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Abstract 
 
Chronic obstructive pulmonary disease (COPD) is an inflammatory disease, 
characterized by a progressive decline in lung function. Airway smooth muscle 
(ASM) mass may be increased in COPD, contributing to airflow limitation and 
pro-inflammatory cytokine production. Cigarette smoke (CS), the major risk 
factor of COPD, causes ASM cell proliferation as well as interleukin-8 (IL-8)-
induced neutrophilia. In various cell types, TGF-β-activated kinase 1 (TAK1) 
plays a crucial role in MAP kinase and NF-κB activation as well as IL-8 release 
induced by IL-1β, TNF-α and lipopolysaccharide. The role of TAK1 in CS-induced 
IL-8 release is not known. The aim of this study was to investigate the role of 
TAK1 in CS-induced NF-κB and MAP-kinase signaling and IL-8 release by 
human ASM cells. Stimulation of these cells with CS extract (CSE) increased IL-8 
release and ERK 1/2 phosphorylation, as well as Iκ-Bα degradation and p65 NF-
κB subunit phosphorylation. CSE-induced ERK 1/2 phosphorylation and Iκ-Bα 
degradation were both inhibited by pretreatment with the specific TAK1 inhibitor 
(LL-Z-1640-2; 100 nM). Similarly, expression of dominant-negative TAK1 
inhibited CSE-induced ERK 1/2 phosphorylation. In addition, inhibitors of TAK1 
and the NF-κB (SC-514; 50 µM) and ERK 1/2 (U 0126; 3 µM) signaling inhibited 
the CSE-induced IL-8 release by ASM cells. These data indicate that TAK1 plays a 
key role in CSE-induced ERK 1/2 and NF-κB signaling as well as in IL-8 release 
by human ASM cells, and identify TAK1 as a potential novel target for the 
inhibition of CS-induced inflammatory responses involved in the development 
and progression of COPD. 
 
 

Introduction 
 
Chronic obstructive pulmonary disease (COPD) is an inflammatory disease 
characterized by progressive airflow obstruction. Pulmonary infiltration of 
inflammatory cells, including neutrophils, may contribute to structural changes 
of the lung that are involved in the decline of lung function, including small 
airway remodeling (1). Small airway remodeling in COPD is characterized by 
peribronchiolar fibrosis and mucus cell hyperplasia, as well as increased airway 
smooth muscle (ASM) mass, particularly in severe disease (1-5). 
 
By its contractile function, ASM is a key regulator of airway diameter. However, 
ASM cells can also act as synthetic cells, releasing inflammatory cytokines and 
contributing to inflammatory responses in the lung. Cigarette smoke (CS), the 
major risk factor of COPD, has been shown to induce the release of interleukin-8 
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(IL-8) from ASM cells, which may lead to increased numbers of neutrophils in 
the airways (6-8). The proportion of airways containing neutrophils - as well as 
other inflammatory cells - has been found to correlate with COPD severity (1). 
The mechanisms involved in IL-8 release by ASM cells have, however, not yet 
been elucidated. 
 
The serine/threonine kinase TGF-β-activated kinase 1 (TAK1) is a member of the 
mitogen activated protein kinase kinase kinase (MAP3K) family (MAP3K7). 
Initially, TAK1 was identified as a mediator of transforming growth factor-β 
(TGF-β) and bone morphogenetic protein (BMP) signaling (9), but has since 
emerged as a key player in interleukin-1 (IL-1)- (10), tumor necrosis factor-α 
(TNF-α)- (11) and Toll-like receptor (TLR) (12) signaling. TAK1 activates both 
nuclear factor-kappa B (NF-κB) (13, 14) and MAP kinase (9) signaling pathways, 
including the ERK 1/2 pathway (15-18). TAK1 has been found to play a major role 
in various immune responses (12, 19-21); however, its role in pro-inflammatory 
cytokine release by ASM cells or in CS-induced signaling is currently unknown. 
In this study, we present evidence that TAK1 is importantly involved in CS-
induced IL-8 release from ASM cells.   
 
 

Materials and Methods 
 
Cells                                                                                                           
Primary human bronchial smooth muscle cells, immortalized by stable 
expression of human telomerase reverse transcriptase (hTERT) were cultured in 
Dulbecco’s Modified Eagle Medium DMEM supplemented with 50 U/ml 
streptomycin, 50 µg/ml penicillin, 1.5 µg/ml amphotericin B and 10% vol/vol 
fetal bovine serum (FBS; Gibco BRL Life Technologies, Paisley, UK).  
 
Cigarette Smoke Extract                                                                               
Cigarette smoke extract (CSE) was prepared by combusting two University of 
Kentucky 3R4F research cigarettes (filters removed) using a peristaltic pump 
(Watson Marlow 323 E/D) and passing the smoke through 25 ml of FBS-free 
DMEM supplemented with penicillin, streptomycin and amphotericin B at a rate 
of 5 min / cigarette. The obtained solution is referred to as 100 % strength. 
 
Interleukin-8 determination                                                                            
hTERT immortalized human ASM cells were plated in 24-well cluster plates and 
grown to confluence. Upon confluence, cells were washed two times with sterile 
phosphate-buffered saline (PBS) and made quiescent by incubation in serum-
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free medium, supplemented with ITS (5 µg/ml insulin, 5 µg/ml transferrin, and 5 
ng/ml selenium) for 24 h. Cells were then washed with PBS and stimulated with 
CSE (5 or 15% ) in serum-free medium. Inhibitors of TAK1 (LL-Z1640-2, 
100nM), IκB kinase 2, IKK2 (SC-514; 50 µM) and mitogen-activated protein 
kinase kinase 1 MEK 1/2 (U 0126; 3 µM) were added 30 min before stimulation. 
Supernatants were collected 24 h after CSE stimulation and stored at -20°C until 
use. IL-8 levels were determined by using a specific sandwich enzyme-linked 
immunosorbent assay (ELISA) (Sanquin, Amsterdam, The Netherlands), 
according to the manufacturers' instructions.  
 
Transfection of plasmid DNA 
Cells were grown to 95% confluence on 6-well plates, washed twice with PBS and 
then transfected using a mixture of 10 µl Lipofectamine 2000 and 2 µg DNA 
encoding a hemmagluttinine (HA)-tagged, dominant-negative TAK1 mutant 
(TAK1 K63W) or GFP, as control, for 6 h in 600 µl DMEM without serum and 
antibiotics. After 6 h, cells were washed twice with PBS and the medium was 
changed to DMEM supplemented with antibiotics and 10% FBS. Subsequently, 
the cells were then cultured for another 18 h. Dominant-negative TAK1 was a 
kind gift from Dr. B.J. Eggen, (Department of Developmental Genetics, 
Groningen Biomolecular Sciences and Biotechnology Institute, University of 
Groningen, The Netherlands), with permission of Prof. K. Matsumoto, 
(Department of Molecular Biology, Graduate School of Science, Nagoya 
University, Japan) 
 
Western blot analysis                                                                                             
Cells were plated in 6-well cluster plates and grown to confluence. Upon 
confluence, cells were washed two times with sterile PBS and made quiescent by 
incubation in serum-free medium, supplemented with ITS for 24 h. Cells were 
then washed with PBS and stimulated with 15% CSE in serum-free DMEM. To 
obtain total cell lysates, cells were washed once with ice-cold PBS and 
subsequently lysed in ice-cold RIPA buffer (composition: 50 mM Tris, 150 mM 
NaCl, 1% Igepal CA-630, 1% deoxycholic acid, 1 mM NaF, 1 mM Na3VO4, 10 
µg/ml aprotinin, 10 µg/ml leupeptin, 7 µg/ml pepstatin A, 5 mM 2-
glycerophosphoric acid, pH 8.0). Lysates were stored at -20 °C until further use. 

Protein content was determined according to Bradford(22). Homogenates 
containing 20 µg of protein per lane were then subjected to immunoblot analysis, 
using specific antibodies against IκBα, p-p65, p-ERK 1/2 (Thr202/Tyr204), total 
ERK1/2, and β-actin or GAPDH as loading control. The antibodies were 
visualized using enhanced chemiluminescence. Photographs of the blots were 
analyzed by densitometry. 
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Data analysis 
All data represent means ± S.E.M. from separate experiments. The statistical 
significance of differences between data was determined by one-way ANOVA, 
followed by a Bonferroni multiple comparison test. Differences were considered 
to be statistically significant when P<0.05. 
 

Results 
 
CSE-induced IL-8 production by ASM cells 
First, we evaluated CS-induced IL-8 production by ASM cells, by determining the 
effects of CSE (5 and 15%) on IL-8 release by hTERT-immortalized human ASM 
cells. CSE induced a profound, concentration-dependent increase in IL-8 release 
by these cells (Figure 1). These findings were confirmed in primary human 
tracheal smooth muscle cells (data not shown). 
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Figure 1: CSE induces IL-8 
release by hTERT human 
ASM cells. Cells were 
stimulated with CSE (5 or 
15%) for 24 h. Supernatants 
were collected and analyzed 
by ELISA. Data represent 
means ± S.E.M. of 8 
experiments performed in 
duplicate. ***P<0.005 vs 
control. 

CSE-induced NF-κB and ERK 1/2 pathway activation 
To investigate the effects of CS on NF-κB and ERK 1/2 pathway activation, 
hTERT human ASM cells were stimulated with 15% CSE for 0.5 - 2 h (NF-κB) or 
for 5 min - 2 h (ERK 1/2). Cell lysates were analysed by western blotting for IκBα, 
and the phospho-p65 NF-κB subunit (NF-κB pathway) or phospho-ERK 1/2. CSE 
induced a significant decrease in IκBα abundance after 1 and 2 h of stimulation 
(Figure 2A) as well as an increase in phosphorylation of the p65 NF-κB subunit 
after 2h (Figure 2B). CSE induced phosphorylation of ERK 1/2, reaching 
significance after 60 min, which was sustained for up to at least 2 h (Figure 3). 
These data indicate that CSE induces activation of both the NF-κB and ERK 1/2 
pathways. 
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Figure 2: CSE induces IκBα degradation and p65 NF-κB phosphorylation in hTERT 
human ASM cells. Cells were treated with 15% CSE for up to 2 h. Cell lysates were analyzed 
by immunoblotting for IκBα and phospho-p65; β-actin was used to correct for protein 
loading. Densitometry data are normalized to the maximal response in each individual 
experiment and are means ± S.E.M. of 4-6 experiments. Representative blots are shown. 
*P<0.05; ***P<0.001 vs t=0. 
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Figure 3: CSE induces ERK 
1/2 phosphorylation in hTERT 
human ASM cells. Cells were 
treated with CSE 15% up to 2 h. 
Cell lysates were analyzed by 
immunoblotting for phospho-
ERK 1/2; ERK 1/2 was used to 
correct for protein loading. 
Densitometry data are 
normalized to the maximal 
response in each individual 
experiment and are means ± 
S.E.M. of 3-5 experiments. 
Representative blots are shown. 
*P< 0.05; ***P< 0.001 vs t=0. 
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Involvement of TAK1 in CSE-induced NF-κB and ERK 1/2 pathway 
activation 
In order to investigate the involvement of TAK1 in NF-κB and ERK 1/2 signaling 
activation, cells were stimulated with 15% CSE, in the absence or presence of the 
TAK1 inhibitor LL-Z-1640-2. In addition, cells were transfected with dominant 
negative TAK1 and stimulated with CSE as well. LL-Z-1640-2 profoundly 
inhibited the CSE-induced decrease in IκBα abundance (Figure 4A) as well as the 
increase in ERK 1/2 phosphorylation (Figure 4B). Similarly, transfection with 
dominant negative TAK1 abolished the CSE-induced increase in ERK 1/2 
phosphorylation at t = 2h (Figure 5). These data indicate that TAK1 plays a major 
role in the activation of NF-κB and ERK 1/2 pathways by CSE. 
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Figure 4: CSE-induced IκBα degradation (A) and ERK 1/2 phosphorylation (B) are 
inhibited by LL-Z-1640-2 (100nM) in hTERT human ASM. Cells were treated with CSE for 
1 or 2 h in absence or presence of LL-Z-1640-2. Cell lysates were analyzed by 
immunoblotting for IκBα or phospho-ERK 1/2; GAPDH or ERK 1/2 was used to correct for 
protein loading, respectively. Densitometry data are normalized to the maximal response 
in each individual experiment and are means ± S.E.M. of 6-7 experiments. Representative 
blots are shown. **P<0.01, ***P<0.001 vs untreated basal, #P<0.05, ##P<0.01, ###P<0.001 
vs respective CSE treatment in the absence of inhibitor.  
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Figure 5: CSE-induced ERK 
1/2 phosphorylation is 
inhibited by TAK1 DN protein 
expression in hTERT human 
ASM. Cells transfected with 
TAK1 DN or GFP were treated 
with CSE for 1 or 2 h. Cell 
lysates were analyzed by 
immunoblotting for phospho-
ERK 1/2; ERK 1/2 was used to 
correct for protein loading. 
Densitometry data are 
normalized to the maximal 
response in each individual 
experiment and are means ± 
S.E.M. of 4-5 experiments. 
Representative blots are shown. 
**P<0.01, NS: not significant  
vs untreated GFP-transfected 
cells, #P<0.05 vs CSE treatment 
of GFP-transfected cells.  
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Inhibition of TAK1, IKK2 and ERK1/2 inhibits CSE-induced IL-8 
release 
To evaluate the functional roles of TAK1, NF-κB and ERK 1/2 in CSE-induced IL-
8 release, cells were stimulated with 15% CSE in the absence or presence of LL-Z-
1640-2 (100 nM), SC-514 (50 µM) and U0126 (3 µM), inhibitors of TAK1, IKK2 
and MEK1/2, respectively. The CSE-induced IL-8 release was abolished by LL-Z-
1640-2 (Figure 6) and strongly inhibited by SC-514 and U0126 (Figure 7), 
indicating that TAK1 and the downstream NF-κB and ERK 1/2 signaling 
pathways play a key role in CSE-induced IL-8 release. 
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Figure 6: CSE-induced IL-8 

release by hTERT human 

ASM cells is inhibited by LL-

Z-1640-2 (100nM). Cells 

were treated with CSE for 24 

h in the absence or presence 

of LL-Z-1640-2. Cell 

supernatants were analyzed 

by ELISA. Data are means ± 

S.E.M. of 6 experiments each 

performed in duplicate. 

**P<0.01 vs basal, ##P<0.01 

vs CSE treatment in the 

absence of inhibitor. 
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Figure 7: IKK2 and ERK 1/2 
inhibitors suppress CSE-
induced IL-8 release by 
hTERT human ASM cells. 
Cells were stimulated with 
CSE (15%) for 24 h, in 
presence or absence of IKK2 
(SC-514, 50 µM) or ERK 1/2 
(U-0126, 3 µM) inhibitors. 
Supernatants were collected 
and analyzed by ELISA. Data 
represent means ± S.E.M. of 
4 experiments performed in 
duplicate. ***P<0.001 vs 
untreated control; ##P<0.01 
vs untreated CSE.  

 

Discussion 
 
In this study, we demonstrated that TAK1 plays a key role in CSE-induced 
activation of NF-κB and ERK 1/2 and subsequent IL-8 release by human ASM 
cells. This is the first study implicating the involvement of TAK1 in CS-induced 
cellular signaling and pro-inflammatory cytokine release. 
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CS has previously been shown to induce IL-8 release from ASM cells (6-8). This 
may involve oxidative stress, as the CS-induced IL-8 release was inhibited by 
glutathione pre-treatment and associated with increased expression of heme 
oxygenase-1 (7). CS exposure has previously also been shown to induce NF-κB 
and MAP kinase pathways in various cells, including ASM cells (23-27). Although 
the IL-8 gene promoter region contains binding sites for NF-κB and AP1 (28), 
and these pathways were shown to be involved in CS-induced IL-8 release from 
human airway epithelial cells, lung fibroblasts and macrophages, as well as in 
neutrophils (23, 25, 29, 30), their contribution to CS-induced IL-8 release by 
ASM cells has only recently been demonstrated (26). Our data show that the 
CSE-induced activation of NF-κB and ERK 1/2 pathways is mediated by TAK1 
and is crucial for IL-8 release in ASM cells. 
 
TAK1 can be activated by a wide variety of stimuli. Pathogen-associated 
molecular patterns, such as lipopolysaccharide (LPS), and the cytokine IL-1β 
activate TAK1 via the adaptor protein MyD88. This leads to activation of IRAK4 
and IRAK1 and subsequent formation of the TRAF6-TAK1 complex, which 
results in the activation of TAK1 (10, 31, 32). TNF-α receptor-induced TAK1 
activation is mediated by the TRAF2/TRAF5 adaptor (11, 32). In addition to 
these receptor-specific stimuli, cellular stress, such as osmotic stress or hypoxia, 
have also been shown to activate TAK1 (33, 34). 
 
TAK1 has been demonstrated to activate of NF-κB and MAP kinase pathways, 
which may lead to increased production of pro-inflammatory cytokines, 
including IL-6, IL-8 and TNF-α (19, 35-37). TAK1 has previously been shown to 
mediate IL-8 release form various cell types in response to pro-inflammatory 
stimuli, including IL-1β (38), TNF-α (15, 39) and LPS (15, 36). A role for TAK1 in 
CS-induced cellular responses has not previously been reported. However, it has 
been suggested that TLRs may mediate CS-induced signaling. Thus, CSE-induced 
IL-8 release was shown to be dependent on TLR4 and TLR9 activation in 
macrophages and neutrophils, respectively (24, 40). In addition, CS-induced 
neutrophilia and inflammatory cytokine production are attenuated in mice 
lacking TLR4 or the downstream MyD88 adapter (41, 42). These data suggest 
that TLRs may play a role in CS-induced inflammatory responses and provide a 
possible mechanism for the CS-mediated activation of TAK1. Although LPS was 
found to be present in CS (43), it may not be the cause of CSE-induced TLR4 
activation since the LPS concentration in CSE was very low and CSE-induced 
cytokine release from macrophages was not affected by neutralization of LPS 
with polymyxin B (24, 27, 41).  
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Interestingly, diesel exhaust particles (DEP) have been shown to induce NF-κB 
activation in a TAK1-dependent manner in rat lung epithelial cells (44). DEP 
exposure, much like exposure to CS, induces an increase of lung neutrophils, 
macrophages and T-lymphocytes in experimental animals (45) and was recently 
shown to increase COPD mortality in railroad workers (46). Similarly, silica 
exposure, which has also been associated with the development of COPD (47), 
was shown to activate the NF-κB pathway in a TAK1-dependent manner in lung 
fibroblasts (48). Collectively, these and our data indicate that TAK1 may be 
importantly involved in inflammatory responses induced by environmental 
stimuli on various cell types that have been implicated in the development of 
COPD.  
 
In conclusion, our observations indicate that TAK1 plays a major role in CS-
induced IL-8 release by ASM cells, and identify this enzyme as a potential novel 
target for the inhibition of inflammatory responses that play a role in the 
development and progression of COPD. 
 
 
Funding 
 
This study was financially supported by Boehringer Ingelheim Pharma GmbH & 
Co. KG and the Graduate School of Behavioral and Cognitive Neurosciences, 
University of Groningen, The Netherlands. 
 
 
References 

 
 1.  Hogg JC, Timens W. The pathology of chronic obstructive pulmonary disease. Annu Rev 

Pathol 2009;4:435-459. 
 2.  Bosken CH, Wiggs BR, Pare PD, Hogg JC. Small airway dimensions in smokers with 

obstruction to airflow. Am Rev Respir Dis 1990;142:563-570. 
 3.  Saetta M, Di Stefano A, Turato G, Facchini FM, Corbino L, Mapp CE, Maestrelli P, 

Ciaccia A, Fabbri LM. CD8+ T-lymphocytes in peripheral airways of smokers with 
chronic obstructive pulmonary disease. Am J Respir Crit Care Med 1998;157:822-826. 

 4.  Kuwano K, Bosken CH, Pare PD, Bai TR, Wiggs BR, Hogg JC. Small airways dimensions 
in asthma and in chronic obstructive pulmonary disease. Am Rev Respir Dis 
1993;148:1220-1225. 

 5.  Hogg JC, Chu F, Utokaparch S, Woods R, Elliott WM, Buzatu L, Cherniack RM, Rogers 
RM, Sciurba FC, Coxson HO, Pare PD. The nature of small-airway obstruction in chronic 
obstructive pulmonary disease. N Engl J Med 2004;350:2645-2653. 

 6.  Gosens R, Rieks D, Meurs H, Ninaber DK, Rabe KF, Nanninga J, Kolahian S, Halayko AJ, 
Hiemstra PS, Zuyderduyn S. Muscarinic M3 receptor stimulation increases cigarette 
smoke-induced IL-8 secretion by human airway smooth muscle cells. Eur Respir J 
2009;34:1436-1443. 



Chapter 4 
 

 96 

 7.  Oltmanns U, Chung KF, Walters M, John M, Mitchell JA. Cigarette smoke induces IL-8, 
but inhibits eotaxin and RANTES release from airway smooth muscle. Respir Res 
2005;6:74 

 8.  Oltmanns U, Walters M, Sukkar M, Xie S, Issa R, Mitchell J, Johnson M, Chung KF. 
Fluticasone, but not salmeterol, reduces cigarette smoke-induced production of 
interleukin-8 in human airway smooth muscle. Pulm Pharmacol Ther 2008;21:292-297. 

 9.  Yamaguchi K, Shirakabe K, Shibuya H, Irie K, Oishi I, Ueno N, Taniguchi T, Nishida E, 
Matsumoto K. Identification of a member of the MAPKKK family as a potential mediator 
of TGF-beta signal transduction. Science 1995;270:2008-2011. 

 10.  Ninomiya-Tsuji J, Kishimoto K, Hiyama A, Inoue Ji, Cao Z, Matsumoto K. The kinase 
TAK1 can activate the NIK-I[kappa]B as well as the MAP kinase cascade in the IL-1 
signalling pathway. Nature 1999;398:252-256. 

 11.  Sakurai H, Suzuki S, Kawasaki N, Nakano H, Okazaki T, Chino A, Doi T, Saiki I. Tumor 
necrosis factor-α-induced IKK phosphorylation of NF-κB p65 on serine 536 is mediated 
through the TRAF2, TRAF5, and TAK1 signaling pathway. J Biol Chem 2003;278:36916-
36923. 

 12.  Irie T, Muta T, Takeshige K. TAK1 mediates an activation signal from toll-like receptor(s) 
to nuclear factor-[kappa]B in lipopolysaccharide-stimulated macrophages. FEBS Letters 
2000;467:160-164. 

 13.  Sakurai H, Shigemori N, Hasegawa K, Sugita T. TGF-[beta]-activated kinase 1 stimulates 
NF-[kappa]B activation by an NF-[kappa]B-inducing kinase-independent mechanism. 
Biochem Biophys Res Commun 1998;243:545-549. 

 14.  Sakurai H, Miyoshi H, Toriumi W, Sugita T. Functional interactions of transforming 
growth factor ß-activated kinase 1 with IκB kinases to stimulate NF-κB activation. J Biol 
Chem 1999;274:10641-10648. 

 15.  Ear T, Fortin CF, Simard FA, McDonald PP. Constitutive association of TGF-{beta}-
activated kinase 1 with the I{kappa}B kinase complex in the nucleus and cytoplasm of 
human neutrophils and its impact on downstream processes. J Immunol 
2010;184:3897-3906. 

 16.  Nishimura M, Shin MS, Singhirunnusorn P, Suzuki S, Kawanishi M, Koizumi K, Saiki I, 
Sakurai H. TAK1-mediated serine/threonine phosphorylation of EGFR via p38/ERK: 
NF-{kappa}B-independent survival pathways in TNF-{alpha} signaling. Mol Cell Biol 
2009;MCB 

 17.  Shim JH, Xiao C, Paschal AE, Bailey ST, Rao P, Hayden MS, Lee KY, Bussey C, Steckel M, 
Tanaka N, Yamada G, Akira S, Matsumoto K, Ghosh S. TAK1, but not TAB1 or TAB2, 
plays an essential role in multiple signaling pathways in vivo. Genes Dev 2005;19:2668-
2681. 

 18.  Shim JH, Greenblatt MB, Xie M, Schneider MD, Zou W, Zhai B, Gygi S, Glimcher LH. 
TAK1 is an essential regulator of BMP signalling in cartilage. EMBO J 2009;28:2028-
2041. 

 19.  Sato S, Sanjo H, Takeda K, Ninomiya-Tsuji J, Yamamoto M, Kawai T, Matsumoto K, 
Takeuchi O, Akira S. Essential function for the kinase TAK1 in innate and adaptive 
immune responses. Nat Immunol 2005;6:1087-1095. 

 20.  Sato S, Sanjo H, Tsujimura T, Ninomiya-Tsuji J, Yamamoto M, Kawai T, Takeuchi O, 
Akira S. TAK1 is indispensable for development of T cells and prevention of colitis by the 
generation of regulatory T cells. Int Immunol 2006;18:1405-1411. 

 21.  Wan YY, Chi H, Xie M, Schneider MD, Flavell RA. The kinase TAK1 integrates antigen 
and cytokine receptor signaling for T cell development, survival and function. Nat 
Immunol 2006;7:851-858. 

 22.  Bradford MM. A rapid and sensitive method for the quantitation of microgram 
quantities of protein utilizing the principle of protein-dye binding. Anal Biochem 
1976;72:248-254. 

 23.  Hellermann G, Nagy S, Kong X, Lockey R, Mohapatra S. Mechanism of cigarette smoke 
condensate-induced acute inflammatory response in human bronchial epithelial cells. 
Respir Res 2002;3:22 



TAK1 regulates IL-8 release by airway smooth muscle cells 
 

 97 

 24.  Karimi K, Sarir H, Mortaz E, Smit JJ, Hosseini H, De Kimpe SJ, Nijkamp FP, Folkerts G. 
Toll-like receptor-4 mediates cigarette smoke-induced cytokine production by human 
macrophages. Respir Res 2006;7:66 

 25.  Moretto N, Facchinetti F, Southworth T, Civelli M, Singh D, Patacchini R. 
{alpha},{beta}-Unsaturated aldehydes contained in cigarette smoke elicit IL-8 release in 
pulmonary cells through mitogen-activated protein kinases. Am J Physiol Lung Cell Mol 
Physiol 2009;296:L839-L848. 

 26.  Oenema TA, Kolahian S, Nanninga JE, Rieks D, Hiemstra PS, Zuyderduyn S, Halayko AJ, 
Meurs H, Gosens R. Pro-inflammatory mechanisms of muscarinic receptor stimulation 
in airway smooth muscle. Respir Res 2010;11:130 

 27.  Pera T, Gosens R, Lesterhuis AH, Sami R, Toorn M, Zaagsma J, Meurs H. Cigarette 
smoke and lipopolysaccharide induce a proliferative airway smooth muscle phenotype. 
Respir Res 2010;11:48 

 28.  Roebuck KA, Carpenter LR, Lakshminarayanan V, Page SM, Moy JN, Thomas LL. 
Stimulus-specific regulation of chemokine expression involves differential activation of 
the redox-responsive transcription factors AP-1 and NF-kappaB. J Leukoc Biol 
1999;65:291-298. 

 29.  Mortaz E, Rad M, Johnson M, Raats D, Nijkamp F, Folkerts G. Salmeterol with 
fluticasone enhances the suppression of IL-8 release and increases the translocation of 
glucocorticoid receptor by human neutrophils stimulated with cigarette smoke. J Mol 
Med 2008;86:1045-1056. 

 30.  Winkler AR, Nocka KH, Sulahian TH, Kobzik L, Williams CMM. In vitro modeling of 
human alveolar macrophage smoke exposure: enhanced inflammation and impaired 
function. Exp Lung Res 2008;34:599-629. 

 31.  Takaesu G, Kishida S, Hiyama A, Yamaguchi K, Shibuya H, Irie K, Ninomiya-Tsuji J, 
Matsumoto K. TAB2, a novel adaptor protein, mediates activation of TAK1 MAPKKK by 
linking TAK1 to TRAF6 in the IL-1 signal transduction pathway. Molecular Cell 
2000;5:649-658. 

 32.  Takaesu G, Surabhi RM, Park KJ, Ninomiya-Tsuji J, Matsumoto K, Gaynor RB. TAK1 is 
critical for I[kappa]B kinase-mediated activation of the NF-[kappa]B pathway. J Mol 
Biol 2003;326:105-115. 

 33.  Blanco S, Santos C, Lazo PA. Vaccinia-related kinase 2 modulates the stress response to 
hypoxia mediated by TAK1. Mol Cell Biol 2007;27:7273-7283. 

 34.  HuangFu WC, Omori E, Akira S, Matsumoto K, Ninomiya-Tsuji J. Osmotic stress 
activates the TAK1-JNK pathway while blocking TAK1-mediated NF-κB activation. J Biol 
Chem 2006;281:28802-28810. 

 35.  Sakurai H, Nishi A, Sato N, Mizukami J, Miyoshi H, Sugita T. TAK1-TAB1 fusion protein: 
a novel constitutively active mitogen-activated protein kinase kinase kinase that 
stimulates AP-1 and NF-kappaB signaling pathways. Biochem Biophys Res Commun 
2002;297:1277-1281. 

 36.  Zhou C, Ma FZ, Deng XJ, Yuan H, Ma HS. Lactobacilli inhibit interleukin-8 production 
induced by Helicobacter pylori lipopolysaccharide-activated Toll-like receptor 4. World J 
Gastroenterol 2008;14:5090-5095. 

 37.  Cheng T, Peng XC, Li FF, Zhang XL, Hu KZ, Zhu JF, Zeng BF. Transforming growth 
factor-β activated kinase 1 signaling pathways regulate TNF-α production by titanium 
alloy particles in RAW 264.7 cells. J Biomed Mater Res A 2010;93A:1493-1499. 

 38.  Holtmann H, Enninga J, Kälble S, Thiefes A, Dörrie A, Broemer M, Winzen R, Wilhelm 
A, Ninomiya-Tsuji J, Matsumoto K, Resch K, Kracht M. The MAPK kinase kinase TAK1 
plays a central role in coupling the interleukin-1 receptor to both transcriptional and 
RNA-targeted mechanisms of gene regulation. J Biol Chem 2001;276:3508-3516. 

 39.  Taniguchi F, Harada T, Miyakoda H, Iwabe T, Deura I, Tagashira Y, Miyamoto A, 
Watanabe A, Suou K, Uegaki T, Terakawa N. TAK1 activation for cytokine synthesis and 
proliferation of endometriotic cells. Mol Cell Endocrinol 2009;307:196-204. 

 40.  Mortaz E, Adcock IM, Ito K, Kraneveld AD, Nijkamp FP, Folkerts G. Cigarette smoke 
induces CXCL8 production by human neutrophils via activation of TLR9 receptor. Eur 
Respir J 2009;5:1143-1154. 



Chapter 4 
 

 98 

 41.  Doz E, Noulin N, Boichot E, Guenon I, Fick L, Le BM, Lagente V, Ryffel B, Schnyder B, 
Quesniaux VF, Couillin I. Cigarette smoke-induced pulmonary inflammation is 
TLR4/MyD88 and IL-1R1/MyD88 signaling dependent. J Immunol 2008;180:1169-1178. 

 42.  Maes T, Bracke KR, Vermaelen KY, Demedts IK, Joos GF, Pauwels RA, Brusselle GG. 
Murine TLR4 is implicated in cigarette smoke-induced pulmonary inflammation. Int 
Arch Allergy Immunol 2006;141:354-368. 

 43.  Hasday JD, Bascom R, Costa JJ, Fitzgerald T, Dubin W. Bacterial endotoxin is an active 
component of cigarette smoke. Chest 1999;115:829-835. 

 44.  Yun YP, Joo JD, Lee JY, Nam HY, Kim YH, Lee KH, Lim CS, Kim HJ, Lim YG, Lim Y. 
Induction of nuclear factor-[kappa]B activation through TAK1 and NIK by diesel exhaust 
particles in L2 cell lines. Toxicol Lett 2005;155:337-342. 

 45.  Ishihara Y, Kagawa J. Chronic diesel exhaust exposures of rats demonstrate 
concentration and time-dependent effects on pulmonary inflammation. Inhal Toxicol 
2003;15:473-492. 

 46.  Hart JE, Laden F, Schenker MB, Garshick E. Chronic obstructive pulmonary disease 
mortality in diesel-exposed railroad workers. Environ Health Perspect 2006;114:1013-
1017. 

 47.  Cohen RAC, Patel A, Green FHY. Lung disease caused by exposure to coal mine and 
silica dust. Semin Respir Crit Care Med 2008;29:651,661 

 48.  Cho H, Lee J, Kwak NJ, Lee KH, Rha S, Kim YH, Cho YY, Yang KH, Kim K, Lim Y. Silica 
induces nuclear factor-[kappa]B activation through TAK1 and NIK in Rat2 cell line. 
Toxicol Lett 2003;143:323-330. 

 

 


