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mediates Th2 responses in favor of pathological
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Abstract: Although atrial natriuretic peptide (ANP) has been well recognized for its role in the regulation of volume-
pressure homeostasis in cardiovascular system, its impact on respiratory system, particularly on the pathogenesis
of acute allergic asthma, is yet to be elucidated. In the present report, we induced mice with OVA for onset of acute
allergic asthma along with the administration of recombinant ANP or A71915 (an antagonist for ANP/natriuretic
peptide receptor A, NPRA). It was noted that treatment of mice with ANP significantly promoted inflammatory infiltra-
tion in the airway and the production of inflammatory cytokines in the bronchoalveolar lavage fluid (BALF) and lung
homogenates, and the number of inflammatory cells in the BALF was significantly higher as compared with that of
PBS treated asthmatic mice. Moreover, blockade of ANP/NPRA signaling by A71915 almost completely attenuated
the effect of ANP administration. Mechanistic studies revealed that ANP repressed the expression of Tha transcrip-
tion factor T-bet, but enhanced Th2 transcription GATA3 expression. Together, our data provided feasible evidence
suggesting that ANP/NPRA signaling predominantly induces a Th2-type response in favor of pathological processes
during the course of acute allergic asthma.
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Introduction signal primarily through natriuretic peptide
receptor A (NPRA), by which it regulates a series
of cell activities such as cell growth, prolifera-
tion, inflammation, and others [4]. Recently,

Allergic asthma is a complex disease character-
ized by chronic persistent airway inflammation,

reversible airway obstruction and hyperrespon-
siveness in the airway [1]. Despite past exten-
sive studies, the underlying pathoetiologies are
yet to be fully addressed. It is believed that
unbalanced Th1/Th2 responses play a signifi-
cant role in its pathogenesis [1, 2].

Atrial natriuretic peptide (ANP) is a member of
the natriuretic peptides (NPs) family implicated
in the regulation of cardiovascular volume-
pressure homeostasis [3]. ANP is thought to

some studies further demonstrated the pres-
ence of ANP/NPRA signaling in the lung other
than the cardiovascular system, suggesting
that ANP/NPRA signaling may play a regulatory
role in respiratory system as well [5, 6]. More
recently, studies including ours provided feasi-
ble evidence suggesting that ANP/NPRA signal-
ing may regulate immune response, particularly
it possesses the potential to repress Thl7
response [7-10]. Based on these observations,
we thus conducted studies in mice with OVA-
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induced acute allergic asthma to dissect its
potential role in asthma pathogenesis. We
demonstrated that ANP/NPRA signaling pro-
motes GATA3 transcription, by which it prefer-
entially mediates Th2 responses in favor of
asthma development.

Materials and methods

Animals

Female BALB/c mice (6-8 weeks old, 18-22 g)
were purchased from Shanghai Laboratory
Animal Center, and housed in a SPF animal
facility at the Laboratory Animal Center of Guilin
Medical University under a 12/12 h light/dark
cycle along with an OVA free diet and water ad
libitum. All experimental procedures were
approved by the Animal Care and Use
Committee of Guilin Medical University.

Induction of acute allergic asthma in mice

BABL/c female mice were divided into four
groups with each group containing 10 mice:
Control group, the mice were treated with saline
only; Asthma group, the mice were induced
with OVA for onset of acute allergic asthma;
ANP group, asthmatic mice were treated with
recombinant ANP (California Bioscience Inc.,
CA, USA) through aerosol inhalation; and
A7+ANP group, asthmatic mice were treated
with ANP plus A71915 (an antagonist for ANP/
NPRA signaling). The mice were sensitized by
intraperitoneal (i.p.) injection of 0.01 mg OVA
(Grade V; Sigma, Shanghai, China) emulsified in
2 mg aluminum hydroxide gel, in a total volume
of 200 pl on days 1 and 13 as illustrated in
Figure 1. The sensitized mice were further chal-
lenged by 5% OVA for 30 min between days 19
and 24 by ultrasonic nebulization. All mice from
control group were sensitized and provocated
with normal saline only. ANP (1 ug/g body
weight) in saline was administered by ultrason-
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sol inhalation by using an neb-
ulizer with high frequency
(PARI BOY CE, German). The dosage for each
reagent was selected based on the previous
data and modified according to our pilot stud-
ies [11].

Collection of bronchoalveolar lavage fluid
(BALF)

After anaesthetization with 5% hydrated chlo-
rine aldehyde at a dose of 500 mg/kg body
weight, bronchoalveolar lavage (BAL) was per-
formed by infusion and extraction of 0.5 mlice-
cold saline with 1% Bovine Serum Albumin
(BSA, Beyotime, Beijing, China). The procedures
were repeated two times, and the collected
lavages were pooled (mean volume 1.0 + 0.2
ml), followed by centrifugation at 500 g for 5
min under 4°C. The supernatant was collected
and stored at -80°C for ELISA analysis, while
total viable cells were determined in a hemocy-
tometer using trypan blue exclusion, and the
number for eosinophils, neutrophils, lympho-
cytes, and macrophages were determined on
cytospin smears (4 x 10°) stained by hematoxy-
lin and eosin (H-E).

Histological analysis

The organs from each study group were fixed in
4% buffered formaldehyde overnight and
embedded in paraffin as described previously
[12]. Lung sections (3 um) were H-E or periodic
acid Schiff (PAS) stained and examined under a
Leica microscope by 2 pathologists in a blinded
fashion. Peribronchial infiltrates and goblet cell
hyperplasia were assessed by semi-quantita-
tive scores (0-5). The severity of peribronchial
inflammation was graded semi-quantitatively
using the following scales: O, normal; 1, a few
cells; 2, a ring of inflammatory cells one-cell
layer deep; 3, a ring of inflammatory cells two-
to four-cell deep; and 4, a ring of inflammatory
cells more than four-cell deep. To determine the
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Figure 2. Asthmatic mice manifested a significant upregulation for NPRA expression and ANP secretion. A. Western
blot analysis of NPRA expression in the lung tissues originated from control mice and asthmatic mice. A bar graphic
figure was employed to show the relative expression difference of 3 mice studied in each group. B. ANP levels in the
BLAF and lung homogenates derived from control and asthmatic mice. *, P<0.05.

extent of mucus production, numerical scores
for goblet cell hyperplasia in each airway were
estimated as: 0, no goblet cells; 1, <25%; 2,
25-50%; 3, 50-75% (including 50%); and 4,
>75%.

Western blot analysis

Nuclear proteins were prepared using the
NE-PER Nuclear and Cytoplasmic Extraction
Reagents (Thermo Scientific, Lafayette, CO,
USA). The prepared proteins were subjected to
Western Dblotting with primary antibodies
against T-bet and GATA3 (Santa Cruz, CA, USA)
as previously reported [13], respectively.

ELISA analysis of cytokine production

Cytokine concentrations such as ANP, IFN-y,
IL-4, IL-5 in the BALF and lung homogenates
were determined by ELISA using commercial
kits from R&D Systems using the established
techniques [14].

Statistical analysis

All studies were conducted independently for 3
times, and the data were expressed as mean +
SEM. SPSS 18.0 software was employed for
data analysis. Comparisons between each
study group were carried out by Student’s t-test
(two-tailed) or one-way ANOVA test as reported
[15]. In all cases, P<0.05 was considered with
statistically significance.
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Results

NPRA expression and ANP production in asth-
matic mice

We first sought to demonstrate the association
between ANP/NPRA signaling and acute aller-
gic asthma, in which we examined NPRA
expression in the lung and ANP production in
the BALF. As expected, significantly higher lev-
els of NPRA expression were detected in the
lung of mice with acute allergic asthma as com-
pared with that of control mice (Figure 2A). In
line with this observation, much higher levels of
ANP were present in the BALF originated from
mice with allergic asthma than that of BALF
derived from control mice (Figure 2B). Together,
these data support that ANP/NPRA signaling
probably plays a role in the pathogenesis of
allergic asthma.

Administration of ANP promotes the produc-
tion of Th2 cytokines

Next, we checked the impact of ANP/NPRA sig-
naling on the secretion of inflammatory cyto-
kines. To this end, lung homogenates and BALF
supernatants from each group of mice were
subjected to ELISA analysis of IFN-y (Figure
3A), IL-4 (Figure 3B) and IL-5 (Figure 3C). Higher
levels of IFN-y were noted in control mice as
compared with that of other 3 groups of mice,
and administration of ANP significantly attenu-
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Figure 4. The effect of ANP/NPRA signaling on the recruitment of inflamma-
tory cells in the BALF after OVA induction. Total: Total cells; Eos: eosinophils;
Lym: lymphocytes; Neu: neutrophils; and Mac: macrophages. *, P<0.01 ver-
sus control group; #, P<0.05 versus asthma group; **, P<0.05 versus ANP

group; ##, P<0.01 versus control group.

ated the expression of IFN-y, particularly in the
lung (Figure 3A). In sharp contrast, the produc-
tion of IL-4 and IL-5 were significantly higher in
mice treated with ANP than that of other groups
of mice. Of note, blockade of ANP/NPRA signal-
ing by A71915 attenuated ANP-induced pro-
duction of IL.-4 (Figure 3B) and IL-5 (Figure 3C).

ANP/NPRA signaling enhances the recruit-
ment of inflammatory cells in the BALF

To dissect the impact of ANP/NPRA signaling on
the recruitment of inflammatory cells in the
BALF, BALF was collected 24 h after the last
aerosol challenge. As expected, OVA significant-
ly increased the total number of inflammatory
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Figure 3. ELISA results for analysis of inflammatory cy-
tokines in the BALF and lung homogenates. A. Results
for the production of IFN-y. B. Results for IL-4 produc-
tion. C. Results for IL-5 production. *, P<0.01 versus
control group; #, P<0.01 versus asthma group; **,
P<0.01 versus ANP group.
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cells in the BALF (Figure 4).
Specifically, the number of
lymphocytes, neutrophils and
eosinophils were significantly
higher in OVA challenged mice
as compared with that of
saline-treated mice. Of note,
administration of ANP en-
hanced inflammatory recruit-
ment in the BALF as manifest-
ed by the higher total cell
numbers and specific counts
for lymphocytes and eosino-
phils, but the number of neu-
trophils seemed to be less
(Figure 4). However, there
was no difference for the spe-
cific count of macrophages
even compared with that of
control mice, and addition of
A71915 almost completely blocked the effect
of ANP.

A7T+ANP

ANP/NPRA signaling promotes airway infiltra-
tion and mucus production

Histological analysis was conducted to address
the effects of ANP/NPRA signaling on inflam-
matory infiltration and mucus production in the
airway. It was noted that asthmatic mice mani-
fested a marked infiltration of inflammatory
cells into the peribronchiolar and perivascular
connective tissues (Figure 5B) as compared
with that of control mice (Figure 5A).
Importantly, ANP inhalation markedly promoted
inflammatory infiltration (Figure 5C), and
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Figure 5. Histological analysis of lung sections in control and asthmatic mice. (A-D) Representative results for his-
tological analysis of inflammatory infiltration, and (E-H) Representative results for mucus production. OVA aerosol
challenge induced marked inflammatory infiltration in the peribronchiolar and perivascular connective tissues (B)
as compared with that of control mice (A). Administration of ANP aggravated inflammatory infiltration (C), while
administration of A71915 attenuated ANP mediated effect (D). In consistent with the severity of inflammatory in-
filtration asthmatic mice showed marked goblet cell hyperplasia and mucus hypersecretion (F) as compared with
mice from control group (E). Similarly, ANP inhalation promoted mucus production (G) and A71915 attenuated its
effect (H). (I) Quantitative analysis of inflammatory infiltration, and (J) Quantitative analysis of mucus production. *,
P<0.01 versus control group; #, P<0.05 versus asthma group; **, P<0.05 versus ANP group.

A71915 partly attenuated the infiltration of ANP/NPRA signaling promotes GATA3 tran-
inflammatory cells (Figure 5D). PAS staining scription in favor of Th2 response

revealed a marked goblet cell hyperplasia along

with mucus hypersecretion within the bronchi To dissect the mechanism underlying ANP/
in asthmatic mice (Figure 5F) as compared NPRA signaling mediated Th2 responses, we
with that of control mice (Figure 5E). Similarly, examined the impact of ANP/NPRA signaling on
OVA-induced mucus secretion was significantly T-bet and GATA3 expression. To this end, nucle-
exacerbated by ANP inhalation (Figure 5G), ar proteins from lung tissues of mice from each
whereas A71915 alleviated goblet cell hyper- group, and then subjected to Western blot anal-
plasia and mucus secretion (Figure 5H). We ysis of T-bet and GATA3 expressions. It was
next graded the severity of peribronchial inflam- interestingly noted that ANP significantly atten-
mation infiltration (Figure 51) and mucus scores uated T-bet expression (Figure 6A), and in con-
(Figure 5J) by semi-quantitative analysis of 5 trast, ANP induced much higher levels of GATA3
mice from each study group, and consistent expression (Figure 6B). More importantly,
results were obtained as shown in the bar administration of A71915 completely restored
graphic figures. the balance between T-bet and GATA3. Given
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Figure 6. The impact of ANP/NPRA signaling on the regulation of T-bet and GATA3 expression. A. Representative
Western blot results for T-bet and GATA3. B. Bar graph showing the data normalized by B-actin. *, P<0.05 versus
control group; #, P<0.01 versus asthma group; and **, P<0.01 versus ANP group.

that T-bet is a potent inhibitor for Th2 response
[14], our data suggest that ANP/NPRA signaling
attenuates Thl response, and by which it pro-
motes Th2 response in flavor of pathological
processes during the course of acute allergic
asthma.

Discussion

Atrial natriuretic peptide (ANP) is an endocrine
hormone with multiple biological effects and
widely distributed in the cardiovascular system.
It has been well recognized to play an indis-
pensable role in the control of volume-pressure
homeostasis [3, 4]. Previous studies have dem-
onstrated that natriuretic peptide receptor A
(NPRA) is likely the major effecting receptor
responsible for ANP signaling, and through
which ANP mediates the transcription of genes
encoding ion transporters and transcription
factors implicated in cell growth, apoptosis,
and inflammation [4, 7].

In the present study, we established a mouse
model with OVA-induced acute allergic asthma,
and demonstrated feasible evidence suggest-
ing that ANP/NPRA signaling attenuates Thl
response, and by which it promotes Th2
response in favor of pathological processes
during the course of acute allergic asthma.
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Although ANP/NPRA signaling has been exten-
sively studied in the cardiovascular system, its
impact on the respiratory system, particularly
on the pathoetiology of allergic asthma, is yet
to be addressed. In fact, recent studies have
suggested the expression of ANP in the respira-
tory system such as in the tracheal epithelium,
fetal lung tissues, and pulmonary vein [16-18].
There is also evidence indicating the expres-
sion of its signaling receptor, NPRA, in the pul-
monary epithelial cells and alveolar cells [19,
20]. The above data imply that ANP/NPRA sig-
naling may play an important role in the diseas-
es of respiratory system. To better demonstrate
the role of ANP/NPRA signaling in the pathoeti-
ology of allergic asthma we established an
acute allergic asthma model by using OVA
induction. Indeed, our studies revealed that
OVA-induced mouse model resembled the
manifestations of acute allergic asthma in
humans. Particularly, administration of ANP in
asthmatic mice significantly promoted the
severity of inflammatory infiltration and the pro-
duction of inflammatory cytokines in the lung,
suggesting that ANP inhalation aggravates air-
way inflammation of allergic asthma. On the
contrary, administration of A71915, an antago-
nist for ANP/NPRA signaling, almost completely
blocked the effect of ANP inhalation. Therefore,
our data support that ANP/NPRA signaling is

Int J Clin Exp Med 2015;8(4):5121-5128
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implicated in acute allergic asthma by promot-
ing inflammatory responses.

Previous studies also provided suggestive evi-
dence indicating that ANP/NPRA signaling is
probably involved in the regulation of immune
response as manifested by the detection of
ANP pro-hormone in the thymus, spleen, and
lymph nodes [21, 22]. In vitro studies further
revealed that ANP could stimulate the migra-
tion of human neutrophils and polarize human
dendritic cells (DCs) toward to a Th2-promoting
phenotype [23, 24]. More recently, we demon-
strated in vitro that ANP/NPRA signaling proba-
bly possesses the potential to repress Thl7
development [9]. Given that the imbalance of
function between Thl and Th2 cells has been
generally regarded as a vital mechanism for
allergic asthma [1, 25], the above observations
prompted us to dissect the role of ANP/NPRA
signaling in the regulation of Th2 responses in
the setting of acute allergic asthma. Indeed,
administration of ANP significantly promoted
the production of Th2 cytokines IL-4 and IL-5 in
the serum and lung in OVA-induced asthmatic
mice, while the production of Thl cytokines
such as IFN-y was significantly attenuated.
These data suggesting that ANP mediates sig-
nals in favor of Th2 responses, which was fur-
ther confirmed by the studies with its antago-
nist A71915, of which administration of A71915
completely restored the production of IFN-y as
compared with that of control mice along with
improved disease severity.

The next key question is how ANP generates
signals to polarize immune responses to Th2
direction. It has been well addressed that sig-
nals resulted from Thl responses are a potent
repressor for Th2 and Th17 development [14].
Since we noted that administration of ANP
attenuated IFN-y secretion, we thus examined
the impact of ANP/NPRA signaling on the
expression of T-bet and GATA3, the two critical
transcription factors associated with Thl and
Th2 responses, respectively. Remarkably, the
expression of T-bet was significantly lower in
ANP administered asthmatic mice as compared
with that of asthmatic mice treated with PBS. In
sharp contrast, significantly higher levels for
the expression of Th2 transcription factor
GATA3 were found in ANP administered mice.
Of note, blockade of ANP/NPRA signaling by

5127

administration of A71915 restored the expres-
sion of Thi transcription factor T-bet. Together,
these results provided evidence that ANP/
NPRA promotes Th2 responses by attenuating
the expression of Thil transcription factor T-bet.
However, it still remained uncertain for the
exact signaling pathways downstream of ANP/
NPRA signaling, therefore, additional studies
with focus to address this critical question
would be necessary.

Conclusions

Our studies for the first time provided feasible
evidence suggesting that ANP/NPRA signaling
could aggravate the airway inflammation in a
mouse model of allergic asthma induced by
OVA change as manifested by the enhanced
inflammatory infiltration and cytokine produc-
tion. Mechanistic studies revealed that ANP
generates signals to mediate a dominance of
Th2-type response in favor of the development
of allergic asthma. Together, our data support
that ANP/NPRA signaling may play a critical role
in the pathogenesis of acute allergic asthma.
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