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ORIGINAL ARTICLE

Role of angiotensin II type 1 (AT1) and type 2 (AT2) receptors in airway
reactivity and inflammation in an allergic mouse model of asthma

Mehaben Patela, Mangesh Kuradea, Sahith Rajalingama, Riya Bhavsara, S. Jamal Mustafab and
Dovenia S. Ponnotha

aDivision of Pharmaceutical Sciences, Arnold & Marie Schwartz College of Pharmacy & Health Sciences, Long Island University, Brooklyn, NY,
USA; bDepartment of Physiology and Pharmacology, West Virginia University, Morgantown, WV, USA

ABSTRACT
Objective: Angiotensin II (Ang II) exerts its effects through two G-protein coupled receptors: angioten-
sin II type 1 receptors (AT1) and type 2 receptors (AT2). Both these receptor subtypes are poorly
understood in asthma. In this study, we investigated effects of AT1 receptor antagonist losartan, novel
AT2 receptor agonist novokinin and AT2 receptor antagonist PD 123319 in a mouse model of asthma.
Methods: Mice were divided into control (CON) and allergen sensitized (SEN) groups. SEN was sensi-
tized with ovalbumin (OVA) on days 1 and 6 (30lg; i.p.), followed by 5% OVA aerosol challenge (days
11–13). Treatments included (a) losartan (SENþ LOS; 20mg/kg i.p., day 14), (b) novokinin (SENþNOV;
0.3mg/kg i.p., day 14), and (c) PD 123319 (SENþ PD; 5mg/kg i.p., day 14). Experiments for airway
responsiveness, bronchoalveolar lavage, and tracheal ring reactivity using isolated organ bath
were performed.
Results: Airway responsiveness to methacholine (MCh) (48mg/mL) was significantly higher in SEN
(563.71±40% vs. 294.3 ±123.84 in CON). This response was potentiated in SENþ PD group (757± 30%;
p< .05 compared to SEN). SENþ LOS (247.61±86.85%) and SENþNOV (352± 11%) had significantly
lower response compared to SEN. SENþ LOS (26.22±0.29%) and SENþNOV (46.20±0.76%) treatment
significantly (p< .001) attenuated total cell count and eosinophils compared to SEN group
(69.38±1.5%), while SENþ PD (73.04±0.69%) had highest number of eosinophils. Tracheal response
to MCh was significantly higher in SEN group compared to controls, and this response was signifi-
cantly lowered with the losartan and novokinin treatments.
Conclusions: These data suggest that AT1 and AT2 receptors have opposite effects in modulating air-
way hyperresponsiveness and inflammation in asthma.

ARTICLE HISTORY
Received 1 February 2019
Accepted 14 April 2019

KEYWORDS
Angiotensin II; asthma;
angiotensin II receptors;
airway hyperresponsiveness;
inflammation

Introduction

Asthma is a chronic lung disease characterized by airway
hypersensitivity, inflammation and difficulty in breathing. The
renin–angiotensin system (RAS) plays a key role in the regu-
lation of homeostasis and fluid balance [1]. Angiotensin II
(Ang II), an effector octa-peptide of RAS, is a potent vasocon-
strictor of vascular smooth muscle and causes increased
blood pressure, inflammation, and vascular remodeling [2–4].
Ang II exerts its effect by binding to two GPCRs: angiotensin
type 1 (AT1) and type 2 (AT2) receptors [5]. Several reports
indicate the involvement of AT1 receptors in inflammation.
Studies have shown that a number of inflammatory mole-
cules, such as interleukin-1 beta (IL-1b), are induced via AT1
receptors [6]. Ang II stimulation of the AT1 receptor-subtype
is known to increase the production of prostaglandins and
TLR-4 expression, which initiate the inflammatory response
and oxidative injury, as well as exerts its major cardiovascular
effects like vasoconstriction [7–9].

Ang II is produced locally in lungs [10,11]. It is also known
that Ang II can potentiate airway responsiveness in asthma,
which contributes to the fact that it plays a role in broncho-
constriction [12]. AT2 receptors are known to counterbalance
some of the AT1 mediated-effects, though the mechanisms
involved are not fully known yet. AT2 receptor activation
inhibits AT1 receptor-induced vasoconstriction by inducing
vasodilation in kidneys [13]. These effects are observed due
to production of cGMP and nitric oxide (NO), suggesting
vasodilatory role for AT2 receptors in that tissue [14].

However, the effects of AT1 and AT2 receptors are not
completely understood asthma, even though it appears that
Ang II is pro-inflammatory and has effects in airway respon-
siveness in asthmatic patients. This represents a gap in
knowledge and limitation, given that AT1 antagonists are
used therapeutically for conditions like hypertension. The
role of AT1 antagonists, AT2 agonists and antagonists in
asthma is unknown. Thus, in this study, we investigated the
effects of a novel AT2 receptor agonist (novokinin), AT2
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antagonist (PD 123319) as well as AT1 receptor antagonist
(losartan) on airway responsiveness and inflammation using
an asthmatic mouse model. The aim of our study was to elu-
cidate the roles of AT1 and AT2 receptors in asthma and if
either or both receptors were involved in modulating inflam-
mation and airway reactivity.

Materials and methods

Animals

C57BL/6J mice were originally purchased from the Jackson
Laboratory (Bar Harbor, ME) and then maintained at the
Long Island University animal facility. Equal number of males
and females (6–12 weeks old) were used for studies. Free
access to food and water was given to all animals. The ani-
mal facility was maintained at 23 �C±5 �C, 50–60% humidity
and 12-h day/light cycle. The Institutional Animal Care and
Use Committee of Long Island University approved
this study.

Animal sensitization

The animal sensitization protocol (Figure 1) for our experi-
ments used ovalbumin (OVA) as the allergen and has been
previously established [15]. Briefly, animals were sensitized
by i.p. injection (30lg/mouse) on days 1 and 6 with OVA
(Sigma-Aldrich, St. Louis, MO) suspended in Imject alum
(Thermo Fisher Scientific, Waltham, MA). Control groups
received same volume of Imject alum. On days 11, 12, and
13, the allergen sensitized mice were exposed to challenges
of aerosolized 5% OVA in 0.9% saline (vehicle) while the con-
trols were exposed to vehicle only for 20min, twice a day
with a minimum interval of at least 6 h using an ultrasonic
nebulizer (De Vilbiss Healthcare, Somerset, PA). Flow rate of
aerosol was 2mL/min.

Study groups: Animals were divided into six groups. The
following study groups were used (Table 1): non-asthmatic
mice: control (CON), control treated with AT1 antagonist los-
artan (CONþ LOS), control treated with AT2 agonist novoki-
nin (CONþNOV), control treated with AT2 antagonist PD
123319 (CONþ PD). Asthmatic mice: allergen sensitized-chal-
lenged (SEN), asthmatic mice receiving losartan (SENþ LOS),
asthmatic mice receiving novokinin (SENþNOV), and asth-
matic mice receiving PD 123319 (SENþ PD).

Treatments: CONþ LOS and SENþ LOS groups received
bolus dose of losartan (20mg/kg; i.p.) on day 14. CONþNOV
and SENþNOV groups received novokinin (0.3mg/kg; i.p.)
on day 14. CONþ PD and SENþ PD groups received PD on
day 14 (5mg/kg; i.p.). The doses selected were based on lit-
erature [16–20] and preliminary studies from our lab.

Assessment of airway responsiveness to methacholine

Airway responsiveness was measured using unrestrained
whole-body plethysmography (Buxco Electronics, Troy, NY)
by comparing a factor called enhanced pause (Penh) on day
14 of protocol. Penh is an index in which the change in air-
flow pattern can be measured while the animal breathes
inside the chamber and is fully conscious. Mice were placed
inside plexiglass chambers that were calibrated to an airflow
of 1.5–2.5mL/s. The baseline was recorded for 15min until
constant airflow. Response to 0.9% saline (vehicle) and

Figure 1. Protocol used to develop allergic mice and treatment groups. Mice were divided into control (CON) and allergen sensitized (SEN) groups. Mice were sen-
sitized with ovalbumin (OVA) on days 1 and 6 (30lg; i.p.), followed by 5% OVA aerosol challenge (days 11–13) to obtain the SEN group. Treatments included (a)
losartan (SENþ LOS; 20mg/kg i.p., day 14), (b) Novokinin (SENþNOV0.3mg/kg i.p., day 14), and (c) PD 123319 (SENþ PD; 5mg/kg i.p., day 14). Experiments for
airway responsiveness, protein expression, bronchoalveolar lavage and tracheal ring reactivity using isolated organ bath were performed.

Table 1. Study groups.

Non-asthma groups Asthma groups

Vehicle treated mice
CONTROL (CON)

Allergen-sensitized and challenged
SENSITIZED (SEN)

Vehicle treatedþ losartan
CONþ LOS

Allergen-sensitized and challengedþ losartan
SENþ LOS

Vehicle treatedþ novokinin
CONþNOV

Allergen-sensitized and challengedþ novokinin
SENþNOV

Vehicle treatedþ PD 123319
CONþ PD

Allergen-sensitized and challengedþ PD 123319
SENþ PD
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increasing doses of methacholine (MCh; 1.5–48mg/mL) were
measured to construct a dose–response curve. Each higher
dose of MCh was introduced only after baseline was
achieved from the previous dose.

Bronchoalveolar lavage (BAL) and differential
cell counts

BAL was performed on day 15 of protocol using a previously
described protocol [21]. Mice were euthanized using pento-
barbital sodium (65mg/kg). The lungs were lavaged with
three volumes (1mL each time) of cold saline. Collected BAL
was then kept on ice for total cell count and differential cell
count. BAL was centrifuged at 1800 rpm at 4 �C for 8min.
Supernatant was carefully collected and cryo-preserved in
liquid nitrogen and transferred to 80 �C for further experi-
ments. The cell pellet was re-suspended with normal saline
and mixed thoroughly to make a cell suspension. Ten micro-
liters of this suspension was mixed with of 0.4% trypan blue
and a hemocytometer was used to count the viable cells.
The remaining cell-pellet suspension was used for the differ-
ential cell count. The cell suspension was centrifuged at
800 rpm for 5min onto poly lysine coated glass slides. Slides
were left to dry overnight at room temperature and then
stained using Shandon Kwik-Diff set (Thermo Fisher
Scientific, Waltham, MA). Differential count of 300 cells was
done per slide and then data were calculated as a percent-
age of total cell count. ELISA analysis was performed on the
BAL supernatant using kits for Th2 cytokines IL-5 (Invitrogen,
Carlsbad, CA) and IL-13 (Millipore Sigma, Billerica, MA). The
plates were prepared as per the manufacturers’ instructions
and absorbance was measured in plate reader at 450 nm.

Preparation of mouse tracheal rings and isometric force
measurement

Mice were euthanized using pentobarbital sodium (65mg/kg;
i.p.) on day 15. These experiments were performed using
separate groups from those used for airway responsiveness
and BAL studies. Thoracotomy was performed, and trachea
was removed carefully and cleaned of connective tissue and
fat. Trachea then was cut transversally in two 3–4mm rings.
Cleaning of trachea was carried out in oxygenated ice-cold
buffer. The rings were mounted vertically between two stain-
less steel wire hooks and then suspended in 5-mL organ
baths (EZ-Bath, GlobalTown Microtech, Sarasota, FL), contain-
ing Krebs-Henseleit buffer. The Krebs-Henseleit buffer (pH
7.4), containing 118 nm NaCl, 4.8mM KCl, 1.2mM MgSO4,
1.2mM KH2PO4, 25mM NaHCO3, 11mM glucose, and 2.5mM
CaCl2 was maintained at 37 �C with continuous bubbling of
95% O2 and 5% CO2. Rings were equilibrated with a resting
force of 1 g tension for at least 90min and buffer solution
was changed every 15min. This protocol was previously
studied by Talukder and Mustafa [22,23]. KCl (60mM) was
added to organ bath to check viability of tracheal rings.
After administration of KCl several times to check reprodu-
cible contraction, rings were allowed to return to baseline
for at least 20min. A cumulative concentration–response

curve with MCh (10�11 to 10�5 M) was constructed after pre-
contraction of rings by KCl, with an interval of at least
10min between concentrations of MCh. Half of the chambers
were incubated with Ang II (0.1 lM) for 30min prior to KCl
precontraction. Tracheal contraction was measured as per-
centage increase or decrease with respect to KCl precontrac-
tion. Isometric tension was measured continuously with fixed
range precision force transducer (i-FOT, BRAM-4B,
GlobalTown Microtech, Sarasota, FL) connected to MP150,
BIOPAC digital acquisition system. Data were analyzed using
Acknowledge 4.4 software (BIOPAC System, Goleta, CA).

Western blot analysis

Whole lungs from control (CON) and sensitized (SEN) mice
were isolated, and each sample was homogenized with
130 lL RIPA buffer (Cell Signaling Technology, Danvers, MA)
on wet ice. The samples were vortexed and centrifuged for
5min at 12,000 rpm at 4 �C. Lysates were sonicated and
stored at �80 �C. Protein was measured using Bio-Rad assay
based on the Bradford dye procedure with bovine serum
albumin (BSA) as a standard. The protein mixture was div-
ided into aliquots and stored at �80 �C. At the time of ana-
lysis, samples were thawed and 30 lg of total protein per
lane were loaded on a slab gel. Proteins were separated by
SDS-PAGE using 10% acrylamide gels (1-mm thick). After
electrophoresis, the proteins on the gel were transferred to
nitrocellulose membrane (Hybond-ECL) by electroelution.
Protein transfer was confirmed by employing prestained
molecular weight markers (Thermo Fisher, Waltham, MA).
After blocking was completed with 5% nonfat dry milk, the
nitrocellulose membranes were incubated with primary anti-
bodies for the AT1 (Cell Signaling, Danvers, MA) and AT2 1
(Santa Cruz Biotechnology, Santa Cruz, CA) receptors. The
AT1 antibody detects at 45 kDa, while AT2 antibody detects
at 50 kDa. Both antibodies were used at dilutions of 1:1000.
b-Actin antibody (Cell Signaling, Danvers, MA) was used as
an internal control to normalize the target protein
expression in each lane. The secondary antibody was a
horseradish peroxidase-conjugated anti-rabbit or anti-goat
IgG. The membranes were developed using enhanced
chemiluminescence (GE Healthcare, Chicago, IL) and imaged
by Amersham Imager 600 (GE Healthcare, Chicago, IL). The
data are presented as the ratio of target protein expression
to b-actin. ImageJ software was used to quantify the data.

Drugs and chemicals

Losartan and MCh (used for in vivo studies) were dissolved in
0.9% saline. KCl, PD 123319 (Tocris, Bristol, UK), Ang II and
novokinin (Abcam, Cambridge, UK) were dissolved in water.
Unless stated otherwise, all chemicals were of the highest
grade available and were purchased from Sigma Chemicals
(St. Louis, MO).

IMMUNOPHARMACOLOGY AND IMMUNOTOXICOLOGY 3



Statistical analysis

The data are expressed as mean ± SEM. Comparison between
different groups was performed using non-parametric one-
way ANOVA followed by Tukey’s multiple comparison test.
Unpaired t-test was used to assess the comparison between
two groups. A p value less than .05 (p< .05) was considered
as significant. All statistical analyses were performed using
GraphPad Prism software (GraphPad Software, San Diego, CA).

Results

Airway responsiveness to methacholine

The airway responsiveness to increasing doses of MCh was
measured using whole body plethysmography as described
above, 24 h post-treatment in all groups: control (CON; non-
allergic), control treated with AT1 antagonist losartan
(CONþ LOS), control treated with AT2 agonist novokinin
(CONþNOV), control treated with AT2 antagonist PD 123319
(CONþ PD), allergen sensitized-challenged (SEN; asthmatic
mice with no treatments), asthmatic mice receiving losartan
(SENþ LOS), asthmatic mice receiving novokinin (SENþNOV),
and asthmatic mice receiving PD 123319 (SENþ PD). The
baseline responses were measured first in all groups, fol-
lowed by responses to the vehicle (0.9% saline). The Penh

values for vehicle in all groups showed no significant differ-
ence. Inhalation of MCh induced dose-dependent increases
in responses in all mice. The results of the different treat-
ments are explained below:

Effect of AT1 antagonist (losartan) on airway
responsiveness
SEN group (non-treated asthmatic mice) had significantly
higher airway responsiveness to MCh (48mg/mL) compared
to non-asthmatic controls (563.71 ± 40% in SEN vs.
294.3 ± 123.84 in CON, p< .05). Treatment with losartan sig-
nificantly (p< .05) attenuated the MCh response
(247.61 ± 86.85% in SENþ LOS) compared to non-treated
asthmatic mice (563.71 ± 40% in SEN), suggesting that block-
ing of AT1 receptors by losartan reduced the airway respon-
siveness in asthmatic mice (Figure 2(a)).

Effect of AT2 agonist novokinin on airway responsiveness
Treatment with novokinin in sensitized mice (SENþNOV)
attenuated MCh response (48mg/mL) compared to non-
treated SEN group (563.71 ± 40% in SEN vs. 352 ± 11% in
SENþNOV, p< .001). These data suggest that activation of
AT2 receptors with novokinin lowered the MCh-induced air-
way responsiveness in asthmatic mice (Figure 2(b)).

Figure 2. Airway responsiveness: effects of (a) AT1 antagonist losartan, (b) AT2 agonist novokinin, and (c) PD 123319. Airway responsiveness (a) effect of AT1
antagonist losartan, (b) effect of AT2 agonist novokinin, and (c) effect of AT2 antagonist PD 123319 on methacholine-induced airway hypersensitivity. Losartan
(SENþ LOS) and novokinin (SENþNOV) reduced airway responsiveness in asthmatic mice (SEN), while PD 123319 (SENþ PD) increased responsiveness. Values are
expressed as mean ± SEM, �p< .05 compared to CON; #p< .05 compared to SEN, n¼ 4–12 mice.
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Effect of AT2 antagonist PD 123319 on airway
responsiveness
Treatment with PD 123319 in sensitized mice (SENþ PD)
resulted in significantly higher MCh response compared to
non-treated SEN group (757± 30% in SENþ PD 12239 vs.
563.71 ± 40% in SEN; p< .05) (Figure 2(c)). This suggested
that blocking AT2 receptors resulted in increased airway
responsiveness in asthmatic mice.

These data indicate that blocking AT1 receptors with los-
artan lessens airway responsiveness, suggesting a role for
AT1 receptors in bronchial constriction in asthma. By using
AT2 agonist novokinin, the airway responsiveness was also
lowered, which suggests effects that are opposite to those of
AT1 activation. The role of AT2 receptors was confirmed by
use of the AT2 antagonist PD 123319 that increased airway
responsiveness to MCh in asthmatic mice.

Differential cell studies of bronchoalveolar lavage

The total and differential cell count studies were done 24 h
post-aerosolized MCh challenge. Total cell counts and cell
counts for eosinophils, macrophages and neutrophils were
obtained for all study groups (Figure 3(a–d)).

Total cell count of BALF
Total cell count analysis showed significantly increased num-
ber of cells in BALF from non-treated sensitized groups (SEN)
compared to CON group (16� 105±6.03 in SEN vs.
1.5� 105±0.7 in CON, p< .05; Figure 3(a)). Treatment with
losartan (p< .05) and novokinin both lowered the total cell
counts in BAL fluid (2.43� 105±2.43 in SENþ LOS),
(13.37� 105±1.11 in SENþNOV) in the respective treated
asthmatic groups. PD 123319 treatment in asthmatic mice
increased the total number of cells compared to SEN group
but this was not significant (18.25� 155±1.29, SENþ PD; ns).
In addition, losartan-treated asthmatic mice (SENþ LOS) had
significantly lower total cell count compared than novokinin-
treated asthmatic mice (SENþNOV). This suggests that
blocking AT1 receptors with losartan had a more potent
effect on lowering the cell infiltrate than activating AT2
receptors with novokinin in the asthmatic mice.

Comparison of the effects of losartan, novokinin, and PD
123319 on eosinophils
SEN mice (non-treated asthmatic group) had significantly
higher number of eosinophils compared to control group

Figure 3. (a) Total cell count in bronchoalveolar lavage (BAL) fluid and (b–d) graphical representation of differential inflammatory cell count in bronchoalveolar lav-
age (BAL) fluid. (a) Total cell count in BAL from study groups control (CON), allergen sensitized (SEN), allergen sensitizedþAT1 antagonist losartan (SENþ LOS),
allergen sensitizedþAT2 agonist novokinin (SENþNOV) and allergen sensitizedþAT2 antagonist PD 123319 (SENþ PD) groups. Losartan and novokinin reduced
post-allergen inhalation mediated increase in total lung cell infiltrate, while PD 123319 had no effect. Values are described as mean ± SEM, �p< .05 compared to
CON; #p< .05 compared to SEN; †p< .05 compared to SENþ LOS; ‡p< .05 compared to SENþNOV; n¼ 4–12. (b) Eosinophils, (c) macrophages, and (d) neutro-
phils from BAL in control (CON), allergen sensitized (SEN), allergen sensitizedþAT1 antagonist losartan (SENþ LOS), allergen sensitizedþAT2 agonist novokinin
(SENþNOV) and allergen sensitizedþAT2 antagonist PD 123319 (SENþ PD) groups. Eosinophilia and neutrophilia were significantly reduced in allergic mice
treated with losartan (SENþ LOS) and novokinin (SENþNOV) compared to non-treated SEN. PD 123319 had no effect in allergic mice. With respect to macro-
phages, both losartan and novokinin lowered the attenuation of macrophages in treated allergic mice (SENþ LOS, SENþNOV), while PD had no effect. Values are
described as mean ± SEM, �p< .05 compared to CON; #p< .05 compared to SEN; †p< .05 compared to SENþ LOS; ‡p< .05 compared to SENþNOV; n¼ 4–12.
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(0 ± 0% in CON vs. 69.38 ± 1.5% in SEN; p< .0001). Losartan
(26.22 ± 0.29% in SENþ LOS; p< .0001) and novokinin
(46.20 ± 0.76% in SENþNOV; p< .0001) both significantly
reduced number of eosinophils in asthmatic mice compared
to non-treated SEN groups (Figure 3(b)). Treatment with PD
123319 (73.04 ± 0.69% in SENþ PD; p=.051) increased num-
ber of eosinophils compared to SEN group. We also observed
that SENþ LOS had significantly lower eosinophils compared
to SENþNOV; again this was suggestive of losartan (blocking
AT1 receptors) having a more potent effect on lowering the
eosinophilia than novokinin (activation of AT2 receptors).

Comparison of the effects of losartan, novokinin, and PD
123319 on macrophages
In all control groups, macrophages were the primary cells
with no significant difference between these groups
(Figure 3(c)). In SEN group, macrophages were reduced sig-
nificantly, suggesting the presence of other inflammatory
cells contributing to the cellular infiltrate (6.51 ± 0.569% in
SEN vs. 89.74 ± 2.35% in CON; p< .001). In SENþ LOS
(32 ± 3.7%) and SENþNOV (27.83 ± 0.731%), the decrease in
macrophages was significantly attenuated compared to SEN
(p< .001). SENþ PD group lowest number of macrophages
(2.4 ± 0.16%) that was significantly different from CON,
SENþ LOS, and SENþNOV groups.

Comparison of the effects of losartan, novokinin, and PD
123319 on neutrophils
Neutrophils were significantly increased in SEN group com-
pared to CON (0.0 ± 0% in CON vs. 23.39 ± 1.08% of cells in
SEN; p< .0001) (Figure 3(d)). Treatment with losartan
(17.56 ± 1.06% of cells in SENþ LOS) and novokinin signifi-
cantly reduced the neutrophil count (15.83 ± 1.20% of cells in

SENþNOV) in asthmatic mice compared to SEN (p< .001).
There was also significantly lower neutrophils in SENþ LOS
compared to SENþNOV, suggesting that losartan had a
greater effect to reduce the neutrophils. PD compound had
very little effect on neutrophils compared to SEN. The differ-
ential cell counts for CONþ LOS, CONþNOV, and CONþ PD
are shown in Table 2.

These data suggest that both losartan and novokinin low-
ered the inflammation in asthmatic mice; although, the
amount of response was different for each agent.

ELISA analysis of BALF supernatant for IL-5 and IL-13

The supernatant of the BALF was analyzed for IL-5 (Figure
4(A)) and IL-13 (Figure 4(B)). IL-5 was significantly elevated in
SEN (89.48 ± 6.84 pg/mL compared to 16.76 ± 1.82 CON;
p< .05). Losartan and novokinin significantly reduced IL-5 in
treated asthmatic mice (29.75 ± 7.71 pg/mL in SENþ LOS and
48.86 ± 5.31 in SENþNOV; p< .05) compared to the non-
treated SEN mice. SENþ PD group had the highest level of
IL-5 (123.57 ± 39 pg), although this was not significant com-
pared to SEN. IL-13 was only detected in SEN (1.83 ± 1.67 pg/
mL) and SENþ PD (0.88 ± 1.29 pg/mL) groups. These data
suggest that losartan and novokinin reduced the inflamma-
tory cytokines in the allergic mice.

Isometric tracheal reactivity

Methacholine concentration–response (Figure 5(a)) curve was
obtained for tracheal rings (10�11 to 10�5 M) from CON and
SEN groups. Some of the tracheal rings were incubated (ex
vivo) with Ang II (0.1 lM; CONþANG II and SENþANG II) in
organ bath for 30min prior to performing the MCh concen-
tration–response. SEN group had significantly higher contrac-
tion to MCh compared to CON group (213 ± 2.08 in SEN vs.
131.31 ± 15.12 in CON; p< .05). Incubation with Ang II signifi-
cantly increased contraction in SENþANG II (334.79 ± 38.97)
compared to SEN, indicating that Ang II potentiated the
MCh-induced tracheal contraction response. MCh concentra-
tion response was also obtained in trachea from all

Table 2. Differential cell count in BALF of control groups treated.

Group Eosinophils Macrophages Neutrophils

CONþ LOS 0.5 ± 0.3% 81± 2% 2± 0.8%
CONþNOV 0± 0% 93.37 ± 0.38% 0 ± 0%
CONþ PD 0± 0% 85.6 ± 0.26% 0 ± 0%

Figure 4. Analysis of cytokines (IL-13 and IL-5) in bronchoalveolar (BAL) lavage fluid. (A) IL-5, (B) IL-13 in BALF in control (CON), allergen sensitized (SEN), allergen
sensitizedþAT1 antagonist losartan (SENþ LOS), allergen sensitizedþAT2 agonist novokinin (SENþNOV) and allergen sensitizedþAT2 antagonist PD 123319
(SENþ PD) groups. IL-5 and IL-13 were significantly elevated in allergic (SEN) mice as compared to control. Losartan and novokinin significantly reduced IL-5 in
allergic mice compared to SEN, while IL-13 was not detected in these groups (SENþ LOS, SENþNOV). Groups treated with PD 123319 showed no changes in IL-5
and IL-3 compared to SEN. Values are expressed as ± SEM, �p< .05 compared to CON; #p< .05 compared to SEN; †p< .05 compared to SENþ LOS; ‡p< .05 com-
pared to SENþNOV; n¼ 3 mice per group.
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sensitizedþ treatment groups (Figure 5(b)) and response was
compared at the highest concentration of MCh (10�5 M).
Losartan-treated asthmatic mice (SENþ LOS; 125.68 ± 27.68%)
had significantly (p< .05) lower contraction to MCh alone
compared to the non-treated SEN group. Incubation of
SENþ LOS group tracheal rings with Ang II had a further
lowering of the contraction response (86.68 ± 29.63 in
SENþ LOSþANG II; p< .05 compared to SEN), although this
was not significant from SENþ LOS. These data suggest that
the potentiating effect of Ang II on the MCh response was
inhibited by blocking of the AT1 receptors. It is also probable
that binding of Ang II to unopposed AT2 receptors lowered
the contraction further, as Ang II can activate both AT1 and
AT2 receptors. Treatment with novokinin also reduced
(p=.051) MCh-induced contraction in tracheal rings compared
to SEN group (178 ± 12.21 in SENþNOV; Figure 5(b)) while
no difference was observed in SENþNOV group incubated
with Ang II compared to SENþNOV. SENþ PD had increased
contraction compared to SEN group and Ang II incubation in
this group had the highest contraction in tracheal, rings

suggesting that blocking of AT2 receptors can lead to more
reactivity of airway smooth muscle in asthma (327 ± 71.06 in
SENþ PD, 414.65 ± 46.87 in SENþ PDþANGII). Complete
concentration responses for the drug treatments are
included in Supplementary Data: Appendix A.

Lung expression of AT1 and AT2 receptors in control
and sensitized mice

The protein expressions of AT1 and AT2 receptors were
determined in whole lungs from control (CON) and asthmatic
mice (SEN) to assess if asthma induced any changes in the
levels of these receptors (Figure 6). Both AT1 and AT2 recep-
tor expressions were significantly elevated in SEN group as
compared to CON. For AT1, we observed expression in SEN
was almost two-fold higher than CON (175.29 ± 5.84% in SEN
vs. 100 ± 25.47% in CON, Figure 6(a), p< .05) and for AT2,
the fold difference was almost nine-fold higher
(905.71 ± 130.63% in SEN vs. 100 ± 50.13% in CON, Figure
6(b), p< .05). These data suggest that AT1, which may

Figure 5. (a) Concentration–response curve to methacholine and effect of angiotensin II and (b) effects of losartan, novokinin, and PD 123319 on isolated tracheal
responses. Methacholine-induced contraction in isolated tracheal rings (a) effect of angiotensin II on methacholine response. SEN group had significantly higher
contraction in trachea compared to CON. ANG II incubation i(SENþANG II) potentiated contraction compared to SEN group. (b) Comparison of the effects of losar-
tan, novokinin, and PD 123319 on methacholine (10 mM) response in tracheal rings. SENþ LOS treated group had lower contraction compared to SEN group. ANG
II incubation in same group has a further reduction in contraction. SENþNOV had similar response as losartan. SENþ PD group had highest contraction indicating
blocking of AT2 receptors potentiated the contraction response in isolated trachea. Values are indicated as mean ± SEM, �p< .05 compared to CON, #p< .05 com-
pared to SEN and †p< .05 compared to SENþANG II; n¼ 4–8.

Figure 6. Protein expression of AT1 and AT2 receptors in lungs from control and allergic mice. Protein expression of (a) AT1 and (b) AT2 receptors in lungs from
control and asthmatic mice. Expression of both AT1 and AT2 was significantly elevated in asthmatic (SEN) mice as compared to non-asthmatic controls (CON).
Values are indicated as mean ± SEM, �p< .05 compared to CON; n¼ 3 mice.
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increase lung inflammation, is also expressed at higher levels
in asthma. AT2, which modulates AT1 function, shows a cor-
responding upregulation in asthma.

Discussion

The primary goal of this study was to elucidate the roles of
Ang II AT1 and AT2 receptors in inflammation and airway
reactivity using a mouse model of asthma. Our aim was to
determine the pharmacological effects of losartan (AT1
antagonist), novokinin (AT2 agonist) and PD 123319 (AT2
antagonist) on airway hyperreactivity, inflammation, and air-
way smooth muscle contractility in trachea. The major find-
ing of this study was that using AT1 receptor antagonist
losartan reduced inflammation, airway hyperreactivity, and
MCh-induced contraction in trachea, suggesting that Ang II
acting via AT1 receptors potentiates the symptoms of
asthma. In addition, using the AT2 receptor agonist novoki-
nin reduced both inflammation and airway reactivity, sug-
gesting a potential role for AT2 receptor-activation in
reduction of asthma symptoms. We also noted that losartan
appeared to have greater effects in lowering the inflamma-
tion in the asthmatic mice compared to novokinin. We found
that the expression of AT1 and AT2 receptors was upregu-
lated in asthmatic lungs, with both receptors being signifi-
cantly elevated compared to non-asthmatic controls.

Asthma is a common chronic lung disease characterized
by inflammation and airway hypersensitivity, affecting almost
260 million people around the world. Treatments such as
leukotrienes inhibitors and corticosteroids have been used to
manage acute episodes of asthma and control the inflamma-
tion. However, occurrence of this disease has not declined
[24]. A more thorough knowledge of mechanisms and identi-
fication of potential therapeutic targets is needed in order to
reduce the incidence of asthma.

Angiotensin II is main effector octapeptide in RAS [5].
Apart from regulating blood pressure, increased concentra-
tion of Ang II also leads to elevation of pro-inflammatory
cytokines and ultimately leading to infiltration of inflamma-
tory cells in tissues [25]. Ang II works via two G-protein
coupled receptors: AT1 and AT2 [5]. These receptors mediate
different biological effects. Elevated level of Ang II leads to
increased hypertension and other cardiovascular diseases via
AT1 receptor signaling. Activation of AT1 receptors is also
involved in increased systemic inflammation, oxidative stress,
and vascular inflammation [26]. With respect to the airways,
AngII causes contraction in vitro as evidenced by its effect
on isolated human bronchial rings and also potentiates bron-
choconstriction in asthmatics in vivo [12]. On other hand,
AT2 receptors are known to counter balance effects of AT1
receptors. Binding of Ang II to AT2 receptors increases
vasodilation and cardiac protective effects in cardiovascular
disease [27]. AT2 activation via Ang II also exhibits anti-
inflammatory properties in kidney [28]. Successful cloning of
Ang II AT2 receptors and understanding their pathophysio-
logical effects have made these receptors as an emerging
target for various conditions, mainly those due to the dele-
terious effects of Ang II AT1 receptors [29]. However, roles of

Ang II AT1 and AT2 receptors in asthma are not fully under-
stood. Due to the availability of selective receptor antago-
nists and agonists for the Ang II AT1 and AT2 receptors, it is
possible to study the pharmacological effects of these recep-
tors. Losartan blocks AT1 receptors, whereas PD 123319
effectively blocks AT2 receptor [30]. Novokinin binds to AT2
receptors and is a selective AT2 agonist [31]. This is a novel
agent, and our study is the first to use this peptide to study
AT2-mediated effects in asthma.

We first assessed airway responsiveness by using whole
body plethysmography. While the use of whole body ple-
thysmography is controversial, it has been used previously
by several investigators either alone [32,33] or in conjunction
with invasive techniques [34,35], and continues to be used
to assess airway responsiveness [36–39]. In this study, we
measured airway responsiveness as enhanced pause (Penh)
using increasing doses of MCh to determine the effects of
losartan, novokinin and PD 123319 in order to establish the
roles of AT1 and AT2 receptors in asthma. Significant
increases in Penh values were observed in asthmatic mice
compared to non-asthmatic controls, suggesting increases in
airway responsiveness in the allergen-sensitized mice.
Treatment of losartan in vivo in asthmatic mice significantly
reduced airway hyperreactivity compared to allergen-
sensitized group suggesting that losartan maybe beneficial
to lower airway responsiveness. This also indicates that acti-
vation of AT1 receptors in asthma may lead to higher bron-
choconstriction. Groups treated with novokinin also
displayed similar results as losartan, indicating a beneficial
role for AT2 agonist novokinin in asthma. PD 123319, which
blocks AT2 receptors, had maximum Penh values, suggesting
that blocking of AT2 receptors leads to exacerbation of air-
way responsiveness. These data suggest that AT2 receptors
may be potential targets for reduction of bronchoconstriction
in asthma patients and is a novel finding.

We also measured protein expression of AT1 and AT2
receptors in the lungs from control and asthmatic mice by
Western blot to assess if differential expression of these
receptors was observed in asthma. We found significant
upregulation of both AT1 and AT2 receptors in lungs from
the asthmatic mice as compared to control animals. In the
control mice, clearly observable expression of AT1 receptors
was noted, while AT2 was detected at extremely low levels.
However, the AT2 receptor expression increased tremen-
dously in asthmatic mice. It is known that AT2 receptors may
modulate function of the AT1 receptors [27], and this could
explain the high expression of AT2 receptors in asthma.

Increased level of inflammation is observed in asthmatic
patients and mouse models of asthma [40]. In this study,
total cell count in the BAL fluid from the SEN group was sig-
nificantly higher than controls, indicating the presence of cell
infiltration in the lungs of the allergen-sensitized mice. The
total cell counts in asthmatic mice were lowered with both
losartan and novokinin respectively, suggesting that blocking
of AT1 receptors and activating AT2 receptors reduced the
lung cellular infiltrate. We also observed that losartan had a
greater effect in lowering the cell count than novokinin. This
finding was suggestive of perhaps a more dominant role for
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AT1 receptors in mediating inflammation in asthma. Many
studies indicate the involvement of AT1 receptor activation
in inflammatory response and that blocking AT1 receptors
lowers inflammation [41–44]. We assessed the lung inflam-
mation in our study groups by differential analysis of the
BAL cell counts to identify which cells were present in the
BAL. Recruitment of eosinophils in the BAL describes pres-
ence of inflammation and exacerbates airway hyperreactivity
[45,46] and previous studies indicate increased number of
eosinophils in bronchial lavage of asthmatic patients [47]. We
found that asthmatic mice (SEN) and asthmatic mice treated
with AT2 antagonist PD 123319 had the highest number of
eosinophils. This also correlated with the airway responsive-
ness data. Further, we found that in vivo treatment with los-
artan reduced the eosinophilia in asthmatic mice. Treatment
with novokinin also significantly reduced number of infil-
trated cells in BAL, indicating an anti-inflammatory role for
AT2 receptors in asthma. Again, we noted that the effect of
losartan on reducing the eosinophils was greater than that
of novokinin. Thus, blocking of AT1 receptors with losartan
or activation of AT2 receptors reduced eosinophilia but the
reduction was greater with AT1 blockade.

Other than eosinophils, studies have also shown that neu-
trophils are higher in asthmatics than in healthy individuals
[48]. We found that sensitized mice had significantly greater
number of neutrophils compared to controls. Groups treated
with losartan had significantly reduced neutrophils, which
again suggests an anti-inflammatory role for losartan.
Likewise, we found that novokinin also reduced the number
of neutrophils in asthmatic mice. The predominant cell type
in the BAL fluid from healthy individuals is non-activated
macrophages [49]. In the present study, macrophages were
the highest in control groups indicating the lack of active
inflammatory processes and cellular infiltration. We also
observed significantly lower macrophages in asthmatic mice.
Use of losartan and novokinin attenuated this decrease in
macrophages in treated asthmatic mice. Blocking AT2 recep-
tors with PD 123319 had no effect on reducing eosinophils,
neutrophils and the attenuation of decreased macrophages
in asthmatic mice. There were also increased levels of IL-5
and IL-13 in the allergic mice that were lowered with either
losartan or novokinin. PD 123319 on the other hand, either
increased the cytokine levels or had no effect on lowering
them in asthmatic mice. Thus, our data shows that losartan
and novokinin both have effects on lowering lung inflamma-
tion and that effects of losartan appear to be greater in com-
parison to novokinin. These data thus confirm that AT2
receptors may have an anti-inflammatory role compared to
AT1 receptors, which are pro-inflammatory in asthma.

Studies have shown that Ang II is a bronchoconstrictor in
asthmatics and potentiates response to MCh in vitro in bron-
chial rings from asthmatics [13]. To assess the effects of Ang
II in isolated airway rings, we also measured tracheal con-
tractility to MCh ex vivo and evaluated the effect of Ang II
on MCh-induced contraction. Our data showed that trachea
from allergen-sensitized mice had the highest contraction
response to MCh. Ang II incubation prior to the MCh
concentration response potentiated the contraction.

Allergen-sensitized mice treated with either losartan or novo-
kinin had lower contraction response to MCh and the Ang II
potentiation of contraction was abolished. These data further
confirm the role of Ang II in mediating increased airway con-
tractility in asthma via the activation of AT1 receptors. As for
the AT2 receptors, their activation leads to a decrease in tra-
cheal contractility. We also found that blocking AT2 receptors
with PD 123319 (SENþ PD group) increases contractility in
sensitized mice. These data again suggest that the AT2
receptors counterbalance the effects of AT1 activation.
Further studies are required to understand the mechanisms
involved in the contractility.

Conclusions

In summary, our data show that increases in airway inflam-
mation and airway responsiveness in allergic mice were
reduced with the ATI antagonist losartan. The use of AT2
agonist also lowered lung inflammation and airway reactivity.
However, it appears blocking AT1 receptors has a greater
effect on reducing both inflammation and airway hyperreac-
tivity in asthma compared to activation of AT2 receptors. The
lung expression of AT1 and AT2 receptors is significantly
upregulated in asthma. These novel findings support modu-
latory roles for both AT1 and AT2 receptors in asthma and
these receptors are potential new targets for developing
therapies to manage this airway disease. Further studies are
required to elucidate signaling mechanisms and identify
molecular targets in the signal transduction pathway down-
stream of these receptors.
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