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Asthma, amultifactorial, chronic inflammatory disease encompassesmultiple complex pathways releasing num-
ber ofmediators by activatedmast cells, eosinophils and T lymphocytes, leading to its severity. Presently available
medications are associated with certain limitations, and hence, it is imperative to search for anti-inflammatory
drug preferably targeting signaling cascades involved in inflammation thereby suppressing inflammatory medi-
ators without any side effect. Curcumin, an anti-inflammatorymolecule with potent anti-asthmatic potential has
been found to suppress asthmatic features by inhibiting airway inflammation and bronchoconstriction if admin-
istered through nasal route. The present study provides new insight towards anti-asthmatic potential of intrana-
sal curcumin at lower doses (2.5 and 5.0 mg/kg) in Balb/c mice sensitized and challenged with ovalbumin (OVA)
which is effective in inhibiting airway inflammation. These investigations suggest that intranasal curcumin (2.5
and 5.0mg/kg) regulates airway inflammation and airway obstructionmainly bymodulating cytokine levels (IL-
4, 5, IFN-ƴ and TNF-α) and sPLA2 activity thereby inhibiting PGD2 release and COX-2 expression. Further, the
suppression of p38 MAPK, ERK 42/44 and JNK54/56 activation elucidate the mechanism behind the inhibitory
role of intranasal curcumin in asthma progression. Thus, curcumin could be better alternative for the develop-
ment of nasal formulations and inhalers in near future.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Asthma, a complex, multifactorial, chronic respiratory disease asso-
ciatedwith bronchial inflammation is generally characterized by airway
inflammation, hyperresponsiveness (AHR) and remodeling in response
to a variety of physical and chemical stimuli. [1]. Mast cells play a signif-
icant role by degranulating and releasing an array of inflammatory me-
diators including histamine, cytokines, chemokines, serotonin and
eicosanoides (leukotrines, prostaglandins, and platelets activating fac-
tor) either by IgE-antigen aggregation or by other effectors are respon-
sible for airway obstruction leading to difficulty in breathing. Mastcell
numbers are increased in the airway tissues of asthmat-ics concomi-
tantly with local recruitment and activation of Th2 lymphocytes. [2,3].

Clinical and experimental investigations suggest crucial role of spe-
cific Th2 cytokines (IL-4, 5, 9, 13) in orchestrating the allergic inflamma-
tory response and have been linked with IgE production, eosinophilic
inflammation and AHR [4,5,6,7]. Apart, Th1 cytokine (IFN-ƴ) and proin-
flammatory cytokines (TNF-α) also contribute to dysregulated inflam-
matory response by inducing iNOS synthesis leading to elevation of
.

exhaled NO level [8,9,10]. Also, lipid mediators including prostaglandin
(PG) and leukotrines (LT) and their associated enzymes as secretory
phospholipase A2 (sPLA2) through arachidonic acid metabolism have
also been implicated with the progression of asthma towards severity
[11,12].

Studies suggest the compelling role of various signaling pathways
within the activated cells as mitogen activated phosphorylated kinase
(MAPK) cascades are responsible for the release of inflammatorymedi-
ators and as an important event in the activation of various immune
cells, by a wide range of cellular stresses in response to inflammatory
cytokines [13]. Kinases such as p38 and extracellular signal-regulated
kinase (ERK) has been implicated in the regulation of IL-5 and other
cytokines [14,15] while c-Jun. N- terminal kinase (JNK) have been re-
ported for IgE class switching [16,17]. The inhibition of these signaling
kinases involved in airway inflammations now-a-days has become an
important therapeutic strategy to treat various inflammatory diseases
and could be a possible treatment target.

Curcumin (diferuloylmethane), a lipophilic, polyphenol and a
principal active constituent of turmeric, rhizome of Curcuma longa
(Zingiberaceae) encompasses wide spectrum of biological and phar-
macological activities [18]. Overcoming the problem of bioavailability,
we have reported earlier that curcumin (5 mg/kg) through nasal
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administration is effective in ameliorating inflammation and
bronchoconstriction in OVA induced murine model of asthma without
any side effect in both acute and chronic asthma [19,20]. Therefore, pres-
ent study unravels themechanism of action of nasal curcumin on signal-
ing cascades involved in inflammatory mediator release. Suppression of
various kinase expressions involved in asthma inflammation by nasal
curcumin was compared with standard drug di sodium cromoglycate
(DSCG, 50 mg/kg, i.p.), a known mast cell stabilizer, that has been used
for more than 35 years, not only for the control of bronchial asthma,
but also for the management of various other allergy based diseases. In
present study, nasal curcumin showed better response over standard
DSCG.

2. Materials and methods

2.1. Animals

Balb/c mice (6–8 weeks old; 20–22 g) were procured from Central
Drug Research Institute, Lucknow, India and acclimatized for a week
under standard laboratory conditions. Experimental protocols of the
current study were approved by the Central Animal Ethical Committee,
Banaras Hindu University, Varanasi, India.

2.2. Reagents

Aluminum hydroxide gel (Pierce Chemical Company; Rockford,
USA), Curcumin, purity ≥99.5%, Ovalbumin gradeV (OVA),Methacholine
(MCh), Dimethyl Sulphoxide (DMSO) and VanadiumChloridewere pur-
chased from Sigma-Aldrich Corporation, USA. Bovine Serum Albumin
(Amresco, USA), HRP conjugated IgE (Southern biotech, India), COX-2
Antibody, Antibodies for MAPKs, p-p38, p-ERK, p-JNK (Cell Signaling,
USA), HRP conjugated secondary Antibody (Cayman Chemicals, USA),
and ECL kit (Thermo fisher, USA), ELISA Kits for PGD2 and sPLA2
(Cayman Chemicals, USA), Cytokines IL-4, IL-5, IFN-ƴ and TNF-α from
Biolegend, USA.

2.3. Sensitization and challenge protocol

Micewere randomly divided into six groups (5mice/group; Table 1)
and were named according to the status of sensitization/challenge/
treatment. They were Sham/Sal (saline sensitized and challenged);
OVA/OVA (OVA sensitized and challenged), OVA/OVA/Veh (OVA sensi-
tized and challenged and vehicle-treated), OVA/OVA/Cur 2.5 mg/kg and
OVA/OVA/Cur 5.0 mg/kg and OVA/OVA/DSCG (50 mg/kg, i.p.). Mice
were sensitized by intraperitoneal (i.p.) injections of 0.2 ml saline sus-
pension containing 50 μg OVA emulsified in 4 mg of aluminum hydrox-
ide on 0, 7 and 14 days. From 19 to 22 days,micewere subjected to OVA
aerosol (1%) inhalation for 30 min in a plexiglass chamber by nebulizer
(Omran, Japan) with air flow rate of 9 l/min (Fig 1). Control mice re-
ceived i.p. injection of 0.2 ml saline and were challenged with saline
alone. Curcumin was dissolved in DMSO and administered 2.5 and
5 mg/kg (in the form of nasal drops and mice were kept in a supine po-
sition to ease inhalation) an hour before every OVA challenge from days
19 to 22. Similarly, vehicle (DMSO) was given in equal volume as
curcumin to study the effect of DMSO alone on asthma.
Table 1
Grouping of animal according to their sensitization and challenge.

Group Sensitization (i.p.) Treatment Challenge (1% OVA aerosol)

I OVA – Saline
II OVA – OVA
III OVA DMSO (Veh.) OVA
IV OVA Cur 2.5 mg/kg (i.n) OVA
V OVA Cur 5.0 mg/kg (i.n) OVA
VI OVA DSCG 50 mg/kg (i.p) OVA
2.4. Airway hyperresponsiveness to methacholine (MCh)

AHRwas assessed byMCh induced airflow reactivity by determining
the specific airway resistance (SRaw) immediately after the final OVA
challenge, using whole body plethysmography (Buxco Electronics,
USA). To determine AHR, each mouse was placed, acclimatized in the
whole body plethysmograph and exposed to saline to get basal SRaw
level and then exposed to progressively increasing doses ofMCh aerosol
(3.125 mg/ml, 12.5 mg/ml and 50 mg/ml) for 3 min each.

2.5. Bronchoalveolar lavage fluid (BALF)

After 24 h of airway reactivity measurement, mice were sacrificed
and BALF, serum and lungs were collected and stored at−80 °C for fur-
ther analysis. BALF was collected by tracheal cannulation and washing
the airway lumen by chilled sterile phosphate buffered saline (PBS).
The suspension was centrifuged at 3000 rpm for 10min at 4 °C. The su-
pernatant was used to analyze cytokine levels of TNF-α, IFN-ƴ, IL-4 and
IL-5, sPLA2 activity responsible for the release of PGD2. IgE and nitrite
level was measured in serum. Lung lobes were homogenized and fur-
ther used to study enzymes expression of COX-2 and phosphorylation
of MAPKs (p-38, ERK and JNK) by Western blotting.

2.6. IgE level

OVA specific IgE was detected in the blood serum by indirect ELISA
[21]. For serum isolation, blood was centrifuged at 3500 rpm for
30 min at 4 °C. Microtitre plates were coated with 20 μg of OVA in
100 μl coating buffer (100 mM sodium carbonate and bicarbonate buff-
er, pH 9.6), incubated at 37 °C for 2 h followed by overnight incubation
at 4 °C. The wells were washed and blocked (1% BSA) at 37 °C for 2 h,
followed by repeated washing with TBST (0.05% Tween 20 in Tris buff-
er). 100 μl of serum (1:9 in blocking buffer) was added to the wells and
incubated for 2 h at 37 °C. Again after washing the wells, incubation
with 100 μl of horseradish peroxidase labeled anti-IgE antibody
(1:1000) at 37 °C for 2 h was followed. Finally, 100 μl of substrate
(TMB3.3′.5.5′ tetramethylbenzedine) was added to the wells in dark
and the reaction was stopped by adding 50 μl of 2.4 M H2SO4. Plates
were read at 450 nm reader (Biotek, USA).

2.7. Th1, Th2 and proinflammatory cytokines

IL-4, IL-5, IFN-ƴ and TNF-α levels were measured in BALF superna-
tant by using ELISA kits as per the manufacturer's instructions. Briefly,
the plates were incubated overnight at 4 °C with capture antibody. Fol-
lowing several washings with TBST, blocking was performed for 1 h to
reduce nonspecific binding and further incubation with 100 μl of BALF
for 2 h at 37 °C. Eachwell was incubated with individual detection anti-
bodies for 1 h and further incubated with avidin-HRP for 30 min. After
final washing, wells were incubated with TMB substrate solution in
the dark till the appearance of blue color. The reaction was stopped by
adding 2N H2SO4 and the plates were read at 450 nm. The concentra-
tions in the test sampleswere determined by the standard curve and re-
sults are expressed as pg/ml.

2.8. Nitrite detection in the serum and BALF

Nitrite level, as a measure of NO was detected by Griess reagent in
serum and BALF [22]. Briefly, 100 μl of sample was mixed with 100 μl
of vanadium chloride (8 mg/ml in 1 N HCL) rapidly followed by the
addition of Griess reagent (50 μl of sulphamidewhichwas 1% sulphanilic
acid in 5% orthophosphoric acid) and 50 μl of N-(1-naphthyl)
ethylenediamine (0.1% in distilled water). Plate was incubated for
45 min at 37 °C and absorbance was measured at 540 nm in microplate
reader. Concentration of the sample was measured against sodium ni-
trate (NaNO2) used as standard. Values are expressed in μmole/ml.



Fig. 1. Experimental protocol: BALB/c mice were sensitized by intraperitoneal injection of OVA on days 0, 7 and 14 and challenged from 19 to 22 days by 1% OVA aerosol. To evaluate the
protective effect, intranasal curcumin was administered from days 19 to 22, an hour before every OVA aerosol.

Table 2
Effect of curcumin on AHR in response to increasing concentrations of methacholine. OVA
exposure resulted in increased lung response with higher methacholine while nasal
curcumin resulted in decreased lung response. Values are expressed as mean ± SEM; n =
5/group in an experiment.

Group
Baseline Saline SRaw measurement in cm2/H2O/ml/s with

increasing Methacholine concentrations (μg/ml)

3.125 12.5 50

Normal 0.33 ± 0.05 0.33 ± 0.09 0.71 ± 0.09 0.94 ± 0.08
OVA 0.52 ± 0.01 1.57 ± 0.15 2.62 ± 0.14 3.89 ± 0.12
DMSO 0.53 ± 0.03 1.50 ± 0.03 2.33 ± 0.16 3.37 ± 0.50
Cur 2.5 0.36 ± 0.35 1.17 ± 0.05 1.92 ± 0.70 2.45 ± 0.72
Cur 5.0 0.26 ± 0.16 0.98 ± 0.04 1.53 ± 0.09 1.97 ± 0.04
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2.9. sPLA2 activity

sPLA2 activitywasmeasured in the BALF supernatant by using sPLA2
kit according to the manufacturer's instructions and expressed in
μmol/min/ml. The enzyme activity was read for 16 min at 405 nm
using ELISA plate reader.

2.10. PGD2 release

The level of PGD2 was measured in the BALF supernatant by
ProstaglandinD2 EIA kit based on competitive enzyme immunoassay
using a monoclonal antibody to PGD2 to bind in a competitive manner.
Briefly, after overnight incubation of samples at 4 °C washing was
followed by addition of substrate (Ellman's reagent). Plates were read
at 405 nm. Using the standard curve, the PGD2 concentration for each
unknown sample was determined and expressed in pg/ml.

2.11. Western blotting

The lung tissue was homogenized in lysis buffer containing Tris HCl,
NaCl, Sodium orthovanadate, PMSF, EDTA and Triton X100 and centri-
fuged at 12,000 rpm for 30 min at 4 °C. The total protein concentration
in the supernatantwas determined and equal amount of protein (60 μg)
was subjected to gel electrophoresis (10% SDS PAGE) at 100 V for
120 mins. Proteins were transferred onto a nitrocellulose membrane
(Millipore) from the gel andmembranes were blockedwith 5% BSA dis-
solved in TBST buffer (10 mM Tris and 150 mM Nacl and 0.5% Tween-
20) for 2 h and incubated with individual antibodies COX-2 (1:1000),
p-ERK (1:2000), p-JNK (1:2000) and p-p38 MAPK (1:2000) overnight
at 4 °C followed by incubationwith HRP conjugated secondary antibody
(1:10,000) for 2 h at room temperature. Subsequently, membrane was
washed with TBST buffer and bands were visualized using ECL reagent.

The intensity and imaging of the bands were analyzed by the
biospectrum multispectral imaging system by the vision work LS
image acquisition and analysis software (UVP, Germany). The difference
of the two bands (lower and upper) has been taken for analysis.

3. Data analyses

Experimental data are presented as mean± SEM of n = 5. Multiple
group comparisons were made using one-way analysis of variance
(ANOVA), followed by a Post hoc test analyzed by SPSS software version
16 (IBM, USA). P values b0.05 were considered as significant.

4. Results

4.1. Curcumin inhibits airway hyperreactivity (AHR) to methacholine

AHR is considered as hallmarks of asthma as it defines the lung func-
tion. Immediately after final OVA sensitization, AHR was assessed by
MCh induced airflow reactivity bydetermining the specific airway resis-
tance (sRaw) using whole body plethysmograph. MCh induction
showed an altered lung function with increased specific resistance in
mice exposed to OVA as compared to the normal mice. However, intra-
nasal curcumin effectively improved the lung function and reduced the
lung reactivity in response to the MCh-induced specific resistance.
Curcumin at higher dose (5 mg/kg) was effective in improving the
lung function than the lower dose (2.5 mg/kg). DMSO alone did not af-
fect the AHR (Table. 2).

4.2. Curcumin inhibits OVA specific IgE release

IgE was measured in the serum by ELISA as discussed in the mate-
rials and methods. The OVA sensitized and challenged mice showed a
significant increase in OVA specific IgE level as compared to the normal
which was significantly reduced by nasal curcumin pretreatment. IgE
level was suppressed more effectively at higher curcumin dose
(5.0 mg/kg) as compared to lower dose (2.5 mg/kg) and DSCG (Fig 2).



Fig. 2. Effect of nasal curcumin on OVA specific IgE in serum: Increased IgE level in the
serum was significantly suppressed dose dependently by nasal curcumin. Values are
expressed as mean ± SEM; n = 5/group in an experiment. (* P b 0.05 as compared to
the normal # P b 0.05 as compared to the OVA).
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4.3. Curcumin modulates Th1 and Th2 cytokine response

IL-4 and IL-5 (Th2) levels were enhancedwhereas IFN-ƴ (Th1) level
was lowered in asthmatic mice as compared to the normal. Intranasal
curcumin has effectively downregulated IL-4 and IL-5 levels (Fig 3)
and up regulated the IFN- ƴ level dose-dependently in the BALF. Up to
74% of inhibition was observed in the IL-4 and IL-5 release in curcumin
pretreatment group (5mg/kg) whichwas better than DSCG (50 mg/kg,
i.p.).
4.4. Curcumin inhibits proinflammatory cytokine TNF-α in the BALF

Asthmatic inflammation is well known to be initiated by the secre-
tion of series of proinflammatory mediators like TNF-α and IL-β. The
OVA exposed mice showed a significant increase in the TNF-α level
which has been remarkably attenuated by the intranasal curcumin
treatment (5 mg/kg, up to 90%) and was better than DSCG (72%, Fig 5).
4.5. Curcumin inhibits nitric oxide release

Nitric oxide in the form of nitrite was measured in the BALF and
serum both. The nitrate release was significantly higher in asthmatic
group as compared to normal both in the BALF and serum. Intranasal
curcumin suppressed nitrite level which was comparable to standard
drug DSCG (Fig 6).
Fig. 3.Effect of intranasal curcumin onTh2 cytokines (IL-4 and IL-5): Curcumin significantly
downregulated the release of both the cytokineswhichwere upregulated in OVA sensitized
and challengedmice. Values are expressed asmean± SEM; n=5/group in an experiment.
(* P b 0.05 as compared to the normal # P b 0.05 as compared to the OVA).
4.6. Curcumin inhibits sPLA2 activities

Enhanced sPLA2 activity was noted in asthmatic mice as compared
to normal. Curcumin (5mg/kg, i.n.) treatment has significantly reduced
sPLA2 activity which was equivalent to DSCG (table 3).

4.7. Curcumin inhibits PGD2 release

PGD2 level was elevated significantly in asthmatic mice as compared
to the normalwhichwas significantly and dose-dependently inhibited in
curcumin treatment group (up to 30% and 61.5% at 2.5 and 5.0mg/kg re-
spectively, Fig 7). The release was blocked only up to 45.4% after DCSG
treatment.

4.8. Curcumin ameliorates Cyclooxygenase-2 (COX-2) expression

Activation of COX-2 enzyme is responsible for arachidonic acid me-
tabolism and PGD2 release. In asthmatic condition, COX-2 expression
and PGD2 release both were enhanced and were effectively suppressed
in intranasal curcumin pretreatment groups which was comparable to
DSCG (Fig. 8).

4.9. Curcumin suppresses activation (phosphorylation) of MAPKinase
pathway enzymes

Signalingmolecules likeMAPkinase pathway enzymes play a crucial
role in allergic airway inflammation by activating recruitment of in-
flammatory cells to the lungs. Therefore, we looked for activation of
three MAPkinases (p38, ERK and JNK) in OVA-induced allergic asthma
model. It was observed that asthmatic mice showed enhanced expres-
sions of all the three MAPkinases whereas intranasal curcumin was ef-
fective in inhibiting the activation of p38, ERK and JNK significantly in
dose-dependent manner (Figs. 9, 10, 11).

5. Discussion

Multiple pathways regulate several pathological conditions leading to
theworsening of allergic asthma. Apart from several new targets,medica-
tions available are still unlikely to have a major clinical impact as most of
them are highly specific, targeting single receptor, enzyme or mediator
[23]. Thus, it is imperative tofind anti-inflammatory drug targeting sever-
al factors with no/minimal side effects and effective for long term use.

Curcumin being pleiotropic molecule exhibits several pharmacolog-
ical effects by regulating multiple molecular targets including growth
factors, transcription factors, kinases, inflammatory cytokines, adhesion
molecules and apoptosis-related proteins [24]. The anti-asthmatic
potential of intranasal curcumin has been studied earlier where airway
inflammation and bronchoconstriction (airway obstruction) was suc-
cessfully inhibited [19]. Hence, present study has focused mechanism
of action of curcumin in regulating signaling cascades associated with
inflammations and airway obstruction.

Following sensitization, OVA inhalation induces inflammatory chang-
es characterized by inflammatory cell infiltration andbronchoconstriction
Table 3
sPLA2 activity in the BALF: Mice sensitized and challengedwith OVA showed el-
evated sPLA2level. Curcumin showed significant suppression in the sPLA2 activ-
ity in BALF as compared to OVA/OVA. Values are expressed as mean ± SEM.

Group sPLA2 concentration (μmol/min/ml)
Mean ± SEM

Normal 0.004 ± 0.0005
OVA 0.06 ± 0.003
DMSO 0.06 ± 0.002
Cur 2.5 0.028 ± 0.002
Cur 5.0 0.01 ± 0.001
DSCG 0.02 ± 0.001



Fig 5. Effect of curcumin on proinflammatory cytokine (TNF-α): TNF-α level was elevated
in asthmaticmice andwas significantly inhibited by nasal curcumin. Values are expressed
as mean ± SEM; n = 5/group in an experiment. (* P b 0.05 as compared to the normal #

P b 0.05 as compared to the OVA).

204 Subhashini et al. / International Immunopharmacology 31 (2016) 200–206
marking the development of asthma. T lymphocytes play an important
role in the initiation and progression of asthma by up regulating the re-
lease of Th2 cytokines mainly IL-4, IL-5 and IL-13 and down regulating
the release of Th1 cytokine, IFN-ƴ [4]. In present study, the enhanced re-
lease of IL-4 and IL-5 were ameliorated after intranasal curcumin treat-
ment a dose-dependent manner (Fig 3). The enzymatic activation of
mast cells lead to IL-4 production which participate in Ig class switching
of activated B lymphocytes to synthesize IgG4 and IgE, promoting CD4+

Th2 cells and inhibiting Th1 cell development [25]. The decrease in IL-4
can be further correlated with the IgE production where intranasal
curcumin has significantly declined the IgE formation (Fig 2) which is
consistent with the previous findings where IL-4 inhibitor has reduced
IgE level [26]. Studies have reported link between reduced IFN-γ level
and increased IgE production which lead to the development of AHR in
asthmatics [27]. Likewise, present finding downregulates IL-4 and IgE
where a IFN-γ level was upregulated after intranasal curcumin treatment
in dose-dependent manner (Figs 3 & 4).

IL-5, a potent eosinophilic inflammationmarker is pivotal for growth,
differentiation, recruitment and survival of eosinophils which has also
been reported to cause airway hyperreactivity [28]. In the present
study, IL-5 level has been significantly attenuated in curcumin adminis-
tered group as compared to OVAwhich could be correlated with decline
in eosinophilic inflammation as reported immunofluorescence study
earlier [19].

Curcumin through nasal route reduces most of the OVA-induced
asthmatic symptoms like bronchoconstriction and hyperreactivity to
methacholinewhich is another interesting context of this study. Follow-
ing OVA sensitization and challenge, mice developed hyperreactivity to
increasing doses of aerosolized MCh. Effect of OVA induced hyperreac-
tivity measured in terms of sRaw (specific resistance) was reduced in
curcumin treatment groups (table 2) and Intranasal curcumin has re-
stored airway function to inhaled methacholine.

Based on these results, it can be suggested that inhibition in Th-2 cy-
tokine levels might be responsible for the immunomodulatory effects of
curcumin. Th1/Th2 imbalance could be one of the mechanisms for the
reduction of AHR to methacholine and other features of asthma.

Apart from the Th1 and Th2 cytokines, potent proinflammatory cy-
tokine TNF-α, also plays a key role in elevating allergic response by act-
ing as a chemoattractant of eosinophils [9]; thereby enhancing AHR [29]
and migration them to the lungs [30]. We demonstrate an enhanced
TNF-α level in OVA sensitized/challengedmice (asthmatic)while intra-
nasal curcumin resulted in the significant inhibition (Fig 5).

TNF-α has also been reported to increase the NO production by sev-
eral cells in the airways [31] where NO acts on Th1 cells to down regu-
late IFN-γ production thereby up regulate IL-4 and IL-5 production
which in turn increases IgE level and eosinophilic inflammation [9].
The nitrite levelwas elevated in the asthmaticmice and significantly de-
clined after curcumin treatment (Fig 6) both in the BALF and serum
which explains the inhibition in airway inflammation. Our results are
Fig 4. Effect of curcumin on Th1 cytokines (IFN-ƴ) level: Curcumin restored the level of
IFN-ƴ near normal which was suppressed in asthmatic mice. Values are expressed as
mean ± SEM; n = 5/group in an experiment. (* P b 0.05 as compared to the normal #

P b 0.05 as compared to the OVA).
consistent with previous report where curcumin (20 mg/kg, i.p.) atten-
uated OVA-induced inflammation in mice by suppressing iNOS expres-
sion and NO release by modulating Th1/Th2 balance and inflammation
[32]. Thus, NO inhibitionmight be a factor responsible for the regulation
of Th1/Th2 balance after curcumin treatment.

Lipid mediators are presently being focused for drug development
against asthma as they constitute a series of mediators in inflammation
progression for longer duration. The present study also emphasizes the
inhibitory effect of intranasal curcumin on PGD2 releasewhich has been
reported to induce severe bronchoconstriction in allergic asthma (Fig 7)
[33]. To investigate the molecular mechanism involved in its metabolic
cascade, upstream factors were observed and confirmed by COX-2 ex-
pression fromWestern blot analysis. Activity of sPLA2, a key enzyme in-
volved in the mobilization of membrane phospholipids were examined
initially. Enhanced sPLA2 has been reported as a key factor in asthma
[11,12,34] and curcumin has been found to inhibit its activity [35]. The
activity of sPLA2 was elevated in OVA sensitized/challenged mice and
intranasal curcumin has dose-dependently suppressed its activity
(Table 3). The suppressive effect of curcumin was further correlated
with PGD2 which was released after arachidonic acid metabolism cata-
lyzed by COX-2. Interestingly, increased level of PGD2 in asthmaticmice
was also suppressed (85.15%) by intranasal curcumin (5 mg/kg) which
was further confirmed by significant inhibition in COX-2 expression in
dose-dependent manner. Therefore, decreased sPLA2 activity could be
responsible for decreased PGD2 level and COX-2 expression which is
consistentwith the earlier studywheremepacrine inhibited the activity
of COX-2 protein and decreased PGD2 level in the BALF of murine lungs
[36]. It has also been reported that sPLA2 from bee venom induce IgE
formation in CBA/J mice and airway inflammation in knockout mice
Fig 6. Release of nitric oxide in serum and BALF of mice. Nitric oxide level found elevated in
OVA/OVAmice both in the serumandBALFwas suppressed by curcumin treatment in dose-
dependent manner. Values are expressed as mean ± SEM; n= 5/group in an experiment.
(* P b 0.05 as compared to the normal # P b 0.05 as compared to the OVA).



Fig. 7. Level of PGD2 in BALF: PGD2 release in the BALF of mice sensitized and challenged
with OVA exhibited increased prostaglandin D2 level. Significant reduction in PGD2 level
was found after curcumin treatment. Values are expressed asmean±SEM, n=5/group in
an experiment. (* P b 0.05 as compared to normal; # P b 0.05 as compared to OVA).

Fig. 9. A&B. Expression of p-p38 in lung tissue (A) and its intensity (B): Curcumin reduced
the expression of the phosphorylated p38 which was enhanced in asthmatic mice. Values
are expressed as mean ± SEM n= 5/group in an experiment. (* P b 0.05 as compared to
normal; # P b 0.05 as compared to OVA).
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[37–38]. In present study inhibition in sPLA2 enzyme activity and re-
lease of PGD2 might be responsible for the inhibition in airway inflam-
mation and IgE production.

COX-2 expression in asthmatic airways has been reported to be in-
duced by proinflammatory cytokines IL-1β and TNF-α and further up-
regulated by NO [32]. Here, the increased production of TNF-α and NO
might be responsible for the over expression of COX-2 in asthmatic
mice and attenuation in TNF-α and NO level after intranasal curcumin
treatment might have inhibited its activity.

MAPKs have a critical role in the expression and activation of inflam-
matory mediators in the airways where both resident and infiltrating
cells play a crucial role [39]. MAPkinases regulate the expression of in-
flammatory cytokines and are activated by different upstream kinases
(G proteins, Rac, cdc42 for CD40; Ras for BCR), resulting in the activities
of different transcription factors [16,17,40]. Here, activation of signaling
MAPkinases, including p38, ERK42/44 and JNK were ameliorated after
intranasal curcumin treatment (Figs 9, 10, 11).

Present study suggests possible mechanism of action of intranasal
curcumin which could significantly ameliorate phosphorylation and ex-
pression ofMAPKswhich is responsible for the release of proinflammato-
ry cytokines and inflammation in allergic asthma. It is better over DSCG,
which has been used as an inhalational drug for bronchial asthma for
more than thirty-five years in Japan. DSCG has played an important
Fig. 8. A&B. COX-2 expression in the tissue homogenate (4A) and its intensity by
densitometry (4B): The asthmatic mice showed increased expression of COX-2.
However, mice treated with curcumin and DSCG showed reduced expression as
compared to the asthmatic mice. β-actin was used as an internal control. Values are
expressed as mean ± SEM n = 5/group in an experiment. (* P b 0.05 as compared to
normal; # P b 0.05 as compared to OVA).
role in the treatment of children with bronchial asthma since the time
when the regular use of DSCG and salbutamol inhalation solution was
initially recommended [41]. DSCG and inhaled corticosteroids both
are recommended as first choice preventive treatment in young chil-
dren rather thanDSCGbeing recommended as thefirst choice before in-
haled corticosteroids. According to GINA 2015, Sodium cromoglycate
and nedocromil sodium have a limited role in the long-term treatment
of asthma in children. Their anti-inflammatory effect is weak and they
are less effective than low-dose inhaled corticosteroids [42–43].
6. Conclusion

Intranasal curcumin can alleviate allergen induced airway inflam-
mation in mouse model of asthma as lungs are directly targeted and
curcumin might be absorbed through nasal mucosa. Besides restoring
bronchoconstriction, it could inhibit AHR and the late phase markers
Fig. 10. A&B. Expression of p-ERK in lung tissue (A) and its intensity (B). Curcumin
reduced the expression of the phosphorylated ERK in dose-dependent manner which
was enhanced in asthmatic mice. Values are expressed as mean ± SEM n = 5/group in
an experiment. (* P b 0.05 as compared to normal; # P b 0.05 as compared to OVA).



Fig. 11. A&B: Expression of p-JNK in lung tissue (A) and its intensity (B). Curcumin
reduced the expression of the phosphorylated JNK which was enhanced in asthmatic
mice. Values are expressed as mean ± SEM n = 5/group in an experiment. (* P b 0.05
as compared to normal; # P b 0.05 as compared to OVA).
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like PGD2, eosinophils recruitment through modulating various signal-
ingmolecules. Therefore, intranasal curcumin could be useful leadmol-
ecule in the development of anti-allergic drug as it can hit multiple
targets at a time and can be used safely for longer.
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