were 

immunoblotted with phosphorylation-independent 

p38 MAPK, JNK, and ERK-specific Ab regardless 

of the length of the culture period. These results 

indicate that LTD4-stimulated increases in the 

threonine and tyrosine phosphorylation of p38 

MAPK, JNK, and ERK occurred in the absence of 

changes in p38 MAPK, JNK, and ERK protein 

levels. 

LTD4 induces HB-EGF and ADAM12 mRNA 

expression in ASM cells 

In the next experiment, we examined the kinetics 

of the effects of LTD4 on HB-EGF and ADAM12 

mRNA expression in ASM cells. HB-EGF and 

ADAM12 mRNA expression in 100nM of LTD4-

stimulated ASM cells increased in a time-dependent 

manner (Figure 2a). Both HB-EGF and ADAM12 

mRNA increased after 6 h, were maximal at 8 h and 

thereafter returned to the basal level. ASM cells 

were stimulated with various concentrations of 

LTD4, and then HB-EGF and ADAM12 mRNA 

expression was determined at 8 h after stimulation
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Figure 1. LTD4 induces phosphorylation of MAPK in 
airway smooth muscle cells. (a)ASM cells were 
stimulated with 100nM of LTD4 for the desired times as 
indicated. (b)ASM cells that had been pretreated with 
various concentrations MK571 for 30 min were stimulated 
with 100nM of LTD4 at 10 min after stimulation. The cell 
lysate containing 10µg of protein separated by 15 % 
SDS-PAGE was electophoretically transferred to a 
nitrocellulose membrane and the membrane was blotted 
with an anti-phosphorylated threonine and tyrosine of 
MAPK Ab [p-MAPK; upper panel].  Then it was 
incubated with the HRP-conjugated anti-rabbit IgG Ab 
and HRP-conjugated anti-biotin Ab to detect biotinylated 
protein markers. Blots were incubated with ECL solution 
for 1 min and exposed on KODAK XAR film. Blots were 
stripped and reprobed using phosphorylation-state 
independent MAPK Ab [MAPK; lower panel]. The 
amounts of phosphorylated MAPK were quantified by an 
NIH image analyzer and are presented as the amounts of 
phosphorylated MAPK proteins relative to control cells 
treated without LTD4. The increases in phosphorylated 
MAPK proteins are indicated below. Three identical 
experiments independently performed gave similar results. 
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Figure 2. LTD4 induces HB-EGF and ADAM12 mRNA 
expression. (a)ASM cells were stimulated with 100nM of 
LTD4 and mRNA expression of HB-EGF / ADAM12 
were determined at the desired times as indicated.  
(b)ASM cells were stimulated with various concentrations 
with LTD4 and mRNA expression of HB-EGF / ADAM12 
were determined at 8 h after stimulation. The results are 
expressed as means ± S.D. of six different experiments. 
*indicates P <0.01 compared with the LTD4-unstimulated 
cells. 
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with LTD4 (Figure 2b). Increases in HB-EGF and 

ADAM12 mRNA expression in ASM cells were 

observed at 100nM of LTD4, but not at 1nM and 

10nM. Next, we found that pretreatment with 

MK571 of LT receptor antagonist resulted in the 

inhibition of LTD4-induced HB-EGF and ADAM12 

mRNA expression (Figure 3a). These results 

verified that LTD4-induced HB-EGF and ADAM12 

mRNA expression is a LT-receptor-mediated event. 

The optimal concentration for the pharmacological 

effect of MK571 has been reported to be 100µM.
5
 

The study showed that the dose-dependent inhibition 

of HB-EGF and ADAM12 mRNA expression, and 

phosphorylation of p38 MAPK, JNK, and ERK 

were seen at 1 and 10µM, and at 100µM of MK571, 

respectively. These results are consistent with the 

previous study.
5
 

MAPK inhibitors inhibit LTD4-induced MAPK 

phosphorylation in ASM cells 

Next, to examine the role of p38 MAPK, JNK, 

and ERK in LTD4-medicated MAPK phosphorylation, 

ASM cells pretreated with various concentrations of 

SB203580, SP600125, and PD98059 were 

stimulated with LTD4. In 100nM of LTD4-stimulated 

ASM cells for 10 min, MAPK inhibitors resulted in 

the inhibition of LTD4-induced p38 MAPK, JNK, 

and ERK phosphorylations in dose-dependent 

manner (Figure 3b). We found that the threonine and 

tyrosine phosphorylations of p38 MAPK, JNK, and 

ERK in LTD4-stimulated ASM cells were 

immunoblotted at the desired concentrations as 

indicated. The amounts of phosphorylated threonine 

and tyrosine of p38 MAPK, JNK, and ERK 

decreased from concentrations of 0.1µM, 0.2µ and 

0.5µM, and phosphorylation of p38 MAPK, JNK, 

and ERK was almost entirely inhibited for 10µM, 

20µ and 50µM. (Figure 3b, upper panel). These 

results verified that concentrations of MAPK 

inhibitors were observed that LTD4-induced p38 

MAPK, JNK, and ERK phosphorylation inhibited. 

The lower panels of Figure 3b show that equal 

amounts of p38 MAPK, JNK, and ERK protein 

were immunoblotted with phosphorylation-

independent p38 MAPK, JNK, and ERK-specific Ab 

regardless of the length of the culture period, 

indicating that LTD4-stimulated increases in the 

threonine and tyrosine phosphorylation of p38 

MAPK, JNK, and ERK occurred in the absence of 

changes in p38 MAPK, JNK, and ERK protein 

levels. 

 

 

MEK-1 and p38 MAPK inhibitors inhibit LTD4-

induced HB-EGF and ADAM12 mRNA expression 

in ASM cells 

Next, to examine the role of p38 MAPK, JNK, 

and ERK in LTD4-medicated HB-EGF and 

ADAM12 mRNA expression, ASM cells pretreated 

with SB203580, SP600125, and PD98059 were 

stimulated with LTD4. Using DMSO as a negative 

control, ASM cells pretreated with various 

concentrations of DMSO, SB203580, SP600125, 

and PD98059 for 30 min were stimulated with 

100nM of LTD4, and then mRNA expression of HB-

EGF and ADAM12 was determined 8 h after 

stimulation (Figure 3c). Decreases in HB-EGF and 

ADAM12 mRNA expression in ASM cells were 

observed at 10µM of SB203580 and at 5 and 50µM 

of PD98059. Decreases in HB-EGF and ADAM12 

mRNA expression in ASM cells were not observed 

at any concentrations of SP600125. 

Discussion  

In the present study, we examined the effect of 

LTD4 in enhancing MAPK phosphorylation and 

inducing HB-EGF and ADAM12 expression in 

human ASM cells. The results showed that 1) LTD4 

induced increases in MAPK phosphorylation and 

MAPK phosphorylation were inhibited by a specific 

inhibitor of MAPK, and 2) LTD4 induced HB-EGF 

and ADAM12 expression. To further characterize 

the role of MAPK, a specific inhibitor of MAPK 

was utilized. HB-EGF and ADAM12 expressions 

were depressed in specific inhibitors of p38 MAPK 

or MEK-1-treated ASM cells, but these expressions 

were not depressed in specific inhibitors of JNK-

treated ASM cells. In the MAPK cascade, MEK-1 is 

upstream of ERK. These results indicate that LTD4 

is capable of inducing HB-EGF and ADAM12 

expression and enhancing MAPK phosphorylation. 

Thus, at least in part, p38 MAPK and ERK regulate 

HB-EGF and ADAM12 expressions in LTD4-

stimulated ASM cells. 

  The role of CysLTs on airway inflammation 

and remodeling by promoting ASM cell 

proliferation and inducing cytokine expression and 

extracellular matrix synthesis has been previously 

documented.
1-7

 The role of HB-EGF on airway 

inflammation and remodeling by promoting ASM 

cell growth and inducing cytokine expression has 

also been documented.
10,21

 In human bronchial 

epithelial cells, LTD4 induces increases in the 

release of HB-EGF.
22

 As previously defined, since 

the HB-EGF promoter involves activator protein-1
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(AP-1) binding sites as transcription factors,
23

 HB-

EGF induces AP-1 activation, which is essential for 

cell proliferation and survival.
24

 In addition, AP-1 is 

Figure 3. p38 MAPK and ERK are capable of regulating LTD4–induced HB-EGF and ADAM12 expression in ASM 
cells. (a) ASM cells that had been pretreated with various concentrations with MK571 for 30 min were stimulated 
with LTD4 and mRNA expression of HB-EGF / ADAM12 were determined at 8h after stimulation. The results are 
expressed as means ± S.D. of six different experiments. *indicates P <0.05 compared with the LTD4-stimulated 
ASM cells without MK571. Leukotriene receptor antagonist inhibits LTD4-induced HB-EGF and ADAM12 mRNA 
expression. (b) ASM cells pretreated with various concentrations of SB203580, SP600125, and PD98059 were 
stimulated with 100nM of LTD4 for 10 min, MAPK inhibitors resulted in the inhibition of LTD4-induced p38 
MAPK, JNK, and ERK phosphorylations in a dose-dependent manner. We examined the threonine and tyrosine 
phosphorylation of p38 MAPK, JNK, and ERK in LTD4-stimulated ASM cells which were immunoblotted at the 
desired concentrations as indicated. The amounts of phosphorylated threonine and tyrosine of p38 MAPK, JNK, and 
ERK decreased from concentrations of 0.1µM, 0.2µ and 0.5µM, and phosphorylation of p38 MAPK, JNK, and ERK 
were almost complete inhibited for 10µM, 20µ and 50µM (upper panel). These results verified that concentrations of 
MAPK inhibitors were observed that LTD4-induced p38 MAPK, JNK, and ERK phosphorylation inhibited. Data in 
thelower panels show that equal amounts of p38 MAPK, JNK, and ERK protein were immunoblotted with 
phosphorylation-independent p38 MAPK, JNK, and ERK-specific Ab, regardless of length of the culture period, 
indicating that LTD4-stimulated increases in the threonine and tyrosine phosphorylation of p38 MAPK, JNK, and 
ERK occurred in the absence of changes in p38 MAPK, JNK, and ERK protein levels. The increase in 
phosphorylated proteins is indicated below. Three identical experiments independently performed gave similar 
results. MAPK inhibitors inhibit LTD4-induced MAPK phosphorylation in ASM cells. (c) ASM cells that had been 
pretreated with various concentrations with SB203580 / SP600125 / PD98059 (p38 inhibitor / JNK inhibitor / ERK 
inhibitor) for 30 min were stimulated with LTD4 and the mRNA expression of HB-EGF / ADAM12 were determined 
at 8h after stimulation. The results are expressed as means ± S.D. of six different experiments. *indicates P<0.05 
compared with the LTD4-stimulated ASM cells without MAP kinase inhibitors. ERK and p38 MAP kinase inhibitors 
inhibit LTD4-induced mRNA expression of HB-EGF and ADAM12. 
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involved in the transcriptional control of various 

inflammatory mediators including inflammatory 

cytokines and chemokines.
25

 AP-1 is activated in 

hypertrophied heart and in vascular smooth muscle 

cells in hypertensive and balloon-injured arteries.
26

 

In contrast, it has been recently reported that HB-

EGF down-regulates the expression of AP-1.
27 

We 

previously reported that AP-1 is activated in LTD4-

stimulated human ASM cells,
28

 but the effect of 

LTD4 on HB-EGF and ADAM12 expression in 

human ASM cells has not been determined. The 

present study showed that LTD4 induced HB-EGF 

and ADAM12 expression in human ASM cells. 

Increases in ASM cell mass are one of characteristic 

features of the airway remodeling occurring in 

asthma,
20

 and LTD4 can promote ASM cell 

proliferation.
3
 HB-EGF is essential for cell growth 

and differentiation,
29

 but HB-EGF activation is also 

associated with cardiac hypertrophy and remodeling 

in vascular smooth muscle cells.
30,31

 In mice with 

cardiac hypertrophy, a specific inhibitor of 

ADAM12 inhibited the shedding of HB-EGF and 

the induction of  cardiac hypertrophy.
30

 Thus, it is 

essential to clarify the key mechanism in LTD4-

induced HB-EGF expression in ASM cells. The 

functioning and regulation of MAPK have been 

extensively documented. JNK, p38 MAPK and ERK 

are involved in MAPKs, which are activated by 

various environmental stresses and are involved in 

signal transduction of cytokine expression and 

apoptosis, as well as cell proliferation growth and 

differentiation.
17,18,32,33

 These results indicate that 

p38 MAPK and ERK  regulate HB-EGF and 

ADAM12 expression in LTD4-stimulated human 

ASM cells. Furthermore, we consider that the 

transcription factors of HB-EGF and ADAM12 may 

not only be p38 MAPK and ERK but also proHB-

EGF, the carboxyl-terminal fragment (CTF) HB-

EGF and AP-1. The blockade of the LT pathway by 

inhibiting synthesis of LT and/or the binding of LTs 

to their receptors resulting in the inhibition of HB-

EGF and ADAM12 expression is potentially 

important in attenuating the progression of airway 

remodeling. 

The JNK and p38 MAPK signaling pathways are 

activated by pro-inflammatory cytokines such as 

TNF-α and IL-1β or in response to cellular 

stresses.
17,18

 The JNK pathway consists of JNK, an 

MAPKK, such as stress-activated protein kinases 

(SAPK)/ERK kinase 1 (SEK1) or MAPK kinase 

(MKK) 7, and a MAPKKK, such as apoptosis 

signal-regulating kinase 1 (ASK1), MAPK/ERK 

kinase kinase 1 (MEKK1), mixed-lineage kinase 

(MLK), or transforming growth factor-β-activated 

kinase 1 (TAK1). In the p38 MAPK signaling 

pathway, distinct MAPKKs such as MKK3 and 

MKK6 activate p38 MAPK and are themselves 

activated by the same MAPKKKs (such as ASK1 

and TAK1) that function in the JNK pathway.
17-19

 In 

the ERK signaling pathway, ERK1 or ERK2 

(ERK1/2) is activated by MEK1/2, which in turn is 

activated by a Raf isoform such as A-Raf, B-Raf, or 

Raf-1. The kinase Raf-1 is activated by the small 

GTPase Ras. Members of the Ras family of proteins 

play important roles in transmission of extracellular 

signals to cells. Among the MAPKKKs, MEKK1 

possesses not only a kinase activity for 

phosphorylation of a MAPKK in the JNK or ERK 

signaling pathways but also an E3 ubiquitin ligase 

activity. MEKK1 regulates cell adhesion and 

migration through binding to several proteins such 

as RhoA, Rac, and actin. ASK1 in both the JNK and 

p38 signaling pathways, is activated in response to a 

variety of stressors including reactive oxygen 

species (ROS), lipopolysaccharide (LPS), 

endoplasmic reticulum (ER) stress, and Ca
2+

 

influx.
17,18

 Therefore, these MAPKs can play both 

roles in inducing cell proliferation and apoptosis. 

According to the kind of the cells,  LTD4 may 

stimulate cell proliferation or apoptosis. The CysLT1 

receptor mediates human ASM cells proliferation.
34

 

The CysLT1 receptor mediates human bronchial 

epithelial cells proliferation, too.
22

 However, the 

CysLT1 receptors do not mediate human umibilical 

vein endothelial cell proliferation.
35

 We consider 

that the LTD4-induced HB-EGF activation is 

determined by the concentration of LTD4 or the 

LTD4-stimulated time, according to the kind of the 

cell. In airway remodeling, our experiments 

suggested that LTD4-induced p38 MAPK and ERK 

phosphorylation might play role on mediating ASM 

cells proliferation with the activation of HB-EGF 

and ADAM12. On the other hand, LTD4-induced 

JNK phosphorylation might play role in mediating 

ASM cells apoptosis, therefore JNK cannot be 

associated with the activation of them. We suggest 

that therapeutic intervention inhibiting ERK and p38 

MAPK activation may be beneficial in reducing 

HB-EGF and ADAM12 activity in ASM cells for 

prevention of airway remodeling. 

From the data presented here, we conclude that 

p38 MAPK and ERK are capable of regulating 

LTD4-induced HB-EGF and ADAM12 expression in 

human ASM cells. Our results for the role of p38 
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MAPK, and ERK-mediated LTD4-induced HB-EGF 

and ADAM12 expression in human ASM cells are 

important for understanding the molecular 

mechanism of HB-EGF and ADAM12 expression 

that is seen in the airways of bronchial asthmatics, 

and a strategy of attenuating airway remodeling as 

well as inflammation by the specific inhibition of 

p38 MAPK and ERK may produce beneficial effects 

in controlling airway remodeling and inflammation. 

Acknowledgements  

This work was financially supported, in part, by 

a Grant-in-Aid for General Scientific Research from 

the Ministry of Education of Japan (11670596, 

14570568, 15390260), High-Tech Research Center 

from the Japanese Ministry of Education, Science, 

Sports, and Culture to Nihon University and for 

General Scientific Research from the Ministry of 

Education of Japan and Nihon University 

Multidisciplinary Research Grant for SH (2001-

2011) 

References 

1. Peters-Golden M. Do anti-leukotriene agents inhibit asthmatic 

inflammation?. Clin Exp Allergy. 2003;33:721-4. 

2. Panettieri RA, Tan EM, Ciocca V, Luttmann MA, Leonard TB, Hay 

DW. Effects of LTD4 on human airway smooth muscle cell 

proliferation, matrix expression, and contraction In vitro: 

differential sensitivity to cysteinyl leukotriene receptor antagonists. 

Am. J. Respir. Cell Mol Biol. 1998;19:453-61. 

3. Parameswaran K, Cox G, Radford K, Janssen LJ, Sehmi R, O'Byrne 

PM. Cysteinyl leukotrienes promote human airway smooth muscle 

migration. Am. J. Respir Crit Care Med. 2002;166:738-42. 

4. Bandeira-Melo C, Hall JC, Penrose JF, Weller PF. Cysteinyl 

leukotrienes induce IL-4 release from cord blood-derived human 

eosinophils. J Allergy Clin Immunol. 2002;109:975-9. 

5. Mellor A, Austen KF, Boyce JA. Cysteinyl leukotrienes and uridine 

diphosphate induce cytokine generation by human mast cells 

through an interleukin 4-regulated pathway that is inhibited by 

leukotriene receptor antagonists. J Exp Med. 2002;195:583-92. 

6. Kawano T, Matsuse H, Kondo Y, Machida I, Saeki S, Tomari S, et 

al. Cysteinyl leukotrienes induce nuclear factor kappa b activation 

and RANTES production in a murine model of asthma. J Allergy 

Clin Immunol. 2003;112:369-74. 

7. Potter-Perigo S, Baker C, Tsoi C, Braun KR, Isenhath S, Altman 

GM, et al. Regulation of proteoglycan synthesis by leukotriene d4 

and epidermal growth factor in bronchial smooth muscle cells. Am. 

J. Respir. Cell Mol Biol. 2004;30:101-8. 

8. Henderson Jr. WR, Tang LO, Chu SJ, Tsao SM, Chiang GK, Jones 

F, et al. A role for cysteinyl leukotrienes in airway remodeling in a 

mouse asthma model. Am J Respir Crit Care Med. 2002;165:108-

16. 

9. Higashiyama S, Lau K, Besner G, Abraham JA, Klagsbrun M. A 

heparin-binding EGF like growth factor secreted by macrophage-

like cells is related to EGF. Science. 1991;251:936-9. 

10. Fujiyama S, Matsumoto H, Nozawa Y, Maruyama K, Mori Y, 

Tsutsumi Y, et al. Angiotensin ATⅠand ATⅡ receptors 

differentially regulate angioprotein-2 and vascular endothelial 

growth factor expression and angiogenesis by modulating heparin 

binding-epidermal growth factor (EGF) mediated EGF receptor 

transactivation. Circ Res. 2001;88: 22-9. 

11. Prenzel N, Zwick E, Daub H, Leserer M, Abraham R, Wallasch C, 

et al. EGF receptor transactivation by G-protein-coupled receptors 

requires metalloproteinase cleavage of proHB-EGF. Nature. 

1999;402:884-8. 

12. Higashiyama S. Metalloproteinase-mediated shedding of heparin-

binding EGF-like growth factor and its pathophysiological roles. 

Protein Pept Lett. 2004;5:443-50. 

13. Higashiyama S, Nanba D, ADAM-mediated ectodomain shedding 

of HB-EGF in receptor cross-talk. Biochim Biophys Acta. 

2005;1751:110-7. 

14. Wen C, Metzstein MM, Greenwald I. SUP-17, a Caenorhabditis 

elegans ADAM protein related to Drosophila KUZBANIAN, and 

its role in LIN-12/NOTCH signaling. Development. 

1997;124:4759-67. 

15. van Eerdewegh P, Little RD, Dupuis J, Del Mastro RG, Falls K, 

Simon J, et al. Association of the ADAM33 gene with asthma and 

bronchial hyperresponsiveness. Nature. 2002;418:426-30.  

16. DaviesDE, Wicks J, Powell RM, Puddicombe SM, Holgate ST. 

Airway remodeling in asthma: new insights. J Allergy Clin 

Immunol. 2003;111:215-25. 

17. Kyriakis JM, Avruch J. Mammalian mitogen-activated protein 

kinase signal transduction pathways activated by stress and 

inflammation. Physiol Rev. 2001;81:807-69. 

18. Ichijo H. From receptors to stress-activated MAP kinases. 

Oncogene. 1999;18:6087-93. 

19. Hashimoto S, Matsumoto K, Gon Y, Nakayama T, Takeshita I, 

Horie T. Hyperosmolarity-induced interleukin-8 expression in 

human bronchial epithelial cells through p38 mitogen-activated 

protein kinase. Am J Respir Crit Care Med. 1999;159:634-40. 

20. Elias JA, Zhu Z, Chupp G, Homer RJ. Airway remodeling in 

asthma. J Clin Invest. 1999;104:1001-6. 

21. Zhao Y, He D, Saatian B, Watkins T, Spannhake EW, Pyne NJ, et 

al. Regulation of lysophosphatidic acid-induced epidermal growth 

factor receptor transactivation and interleukin-8 secretion in human 

bronchial epithelial cells by protein. J Biol Chem. 2006;281:19501-

11. 

22. McGovern T, Risse PA, Tsuchiya K, Hassan M, Frigola G, Martin 

JG. LTD₄ induces HB-EGF-dependent CXCL8 release through 

EGFR activation in human bronchial epithelial cells. Am J Physiol 

Lung Cell Mol Physiol. 2009;299:L808-15. 

23. Chen X, Raab G, Deutsch U, Zhang J, Ezzell RM, Klagsbrun M. 

Induction of heparin-binding EGF-like growth factor expression 

during myogenesis. Activation on the gene by MyoD and 



Asian Pac J Allergy Immunol 2013;31:58-66 

 

66 

 

localization of transmembrane form of the protein on the myotube 

surface. J Biol Chem. 1995;270:18285-94. 

24. Kiso S, Kawata S, Tamura S, Umeki S, Ito N, Tsushima H, et al. 

Effects of exogenous human heparin-binding epidermal growth 

factor on DNA synthesis of hepatocytes in normal mouse liver. 

Biochem Biophys Res Commun. 1999;259:683-7. 

25. Karin M, Liu Z, Zandi E. AP-1 function and regulation. Curr Opin 

Cell Biol. 1997;9:240-6. 

26. Kim S, Iwao H. Stress and vascular responses: mitogen-activated 

protein kinases and activator protein-1 as promising therapeutic 

targets of vascular remodeling. J Pharmacol Sci. 2003;91:177-81. 

27. Luo CC, Ming YC, Chao HC, Chu SM, Pang ST. Heparin-Binding 

Epidermal Growth Factor-Like Growth Factor Downregulates 

Expression of Activator Protein-1 Transcription Factor after 

Intestinal Ischemia-Reperfusion Injury. Neonatology. 2010;99:241-

6. 

28. Kumasawa F, Hashimoto S, Onose A, Jibiki I, Mizumura K, 

Matsumoto K, et al. Apoptosis siganal-regulating kinase 1 in 

leukotriene D4-induced activator protein-1 activation in airway 

smooth muscle cells. Eur J Pharmacol. 2005;517:11-6. 

29. Davies DE, Polosa R, Puddicombe SM, Richter A, Holgate ST. The 

epidermal growth factor receptor and ligand family: their potential 

role in repair and remodeling in asthma, Allergy. 1999;54:771-83. 

30. Asakura M, Kitakaze M, Takeshima S, Liao Y, Ishikura F, 

Yoshinaka T, et al. Cardiac hypertrophy is inhibited by antagonism 

of ADAM12 processing of HB-EGF: metalloproteinase inhibitors 

as a new therapy. Nat Med. 2002;8:35-40. 

31. Reynolds CM, Eguchi S, Frank GD, E. Motley ED. Signaling 

mechanisms of heparin-binding epidermal growth factor-like 

growth factor in vascular smooth muscle cells. Hypertension. 

2002;39:525-9. 

32. Panettieri Jr. RA. Cellular and molecular mechanisms regulating 

airway smooth muscle proliferation and cell adhesion molecule 

expression. Am J Respir Crit Care Med. 1998;158:S133-40. 

33. Maruoka S, Hashimoto S, Gon Y, Takeshita I, Horie T. PAF-

induced RANTES Production by Human Airway Smooth Muscle 

Cells Requires Both p38 MAP Kinase and Erk. Am J Respir Crit 

Care Med. 2000;161:634-40. 

34. Ravasi S, Citro S, Viviani B, Capra V, Rovati GE. CysLT1 

receptor-induced human airway smooth muscle cells proliferation 

requires ROS generation, EGF receptor transactivation and ERK1/2 

phosphorylation. Respir Res. 2006;7:42. 

35. Yuan YM, Fang SH, Qian XD, Liu LY, Xu LH, Shi WZ, et al. EQ. 

Leukotriene D4 stimulates the migration but not proliferation of 

endothelial cells mediated by the cysteinyl leukotriene cysLT1 

receptor via the extracellular signal-regulated kinase pathway. J 

Pharmacol Sci. 2009;109:285-92. 

 


