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Abstract—The aim of our study was to elucidate the function and signaling pathway of found in infl-
ammatory zone 1 (FIZZ1) in airway remodeling in asthma. We used a mice model sensitized and
challenged by ovalbumin (OVA) to evaluate the expression of FIZZ1, type I collagen, and fibronectin-1
in the airway in asthma. To investigate the signaling pathway regulated by FIZZ1, we treated a cultured
murine lung epithelium cell-12 (MLE-12) with FIZZ1 recombination protein, silenced the expression of
FIZZ1 with FIZZ1-shRNA in vitro, and then detected phosphorylated phosphatase and tensin homolog
deleted on chromosome 10 (PTEN) and expression of type I collagen and fibronectin-1 (FN-1) by
Western blotting. In addition, we increased the expression of PTEN by PTEN plasmid transfection then
detected the expression of type I collagen and fibronectin-1 in MLE-12 by Western blot analysis and
immunofluorescence cytochemistry technology, respectively. First, the expression of FIZZ1, type I
collagen, and fibronectin-1 was significantly elevated in the lungs of OVA-challenged mice compared
with saline-treated control animals. Secondly, the phosphorylation of PTEN was decreased in MLE-12
treated with FIZZ1 recombination protein in vitro. On the contrary, the phosphorylation of PTEN was
increased in MLE-12 cells transfected with FIZZ1-shRNA. Thirdly, results of the Western blot analysis
and immunofluorescence cytochemistry showed that expression of type I collagen and fibronectin-1 was
increased in cells treated with FIZZ1 recombination protein, while the levels of type I collagen and
fibronectin-1 were significantly decreased in cells transfected with PTEN plasmid. FIZZ1 may be a
critical cytokine in airway remodeling in asthma. This study indicates that targeting FIZZ1 and/or PTEN
may be a new therapeutic strategy for asthma.
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INTRODUCTION

Bronchial asthma is a chronic lung disease which is
characterized by chronic airway inflammation, smooth

muscle dysfunction, and airway remodeling [1]. More
recently, it has become clear that airway remodeling is an
important part of the pathogenesis of asthma, as well as the
basis of asthmatic airway pathological changes [2, 3].
Although much information about the presence of airway
remodeling in asthma has been learned in the past years,
the natural history of the process is not fully understood. It
is conceivable that airway remodeling in asthma contrib-
utes to asthma exacerbations and even death because of
airway obstruction caused by smooth muscle contraction,
airway edema, and mucus plugging. Many factors contrib-
ute to airway remodeling in asthma, such as thymic stromal
lymphopoietin (TSLP) [4] and interleukin 33 (IL-33) [5].
Holgate et al. [6] proposed that airway remodeling was
initiated by damage on the airway epithelium that extended
and amplified to deeper mucous membranes then caused
the differentiation of myofibroblasts which are located in
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the subcutaneous reticular layer, leading to airway
remodeling [7].

The noteworthy feature of airway remodeling in asth-
ma is subepithelial fibrosis, and this process includes thick-
ening of the subepithelial reticularis basement membrane.
The thickened basement membrane is the outcome of
extracellular matrix deposition, primarily including colla-
gens I, III, and V, and noncollagenous matrix deposition,
such as elastin, fibronectin-1, and so on [8, 9].

Found in inflammatory zone 1 (FIZZ1) is one of the
novel cysteine-rich secreted proteins, also known as
resistin-like molecules (RELMs) which was discovered
during lung allergic inflammation [10]. The role of
FIZZ1 in lung pathologies has been described.
Conversely, Liu et al. reported that FIZZ1 was highly
inducible in bleomycin (BLM)-induced lung fibrosis and
localized primarily to alveolar epithelial cells [11].
Consistent with its role in promoting pulmonary airway
inflammation, previous studies showed that FIZZ1 could
stimulate the proliferation of pulmonary vascular smooth
muscle cells [12]. Liang et al. [13] have identified that
expression of FIZZ1, a member of a family of resistin-
like molecules, was increased in the airway epithelium of
an ovalbumin (OVA)-induced asthma animal model.
Meanwhile, FIZZ1 could enhance the expression of type
I collagen and alpha smooth muscle actin (α-SMA) in
fibroblasts then further lead to early-stage airway remodel-
ing in asthma [13]. These findings showed that FIZZ1 may
play an important role in the process of airway remodeling,
and these are consistent with previous reports [14].

The phosphatase and tensin homolog deleted on chro-
mosome 10 (PTEN) gene, as one of the most commonly
mutated tumor suppressor genes in humans, manifests a
variety of effects on cell growth, migration, death, and
differentiation [15]. This gene has drawn interesting con-
cern to its potential role in asthma in recent years. Recent
data has confirmed that PTEN expression is attenuated in
an asthma animal model and that exogenous PTEN could
effectively relieve asthma in the mice model [16, 17], as
well as efficiently reduce chronic airway inflammation and
remodeling [18].

The role of FIZZ1 in airway remodeling in asthma is
still not clear. In this study, we aimed to analyze whether
FIZZ1 could induce the expression of type I collagen and
fibronectin-1 in asthma by inhibiting the phosphorylation
of the PTEN signaling pathway. Therefore, we investigated
the function and signal pathway of FIZZ1 in airway remod-
eling in asthma using a mice model and murine lung
epithelium cell-12 lines (MLE-12). In addition, we

demonstrated that FIZZ1 is associated with the inhibition
of PTEN, resulting in increased expression of type I colla-
gen and fibronectin-1 in airway remodeling in asthma.

MATERIALS AND METHODS

Ethics Statement

The animal experiments were performed according to
the Institutional Animal Care and Use Committee of
Shandong University. The protocol was approved by the
Committee on the Ethics of Animal Experiments of
Shandong University. Each mouse was anesthetized with
intraperitoneal ketamine (30 mg/kg). All efforts were made
to minimize pain and discomfort.

Animal Model

Twenty female BALB/c mice (8 to 10 weeks old,
20±2 g) purchased from the Animal Experiment
Center of Shandong University were randomly divided
into two groups: the OVA group and the control group.
The mice in the OVA group were sensitized with OVA
as follows [19]: 100 mg/ml OVA (Sigma-Aldrich, St.
Louis, MO, USA) was emulsified with 200 mg/ml
aluminum hydroxide (Fuchen Chemistry Inc., Tianjin,
China) in saline (Hualu Inc., Shandong, China), and
each mouse was injected intraperitoneally with 0.1 ml
of the solution at days 1 and 8. From day 15 to 21, the
mice were nebulized daily with a 5 % (w/v) OVA
solution for 30 min in a 30 cm×24 cm×50 cm cham-
ber. The control group received intraperitoneal injec-
tions of saline followed by nebulization with saline.
The mice were killed, and the lung specimens were
removed for immunohistochemistry analysis.

Immunohistochemistry Analysis

Immunohistochemical staining was performed as de-
scribed previously [4]. Saline- and OVA-sensitized and
challenged mice were killed, and the lung lobes were
dissected, fixed in 10 % formaldehyde, and processed for
immunohistochemistry. Slides (4 μm thick) were dewaxed
and rehydrated, and antigen retrieval was performed with
10 mM sodium citrate (pH 6.1) and blocked with 5 %
bovine serum albumin for 60 min at room temperature.
The sections were incubated with anti-FIZZ1 antibody
(Santa Cruz Biotechnology, USA) (1:200), anti-type I col-
lagen antibody (Santa Cruz Biotechnology, USA) (1:300),
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and ant i - f ib ronec t in -1 an t ibody (San ta Cruz
Biotechnology, USA) (l:500) overnight at 4 °C and subse-
quently with polyclonal immunoglobulins/horseradish per-
oxidase (HRP) (1:100) for 1 h at room temperature. The
nuclei were counterstained with hematoxylin. Control
slides were incubated with the same antibodies. Cover slips
were mounted with 80 % glycerol (Zsbio, Beijing, China).

The samples were examined using a microscope
equipped with a digital camera (Hitachi, Japan). FIZZ1-,
type I collagen-, and fibronectin-1-positive areas were
quantified by densitometry using the Image-Pro Plus soft-
ware (Media Cybernetics, USA).

Cell Culture and Transfection

MLE-12 was purchased from a cell bank (ATCC cell
bank, USA) and cultured in DMEM/F12 complete medium
supplemented with 10 % fetal bovine serum (FBS), 2 mM
glutamine, 100 U/ml of penicillin, and 100 μg/ml of strep-
tomycin at 37 °C under conditions of 5 % CO2. After
2 days in culture, adherent cells were consistently 90 %
of epithelial morphology. The cells were seeded at 1×105

cells per well in six-well culture plates.

Transient Transfection

The FIZZ1-shRNA and pcDNA3.0-PTEN recombi-
nant plasmid of the bacteria Escherichia coli JM109 were
amplified in a liquid medium. Plasmid DNAwas extracted
using the Omega D6950 plasmid extraction kit after dis-
solving the bacteria, and plasmid concentration was deter-
mined to be 0.45 μg/μl.

At 50–70 % confluence, fresh media were replaced
the day before treatment and transfection. The MLE-12
cells were treated with FIZZ1 recombination protein (Santa
Cruz Biotechnology, USA) according to the manufac-
turer’s instructions. Transient transfections were performed
using Lipofectamine 2000 reagent (Invitrogen Inc., USA),
FIZZ1-shRNA plasmid (sc-39724-SH, Santa Cruz
Biotechnology, USA) and pcDNA3.0-PTEN recombinant
plasmid (Santa Cruz Biotechnology, USA) according to
the manufacturer’s instructions. After 48 h of incubation,
the cells were harvested for analysis of type I collagen and
fibronectin-1.

The control group was cultured and not treated with
plasmid. Then cells were collected to analyze protein ex-
pression byWestern blot analysis and immunofluorescence
cytochemistry.

Western Blot Analysis

MLE-12 cells were grown to confluence in six-
well plates. After treatment with FIZZ1 recombination
protein and transfection with FIZZ1-shRNA and
PTEN plasmid, MLE-12 cells were lysed with a cell
extraction buffer (Invitrogen Inc., USA), and the total
amount of protein was quantitated using the Pierce
BCA Protein Assay Kit (Thermo Rad Laboratories,
USA). Equal amounts of total protein (30 μg) were
separated on 10~12 % Bis-Tris gels in MOPS SDS
Running Buffer (Invitrogen Inc., USA), transferred to
a polyvinylidene difluoride membrane (PVDF)
(Immobilon, Millipore Corp, Bedford, MA, USA).
Then the PVDF membrane was blocked with 5 %
skimmed milk in Tris-buffered saline (TBS) (50 mM
Tris-Cl, pH 7.5, 150 mM NaCl) for 60 min at room
temperature and probed with anti-type I collagen anti-
body (1:300; Santa Cruz Biotechnology, USA), anti-
f i b ronec t in -1 an t ibody ( l : 500 ; San t a Cruz
Biotechnology, USA), anti-p-PTEN (1:500; Santa
Cruz Biotechnology, USA), and anti-total PTEN
(1:500, Santa Cruz, USA) followed by overnight in-
cubation with primary antibodies (type I collagen,
fibronectin-1, p-PTEN, t-PTEN) in TBS-T (0.1 %
Tween-20 in TBS). The membrane was washed three
times with 1× TBS-T for 5 min and then incubated for
1 h with secondary antibodies conjugated to horserad-
ish peroxidase at room temperature. The membrane
was exposed to a high-performance autoradiography
film (Fuji XR film, Fuji Film Corporation, Tokyo,
Japan) and visualized using the ECL system (Santa
Cruz, CA, USA). The integrated density value (IDV)
of band intensities from the films was analyzed by the
ImageQuant 5.2 software (Molecular Dynamics,
Sunnyvale, CA, USA).

Immunofluorescence Cytochemistry

The MLE-12 cells cultured on glass slides were
fixed with 4 % paraformaldehyde for 10 min, incubat-
ed with 0.5 % Triton X-100 for 30 min, and then
blocked with 1 % bovine serum albumin for 30 min
at room temperature. The slides were incubated with
anti-type I collagen, E-cadherin, and fibronectin-1 pri-
mary antibodies (1:100) overnight at 4 °C and subse-
quently with goat anti-rabbit IgG-fluorescein isothio-
cyanate (FITC) mAb (1:200) for 1 h. DAPI (500 ng/ml
in 95 % ethanol) was used to stain the nuclei for 20 s.
Cover slips were mounted with 80 % glycerol (Zsbio,
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Beijing, China). The slides were examined under fluo-
rescence microscopy (Nikon Eclipse TE-2000U,
Japan). Control slides were incubated with the same
antibodies. The protein-positive areas were quantified
by integrated optical density (IOD) using the Image-
Pro Plus software (Media Cybernetics, USA).

Data Analysis and Statistics

Data were presented as means±SD. Continuous var-
iables were tested by analysis of Student’s t test between
the groups studied, with p<0.05 designated as significant
difference.

RESULTS

The Expression of FIZZ1, Type I Collagen,
and Fibronectin-1 Was Upregulated in the Airways
of OVA-Induced Mice

We found that FIZZ1 was highly expressed in the
airway of OVA-induced mice compared with the control
group. Quantitative analysis showed that FIZZ1 was sig-
nificantly increased in the OVA group (p<0.01, Fig. 1a,b).
As expected, the airway remodeling markers type I colla-
gen and fibronectin-1 were increased in the bronchial
epithelial cells of asthmatic mice compared with the con-
trol group (p<0.05 and p<0.01, respectively, Fig. 1a,b).

Fig. 1. Immunohistochemistry (a) and quantitative analysis (b) showing a significant increase of FIZZ1 in the OVA group.
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FIZZ1 Promotes Airway Remodeling in Airway
Epithelial Cells In Vitro

To explore the role of FIZZ1 in airway remodeling in
asthma, we tested whether FIZZ1 could induce airway
remodeling in mice airway epithelial cells. We used FIZZ1
recombinant protein to treat MLE-12 cells and detected type
I collagen and fibronectin-1 expression. Then we observed
that FIZZ1 induced high expression of type I collagen and
fibronectin-1 in a FIZZ1 dose-dependent manner (p<0.01
and p<0.01, respectively, Fig. 2a). To confirm these results,
we silenced FIZZ1 with FIZZ1-shRNA in the MLE-12
cells. Both type I collagen and fibronectin-1 expressions
were decreased when FIZZ1 was silenced (p<0.05 and
p<0.05, respectively, Figs. 2b and 3). These results demon-
strated that FIZZ1 could promote airway remodeling in
asthma in vitro.

FIZZ1 Promotes Airway Remodeling
Through the PTEN Signaling Pathway In Vitro

To identify which factor mediates the expression of
type I collagen and fibronectin-1, we first examined whether
FIZZ1 could act on the PTEN signaling pathway and
detected the phosphorylation of PTEN after FIZZ1-shRNA

transfection in MLE-12 cells. The results showed that phos-
phorylated PTEN was markedly decreased in cells treated
with FIZZ1 recombination protein (p<0.01, Fig. 2a). While
silencing FIZZ1, we found that the phosphorylated PTEN
was markedly enhanced in the cells (p<0.05, Fig. 2b). In
order to confirm these results, we detected the expression of
type I collagen and fibronectin-1 inMLE-12 cells transfected
with PTEN plasmid. As shown in the results, the high
expression of PTEN could decrease type I collagen and
fibronectin-1 expression in cells (p<0.01 and p<0.01,
respectively, Figs. 2c and 4).

DISCUSSION

Here we delineate the role and signaling pathway of
FIZZ1 in airway remodeling in asthma. We demonstrated
that FIZZ1 was overexpressed in the bronchial epithelium
of mice sensitized and challenged by OVA again, and this
is consistent with previous findings [13]. We also demon-
strated that overexpression of PTEN could decrease the
expression of type I collagen and fibronectin-1 in MLE-12
cells. Therefore, our data suggested that FIZZ1 may play

Fig. 2. Western blot analysis showing that FIZZ1 induced high expression of type I collagen and fibronectin-1 in a FIZZ1 dose-dependent manner (a), both
type I collagen and fibronectin-1 expressions were decreased when FIZZ1 was silenced (b), and high expression of PTEN could decrease type I collagen and
fibronectin-1 expression (c).
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an important role in the process of airway remodeling in
asthma through the PTEN signaling pathway.

Asthma is a chronic disease of the airway, and the
main pathological changes in asthma are chronic inflam-
mation, airway hyperresponsiveness (AHR), and airway
remodeling [1, 20]. Numerous studies on the pathology
and morphology aspects of the lung have confirmed these
structural features [21, 22]. Airway remodeling was first
reported by Huber in 1922 [23]. An important limitation of
asthma therapy is the lack of effective methods on any
features of airway remodeling which contribute to disease
chronicity. Therefore, study on airway remodeling would
provide a new strategy for the prevention and treatment of
asthma.

In this study, we demonstrated the upregulation of
FIZZ1 expression in a mouse asthma model and FIZZ1
overexpression along with the increased synthesis of type I
collagen and fibronectin-1. FIZZ1 was actually discovered
during lung allergic inflammation and belonged to a novel
class of cysteine-rich secreted proteins [10]. Normally,
these proteins are expressed in the lung, white adipose
tissue, mammary gland, tongue, and heart [24, 25].

Recent studies have revealed that FIZZ1 expression was
remarkably increased in hypertrophic, hyperplastic bron-
chial epithelium and was induced in alveolar epithelial type
II cells during allergic pulmonary inflammation in asthma
[10, 14].

In the mice model of chronic hypoxia with pulmonary
hypertension, the data has suggested that FIZZ1 exhibited
angiogenic properties, as well as the ability to stimulate
proliferation of pulmonary vascular smooth muscle cells
[11, 14]. In our asthma animal model, we demonstrated that
the expression of FIZZ1 was highly upregulated in the lungs
and significantly stimulated both type I collagen and
fibronectin-1 expression which contributed to airway remod-
eling. Conversely, Liu et al. reported that FIZZ1 was highly
inducible during BLM-induced lung fibrosis and localized
primarily to alveolar epithelial cells as assessed by cDNA
microarray analysis and in situ hybridization [11, 26].

Previous studies have demonstrated that airway remod-
eling was closely related to proto-oncogenes such as activa-
tion of c-fos and c-jun, but fewer studies were done on the
role of tumor suppressor gene [27]. PTENwas the first tumor
suppressor gene with a dual-specificity phosphatase activity

Fig. 3. Immunofluorescence cytochemistry of MLE-12 cells in which FIZZ1 was silenced.
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ever found so far. Its expression product is PTEN, a PI3K
inhibitor, which has a negative regulatory role in cell growth
[28]. The main function of PTEN is to initiate D3 site de-
phosphorylation of phosphatidylinositol-3-phosphate (PIP3)
and to antagonize the PI3K/Akt signaling pathway [27], thus
resulting in apoptosis and cell growth inhibition [29, 30].

At the same time, a number of studies in vitro have
warranted that the upregulated expression of PTEN could
effectively inhibit the migration of human airway smooth
muscle [31]. In our study, we detected the phosphorylation
level of PTEN by Western blot analysis in MLE-12 cells
which were treated with FIZZ1 recombination protein and
FIZZ1-shRNA plasmid in vitro. The results showed that
upregulated FIZZ1 could inhibit PTEN phosphorylation
and the inhibitory effect of FIZZ1 on PTEN phosphoryla-
tion was blocked when FIZZ1 was silenced with FIZZ1-
shRNA in vitro. We also observed that the overexpression
of PTEN could downregulate the expression of type I
collagen and fibronectin-1 in the protein level. These
results suggested that the increased expression of PTEN
may play a key role in airway remodeling by downregulat-
ing the expression of type I collagen and fibronectin-1.

These data clearly indicated that FIZZ1 could inhibit
the phosphorylation of PTEN, which is consistent with
previous reports [16, 32], and then this process could
increase the expression of type I collagen and fibronectin-
1. The appearance of collagen and fibronectin deposition
correlates with the extent of airflow obstruction and may
contribute to airway wall thickening, which eventually
leads to airway collapse and airflow limitation [33].

Recent reports have indicated that FIZZ1 may induce
collagen deposition as well as myofibroblast differentiation
in lung tissue [34]. Furthermore, reduplicative intranasal
administration of recombinant FIZZ1 protein could cause
fibrotic changes in a lung granuloma model [35]. Hence,
these studies suggested that FIZZ1 may play several roles
in the lung tissue depending on the cell types involved and
stage of the inflammatory response or the process of airway
remodeling. Our data, as well as that of others, have
suggested an early pro-inflammatory and pro-remodeling
role of FIZZ1 [34, 35]. Although the approach presented in
our study was on the basis of the FIZZ1 function in asthma,
it still remains to be determined whether the observed
effects of FIZZ1 are specific for airway remodeling or

Fig. 4. Immunofluorescence cytochemistry of MLE-12 cells transfected with PTEN plasmid.
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airway inflammation. Also, identification of these changes
provides evidence that further work will be required to
fully illustrate the multiple functions of FIZZ1 in the lung
during airway remodeling in asthma, and further therapeu-
tic development of anti-asthma strategies aimed at the
FIZZ1/PTEN axis still needs further study.

In summary, our study has demonstrated that FIZZ1
may play a pivotal role in the process of airway remodeling
by regulating the PTEN signaling pathway. The airway
epithelium is the forefront of asthma pathophysiology,
and we could design different approaches to therapy rather
than just to suppress inflammation and modulate immune
response in the past by focusing on airways vulnerable to
environmental factors. Thereby, it would provide theoreti-
cal support to carry out the target treatment of FIZZ1-
PTEN-type I collagen and fibronectin-1 signaling pathway
for airway remodeling in asthma.
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