
FIZZ1 potentiates the carbachol-induced

tracheal smooth muscle contraction
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ABSTRACT: FIZZ1 is an adipokine highly expressed under inflammatory conditions, and yet, little

is known of its function. In this study we examine the expression and function of FIZZ1 in an

ovalbumin mouse model of asthma.

Trachea from naı̈ve or ovalbumin-sensitised and -challenged mice were compared for

transcriptional, functional and proteomic differences using gene microarrays, ex vivo tracheal

contraction, immunohistochemistry and Western blot analysis.

FIZZ1 was expressed in ovalbumin-treated, but not naı̈ve, trachea. Naı̈ve trachea incubated with

recombinant FIZZ1 exhibited denuded epithelium and contractile hyperresponsiveness. The

FIZZ1-incubated trachea also exhibited an associated increased expression of phospho-c-Raf,

phospho-extracellular signal-regulated kinase 1/2, phospho-p38, MLCK and MLC-20.

These data demonstrate that FIZZ1 regulates tracheal smooth muscle contraction through

impairment of the epithelium and activation of the mitogen-activated protein kinase pathway in

muscle.

KEYWORDS: Airway epithelium, c-Raf, extracellular signal-regulated kinase 1/2, mitogen-

activated protein kinase, myosin light chain kinase, myosin light chain 20

F
IZZ1, Resistin-like molecule-a, is a
secreted protein of the resistin family of
adipokines. It is released from a variety of

cell types including airway epithelial cells. FIZZ1
was first identified in a murine model of
experimental asthma and an increase in its
mRNA and protein levels were seen in a variety
of T-helper (Th)2-mediated inflammatory set-
tings [1], suggesting a role in the pathogenesis
of Th2-mediated diseases. FIZZ1 protein admin-
istered into the lungs of mice has been shown to
induce macrophage infiltration into the broncho-
alveolar lavage (BAL) and collagen deposition in
the lung [2, 3]. Additional studies revealed that
FIZZ1 protein has vasoconstrictive properties
and is anti-apoptotic for lung fibroblasts [4, 5].
Although a biological effect of FIZZ1 has not
been elucidated on intact tracheal smooth muscle
(TSM), the strong induction of expression and
these reports of pleiotropic biological activities led
us to hypothesise that FIZZ1 may influence the
functional behaviour of TSM. This could provide
important clues to the role of FIZZ1 in such
pulmonary diseases as asthma and, thus, may
provide novel therapeutic opportunities [6–8].

In this study, increased levels of FIZZ1 mRNA
and protein were demonstrated in trachea and/
or BAL from the ovalbumin (OA) model.
Impairment of the epithelial layer was observed
in rFIZZ1-treated trachea with an associated

increased contractile response, over expression
of myosin light chain kinase (MLCK), myosin
light chain (MLC)-20 and activation of signalling
molecules linked to mitogen-activated protein
kinase (MAPK) pathway.

MATERIALS AND METHODS

Preparation of animals and trachea
Specific pathogen-free male BALB/C mice
(5 week old) were housed at Pfizer Research
(Cambridge, MA, USA) under pathogen-free
conditions for the duration of the experiments.
All studies were conducted in accordance with
the National Institutes of Health Guide for the
Care and Use of Laboratory Animals, as well as
following guidelines from, and with the approval
of, the Institutional Animal Care and Use
Committee of Pfizer Research.

Animals were grouped as PBS-sensitised and
-challenged (PBS/PBS), OA-sensitised and PBS-
challenged (OA/PBS), and OA-sensitised and
-challenged mice (OA/OA). Mice were injected
intraperitoneally with PBS or OA (20 mg) with
2.25 mg Al(OH)3 on day 0 and 14. From day 25 to
34, mice were challenged with PBS or OA (5%)
for 30 min?day-1 for 10 consecutive days.

Tracheal rings from naı̈ve mice were isolated
and cultured overnight in DMEM in the absence
and presence of 10 or 100 nM rFIZZ1 (Leinco
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Technologies, St Louis, MO, USA) as well as 0.1 ng?mL-1

lipopolysaccharide (LPS; 100 nM rFIZZ1 contains an endotoxin
level ,0.1 ng). In a separate study, the tension in fresh trachea
and BAL cell counts were measured 24 h after the last
treatment of mice receiving an intranasal PBS, 0.1 ng?mL-1

LPS or 100 nM rFIZZ1 (once a day for 5 days).

Cell counts and protein preparation
BAL from each sacrificed mouse was centrifuged (225 xg for
5 min). The total BAL cells were counted and a sample applied
to a glass slide, stained with Hema 3 Stain Set (Fisher Scientific,
Pittsburgh, PA, USA), for the differential count of cells.

TSM tissue was collected by cutting away cartilage and physically
scraping off the epithelium under a light microscope. The PBS-
and rFIZZ1-treated trachea and TSM were homogenised in lysis
buffer containing 20 mM MOSP, 2.0 mM EGTA, 5.0 mM EDTA,
30 mM sodium fluoride, 40 mM b-glycerophosphate, 20 mM
sodium orthovanadate, 1.0 mM phenylmethylsulfonyl-fluoride,
3.0 mM benzamidine, 0.005 mM pepstatin A, 0.01 mM leupeptin
and 0.5% Triton X-100 at pH 7.2. The supernatants were cleared
by centrifugation and the protein concentrations measured by
bicinchoninic acid assay.

Examination of airway epithelium and epithelial cell culture
and assay
The status of the epithelial layer was examined in whole/
sectional trachea with and without 100 nM rFIZZ1 or by
mechanically removing the intraluminal surface by gently
rubbing with polyethylene tubing (PE10) connected to a needle
(30G1/2) followed by perfusion with 1.0 mL of air bubbles and
then 1.0 mL Krebs–Henseleit solution [9]. The trachea was
stained with Haematoxylin and eosin and was photographed
using computer-based imaging under a light microscope.

Mouse tracheal epithelial cell (MTEC) culture was performed
as previously described, with minor modification [10, 11].
Briefly, trachea was incubated in 1.5 mg?mL-1 pronase for 18 h
at 4uC. Cells were treated with 0.5 mg?mL-1 crude pancreatic
DNase I (Sigma-Aldrich, St Louis, MO, USA) on ice for 5 min.
After incubation in tissue culture plates for 3–4 h in 5% CO2 at
37uC, nonadherent cells were incubated in a plate coated with
type I rat tail collagen (BD Biosciences, San Jose, CA, USA) in
modified BEBM (Lonza, Walkersville, MD USA) containing
10 mg?mL-1 insulin, 5 mg?mL-1 transferrin, 25 ng?mL-1 epider-
mal growth factor, 5 mg?mL-1 adrenalin and 30 mg?mL-1 bovine
pituitary extract, 0.5 nM hydrocortisone, 25 ng?mL-1 human
epidermal growth factor, 15 nM triiodothyronine, 0.25 mg?mL-1

gentamicin/amphotericin-B and 0.01 mM retinoic acid in 5% CO2

at 37uC. MTEC were seeded on polycarbonate semi-permeable
membrane (0.4 mM pore size; Corning Life Sciences, Lowell, MA,
USA) and media was removed from upper chamber to establish
an air–liquid interface, only lower chambers were provided with
BEBM/DMEM (1:1, v/v) containing 7.5 mL retinoic acid and
750 mL bovine serum albumin in the presence and absence of
LPS and rFIZZ1.

Apoptotic MTEC death was examined in MTEC cultures
(56104?mL-1) treated with PBS, 0.1 ng?mL-1 LPS or 100 nM
rFIZZ1 using Cell Death Detection ELISAplus (Roche Applied

Science, Indianapolis, IN, USA) and calculated as an index of a
fold change over a control.

Nitric oxide (NO) was examined by measuring an end product,
[nitrite]. Briefly, aliquots (50 mL) of supernatants from treated
MTEC were mixed with 50 mL Griess reagent (Bio-Rad,
Hercules, CA, USA) at room temperature for 10 min. The
absorbance was read at 540 nm in an automated microplate
reader [12].

Pharmacodynamic studies
The isometric tensions of TSM were examined as previously
described [13]. Briefly, a change in the tension was recorded with
a MP15 system (BIOPAC Systems, Inc., Goleta, CA, USA). A
carbachol (CCh) concentration–response curve was completed in
tracheal rings in the absence and presence of either rFIZZ1 or
LPS. Concentration of the agonist was increased only after the
force responses to the previous concentration had stabilised. In
addition, a heat-inactivated rFIZZ1 (70uC660 min) was exam-
ined to verify its biological activity.

Electrophoresis and quantification of proteins
Aliquots of tracheal (100 mg?well-1) and TSM (10 mg?well-1)
lysates were size-fractionated on a 4–20% SDS-PAGE gel and
transferred to a nitrocellulose membrane and blocked with 5%
nonfat dried milk in Tris-buffered saline. The membrane was
individually incubated with primary antibodies to FIZZ1
(Antigenix America Inc., Huntington Station, NY, USA),
MLCK, MLC-20, a-actin, Gia1,2, Gqa11, b-actin (Sigma-
Aldrich), Ga12/13 (Santa Cruz Biotechnology, Inc., Santa
Cruz, CA, USA), c-Raf, phospho-c-Raf, extracellular signal-
regulated kinase (ERK)1/2, phospho-ERK1/2, p38 MAPK and
phospho-p38 MAPK (Cell Signaling, Inc., Danvers, MA, USA)
at 4uC overnight and then incubated with horseradish
peroxidase-conjugated secondary antibodies. Proteins were
quantified using ImageJ and relative band intensity calculated
as percentage of the intensity of the b-actin protein band.

Gene chips
Total RNA of trachea from treated mice was extracted and
RNA was purified with Qiagen RNeasy minicolumns. This
RNA was linearly amplified and biotin-labelled with Nugen’s
Ovation System (NuGEN Technologies, Inc., San Carlos, CA,
USA) [14]. Approximately 1.5 mg of purified and fragmented
biotinylated cRNA, together with Wyeth standards for
quantifying the amount of each transcript, was hybridised to
the mouse gene chip array for 16–18 h. Gene chips were
scanned with an Agilent GeneArray scanner (Agilent, Santa
Clara, CA, USA). The signals were normalised and quantified
using Gene Logic MAS 5.0 software (Gene Logic, Gaithersburg,
MD, USA).

Data analysis
At the end of an experiment, trachea were blotted on a gauze
pad and weighed. Results were calculated as tension/TSM
weight (mg?mg-1) and expressed as a percentage of the mean
value of the maximal responses in PBS-treated trachea.

All values were expressed as mean¡SEM. Comparisons within
groups of contractile agonist were performed by ANOVA.
Unpaired t-tests were used to compare the effects of PBS, LPS
and rFIZZ1. A p-value ,0.05 was considered significant.
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RESULTS
Features of the OA model
The CCh-induced contraction was increased in trachea from
the OA/OA-treated mice (fig. 1a). The difference in the force
level was statistically significant when comparing either PBS/
PBS or OA/PBS versus OA/OA (p,0.05, n56). The cellular
composition of the BAL was determined for the treated mice
(fig. 1b–d). A large increase in the number of total BAL cells,
lymphocytes and eosinophils was observed in the OA/OA-
treated mice compared to those from the other two groups.
(p,0.01, n56). The level of FIZZ1 mRNA expression in
tracheal tissue was examined by transcriptional profiling and
is shown in figure 2. The fold change in FIZZ1 mRNA
expression in trachea from OA/OA-treated mice was
increased 33-fold over that from either PBS/PBS- or OA/
PBS-treated mice. In contrast to the inability to measure FIZZ1
protein from either PBS/PBS- or OA/PBS-treated mice, the
FIZZ1 protein was easily detected in the BAL and trachea from
the OA/OA-treated mice (fig. 2). These data, together with
those from previous publications, indicate that FIZZ1 is
induced in Th2 inflammatory situations.

Histological examination of airway epithelium
There were no tissue oedema, unusual epithelial denudation
and/or patchy shedding of epithelial cells on the luminal side

of the PBS/PBS-treated fresh trachea or the PBS-treated
cultured trachea (fig. 3). In contrast, there was an obvious
infiltration of inflammatory cells into epithelial layer/tracheal
wall in OA/OA-exposed trachea (fig. 3a–c). In association with
this infiltration, epithelial cells were destroyed with epithelial
denudation or patchy shedding of the epithelial cells in the
trachea. In rFIZZ1-treated cultured trachea, the epithelial layer
was thinner and some of epithelium was denuded (fig. 3d–f).
However, the epithelial layer in fresh trachea from rFIZZ1-
exposed mice was intact with no epithelial denudation and
inflammatory cells infiltrate in the trachea (fig. 3g–i). With the
mechanical removal of epithelium, histological observation
showed a similar state of epithelial denudation to that seen in
rFIZZ1-treated trachea.

Effect of rFIZZ1, heat-inactivated FIZZ1 and LPS on trachea
rFIZZ1-treated trachea induced a significantly increased force
response (fig. 4a and c) compared to PBS-treated trachea
(p,0.05, n56). Similarly, the increased expression of MLCK
and MLC-20 was detected in rFIZZ1 treated TSM (fig. 4c).
Heat-treated rFIZZ1 and LPS had no effect on the CCh-
mediated force response (fig. 4d). There was a statistically
significant difference detected in the force response between
the native rFIZZ1 treated group and the other groups
(p,0.05, n56).
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FIGURE 1. Tracheal smooth muscle contractility and the number of bronchoalveolar lavage (BAL) cells are enhanced in the ovalbumin (OA) model. a) Tracheal smooth

muscle contractility and counts of b) total cells, c) lymphocytes and d) eosinophils from BAL were examined in PBS/PBS-treated mice (h), OA/PBS-treated mice (&) and OA/

OA-treated mice (&). #: PBS/PBS; m: OA/PBA; $: OA/OA. Data are presented as mean¡SEM. CCh: carbachol. *: p,0.05; **: p,0.01 OA/OA-treated mice versus either

PBS/PBS- or OA/PBS-treated mice.
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Force response of fresh trachea and BAL cell counts
The BAL cell counts and tensions of fresh trachea were
examined 24 h after the last treatment of mice receiving
intranasal doses of PBS, LPS or rFIZZ1 (fig. 5). Significant
increases in the CCh-evoked force response (fig. 5a) measured
in the fresh trachea and in the number of BAL cells (fig. 5b)
were detected in rFIZZ1-challenged mice compared to either
PBS- or LPS-exposed mice (p,0.05, n55). In addition, a slight
increase in the cell counts was observed in LPS-treated mice
versus PBS-treated mice (p,0.05, n55).

rFIZZ1 effects on MTEC and epithelium-denuded trachea
In order to explore the mechanisms responsible for the FIZZ1-
mediated loss of tracheal epithelium, MTEC apoptosis was
investigated. A significant increase (p,0.05 or p,0.01; n53) in
MTEC apoptosis was detected at all of the time-points after
rFIZZ1 treatment compared to LPS treatment (fig. 6a).
However, no induction of nitrite production was measured
at any time-point (fig. 6b). With mechanical removal of the
epithelium, there were significant differences in the force
response between trachea with and without epithelium, as
well as untreated and rFIZZ1-treated trachea without epithe-
lium (p,0.05, n58–19) (fig. 6c). Taken together, these data
indicate that FIZZ1 cause epithelial cell death and this cell
death, together with a direct effect on the smooth muscle,
induces an increased tracheal contractile response.

Protein expression in rFIZZ1-treated trachea
Upon initiation of receptor-mediated signalling, the activation
state of second messenger proteins is altered. We investigated the
state of several G protein-coupled receptors as well as members of
the c-Raf/MAPK/ERK pathways. The expression levels of a-
actin, Gia1,2, Gqa11 and Ga12/13 were similar between PBS- and
rFIZZ1-treated trachea (fig. 7a). The expression of phosphorylated
and unphosphorylated c-Raf, ERK1/2 and p38 MAPK showed
a similar level of expression for most of the unphosphory-
lated proteins, whereas phospho-c-Raf, phospho-ERK1/2 and
phospho-p38 MAPK in trachea and TSM tissues all statistically
increased in expression after rFIZZ1 treatment (p,0.01 or p,0.05
versus PBS; n53) (fig. 7b–d). These data indicate that correlated
with an increase in TSM contraction, FIZZ1 induces an activation
of the c-Raf/MAPK signalling pathway.

DISCUSSION
Several studies have tested the hypothesis that nonspecific
airway hyperresponsiveness (AHR) in asthma is caused by
increased force generation in the smooth muscle due to either
increases in the size and number of individual muscle cells or a
modification of the muscle’s intracellular contractile signalling
pathways [15–17]. In initial experiments, a mouse AHR model
with a 10-day OA challenge was initially performed following
a previously reported protocol modelling abnormal TSM
function [18, 19]. Our results show that this model is associated
with a significant increase in CCh-evoked force and a large
inflammatory infiltrate, mainly comprised of lymphocytes and
eosinophils, into the BAL. In association with these findings,
transcriptional profiling revealed that FIZZ1 mRNA expres-
sion in the trachea from OA/OA-treated mice was upregulated
30-fold over that from either PBS/PBS- or OA/PBS-treated
animals. These data identified FIZZ1 as an inducible gene
product within a process of local allergen-triggered airway
inflammation. In support of this finding, FIZZ1 protein was
detected in the BAL and trachea from OA/OA-treated mice,
suggesting the particular importance of FIZZ1 as a pro-
inflammatory mediator propagating allergic inflammation. It
has been previously reported that FIZZ1 protein expression
was significantly increased in the BAL from OA-treated mice,
reaching levels as high as 5 mg?mL-1 [1]. Due to the correlation
of increased FIZZ1 protein expression and the induction of
AHR in inflamed trachea, we postulated that FIZZ1 contri-
butes to a cascade of effects culminating in TSM dysfunction.

Since FIZZ1 is found in airway epithelium [1, 4], it suggests
that this protein exerts its effects in the local environment. In a
direct rFIZZ1-treated ring we found the epithelial layer was
significantly thinner and lacked histological intactness with
epithelial denudation. This reveals that FIZZ1 acts on the
airway epithelium and leads to a direct loss of the epithelial
barrier similar to that seen in OA/OA-exposed trachea where
an infiltration is associated with patchy epithelial layer
destruction. Since epithelial damage is clinically associated
with human asthma [20, 21] and often caused by a release of
major basic proteins from infiltrating inflammatory cells into
the inflamed airways [22, 23], our data suggest that the in vitro
epithelial damage observed in the FIZZ1-exposed trachea is
consistent with that of the in vivo asthmatic airway.

FIZZ1 was found to directly induce an increase in the CCh-
generated force in TSM. In support of this result, expression levels

0

FI
ZZ

1 
m

R
N

A 
ex

pr
es

si
on

1500

1000

500

2000

OA/OAOA/PBSPBS/PBS

OA/OA
FIZZ1 
in BAL

FIZZ1 
in trachea

β-Actin 
in trachea

OA/PBSPBS/PBS

b)

a)

**

#

FIGURE 2. The signal of FIZZ1 mRNA and protein expression are increased in

the ovalbumin (OA) model. a) The level of FIZZ1 protein in the bronchoalveolar

lavage (BAL) and trachea from the treated mice was determined in reference to the

level of b-actin in the tracheal sample. b) The FIZZ1 mRNA expression in trachea

was assayed by transcriptional profiling. FIZZ1 levels are represented as the fold

change of mRNA from trachea from mice treated with PBS/PBS, OA/PBS and OA/

OA versus trachea from naı̈ve animals. Data are presented as mean¡SEM.

**: p,0.01; #: p50.51.

CELL AND ANIMAL STUDIES H. CHEN ET AL.

1168 VOLUME 36 NUMBER 5 EUROPEAN RESPIRATORY JOURNAL



of MLCK and its primary substrate, MLC-20, were significantly
increased in the TSM. This finding provides an important
molecular basis to fully understand the force development
observed in the FIZZ1-treated trachea and supports the conclu-
sion that FIZZ1 alters the contractile property of the TSM by
influencing the expression level of contractile proteins within the

tissue. It is well documented that a key event in the regulation of
TSM contraction is the phosphorylation/dephosphorylation of
the regulatory light chain of myosin catalysed by the calmodulin-
activated MLCK [24–26]. An exposure to inflammatory mediators
induces smooth muscle dysfunction with an increase in MLCK/
MLC-20 expression [27], suggesting that the TSM contractile

a)

d)

g) h) i)

e) f)

b) c)

FIGURE 3. rFIZZ1 or mechanical removal results in the loss of the luminal epithelial layer. Histological examination of airway structure and the status of the airway

epithelial layer were performed on frozen tracheae (either whole or sectional) from a–c) the ovalbumin (OA) model, d–f) rFIZZ1 cultured trachea and g–i) fresh trachea from

rFIZZ1-treated mice. a) Trachea from mice sensitised and challenged with PBS (PBS/PBS), b) trachea from PBS/OA mice, c) trachea from OA/OA mice, d) trachea cultured in

PBS, e) trachea cultured in rFIZZ1, f) trachea with epithelial cell layer mechanically removed, g) fresh trachea from PBS-treated mice, h) fresh trachea from lipopolysaccharide-

treated mice and i) fresh trachea from rFIZZ1-treated mice. All sections were viewed by light microscopy at magnifications of 64.0 and 620.
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apparatus may be surrounded and bombarded by inflammatory
mediators. Due to the histological finding that culturing with
FIZZ1 resulted in epithelial denudation, there was a concern that
the increased force response was a consequence of the epithelial
damage. Because there is no known intrinsic linkage in the
contractile mechanism between epithelial damage and the

activation of MLCK, the FIZZ1 effect on CCh-elicited contraction
should be considered a dual entity of two separate effects, one on
the epithelium and another on the TSM. In support of the
observed effect of FIZZ1 protein on cultured trachea, mice given
an in vivo administration of rFIZZ1 protein showed significant
increases in both the force response of freshly isolated trachea and
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in the number of BAL cells compared to either PBS- or LPS-
treated animals. Because the epithelial layer of freshly isolated
trachea from FIZZ1-treated mice was intact with no cellular
infiltrate, it leads us to conclude that FIZZ1 protein participates in
modulating lung inflammation and the increased force activity in
the trachea is due to a dysfunction of TSM rather than an influx of
inflammatory cells.

Due to the histological changes in epithelial layer observed in
rFIZZ1-treated trachea, the apoptosis of MTEC was deter-
mined within the time-period of the study. The results show a
significant increase in apoptosis, indicating that FIZZ1 acts
directly on airway tissue enhancing epithelial cell death.
Further investigation showed no change in [nitrite] throughout
this time period, suggesting a loss of NO was not responsible
for the increased force response. In order to clarify whether or
not the epithelial damage contributes to the increased force
response in FIZZ1-exposed trachea, epithelial cells were
mechanically removed from trachea of naı̈ve mice. Our results
show an increased force response in the epithelium-denuded
trachea, demonstrating the importance of the epithelial barrier
in the protection of TSM from direct exposure to contractile
agonists. Since the epithelium-denuded trachea treated with
rFIZZ1 showed an increased force level as compared to that of
denuded trachea without rFIZZ1 treatment, it is reasonable to
conclude that this protein exerts separable effects involving
both the epithelium and TSM, representing different stages in
the process of abnormal smooth muscle force development.

There has been growing awareness that pro-inflammatory
proteins are able to modulate the functional properties of TSM
[13]. To investigate the molecular mechanism(s) responsible
for the FIZZ1-induced changes in the TSM functional
response, the expression level of smooth muscle a-actin was
assessed in FIZZ-1-treated trachea based on a previous report
that the transfection of a FIZZ1-expressing plasmid into lung
fibroblasts stimulated a-actin production and induced vaso-
constrictive properties [3, 4]. Our results showed that a-actin
was expressed at a similar level in both rFIZZ1- and PBS-
treated tissues, indicating that FIZZ1 did not exert its effects
by changing the expression of this contractile element. Since
the muscarinic receptor preferentially couples to G-proteins
leading to an increase in MLC-20 phosphorylation and the
associated muscle contraction, it is possible that the FIZZ1
effect is mediated through the activation of Gsa, Gia, Gqa or
Ga12/13, amplifying the receptor-mediated generation of
second messengers [28]. Our results show that the expression
of the G-proteins in rFIZZ1-treated trachea was identical to
the level detected in PBS-treated trachea, indicating that
changes in the expression of these G-proteins is not involved
in the event.

Upon binding their cognate ligand, receptor tyrosine kinases
(RTK) in the plasma membrane activate Ca2+ mobilisation,
inducing TSM force generation, through a pathway distinct
from that used by the G-protein-coupled receptors [29, 30]. The
activation of RTKs may produce a downstream effect
contributing to the activation of c-Raf-mediated MAPK signal
transduction pathways eventually leading to an increase in
MLC-20 phosphorylation [31–33]. A recent study suggested
that ERK1/2 and p38MAPK in fibroblasts were activated by
FIZZ1 and an inhibitor of the MAPK pathway suppressed this
activation [5]. Our results show that FIZZ1 treatment induces
high levels of phospho-c-Raf, phospho-ERK1/2 and phospho-
p38 MAPK not only in tracheal rings but also in TSM tissue,
indicating that FIZZ1 is sufficient to cause the activation of this
arm of the MAPK signalling pathway and it directly acts on the
TSM tissue. The lack of change in the expression levels of G
proteins and the increased c-Raf/MAPK and MLC-20 phos-
phorylation, leads us to conclude that FIZZ1 regulation of the
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FIGURE 6. The effect of rFIZZ1 on mouse tracheal epithelial cell culture

(MTEC) and trachea without intact epithelium. a) MTEC apoptosis index and b)

[Nitrite] were examined in supernatants from treated MTEC. h: PBS;

&: lipopolysaccharide; &: rFIZZ1. c) Cumulative dose–response curves of

isometric tension to carbachol (CCh) stimulation were measured in trachea with

epithelium (h) and those with mechanically removed epithelium (EP-; &) treated with

PBS or FIZZ1. &: EP-/FIZZ1. All tension measurements for the groups (n58–19) are

expressed as mean¡SEM. *: p,0.05; **: p,0.01; #: p,0.07.
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CCh-evoked force appears to act through a c-Raf-linked MAPK
signalling cascade leading to an increase in MLC-20 phosphor-
ylation and enhanced TSM contraction.

In conclusion, our results indicate that FIZZ1 enhances the
TSM contractile response with an associated increase in MLCK
and MLC-20 expression levels. The increased force generation
observed in FIZZ1-treated trachea is caused by an impairment
of the airway epithelium and an activation of a c-Raf-ERK1/2-
p38 MAPK signalling pathway in the contracting TSM.
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