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Abstract Angiogenesis plays an important role in airway

remodeling that occurs in asthma, while the mechanisms

underlying this process are not fully elucidated. Found in

inflammatory zone 1 (FIZZ1), a novel cysteine-rich

secreted protein, is able to promote proliferation and

migration of pulmonary endothelial cells, and to upregulate

the expression of vascular endothelial growth factor

(VEGF). However, the role of FIZZ1 in angiogenesis of

asthma has not been fully investigated. Murine models of

asthma were sensitized on days 1 and 14 by ovalbumin

(OVA) and challenged with 2% OVA beginning from day

21. Mice were divided into four groups: asthmatic mice

challenged with OVA for 7 days, 14 days, and 28 days,

respectively, and healthy control mice that were sensiti-

tized and challenged with PBS. The expressions of FIZZ1,

VEGF, and von Willebrand factor (vWF)-stained vascular

area were measured in asthmatic mice and healthy controls

(n = 10). Histologic examination was also performed on

airway inflammation. Levels of FIZZ1 were increased

significantly after allergic challenge, reached the peak by

7 days, declined by 14 days, and were reduced further by

28 days after OVA challenge. Similarly, percentages of

vWF-stained vascular area (percentage of vascularity) were

largely increased within 7 days and then reduced from day

14 of challenge. The expression of FIZZ1 in asthma was

positively correlated with vWF-stained vascular area and

VEGF expression in a time-dependent manner. FIZZ1

expression was significantly correlated with the percentage

of vascularity and VEGF expression, suggesting that

FIZZ1 and VEGF have crucial roles in angiogenesis of

asthma.
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Introduction

Angiogenesis plays an important role in the processes of

asthma. Newly formed bronchial vessels are the portal for

inflammatory cells to the airway wall, and the increased

vessels are the consistent pathologic components in air-

way remodeling. Investigation has been focused on vessel

growth in asthma [1, 2], while the mechanisms underlying

angiogenesis are not fully explored. The protein found in

inflammatory zone 1 (FIZZ1) is also known as resistin-

like molecules (RELM) alpha and hypoxia-induced

mitogenic factor (HIMF). RELM beta, the most related

human homolog of FIZZ1, was upregulated in hypoxia in

adventitial fibroblasts and smooth muscle cells of pul-

monary arteries [3]. Limited biological data have showed

that FIZZ1 is a key marker of alternatively activated

macrophages [4, 5]. Recently, FIZZ1 was demonstrated to

stimulate proliferation of pulmonary vascular smooth

muscle cells [6] and pulmonary endothelial cells, and to

promote the production of vascular endothelial growth

factor (VEGF) [7], suggesting that it is an angiogenic

factor. In this article the expression of FIZZ1 and changes

of vascularity were examined in murine models of

asthma.
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Materials and Methods

Establishment of Murine Models of Asthma

Forty female BALB/c mice (about 20 g) were habituated to

experimental conditions for 1 week. Models of asthma

were established as described (Fig. 1): Mice were sensi-

tized by an injection of 200 ll (0.5 lg/ll, i.p.) of chicken

OVA (Sigma, St. Louis, MO) emulsified in aluminum

hydroxide (1 mg) on day 1 and day 14. From day 21, mice

were challenged daily for 30 min with 2% OVA via a

nebula (Bestneb Nebulizer) in the experimental chambers

(30 9 18 9 13 cm) for 7 days, 14 days, or 28 days. The

healthy control mice were sensitized and challenged with

phosphage buffered saline (PBS) for 14 days. All animal

care and protocols were in accordance with the regulations

of the Care and Use of Laboratory Animals.

Twenty-four hours after the last challenge, asthmatic

mice after 7 days, 14 days, or 28 days of OVA challenge

and the healthy control mice were sacrificed. Specimens

from lungs were subjected to histologic and immunohis-

tochemical studies.

Histopathology

Lungs were inflated with 4% paraformaldehyde and pro-

cessed in paraffin-embedded blocks. The specimens were

cut at 5 lm in thickness, and stained with hematoxylin &

eosin to evaluate morphologic changes. The sections were

examined under microscope (Leica DM4000B) with the IM

50 Image Manager software.

Immunohistochemistry

Sections of lung tissues were quenched of endogenous

peroxides with H2O2 and boiled in sodium citrate (0.01 mol/

L, pH 6.0) for antigen retrieval to unmask antigen epitopes.

After being blocked with rabbit serum, sections were

incubated in diluted primary antibodies to FIZZ1 or VEGF

(1:200, Santa Cruz Biotechnology) overnight at 4�C. Then

the slides were incubated with secondary antibodies and

detected with SABC Elite kit reagents, followed with

incubation with diaminobenzidine. Vessels were labeled

with antibody of von Willebrand factor (vWF, Gene Tech,

China) that binds uniformly to vascular endothelial cells.

The expression of FIZZ1 and VEGF were quantified in

three fields (9400) per respective sample, expressed as the

percentages of positive bronchial epithelia [8]. Vessel area

stained with vWF was quantified using Leica Owin soft-

ware. The vWF-stained vascular area was divided by the

total area of the image field, which indicated the percentage

of vascularity [9].

Statistical Analysis

One-way ANOVA with subsequent post hoc test was used

to examine statistical difference. The relationship was

evaluated with Spearman’s test. Values were expressed as

mean ± SEM, and analysis was performed using SPSS

12.0 software (SPSS Inc., Chicago, IL) with p \ 0.05

described as statistically significant.

Results

Allergic Airway Histologic Changes

The hypertrophic, hyperplastic bronchial epithelia showed

structural injury, and histologic analysis indicated signifi-

cant inflammation in models of asthma, a large number of

infiltrated inflammatory cells in lung tissues, especially in

the peribronchial and perivascular zones. The allergic

inflammation was worsening with the increase of OVA-

challenged time. In contrast, only a few inflammatory cells

were examined in lung tissues of healthy control mice.

FIZZ1 Expression in a Time-dependent Manner

FIZZ1 was expressed at very low levels in bronchial epi-

thelial cells in healthy control mice. In the models of

asthma, FIZZ1 expression was significantly increased in

bronchial epithelium and type II alveolar pneumocytes

(p \ 0.001, Fig. 2). During airway allergic inflammation,

FIZZ1 levels peaked by 7 days of challenge (nearly 100%

bronchial epithelia were positive), declined on 14 days of

Fig. 1 Experiment design. Models of asthma were established as

described. Mice were sensitized by an injection of 200 ll (0.5 lg/ul,

i.p.) of chicken OVA emulsified in aluminum hydroxide (1 mg) on

day 1 and day 14. From day 21, three groups of mice were challenged

daily with 2% OVA via a nebula in the experimental chambers

(30 min) for 7 days, 14 days, or 28 days, respectively. The healthy

control mice were sensitized and challenged with PBS for 14 days.

Twenty-four hours after the last challenge, mice from the asthmatic

groups and the control group were sacrificed and lung specimens were

removed for study
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challenge, and was reduced further on 28 days; however,

the levels of FIZZ1 were still higher than those of the

controls (p \ 0.001).

Increased Vascular Area in Models of Asthma

The percentages of vWF-stained vascular area (percentage

of vascularity) were increased significantly compared to

those of the controls (Fig. 3), and reached the peak values

after 7 days of OVA challenge (p \ 0.001). Endothelial

sprouts arose from venules, and some grew entirely within

the epithelia. Percentages of vascularity declined on

14 days of OVA challenge. Few vessels were detected after

28-day challenge, and the percentages of vascularity

showed no difference between OVA-challenged asthmatic

mice and the healthy controls (p [ 0.05).

VEGF Expression in a Time-dependent Manner

VEGF is a critical regulator of angiogenesis. In healthy

control mice, VEGF was expressed at low levels in bron-

chial epithelia, alveolar epithelia, and vascular

endothelia.Similar to FIZZ1, VEGF expression was sig-

nificantly increased when compared with the control levels,

and also reached the peak values by 7-day challenge

(p \ 0.001, Fig. 4).VEGF levels dramatically declined on

Fig. 2 Percentages of FIZZ1-

positive bronchial epithelia.

FIZZ1 expression reached the

peak values in 7-day OVA-

challenged mice (b), then

declined in 14-day challenged

mice (c), and was reduced

further in 28-day-challenge

mice (d), which was still more

than the expression in the

healthy control group (a).

Magnification was 9200. (e)

Percentages of FIZZ1-positive

bronchial epithelia in a time-

dependent manner. Values are

expressed as the mean ± SE.

* p \ 0.001, groups of asthma

vs. healthy control group
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the lung tissues from 14 days of OVA challenge, which

had no significant difference from the control levels

(p [ 0.05). So did the VEGF expression of 28-day-chal-

lenge asthmatic mice.

Correlation of FIZZ1 with the Percentage of

Vascularity and VEGF

There was positive correlation between FIZZ1 expression

and the percentage of vascularity (r = 0.805, p \ 0.001,

Fig. 5), suggesting that FIZZ1 induces vessel growth as an

angiogenic factor. FIZZ1 expression was also positively

correlated with VEGF expression (r = 0.604, p \ 0.01,

Fig. 6), indicating that VEGF plays a role in the angiogenic

effect of FIZZ1.

Discussion

In this study we demonstrated that FIZZ1 expression

induced angiogenesis in asthma. FIZZ1 levels peaked on

7 days, declined on 14 days, and was reduced further on

28 days of OVA challenge. The levels of FIZZ1 were

positively correlated with the percentage of vascularity.

Also, there was a positive correlation between FIZZ1 and

VEGF expression.

Angiogenesis plays a key role in pathophysiologic pro-

gress of asthma. As known typical pathologic features of

asthma, newly formed bronchial vessels are the portal for

inflammatory cells to the airway wall and therefore con-

tribute to chronic inflammation. Furthermore, angiogenesis

is the important part of airway remodeling in asthma. The

tiny mucosal vessels are inconspicuous in histologic sec-

tions of early studies, while immunohistochemical methods

Fig. 3 Percentage of vWF-stained vascular area with respect to time.

The percentages of vascularity were increased significantly to the

peak levels in 7-day OVA-challenged mice, declined in 14-day-

challenge mice, and were reduced to the control levels in 28-day-

challenge mice. Values are expressed as the mean ± SE.

* p \ 0.001; NS, not statistically significant; groups of asthma vs.

healthy control group

Fig. 4 Percentages of VEGF-positive bronchial epithelia reached the

peak values in 7-day OVA-challenged mice, dramatically declined in

14-day-challenge mice (with no significant difference from control

levels), and were reduced further in 28-day-challenge mice. Values

are expressed as the mean ± SE. * p \ 0.001; NS, not statistically

significant; groups of asthma vs. healthy control group

Fig. 5 Correlation between FIZZ1 expression and the percentage of

vascularity. There was a positive correlation between the percentages

of FIZZ1-positive bronchial epithelia and those of vWF-stained

vascular area (r = 0.805, p \ 0.001)

Fig. 6 Correlation between FIZZ1 and VEGF expression. There was

positive correlation between the percentages of FIZZ1-positive

bronchial epithelia and those of VEGF-positive bronchial epithelia

(r = 0.604, p \ 0.01)
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with antibodies against vascular markers have made studies

much easier.

In our experiment, FIZZ1 expression was significantly

correlated with vWF-stained vascular area in models of

asthma. This positive correlation between FIZZ1 and the

percentage of vascularity has suggested that FIZZ1 is an

angiogenic factor to upregulate vessel growth. Our findings

are in accordance with the reports that mouse aortic rings

cultured with recombinant FIZZ1 resulted in enhanced

vascular sprouting. Studies have also shown that recom-

binant FIZZ1 stimulated the proliferation of pulmonary

microvascular smooth muscle cell in rat in a dose-depen-

dent manner [6]. Furthermore, FIZZ1 was able to promote

cell proliferation and migration of pulmonary endothelial

cells, which indicates that FIZZ1 contributes to pulmonary

vessel growth [7].

FIZZ1 expression has been demonstrated to upgrade in

hypertrophic, hyperplastic bronchial epithelium and in type

II alveolar pneumocytes during allergic pulmonary

inflammation [10]; however, the time-dependent changes

of FIZZ1 expression are not quite clear. Our present find-

ings show that FIZZ1 levels peaked by 7 days of OVA

challenge, declined on 14 days, and were reduced further

on 28 days of challenge in murine models of asthma. With

the effects of angiogenic factors such as FIZZ1, new ves-

sels form and improve hypoxia in lung tissues of asthmatic

mice. At the same time, the expression of FIZZ1, as a

hypoxia-induced mitogenic factor, is reduced when

hypoxia has been improved by new vessel growth.

In our study a positive correlation exists between FIZZ1

and VEGF expression. It is important to mention that

FIZZ1 increases VEGF expression via the PI-3K/Akt-NF-

kappaB pathway [7, 11]. Also, FIZZ1-induced CD31-

positive cell infiltration in Matrigel plugs in vivo was sig-

nificantly suppressed by VEGF receptor-2 (VEGFR2)

blockade, and intravenous injection of FIZZ1 also down-

regulated the expression of VEGFR2 in the lung [12]. The

positive correlation between FIZZ1 and VEGF expression,

together with these reports, suggest that VEGF, as the

downstream cytokine of FIZZ1, plays a crucial role in the

angiogenic effect of FIZZ1 in asthma.

VEGF is an important growth factor in angiogenesis and

microvascular remodeling [13–15]. It has been demon-

strated that blood vessels respond to VEGF by sprouting

angiogenesis in a few days, start to regress within 3 days

when VEGF is switched off, but regress more slowly after

VEGF withdrawal [16]. Similarly, we found that VEGF

was overexpressed within 7 days of OVA challenge and

declined to the baseline within 14 days of challenge;

however, vessel growth declined slowly and returned to the

control levels by 28 days after OVA challenge.

In summary, our study shows that FIZZ1upregulates the

percentage of vascularity in asthma in a time-dependent

manner, which reaches peak values by 7 days, regresses

within 14 days, and is reduced further to the control levels

after 28 days of OVA challenge. These results suggest that

FIZZ1 induces angiogenesis in murine models of asthma.

In addition, VEGF, as a downstream cytokine, plays a

crucial role in FIZZ1-mediated vascularity.
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