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Isatin, an endogenous indole compound, prevents atrial natriuretic peptide (ANP) from signaling through its cell-
surface receptor, NPRA. Allergic airway inflammation has been linked to natriuretic peptide signaling and
blocking this signaling axis in the lung prevents allergen-induced pathology. In this studywe encapsulated isatin
in chitosan nanoparticles and tested them in amousemodel of allergic asthma by intranasal delivery to the lung.
Isatin nanocapsules reduced lung pathology by blocking ANP signaling, but surprisingly also by reducing the
expression of NPRA. Ovalbumin-allergic mice were treated intranasally with isatin-containing chitosan
nanocapsules either before or after allergen challenge, and lung function, cytokine levels, histopathology and
cellular infiltration were determined. ANP activity was quantitated by measuring changes in intracellular cyclic
GMP and changes in NPRA levels were determined. For comparison with isatin's effects, the expression of the
receptor was inhibitedwith small interfering RNA against NPRAmRNA. Isatin nanocapsules administered locally
to the lung reduced cGMP production and NPRA expression and protected allergic mice from airway
hyperreactivity and lung inflammation when given either before or after allergen challenge. Leukocyte
infiltration was reduced and lung cytokine profiles showed a repolarization from a Th2-like to a Th1-like
phenotype. Isatin nanocapsules administered locally to the lung inhibit NPRA signaling but also are capable of
lowering the expression of NPRA, thus effectively reducing inflammation in a mouse model of allergic asthma.
Pharmacological intervention to reduce NPRA activity through the inflammatory natriuretic peptide axis in the
lung may be a useful adjunct therapy for treating lung disease.
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1. Introduction

Asthma is now one of the world's most common chronic illnesses,
according to theGlobal Burden of Asthma Report [1]. The disease is estima-
ted to affect as many as 300 million people worldwide—a number that
could increase by a further 100 million by 2025. Asthma can be controlled
reasonably well through inhaled corticosteroids and long-acting beta
agonists, but these drugs can have serious side effects and do not correct
the underlying causes of the disease [2,3]. Despite significant increases in
understanding of the immune mechanisms involved in allergic disease
over the past several decades, this knowledge has not been effectively
translated into new therapies. Chronic airway inflammation is a major
factor in asthma symptoms and decreased lung function, and increases
susceptibility to exacerbation even in those patients who have mild
disease.
The mechanisms that generate and maintain the inflammatory
environment are complex and incompletely understood, but several
signaling pathways such as those involving NF-kappa B, Erk1,2
(extracellular-regulated kinases 1 and 2) and the STATs (signal trans-
ducers and activators of transcription), have an influence on persistent
inflammation and airway disease [4]. One of the current goals in asthma
therapy is topromote endogenousanti-inflammatory systems to restore
health.

One such system is the immunomodulatory pathway involving the
atrial natriuretic peptide (ANP)-natriuretic peptide receptor A (NPRA)
signaling axis that is highly expressed in airway epithelium [5]. In the
cardiovascular system and the kidney, ANP regulates blood pressure and
volume, sodium and water excretion through cGMP that is produced by
the intrinsic guanylyl cyclase domain of the cell-surface receptor, NPRA
(also known as GC-A). Ligand-mediated activation of GC-A produces the
secondmessenger cGMP,which can turnon the cGMP-dependentprotein
kinasePKG. PKG in turnphosphorylates anumberof species that results in
the activation of ion transporters and transcription factors affecting cell
growth and proliferation, apoptosis, and inflammation.
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In the lung, NPRA signaling produces bronchorelaxation but also
causes elevation of pro-inflammatory cytokines. Previous studies of
allergic asthma in mouse and pig models have shown that although ANP
promotes bronchodilation, its overproduction in the lung is associated
with increased inflammationandpolarization towardaThelper cell 2-like
phenotype [6,7]. Thus, reducingANP signaling throughNPRA locally in the
lungmaybeaneffective strategy for eliminating the chronic inflammation
of asthmaandother respiratorydiseases. Anumberof clinical trials testing
the therapeutic efficacy of ANP signal modification in various disease
conditions have been conducted with some success [8,9]. The ANP–NPRA
signaling pathway is regulated at the transcriptional, translational and
post-translational levels offering considerable latitude for intervention.

Isatin is a naturally occurring heterocyclic indole derivative, indole-
2,3-dione, that is found in the brain, body fluids and other tissues. It is
elevated in mammals including man under stressful conditions and
interacts with a number of proteins/enzymes associated with energy
metabolism, cytoskeleton, cell signaling, differentiation and survival
[10]. Isatin has been shown to inhibit NPRA signaling [11] and studies
with physiological doses revealed that its primary targets are the parti-
culate guanylyl cyclase of NPRA [12–14] and the nitric oxide-activated
soluble guanylyl cyclase [15]. When administered to rats by intraperi-
toneal injection, isatin blocked cGMP production under conditions of
fluid overload that are known to induce endogenous ANP release and
cGMP formation [16]. Isatin appears to have significant pharmacological
potential [17,18] especially when used locally with targeted nanopar-
ticle delivery systems.

Basedon these studies,wehypothesized that lung-specific inhibition
of ANP signaling by isatinmight be a useful adjunct therapy for standard
asthma treatment. We have demonstrated targeting of plasmids and
small-molecule drugs to lung epithelial cells by encapsulation in nano-
particles produced from chitosan, a derivative of the natural biopolymer
chitin [19–21]. In the present study, we evaluated the ability of intra-
nasally administered isatin-chitosan nanocapsules to target the lung
and inhibit inflammation in a mouse model of ovalbumin-induced
allergic asthma. Treatments were done prophylactically to demonstrate
the potential use of the adjunct treatment for prevention of airway
inflammation and therapeutically to show its effectiveness in reducing
exacerbation.

2. Materials and methods

2.1. Reagents

Chitosan hydrochloride (N60 kDa) was obtained from TaeHoon Bio
(Korea) and used as received. Isatin was purchased from Sigma-Aldrich
(St Louis, MO, USA) and is the highest quality spectral grade, N99.9%
pure. Chitosan and isatin were deemed to be endotoxin-free because
they did not cause an inflammatory response compared to vehicle alone
when administered to mice intranasally. All other reagents were
obtained from Sigma.

2.2. Cell lines

Thehumanembryonic kidney cell line, HEK293,waspurchased from
ATCC (Rockville, MD, USA) and grown in Earle's modified Eagle's
medium supplementedwith 10% fetal bovine serumand 100 U/ml each
of penicillin and streptomycin at 37 °C in a 5% CO2 incubator.

2.3. Animals

Female BALB/c mice, 6–8 weeks of age, were purchased from
Jackson Laboratory (Bar Harbor, ME, USA). All mice were maintained
in a pathogen-free environment, and all procedures were reviewed
and approved by the University of South Florida Institutional Animal
Care and Use Committee.
2.4. Preparation and characterization of chitosan nanoparticles
containing isatin

Chitosan, a derivative of the natural polysaccharide chitin, was used
as a nanoparticle carrier for isatin delivery because its mucoadhesive-
ness and positively-charged surface groups allow it to be readily taken
upby the lung cells. Isatinwas encapsulated in chitosan nanoparticles as
previously described [19]. Briefly, chitosan hydrochloride (∼60 kDa)
was dissolved in 10 mLof Dulbecco's phosphate-buffered saline (DPBS),
pH 7.4, and isatin was added at a ratio of 1:2 (w/w). The mixture was
vortexed vigorously for 12 h to form nanocomplexes. The mean size of
the chitosan nanoparticles was determined by transmission electron
microscopy to be around100 nm(data not shown). Nanoparticles of this
size are readily taken up by the epithelial cells in the lung.

2.5. Construction of small interfering RNA against NPRA (siNPRA or si9)

PotentialDNA target sequences for siRNA againstmurineNPRAwere
determined by using the siRNA finder software from Ambion (Austin,
TX) and the resulting sequences were cloned into the pSilencer-1.0-U6
vector (Ambion, Austin TX). The siRNAswere tested todeterminewhich
produced the greatest decrease in NPRA expression when transfected
into HEK-GCA cells (HEK293 cells stably transfected with NPRA coding
sequence to overexpress NPRA). The most effective siNPRA had the
sequence, GGGCGCUGCUGCUGCUACCcTdT (sense) andwas designated
si9. The vector carrying si9 was encapsulated in chitosan nanoparticles
and administered to themice (25 μg of plasmid permouse) intranasally.
A randomly generated sequence of the same base composition and
length as si9 was used as an siRNA control.

2.6. Evaluation of isatin's effects on NPRA expression in vitro

Kidney cells normally express NPRA and are responsive to ANP. For
that reason,we chose thehumanembryonic kidney cell line,HEK293, to
test the effects of isatin. Cells were seeded in 100 mmplates at a density
of 1×106 cells/plate and incubated at 37 °C in a CO2 incubator for 24 h.
Cells were stimulated by incubation with 100 ng/ml bacterial lipopo-
lysaccharide for 4 h. Cells were rinsed and a solution of isatin in DPBS
was added to a final concentration of 25, 50 or 100 µM and incubation
was continued for 12 h. After isatin treatment, whole-cell protein
extracts were prepared by scraping cells from plates and resuspending
in lysis buffer containing 50 mM HEPES, 150 mM NaCl, 1 mM EDTA,
1 mM EGTA, 10% glycerol, 0.5% NP-40, 0.1 mM phenylmethylsulfonyl
fluoride, 2.5 μg/ml leupeptin, 0.5 mM NaF, and 0.1 mM sodium
vanadate. Protein aliquots (200 μg) were separated on 12% polyacryla-
midegels by sodiumdodecyl sulfate-polyacrylamidegel electrophoresis
and proteins were transferred to PVDF membranes (Bio-Rad, Hercules.
CA, USA). Blots were incubated with a goat polyclonal antibody against
NPRA (Santa Cruz Biotech, Santa Cruz, CA, USA),washed and exposed to
HRP-conjugated anti-goat IgG (Santa Cruz Biotech, Santa Cruz, CA, USA)
secondary antibody. Beta-actin immunostainingwas used as an internal
protein-loading control. Immunoblot signals were developed using
SuperSignalUltra chemiluminescent reagents (Pierce, Rockford, IL, USA)
and detected using X-Omat AR X-ray film.

2.7. Measurement of allergic airway inflammation in vivo: prophylactic
protocol

BALB/c mice were divided into five groups of four mice each. This
is the minimum number of mice per group that yields statistically
meaningful resultswith eachexperimentbeing repeated twice (n=12).
One group of mice received no OVA sensitization or challenge as naïve
control (NC) but was given intranasal chitosan nanoparticles alone.
Previous experiments comparing mice given intranasal chitosan to
those receiving vehicle have shown no effects of chitosan itself on lung
inflammation. The second group also received chitosan nanoparticles
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without isatin but was sensitized by i.p. injection of 50 μg OVA in 100 μl
DPBSplus alumadjuvant (Imject, Pierce) on days 1and8 and challenged
with 50 μg of OVA in 50 μl DPBS intranasally on days 20 and 21. Animals
in the third to fifth groups were sensitized to OVA, then treated
prophylactically with intranasal chitosan nanoparticles with encapsu-
lated isatin at doses of 50 or 100 mg/kg (groups 3 and 4) or siNPRA
plasmid (group 5) on days 16, 17, 18, and 19 prior to OVA challenge
on days 20 and 21. Specific airway resistance, sRaw, in response to
methacholine challenge was measured on day 22 by restrained, non-
invasive airway mechanics in a dual-chamber plethysmograph (Buxco,
Wilmington, NC). All mice were euthanatized and bronchoalveolar
lavage (BAL) fluid was collected by rinsing with intratracheal injections
of DPBS. The lungs were then perfused with 10% neutral buffered
formalin, removed, paraffin-embedded, and 4 μmsections were stained
with hematoxylin and eosin. The stained sections were examined for
lung pathology and photographed under the microscope by personnel
blinded to the treatment group. Representative digital photos are shown.

2.8. Differential cell enumeration in bronchoalveolar lavage (BAL) fluid

BAL fluidwas collected and differential cell counts were performed
as previously described [19]. Briefly, BAL fluid was centrifuged and the
cell pellet was suspended in 200 μl of DPBS and counted using a
hemocytometer. The cell suspensions were then centrifuged onto
glass slides using a Shandon Cytospin centrifuge at 1000 rpm for
5 min at room temperature. Cytocentrifuged cells were air dried and
stained with a modified Wright's stain (Leukostat, Fisher Scientific,
Atlanta, GA, USA), which allows differential counting of monocytes
and lymphocytes. At least 500 cells per sample were counted by direct
microscopic observation by personnel blinded to the treatment group.

2.9. Quantification of cytokines in lung homogenates

OVA-allergic mice were treated prophylactically with chitosan
nanoparticles loaded with 50 or 100 mg/kg isatin and 24 h later they
were challengedwithOVA. One day after the OVA challenge, lungswere
removed, weighed, homogenized in buffer containing a protease inhi-
bitor cocktail (see Section 2.6 above), and aliquots of the homogenates
were assayed for IL-4, IL-5, and TNF-alpha by ELISA and cytokine bead
array (BD Biosciences, San Jose, CA. USA). Values were expressed as pg
cytokine per gram of lung.

2.10. Determination of specific airway resistance

The degree of bronchoconstriction, as determined by specific airway
resistance, sRaw, was measured in conscious, restrained mice by non-
invasive airway mechanics using a dual-chamber plethysmograph.
(Buxco, Wilmington, NC). Groups of mice were exposed for 5 min to
nebulized DPBS to establish a zero-concentration baseline, then to
6.25 mg/ml (moderate dose) and 25mg/ml (high dose) of nebulized
methacholine (MCh; Sigma, St. Louis, MO) in DPBS. The number of MCh
doses had to be limited to two to avoid harmful stress to the animals
restrained tightly in the plethysmograph chambers. Challenges were
done for 5 min followed by recordings of sRaw for 5 min. The sRaw
values were averaged and mean±SEM was reported for each MCh
concentration.

2.11. Lung histopathology

A random number was assigned to each hematoxylin and eosin-
stained lung section from the treatment groups. A pathologist blinded to
the treatments examined the sectionsmicroscopically and scored them
according to the extent of inflammation. The degree of peribronchial
inflammation was evaluated on a subjective scale of 0, 1, 2, 3, and 4
corresponding to none, mild, moderate, marked, or severe inflamma-
tion, respectively,with an incrementof 0.5 if the degree of inflammation
fell between two integers1, 2. Epithelial changes were scored as: 0 = no
change, 1 = increased epithelial cell cytoplasmwithout desquamation,
2 = epithelial desquamation without bronchial exudates composed of
inflammatory cells, and 3 = bronchial exudates composed of desqua-
mated epithelial cells and inflammatory cells.

2.12. Effects of isatin treatment in vivo in the therapeutic model

Twenty BALB/c mice were divided into five groups of four mice
each). One group served asnaive control (NC)withnoOVA sensitization
or challenge, but mice were given intranasal chitosan nanoparticles
alone or with empty vector, U6. The second group received only
chitosan nanoparticles but was sensitized by i.p. injection of 50 μg OVA
plus alum in 100 μl DPBS on days 1 and 8 and challenged with 25 μg of
OVA in 50 μl DPBS intranasally on days 22, 23 and 24. Animals in the
third and fourth groups were OVA-sensitized and challenged prior to
intranasal treatment with 50 or 100 mg/kg isatin nanoparticles in 50 μl
of DPBS respectively on days 31, 32, 33 and 34. The last groupwas OVA-
sensitized and challenged, but treated intranasally with nanoparticles
carrying 25 µg of plasmid encoding small interfering RNA against NPRA
(si9) in 50 μl of DPBS on days 31, 32, 33 and 34. To prepare si9 chitosan
nanoparticles, 250 µg of si9 was mixed with 750 μg of chitosan and
vortexed vigorously for 30 s. As in the prophylactic procedure, mice
were euthanatized and BAL fluid was collected from the lungs. Lungs
were rinsed with intratracheal injections of DPBS, perfused with 10%
neutral buffered formalin, removed, paraffin-embedded, and 4 μm sec-
tions were stained with H and E and examined under the microscope
to determine lung pathology.

2.13. Immunofluorescent staining of lung sections for NPRA

Slides containing lung sections were deparaffinized in xylene,
followed by decreasing concentrations of ethanol, rehydrated to DPBS
and fixed with 4% paraformaldehyde for 25 min at room temperature.
Sections were washed three times in DPBS, permeabilized for 15 min
with 0.1% Triton X-100 and incubated with 5% rabbit serum at 37 °C for
1 h. Slides were washed with DPBS and incubated overnight with goat
IgG polyclonal antibody against NPRA (Santa Cruz, CA, USA) at 4 °C.
The stained slides were washed with DPBS and incubated with FITC-
labeled anti-goat IgG for 1 h at RT. The lung sections were examined
under a fluorescence microscope and photographed by personnel
blinded to the treatment group. Representative digital photos are shown.

2.14. Measurement of cyclic guanosine monophosphate (cGMP) levels in
lung homogenates

OVA-sensitized and -challenged mice were treated with isatin
according to the therapeutic regimen and lung homogenates were
prepared as described above. The cGMP levels were measured by ELISA
according to manufacturer's instructions (BD Biosystems, San Jose, CA).

2.15. Statistics

A minimum of four mice was used in each test group. Experiments
were repeated twice and measurements were expressed as means±
SEM.One-wayANOVAwith Tukey'sMultiple Comparison post-testwas
performed using GraphPad Prism version 4.00 for Windows (GraphPad
Software, San Diego, CA, www.graphpad.com).

3. Results

3.1. Preparation and characterization of chitosan nanoparticles
containing encapsulated isatin

Chitosan, a cationic polysaccharide derived from chitin [22,23] was
used to generate nanoparticles for encapsulation and delivery of isatin.

http://www.graphpad.com
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Isatin has been shown by others to prevent natriuretic peptide signaling
through surface NPRA receptors on cells from heart, kidney and brain
[10]. NPRA activation by its ligands, ANP and BNP, generates cGMP
through its intrinsic guanylate cyclase domain [24] and since isatin
blocks signaling though NPRA, it is expected to reduce cGMP production.
To characterize the activity of our isatin nanocapsule formulation in
alleviating allergic lung inflammation, we administered it intranasally to
OVA-sensitized and challenged mice and measured cGMP levels in the
lung. As a control, one groupofmicewas given intranasal treatmentswith
small interfering RNA (si9) that blocks expression of NPRA. The cGMP
concentration was found to be significantly reduced (pb0.001) in isatin-
treated and si9-treated mice compared to non-treated controls (Fig. 1A).

Isatin is known to prevent ligand binding to NPRA, but to the best of
our knowledge, there have been no reports describing its effects on
NPRA gene expression. As a preliminary test we determined whether
isatin could reduce NPRA levels in vitro using a model cell line, HEK293,
human embryonic kidney cells. LPS-stimulated HEK 293 cells were
treated with increasing concentrations of isatin for 12 h. We found that
isatin at concentrations of 50 and 100 µM reduced NPRA expression in a
dose-dependentmanner (Fig. 1B). This unexpected result demonstrates
Fig. 1. Isatin nanocapsules block cGMP production and down-regulate NPRA expression.
challenged with ovalbumin (OVA), and treated intranasally with chitosan nanoparticles enca
control (NC) mice were treated with chitosan or chitosan-vector alone. Lungs were collected,
Si9. (B) Isatin inhibits expression of NPRA in kidney cells. HEK293 cells were incubated with
separated by SDS-PAGE, western blotted and probed with antibodies against NPRA and agai
were treated with intranasal isatin either after OVA challenge (therapeutic model; C) or bef
NPRA and examined by immunofluorescence microscopy. Representative fields from three
a heretofore-unreported mode of action of isatin in suppressing NPRA
signaling.

To determine whether isatin down-regulates NPRA in vivo, OVA-
allergic mice were given intranasal treatments with isatin-chitosan
nanocapsules either after (Fig. 1C) or before (Fig. 1D) OVA challenge.
For comparison, one group of mice received nanoparticles containing
siNPRA plasmid (si9) against NPRA instead of isatin prior to OVA
challenge. Lungs were removed and sectioned, stained for NPRA and
examined by immunofluorescence microscopy. The results show that
intranasal treatment of mice with isatin reduced expression of NPRA
when given either prophylactically or therapeutically. As expected,
the small interfering RNA si9 down-regulated NPRA expression in
lung cells.

3.2. Prophylactic isatin treatment decreases airway hyperreactivity

Airway hyperreactivity is characteristic of asthma, and asthmatic
mice deficient in NPRA are resistant tomethacholine-induced broncho-
constriction [24]. Prophylactic intranasal treatment with isatin nano-
particles was tested to determine if its down-regulation of NPRA and
(A). Therapeutic isatin reduces cGMP production. BALB/c mice were sensitized and
psulating isatin (Isa) at 50 or 100 mg/kg or with si9 vector that expresses siNPRA. Naive
homogenized and cGMPwasmeasured by ELISA. ⁎⁎⁎ pb0.001, OVA vs Isa50, Isa100 and
or without isatin for 12 h, then harvested and lysed. Equal aliquots of total protein were
nst beta actin as loading control. (C and D) Isatin inhibits NPRA expression in vivo. Mice
ore OVA challenge (prophylactic model; D) and lungs were fixed, sectioned, stained for
separate experiments are shown (200×).
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inhibition of NPRA signaling could attenuate the airway restriction seen
after methacholine challenge in OVA-allergic mice. Four groups of mice
were tested. The first group served as naive control while the second
group received OVA sensitization and challenge but no isatin as a
control. OVA-sensitized mice in the third and fourth groups received
two different concentrations of isatin prior to OVA challenge. Airway
constriction to aerosol methacholine challenge (6.25 and 25 mg/ml)
was measured as specific airway resistance (sRaw) by restrained non-
invasive airwaymechanics, 24 hafterOVAchallenge. Themice receiving
isatin prophylactically had lower sRaw readings than the control group
(Fig. 2A). The apparent increase in airway resistance at 100 mg/kg isatin
was not statistically significant.
3.3. Prophylactic isatin treatment reduces IL-4, IL-5 and TNF-alpha

The asthmatic lung has a cellularmilieu characterized by a Th2-like
phenotype and chronic airway inflammation leading to reversible
episodes of airway obstruction [25,26]. Data from animal models have
implicated the T helper cell 2 (Th2) cytokines IL-4, IL-5, and IL-13 in the
pathogenesis of asthma and allergic airway disease [26]. To examine
whether isatin can alter this Th2 bias, OVA-allergic mice were treated
prophylactically with chitosan-isatin nanoparticles, lungs were
removed and lung homogenates assayed for the indicated cytokines.
Significant reduction of IL-4 and IL-5was observed in the isatin-treated
Fig. 2. Prophylactic isatin treatment reduces allergen-induced lung hyperreactivity and inflam
encapsulated in chitosan nanoparticles (Isa) at 50 or 100 mg/kg. After prophylactic isatin trea
control (NC) mice were not OVA-sensitized but were treated with chitosan alone. (A) Isati
measured as specific airway resistance (sRaw) using non-invasive dual-chamber plethysm
cytokines. Lungs were collected, homogenized and cytokines were measured by ELISA. ⁎⁎⁎p
sectioned and stained with hematoxylin and eosin. Representative photos from three separa
cells were stained and differential cell counts were performed. ⁎⁎⁎ pb0.001, OVA vs Isa50
groups (Fig. 2B) indicating a possible repolarization from a Th2-like
phenotype to Th1. TNF-alpha was inhibited, but no change in IL-2 or
INF-γ could be detected in any of the groups.
3.4. Prophylactic isatin treatment reduces lung pathology and infiltration
of immune cells into the lung

The most direct indicator of allergic airway inflammation is lung
histopathology. In order to ascertain treatment-associated changes,
lungs were removed 24 h after OVA challenge from OVA-allergic mice
treated prophylactically with isatin nanoparticles. Lung sections were
stained with hematoxylin and eosin and several fields from each slide
were examined by blinded observers and photographed. Representa-
tive fields are shown (Fig. 2C). Isatin reduced goblet cell hyperplasia
and epithelial denudation.

In order to determine the effects of isatin nanoparticles on cell
infiltration into the lungs, bronchoalveolar lavage (BAL) fluid was
collected and BAL cells were stained using a differential cell staining kit.
Total cells were counted in at least four fields and averaged. The effect of
prophylactic isatin on the numbers of lymphocytes, eosinophils, and
neutrophils is shown in Fig. 2D. Treatment with isatin nanoparticles
significantly (pb0.001) reduced eosinophil and neutrophil recruitment
into the lungs relative to the untreated control. Treatment with si9 had
effects similar to those of isatin at 100 mg/kg.
mation. Mice were sensitized to ovalbumin (OVA) then treated intranasally with isatin
tment, airway inflammationwas induced by intranasal challenge with 50 μg OVA. Naïve
n prevents airway hyperreactivity. Airway hyperreactivity to methacholine (Mch) was
ography. ⁎pb0.05, OVA vs Isa100. (B) Isatin inhibits production of pro-inflammatory
b0.001, OVA vs Isa50, Isa100. (C) Isatin prevents lung histopathology. Lungs were fixed,
te experiments are shown (200×). (D) Isatin reduces eosinophilia. BALF was collected,
and Isa100.
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3.5. Therapeutic isatin treatment decreases airway hyperreactivity

Chitosan nanoparticles complexed with isatin at 50 and 100 mg/kg
were administered therapeutically after OVA challenge to test their
effectiveness in reducing bronchoconstriction and alleviating an
asthmatic exacerbation. Five groups of mice were tested. The first
group served as naive control while the second group received OVA
sensitization and OVA challenge but no isatin as the positive control.
Animals in the third and fourth groups were isatin-treated while the
fifth group received si9. Airway constriction in response to aerosol
methacholine challenge (6.25 and 25 mg/ml) was measured as sRaw
(specific airway resistance) 24 h after isatin therapy. The isatin-treated
mice had significantly lower sRaw readings than controls (Fig. 3A).

3.6. Therapeutic isatin treatment reduces cellular infiltration into the
lung and protects against lung pathology

After methacholine challenge and measurement of sRaw, the mice
were euthanized and lungs were lavaged to recover infiltrated cells.
Cytocentrifuged BAL cells were fixed and stained for differential cell
counting. Fig. 3B shows the total numbers of lymphocytes, eosinophils
and monocytes averaged for each group. Therapeutic treatment with
isatin nanoparticles significantly reduced the recruitment of eosinophils
into lungs of OVA-challenged mice. H and E-stained lung sections from
Fig. 3. Therapeutic isatin treatment reduces allergen-induced lung pathology. Mice wer
inflammation. They were then treated intranasally with chitosan-encapsulated isatin nanop
against NPRA (Si9). Naïve control (NC) mice were not OVA-sensitized but were treated with c
Airway hyperreactivity to methacholine (Mch) was measured as specific airway resistanc
eosinophilia. BALF was collected, cells were stained and differential cell counts were perform
sectioned and stained with hematoxylin and eosin. Representative photos from three separa
cytokines. Lungs were collected, homogenized and cytokines were measured by ELISA. ⁎⁎⁎
mice treated with isatin showed a substantial decrease in lung
inflammation, goblet cell hyperplasia and infiltration of inflammatory
cells compared to the non-treated OVA group (Fig. 3C).

Lung pathology was quantitated by blinded observers who scored
peribronchial inflammation according to the criteria outlined inMethods.
Naïve animals had no detectable lung inflammation, whereas the OVA
group without isatin treatment had significant peribronchial and peri-
vascular inflammation (Table 1). Compared with the untreated group,
lung inflammation was significantly (pb0.001) inhibited in the isatin-
treated groups.

3.7. Therapeutic isatin treatment reduces inflammatory cytokines

Lung pathology and eosinophilia are accompanied by increased
levels of pro-inflammatory cytokines in the lung. Measurements of IL-4,
IL-5, and TNF-alpha in lung homogenates revealed that therapeutic
isatin treatment of OVA-challenged mice reduced the levels of these
pro-inflammatory cytokines (Fig. 3D).

4. Discussion

Asthma symptoms can be controlled by the currently used medica-
tions, but chronic inflammation can cause asthma to become progres-
sively worse and new therapeutic strategies that circumvent this are
e sensitized to ovalbumin (OVA) and challenged with 50 μg OVA to trigger airway
articles carrying isatin at 50 or 100 mg/kg or a plasmid encoding small interfering RNA
hitosan or chitosan-vector alone. (A) Therapeutic isatin reduces airway hyperreactivity.
e (sRaw) using non-invasive dual-chamber plethysmography. (B) Isatin reduces lung
ed. ⁎pb0.05. (C) Isatin prevents OVA-induced lung histopathology. Lungs were fixed,
te experiments are shown. (D) Isatin therapy reduces production of pro-inflammatory
pb0.001, OVA vs Isa50 and Isa100.



Table 1
Semiquantitative analysis of lung damage by histopathological scoring.

Naive
control

OVA OVA+Isa 50 OVA+Isa 100 Si9

Epithelial
changes

0.5±0.166 2.3±0.21 1.2±0.24⁎⁎⁎ 0.9±0.1⁎⁎⁎ 1.2+0.13⁎⁎⁎

Peribroncho-
vascular
infiltrate

0.6±0.1 2.2±0.2 1.2±0.2⁎⁎ 1.28±0.2⁎ 1.2+0.2⁎

Epithelial changes were scored as: 0 = no change, 1 = increased epithelial cell cytoplasm
without desquamation, 2 = epithelial desquamation without bronchial exudates composed
of inflammatory cells, and 3=bronchial exudates composed of desquamated epithelial cells
and inflammatory cells. Peribronchial inflammation was evaluated on a subjective scale of 0,
1, 2, 3, and 4 corresponding to none, mild, moderate, marked, or severe inflammation,
respectively, with an increment of 0.5 if the degree of inflammation fell between two
integers1, 2. ⁎pb0.05, ⁎⁎pb0.01, ⁎⁎⁎pb0.001 compared to the untreated group.
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needed. The ANP–NPRA signaling axis in the lung has been implicated in
causing persistent pro-inflammatory effects and promoting a Th2-like
phenotype. Methods for blocking ANP's pro-inflammatory signaling have
centeredon theANP receptor, NPRA,which is amembrane-boundprotein
that contains a guanylyl cyclase domain. Activation of NPRA on epithelial
cells through binding of ANP or the similar natriuretic hormone, BNP
(brainnatriuretic peptide), results inan increase in cytoplasmic cGMPthat
activates protein kinase G and cGMP-gated ion channels for calcium
influx.

Here we show in a mouse model that the acute inflammation of an
allergic asthma exacerbation can be reversed through local administra-
tion of isatin-chitosannanoparticles. Theunique feature of isatin's effect,
which to our knowledge has not been reported before, is the down-
regulation of the ANP/BNP receptor NPRA. Themechanismof this action
is unknown. Isatin is an endogenous indole widely distributed in
mammalian tissues and fluids. Its concentration increases under stress
and it exhibits a variety of biological and pharmacologic activities. It is
a monoamine oxidase inhibitor, a cholinesterase inhibitor, an anticon-
vulsant and antihypertensive [18]. It has been demonstrated in vitro and
in animal studies that isatin inhibits natriuretic peptide signaling
through NPRA which in turn reduces the intracellular level of cGMP;
thus isatin can act as a natural brake on the activity of ANP.

A peptide, NP73-102, derived from the N-terminal fragment of the
cleaved atrial natriuretic peptide prohormone prevented lung inflamma-
tion and airway hyperreactivity when administered intranasally in a
mouse model of asthma [27]. Subsequently it was found that NP73-102
interferes with ANP signaling in part by down-regulating NPRA expres-
sion, establishing this as a potentially viable approach for inhibiting ANP-
mediated persistent lung inflammation. In support of this hypothesis, we
showed that NPRA-deficient mice sensitized and challenged with
ovalbumin had significantly decreased lung eosinophilia, lymphocyte
infiltration, goblet cell metaplasia and mucus production compared to
wild typemice [24]. In addition, knock down of NPRA expression through
the use of small interfering RNAagainst NPRA (siNPRA) inOVA-sensitized
and -challenged BALB/c mice reduced pro-inflammatory Th2 cytokine
production [28] further suggesting a potential therapeutic use of
inhibiting NPRA signaling for treating inflammatory disease.

The physiological regulation of NPRA expression is not well under-
stood. NPRA is up-regulated by glucocorticoids [29] and by changes in
osmolarity in thekidney [30]. ANPdown-regulatesNPRAand it has been
shown that cGMP is required for this process [31]. Mice that have been
genetically altered to be deficient in ANP show much higher levels of
NPRA mRNA in the lungs than their wild type counterparts [32]. The
NPRA gene promoter has at least 3 regions containing transactivating
response elements locatedwithin 1500 base pairs upstream of the start
site and one is associated with both elevated ANP and cGMP [12]. Isatin
can bind to a number of proteins including some involved in energy
generation and carbohydrate metabolism, cytoskeleton formation,
regulation of gene expression and cell differentiation, but no isatin-
responsive genes have been found [33].
Increased airway inflammation is associated with activation of the
transcription factors nuclear factor-kappa B (NFκB), activator protein-
1 (AP1), and the extracellular-regulated kinases 1 and 2 (Erk1,2).
NP73-102, the peptide inhibitor of NPRA, decreased ANP-mediated
activation of NFκB, AP-1 and Erk 1, 2 in human lung epithelial cells
[25]. Cane et al. [34] studied the effects of isatin in vitro and found that
it dose-dependently reduced Erk-1,2 phosphorylation. Thus, isatin's
anti-inflammatory properties, like those of NP73-102, may in part be
attributable to its inhibition of Erk-1,2 signaling.

In our study, isatin was complexed with chitosan nanoparticles and
administered intranasally. Chitosan is a cationic polysaccharide derived
from the natural biopolymer, chitin. Chitosan alone was previously
tested to determine if it had any effect on inflammation in our model of
allergic asthma [21]. Mice were given intranasal chitosan nanoparticles
and comparedwith a group that received only vehicle. Chitosan had no
effect on lung function, inflammatory markers, cellular infiltration or
lung histopathology [21]. Chitosan nanoparticles are ideal for drug
delivery to the lung because they can be administered in the form of
nose drops or a nasal spray and their mucoadhesiveness and size of
around 100 nm ensures that they are readily endocytosed by epithelial
cells and can deliver a therapeutic dose of drug [21,23].

In acute asthma exacerbations, ANP levels are elevated and there is an
increase in lung eosinophil numbers. The evidence that NPRA−/−mice
have less eosinophilia and lower levels of Th2-like cytokines compared to
wild type indicate that the ANP pathway is pro-Th2, and this is consistent
with a previous study that showed that exposing human dendritic cells to
ANP promoted Th2-like cytokine expression [35]. Intranasal isatin nano-
capsules decrease eosinophilia in OVA-allergic BALB/c mice, reduce
airway hyperresponsiveness, and support a phenotypic change from a
Th2-like cytokine profile to one characterized by Th1-like cytokines. Our
current finding that isatin reduces NPRA protein levels, which decreases
lung inflammation, further supports the hypothesis that ANP–NPRA
signaling is involved in the inflammatory process.

In summary, we demonstrate that intranasal administration of isatin
encapsulated in chitosan nanoparticles can effectively inhibit the ANP-
NPRA pathway in the lung and reduce inflammation in a mouse model
of asthma.
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