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Abstract

Objective Bacterial infections can exacerbate asthmatic inflammation depending on lipopolysaccharide (LPS) composition,
the outermost component of cell wall, its exposure timings as well as host’s immune status. In present study, Balb/c mice
were exposed to antigen (ovalbumin) and LPS simultaneously to establish an asthmatic model. Curcumin (diferuloylmeth-
ane), well known for its anti-inflammatory potential, was administered through intranasal route 1 h before LPS and OVA
(ovalbumin) exposure to evaluate its efficacy against airway structural changes.

Methods Inflammatory cell infiltration in lungs was measured by flow cytometry and further eosinophils were especially
measured by immunofluorescence detection of major basic protein (MBP) as marker of eosinophilc granule protein. We
also measured reactive oxygen species (ROS) in BALF by spectrofluorometry. MMP-9 activity was evaluated by gelatin
zymography and mRNA expressions of MMP-9, TIMP-1, TGF-p1, IL-13, Collagen-1 and TLR-4 were measured in lungs.
Protein expression of MAP kinases (P-ERK, P-JNK, P-p38), TLR-4, Cox-2, Lox-5 and Eotaxin was measured by western
blotting. Hydroxyproline level and masson’s trichrome staining were used to evaluate collagen deposition in lung.

Results Exposure to LPS (0.1 pg) exacerbates airway inflammation and induces structural changes in lungs by enhanced ROS
production, collagen deposition, expression of genes involved in airway remodeling and activation of MAP kinases pathway
enzymes. Intranasal curcumin pretreatment had significantly suppressed inflammatory mediators and airway remodeling
proteins.

Conclusion Our results strongly suggest that intranasal curcumin effectively protects LPS-induced airway inflammation
and structural changes by modulating genes involved in airway remodeling in safer way; hence, it can be considered as sup-
plementary alternative towards asthma treatments.
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Introduction

Respiratory infections mostly bacterial have dual effect on
the asthma pathology as they have been reported to exacer-
bate as well as protect from ongoing asthmatic inflammation.
The hallmark of such exacerbated asthma involves hyper-
responsiveness, increased bronchoconstriction and mucous
secretion mediated by elevated levels of histamine, platelet
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responses differently when given at different doses to mice
along with antigen. Lower dose (0.1 png) was more effec-
tive in modulating the asthmatic response with high serum
IgE, Th2 cytokine (IL-4 and IL-5) levels, eosinophil peroxi-
dase and myeloperoxidase activities and oxidative damage
in lungs (Kumari et al. 2015). Acute and chronic infective
model with Chlamydia pneumonia and Mycoplasma pneu-
monia has significant modulation to allergic response on
antigen exposure (Sutherland and Martin 2007). However,
the detailed mechanism and molecules involved in modula-
tion of innate immunity due to bacterial infection are yet to
be studied. Toll-like receptor-4 (TLR-4) is an integral part of
mammalian innate immune system, which recognizes LPS
present on Gram-negative bacterial species. LPS binding
activates multiple signaling cascades such as MAP kinases
and recruitment of interleukin (IL)-1 receptor signaling com-
plex, which involve Myd88 and IRAK (Perros et al. 2011).

MAP kinase proteins (ERK1/2), c-Jun N-terminal kinase
(JNK) and p38 stimulate the induction of multiple genes
encoding inflammatory mediators and co-stimulatory
molecules (Alam and Gorska 2011). The ERK1/2 kinase
induces gene expression responsible for mucin production
via producing MUC;AC in inflammatory cells resulting in
mucus production in asthmatic model (Yang et al. 2011).
JNK kinase has been reported to be associated with T cell
activation and maturation, whereas p38 plays an important
role in inducing expression of proinflammatory mediators
IL-1B, TNF-a, IL-8, IL-6, and IL-3, especially in the mac-
rophages (Choudhury et al. 2002; Yang et al. 2014). The cur-
rent treatment regime available for asthma involves inhaled
corticosteroids with several serious side effects on long-term
uses, such as disruption in calcium and phosphate metabo-
lism with subsequent risk of osteoporosis, adrenocortical
suppression, bruising, skin thinning, posterior sub capsular
cataracts and glaucoma (Roland et al. 2004). Arachidonic
acid derivatives mainly prostaglandins and leukotrienes are
hallmark mediators of asthma. Cycloxygenase-2 (Cox-2) and
Lipoxygenase-5 (Lox-5) are key enzymes involved in their
synthesis resulting in bronchoconstriction, airway hyperre-
sponsiveness and mucus production (Martel-Pelletier et al.
2003).

Prostaglandins are potent chemotactic factor in asthma
responsible for recruiting cells mainly mast cells and eosino-
phils to lungs (Arima and Fukuda 2011). Eosinophil-derived
peroxidases and cationic protein cause an extensive tissue
injury in the later phase of asthmatic response (McBrien and
Menzies-Gow 2017). LPS alone has been reported to induce
recruitment of eosinophils in nasal airways with increased
release of granulocyte colony stimulating factor (GM-CSF)
and interleukin-5 (IL-5) (Doreswamy et al. 2011). Recent
studies have reported that neutrophils are also prime effector
cells in severe form of asthma as only 50% of patients show
eosinophilic dominated inflammation in their airways. These
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neutrophil dominated asthmatics represent newer asthmatic
phenotype forms which respond poorly to inhaled corti-
costeroids and other anti-eosinophilic treatment strategies
(Douwes et al. 2002; Green et al. 2002). Extensive infiltra-
tion of lungs with neutrophils as well as macrophages often
leads to major damage in asthma as these cells contribute to
release of reactive oxygen species (ROS) and other inflam-
matory mediators, interleukin-6, interleukin-1, tumor necro-
sis factor-a (Caramori and Papi 2004).

The initial inflammatory phase is followed by airway wall
thickening and narrowing, edema and mucous hypersecre-
tion referred to as airway remodeling which involves sub-
epithelial fibrosis, mucous hyperplasia, neovascularization,
epithelial alterations and epithelial hypertrophy (Bergeron
et al. 2009). Transforming growth factor-beta (TGF-f1) is a
multifactorial cytokine which acts as fibrogenic and immu-
nomodulatory factor in asthma and secreted primarily from
eosinophils, neutrophils and mast cells as well as from resi-
dent cells of lungs such as epithelial, endothelial and fibro-
blasts (Makinde et al. 2007). Single gene polymorphisms in
TGF-p1 promoter have been reported to be associated with
asthma predisposition in the Chinese population (Xue-Xi
et al. 2011). IL-13, a Th2 cytokine, plays a central role in
airway remodeling as it activates mucin secretion, airway
reactivity, IgE synthesis and chitinase regulation. Further,
in vitro studies suggest that blocking of IL-13 leads to
decrease in PAS positive cells in asthma (Munitz et al. 2008;
Danahay et al. 2002). The initial episodes of acute inflamma-
tion promote airway remodeling by altering the homeostasis
of extracellular matrix in lungs. Matrix metalloproteinase
(MMPs) and their tissue inhibitors changing ratio in lungs
are two important remodeling markers in asthma. The bal-
ance between these two factors contributes to the asthma
pathogenesis, as they regulate migration of inflammatory
cells to lungs as well as extracellular matrix deposition and
degradation (Mohamed et al. 2012). They help in maintain-
ing homeostasis in basement membrane degeneration, epi-
thelial repair and angiogenesis at the early phase of asthma
exacerbation (Ohbayashi and Shimokata 2005). The level
of MMP-9 and TIMP-1 has been reported to be increased in
sputum and BALF of asthmatic patients as compared to con-
trol (Kim et al. 2013). We hypothesized here that curcumin
can also modulate signaling cascades and airway remodeling
changes involved in LPS-induced asthmatic inflammation
with immunomodulatory actions.

Materials and methods
Experimental animals

Balb/c mice (6-8 weeks old, 20-24 g) were purchased from
central animal facility of Central Drug Research Institute,
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Lucknow, India. Animals were kept in a well-maintained
animal house with 25 °C temperature and 12 h light:dark
cycle. Experimental animal handling and killing procedures
were approved by the Institutional Animal Ethical Commit-
tee Banaras Hindu University, Varanasi, India.

Reagents

LPS (Escherichia coli serotype 0111:B4), ovalbumin (OVA,
grade V) and curcumin (diferuloylmethane), DCFDA
(Dichlorflourodiacetate) were purchased from Sigma-
Aldrich (St Louis, MO, USA). The Toxin Sensor™ chromo-
genic LAL endotoxin assay and Toxin Eraser™ endotoxin
removal kit were purchased from Genscript (Piscataway, NJ,
USA). Anti-Grl FITC, Anti-CD4 PE, and anti-CD11b PE
were purchased from Biolegend (San Diego, USA). Anti-
bodies for P-ERK, P-JNK and P-p38 were purchased from
cell signaling technology, whereas cyclooxygenase-2 and
lipooxygenease-5 and HRP-conjugated secondary antibody
were purchased from Cayman chemicals (Michigan, USA).
Goat-anti mouse f-actin antibody was purchased from Gene-
script (Piscataway, NJ, USA), goat-anti-mouse anti-TLR-4
antibody was purchased from Santa Cruz biotechnology
(Delaware Ave., USA) and goat-anti-rat IgG FITC was
purchased from Invitrogen, whereas rat anti-mouse major
basic protein antibody was kindly gifted by Mayo Clinic
(Scottsdale, AZ, USA). Polyvinylidenedifluoride (PVDF)

membrane was purchased from Genetix Biotech Asia Pvt.
Ltd. and Immobilon western chemiluminescent HRP sub-
strate kit was purchased from Merck (Darmstadt, Germany).

Preparation of LPS free OVA

LPS content in OVA solution was detected by limulus ame-
obocyte lysate assay using Toxin Sensor™ chromogenic
LAL endotoxin assay kit. Up to 0.4 ng/ml of LPS contami-
nation was detected in 1% OVA solution, which was purified
by using Toxin Eraser™ endotoxin removal kit as described
earlier (Kumari et al. 2015).

Development of LPS-induced mouse model
of asthma

LPS-induced mouse model of asthma was established
as reported earlier (Kumari et al. 2015). Briefly, mice
were randomly divided into six groups (n=15), Control,
OVA, OVA +LPS, OVA +LPS + DM, OVA+LPS +CU,
OVA +LPS + DE and were sensitized with 100 pg OVA and
1 mg aluminum hydroxide (i.p) on day 1 and 8 in 0.25 ml
phosphate buffer saline (PBS), followed by exposure to 1%
aerosolized LPS free OVA for 7 consecutive days from day
9 to 15 in a close plexiglass chamber. Control group was
sensitized and challenged with PBS alone (Table 1) (Fig. 1).

Table 1 Animal grouping

S. No Groups Sensitization Challenge LPS exposure Treatment
>i.p) (aerosol) (i.p) (i.n)

Group [ Control PBS PBS - -

Group II OVA OVA OVA - -

Group II OVA+L OVA OVA 0.1 pug -

Group IV OVA+L+DM OVA OVA 0.1 pg -

Group V OVA+L+CU10 mg OVA OVA 0.1 pg 10 kg/mg (i.n)

Group VI OVA +L+DEXA OVA OVA 0.1 pg Dexametha-
sone 1 mg/
kg (i.p)

OVA ovalbumin, L lipopolysaccharide, DM dimethylsulphoxide, CU curcumin, DEXA dexamethasone, PBS
phosphate buffer saline, i.p intraperitoneal, i.n intranasal)

Fig. 1 Sensitization and chal-
lenged schedule of animals l l

Days 1 2

I O

10 11 12 13 14 15

—

\

100 pg OVA and 19(i.p) mg alum on 1%
and 8™ day, 0.1 ug LPS on day 2 (i.p)

1% OVA in PBS 9th to 15™ day and 0.1 pg
LPS (i.p), 1 hr before each challenge.
Curcumin 10 mg/kg (i.n) or dexamethasone

1mg/kg,i.p. was given an hr before LPS
treatment.
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Treatment schedule and sample collection

Mice were exposed to LPS (0.1 pg) in 100 pl sterile saline on
day 2 of sensitization phase an hour before antigen admin-
istration through intraperitoneal route and on each day of
OVA aerosol challenge. Control group was given LPS-free
saline. Curcumin was administered 2 h before antigen chal-
lenge. Briefly, curcumin was dissolved in dimethylsulphox-
ide (DMSO) and administered (2.5 ul at 10 mg/kg) to each
nostril and was kept in a supine position for few minutes
(Fig. 1). Mice were killed after 24 h of last OVA—aero-
sol challenge, serum and lungs were stored at —20 °C and
—80 °C, respectively, for further analysis. Right lung lobe
was fixed in 10% neutral buffered formalin (NBF) for 24 h
for histopathological analysis. Bronchoalveolar lavage fluid
(BALF) was collected as described earlier and was stored at
—80 °C (Kumari et al. 2015).

Inflammatory cells analysis in BALF

Inflammatory cell population was measured in BALF cell
pellet lungs by flow cytometry as described earlier (Chauhan
et al. 2014). In brief, BALF from each group was collected
and centrifuged at 3000 rpm at 4 °C for 5 min and cell pel-
let was collected. RBC was lysed with RBC lysis buffer and
1x 10 cells were suspended in PBS containing 0.1% sodium
azide and stained with antibodies (Anti-Grl FITC, Anti-
CD4 PE and Anti-CD11b PE) against cell surfaces antigen
on neutrophils, T cell and macrophages for 30 min. Cells
were washed with PBS in dark and immediately acquired
in flow cytometer (FACS caliber, BD Biosciences) and ana-
lyzed with Cell Quest Pro software.

Reactive oxygen species (ROS) measurement
in BALF

Reactive oxygen species was measured in BALF (Eruslanov
and Kusmartsev 2010). Briefly, pooled BALF cell pellet
from each group was washed with PBS and 1 x 10° cells
were plated in a flat bottomed black plate. A freshly pre-
pared DCFDA (10 pm) in DMSO was added and the plate
was incubated for 30 min at 37 °C in dark. Fluorescence
was measured at excitation (485 nm) and emission (530 nm)
wavelengths in a microplate fluorescence reader (Bio-Tek
instruments Inc., 9 Winooski, VT, USA). ROS level in each
group was represented as fluorescence intensity in arbitrary
units.

Immunofluorescence detection of eosinophils
The major basic protein (MBP) was detected in lung sec-

tion as an indirect measurement of eosinophil recruitment
using immunofluorescence as described earlier (Stelts et al.
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1998). In brief, paraffin-embedded lung sections (5 pum) were
deparaffinized and dehydrated. The epitopes were kept free
in 1% trypsin and 0.1% CaCl, (pH-7.6) at 37 °C for 30 min
and washed with phosphate buffer saline 0.05% tween 20
(PBST). Sections were blocked with 10% normal serum con-
taining 0.1% bovine serum albumin (BSA) for 2 h followed
by washing with PBST. Sections were incubated in rat anti-
mouse MBP antibody (1:500) overnight at room temperature
and blocked in 1% chromotrope for 1 h. Further sections
were washed with PBST and incubated in fluorescein-tagged
secondary antibody (1:500) for 1 h and mounted in 50%
glycerol and observed under fluorescence microscope.

MMP-9 activity by gelatin zymography

Enzyme activity of MMP-9 was checked in lung tissue by
gelatin zymography with some modifications (Kupai 2011).
Lungs were homogenized (10%) in Tris buffer (pH 7.8) and
centrifuged (12,000 rpm at 4 °C) for 20 min. The superna-
tant was collected and protein concentration was measured
by Lowry’s method using bovine serum albumin (BSA) as
standard (Lowry et al. 1951). Proteins (50 pg) from each
group were mixed with loading buffer containing Tris buffer
0.5 M (pH 6.8) 1.25 ml, 1.00 ml glycerol, 2 ml 10% SDS
and 0.1% bromophenol blue in 1:1 ratio. Gelatin (10 mg/ml)
dissolved in distilled water at 60 °C was incorporated in 10%
SDS-PAGE gel as a substrate. Prepared protein sample was
electrophoresed at 4 °C for 3 h and gel was washed in dis-
tilled water once, followed by washing in 2.5% Triton X-100
for 30 min on a rocking platform. Gel was again washed in
distilled water and incubated in the buffer containing 0.02%
NaN; 0.15 M NaCl, 10 mM CaCl, and tris buffer, pH 7.6 at
37° for 48 h. Gel was stained with 2.5% coomassie brilliant
blue for 30 min and destained in solution containing acetic
acid and methanol to observe clear white bands against blue
background. Bands were observed under gel documentation
system and analyzed using alpha imager 4.0 software.

Immunoblotting

Lung homogenate (10%) was prepared in a homogenizing
buffer containing phenylmethane sulfonyl fluoride, 1 mM
sodium orthovanadate, 2.0 pg/ml lipoprotinin, 2.0 ug/
ml aprotinin, and 1 mM dithiothreitol and centrifuged at
12,000 rpm for 20 min. Protein content in supernatant was
quantified using Folin’s Ciocalteu reagent. Proteins (50 pg)
were electrophoresed on 12% SDS-PAGE and transferred
on polyvinylidene difluoride (PVDF) membrane in semi-
dry transfer (Bio-Rad trans-Blot SD Semi-dry electro-
phoretic transfer cell) followed by blocking in 4% BSA.
Blot was probed with mouse primary antibodies against
MMP-9 (1:2000), TIMP-1 (1:2000), LOX-5 (1:2000),
COX-2 (1:2000), TLR-4 (1:4000), P-ERK (1:4000), P-INK
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(1:4000), p-p38 (1:2000) and eotaxin (1:4000) in differ-
ent experimental sets. Proteins were detected using HRP-
linked mouse anti-IgG secondary antibody (1:10,000) and
enhanced chemiluminscence kit. Gene expression was ana-
lyzed after normalizing f-actin expression using image J
software.

Quantitative real-time PCR for mRNA expression

Total cellular RNA was isolated from lungs using Trizol
reagent followed by DNAase treatment. RNA (2 pg) was
converted into cDNA and gene-specific primers for TLR-4,
TGF-p1, IL-13, MMP-9, TIMP-1 and Collagen-1 were used
to amplify in ABI 7500 with condition (Table 2). Data were
presented as fold change in mRNA expression as compared
to GAPDH using AACt (double delta Ct) method. In brief,
differences between test gene being tested, experimental
(TE) and housekeeping gene experimental HE (TE-HE)
and gene being tested control (TC) and housekeeping gene
control (HC) (TC-HC) were calculated to get ACt (Delta Ct
values) for the experimental (ACTE) and control (ACTC)
conditions, respectively. AACt was calculated by subtracting
ACTE and ACTC (ACTE-ACTC). Finally, fold change was
calculated using the formula 2744,

Hydroxyproline level measurement in lungs
LPS-induced collagen content was quantified by measuring

hydroxyproline as described earlier (Kumari et al. 2017).
In brief, lung homogenate (10%) in PBS was mixed with

12 N HCL (1:1) and hydrolyzed for 110 °C for 16 h. Fol-
lowing hydrolysis samples were centrifuged at 13,000 rpm
for 15 min at 4 °C and 50 pl of the supernatant was mixed
with citrate acetate buffer (pH 6). Further, freshly prepared
1 ml chloramine-T solution was mixed and incubated for
20 min at room temperature. Ehrlich’s solution (1 ml) was
mixed with samples and incubated for 65 °C for 30 min. The
absorbance of samples was read at 550 nm in a spectropho-
tometer and hydroxyproline content was calculated using
standard curves. Hydroxyproline concentration in lungs was
expressed in ug/mg of lung tissue.

Masson'’s trichrome staining

Formalin fixed lungs were paraffin embedded and cut into
5 pm thin sections and subjected to Masson’s trichrome stain
to detect collagen deposition as a measurement of airway
remodeling. Sections were observed under light microscope
(40x) and analyzed by a blind observer.

Liver and kidney function test

Liver function was assessed by measuring aspartate transam-
inase (AST) and alanine transaminase (ALT) activities using
Autospan Liquid Gold AST Kinetic assay and Autospan
Liquid Gold ALT Kinetic assay Kkits, respectively, whereas
kidney function was assessed by measuring creatinine level
in serum using Creatinine measuring kit (Beacon) as per
manufacturer’s instructions.

Table 2 Primer sequence

S. No Name Sequence Base pairs Amplicon size
1 TGF-p1 F 5S'TGACGTCACTGGAGTTGTACGG'3 22 bp 170 bp
2 TGF-p1 R 5S'GGTTCATGTCATGGATGGTGC'3 21 bp

3 IL-13F 5'AGACCAGACTCCCCTGTGCA'3 20 bp 123 bp
4 IL-13R S'TGGGTCCTGTAGATGGCATTG'3 21 bp

5 TLR-4 F 5" ACCTGGCTGGTTTACACGTC'3 20 bp 201 bp
6 TLR-4 R 5" CTGCCAGAGACATTGCAGAA'3 20 bp

7 Collagen-1 F 5S'ATCTCCTGGTGCTGATGGAC'3 20 bp 154 bp
8 Collagen-1 R~ 5’ACCTTGTTTGCCAGGTTCAC'3 20 bp

9 MMP-9 F 5'CGAACTTCGACACTGACAAGAAGT'3 24 bp 114 bp
10 MMP-9 R 5'GCACGCTGGAATGATCTAAGC'3 21 bp

11 TIMP-1F 5'CATGGAAAGCCTCTGTGGATATG'3 23 bp 108 bp
12 TIMP-1 R 5’AAGCTGCAGGCACTGATGTG'3 20 bp

13 GADPH-F 5'CTCATGACCACAGTCCATGC'3 20 bp 200 bp
14 GADPH-R 5" CACATTGGGGGTAGGAACAC'3 20 bp

TGF-p1 transforming growth factor-p1, /L-13 interleukin-13, TLR-4 toll-like receptor-4, MMP-9 matrix
metalloproteinase-9, TIMP-1 tissue inhibitors of matrix metalloproteinase-9, GADPH glyceraldehyde

3-phosphate dehydrogenase
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Statistical analysis
All the values were expressed as mean + SEM. Significant

difference between the groups was analyzed statistically by
applying student’s ¢ test and one-way ANOVA using SPSS
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Results

Curcumin suppresses inflammatory cells
recruitment and ROS production in lungs

LPS exposure during sensitization and antigen challenge
had caused significant increase in lung inflammation. Flow
cytometry analysis of BALF cells had shown significant
increase in neutrophils and macrophages as compared to
only OVA-sensitized groups; however, CD4 cell count was
lowered in LPS-exposed groups as compared to OVA. There
was significant suppression in cell infiltration in curcumin-
pretreated groups and dexamethasone-treated groups, which
had probably lead to reduction in ROS production as com-
pared to LPS-exposed groups (Figs. 2 a—c and 3).
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Curcumin suppresses eosinophils recruitment
in lungs

MBP expression was checked as an indirect measurement
of eosinophil infiltration in lungs, which was significantly
higher near large and small airways in LPS-induced groups as
compared to OVA-alone group; similar results were observed
in the peribrochiolar space. Intranasal curcumin-treated
groups had significantly low expression of MBP as compared
to LPS-induced and OVA-sensitized groups (Fig. 4).

Curcumin suppresses MMP-9 activity in lungs

MMP-9 activity was checked in gelatin-incorporated poly-
acrylamide gel, which was observed in inactive and active
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Fig.3 Effect of intranasal curcumin on ROS generation LPS expo-
sure had significantly increased ROS production as compared to OVA
alone. Intranasal curcumin treatment has lowered ROS level as com-
pared to LPS-exposed groups. The values are mean+SEM, # OVA
vs. OVA +L group, *OVA+L vs. OVA+L+CU, p<0.05 (n=5)

forms. It was significantly higher in LPS-induced groups as
compared to OVA alone. Intranasal curcumin pretreatment
had caused significant decrease in MMP-9 activity in cur-
cumin-treated groups as compared to other groups (p <0.05)
(Fig. 5).

Curcumin modulates inflammatory enzymes
and MAP kinase gene expression

Protein expression of Cox-2, Lox-5 and Eotaxin was meas-
ured in lungs by western blotting. We observed that there
was significant elevation in Cox-2 and Eotaxin level in
lungs, whereas there was no change in Lox-5 expression.
Further, a significant suppression in expression of these pro-
teins was observed in curcumin-treated groups. Expression
of MAP kinase and TLR4 was also measured in the lungs.
Expression of TLR-4, P-p38, P-ERK and P-JNK was higher
in LPS-exposed groups as compared to OVA alone and con-
trol groups. Intranasal curcumin pretreatment had resulted in
significant suppression of these factors in lungs as compared
to other groups (p <0.05) (Figs. 6 and 7).

Curcumin suppresses mRNA expression of TLR-4
and genes involved in airway remodeling

We measured mRNA expression of MMP-9, TIMP-1, Col-
lagen-1 and TGF-P1 in lungs as these are important genes
involved in airway remodeling and asthma pathogenesis.
The levels of these genes were significantly higher in LPS-
induced group as compared to OVA alone suggesting their

active role in airway remodeling. mRNA expressions were
significantly suppressed in intranasal curcumin-treated
groups. The mRNA of TLR4 in lungs was measured to
evaluate the possible role of innate immunity in asthma.
The level of TLR4 was significantly higher in LPS-induced
group which was significantly suppressed after curcumin
treatment as well as dexamethasone (p < 0.05) (Figs. 8, 9).

Curcumin suppresses collagen deposition
in asthmatic lungs

The level of hrdroxyproline in lungs was measured as an
indicator of collagen deposition, which was further con-
firmed by Masson’s trichrome staining of paraffin-embed-
ded lung sections. We observed that LPS exposure had
significantly modulated airway architecture of lungs as
higher hydroxyproline level and collagen deposition near
bronchioles were observed in LPS-exposed groups as com-
pared to OVA alone. They were significantly ameliorated in
curcumin-treated groups (Figs. 10, 11).

Effect of curcumin on kidney and liver function test

AST, ALT activities and creatinine levels were measured in
serum to evaluate alterations in liver and kidney function
due to LPS exposure and intranasal curcumin treatment. We
observed that these markers were significantly suppressed
in curcumin-pretreated animals, which was not altered due
to LPS-treated groups (Fig. 12).

Discussion

The initial inflammatory processes in asthma involve recruit-
ment of inflammatory cells and release of proinflammatory
cytokines stimulating apoptosis and oxidative damages
resulting in tissue injury. To restore tissue integrity and nor-
mal lung function, the repair processes start at later stages,
whereas the onset of structural changes leads to increased
vascularity, airway edema, basement membrane thicken-
ing, mucus gland hyperplasia, changes in the extracellu-
lar matrix and lining of airway passage (Sumi and Hamid
2007; Lloyd and Hawrylowicz 2009). LPS has been shown
to exacerbate asthmatic inflammation; hence, the effect of
LPS was studied on structural changes in lungs and immu-
nodulatory effects of intranasal curcumin were evaluated.
We measured neutrophils, macrophages and CD4 T-helper
cell population in BALF cells using flow cytometry, as
earlier measured by Geimsa staining (Kumari et al. 2015).
Enhanced recruitments of neutrophils and macrophages
in LPS-induced groups were noted as compared to OVA-
alone group suggesting active role of LPS in lung damage
as we had reported earlier (Kumari et al. 2015). Asthmatic
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Control

OVA+LPS

OVA+LPS+CU

Fig.4 MBP detected in the lung section by immunohistochemistry.
LPS treatment had resulted in high number of eosinophil recruitment
in lungs near bronchioles and the peribrochiolar space as well. How-

inflammation has been characterized by higher Th2 and
lower Th1 populations. Lowered CD4 cells in BALF may
be due to the presence of reduced Th1 cells after LPS expo-
sure as compared to only OVA-exposed groups responsible
for asthmatic exacerbations (Nelson et al. 2003). Intranasal
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OVA

OVA+LPS+DM

OVA+LPS+DEXA

ever, there was a marked suppression in the number of cells in the
curcumin- and dexamethasone-treated groups

curcumin had actively suppressed inflammatory cell recruit-
ment in lungs. Lower inflammatory cell recruitment in lungs
also resulted in less ROS production in intranasal curcumin-
treated groups suggesting that activated neutrophils and
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Fig.5 Gelatin zymography in
lung tissue showing MMP-9
activity. The level of active
MMP-9 was higher in LPS
exposed group as compared
to OVA and control groups.
The curcumin-treated group
had significantly suppressed
enzyme activity. The values
are mean + SEM, # OVA vs.
OVA +L group, *OVA+L vs.
OVA +L+CU, **OVA+L vs.
OVA +L+DEXA, p<0.05
(n=5)
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macrophages are major sources of oxidative damage in
asthma (Figs. 2, 3).

Role of eosinophils in LPS-induced asthmatic model has
been reported with increased eosinophil peroxidase level
in BALF as well as in the lung tissue; hence, we meas-
ured MBP in paraffin-embedded lung sections to evaluate
eosinophil recruitment. MBP is a potent cytotoxic enzyme
present in the eosinophil and it is a potent inducer of his-
tamine release from mast cells and basophils. It can also
activate neutrophils as well as macrophages and induce air-
way bronchoconstriction and hyperesponsiveness (Gundel
et al. 1991). Elevated EPO (eosinophils peroxidases level)
was observed in our earlier study suggesting high eosino-
phils count in lungs. In the present study, we observed that
there was an increase in MBP expression in peribrochiolar
space as well as near bronchioles in LPS-treated animal
lungs, which was effectively suppressed in the intranasal
curcumin-treated groups as compared with other groups
(Fig. 4). Eotaxin is a major chemokine factor mediating

&——— Pro-MMP-9 92 KDa
<€ Active MMP-9 72 KDa

* ok

recruitment of eosinophils in asthma through CCR3, a sin-
gle chemokine receptor. It mediates eosinophil recruitment
as deletion of these receptors impairs eosinophil recruit-
ment in acute experimental models (Fulkerson et al. 2006).
Eotaxin released from epithelial and smooth cells of lungs
plays an important role in asthmatic inflammation as it medi-
ates early Th2 cell recruitment in asthma (Conroy and Wil-
liams 2001). We have reported for the first time that eotxain
expression was significantly increased in LPS-induced
asthmatic mice and intranasal curcumin pretreatment was
effective in suppressing eotaxin expression. Inflammatory
enzymes, Cox-2 and Lox-5, involved in prostaglandin and
leukotriene production are extensively studied as participa-
tion inflammatory mediators responsible for the hallmark
features of asthma such as bronchoconstriction and mucus
production (Peebles and Sheller 2002; Claar et al. 2015).
Leukotrienes are potent stimulator of leukocyte activation
and release of proinflammatory cytokines including mac-
rophages (Martel-Pelletier et al. 2003). Cox-2 expression
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Fig.6 Protein expression of eotaxin, Cox-2 and Lox-5 were meas-
ured by western blotting in lung tissue. Marked increase in expres-
sions of Eotaxin and Cox-2 in LPS-exposed groups was observed as
compared to OVA and control, whereas Lox-5 expression was not

was significantly higher, whereas Lox-5 expression was
unaffected after LPS treatment and both the mediators were
significantly suppressed in intranasal curcumin-treated
groups (Fig. 6). TLR4 has been reported to play an impor-
tant role in asthma as polymorphism on TLR4 locus and
TLR4 promoter has been associated with asthma susceptibil-
ity (Bottcher et al. 2004; Al-Alawi et al. 2014). We measured
mRNA and protein expression of TLR4 in lungs, which were
significantly higher in LPS-induced groups as compared to
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changed. Curcumin administered group had resulted in significant
suppression of these proteins. The values are mean+SEM, # OVA
vs. OVA+L group, *OVA+L vs. OVA+L+CU, **OVA+L vs.
OVA +L+DEXA, p<0.05 (n=5)

the OVA-alone groups, suggesting cross-talk between innate
and adaptive immunity in asthmatic exacerbation.

In previous studies, curcumin has been reported to atten-
uate several inflammatory diseases by inhibiting TLR4/
MyD88/NF-kf pathways, thus preventing the secretion of
proinflammatory cytokines. It has also been reported that
curcumin prevents ligand-induced and ligand-independent
dimerization of TLR4 and, thus, can inhibit TLR4-mediated
signaling pathway at the receptor level (Zhu et al. 2014;
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Fig.7 Protein expression of TLR-4, p-ERK, p-JNK and P-p38 was
measured by western blotting in lung tissue (a—d). Marked increase
in the expression of theses in LPS-treated group was observed as
compared to OVA and control groups. Curcumin administered group

Sackesen et al. 2005). Intranasal curcumin was able to sup-
press protein as well as mRNA expression of TLR4 in lungs
to a significant level and, hence, can protect from asthmatic
exacerbations to a great extent. LPS binding to the TLR-four
activates downstream MAP kinase proteins p38/ERK/JNK
which regulates several characteristic features of asthma
pathogenesis in airways such as epithelial cell damage,

had resulted in a significant suppression in these proteins. The val-
ues are mean+SEM, # OVA vs. OVA+L group, *OVA+L vs.
OVA +L+CU, **OVA+L vs. OVA+L+DEXA, p<0.05 (n=5)

airway remodeling and inflammation (Chopra et al. 2008).
Protein expression of phosphorylated forms of p38, ERK
and JNK in lungs was evaluated. Significantly increased
expressions of these molecules in LPS-induced groups were
noted which were significantly ameliorated by intranasal cur-
cumin treatment (Fig. 7). MMP-9 is most important among
all matrix metalloproteinases as it regulates recruitment of
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Fig.8 mRNA expression of MMP-9 and TIMP-1 was measured in
lung tissue. The level of MMP-9 was higher in LPS-induced asth-
matic group as compared to control and OVA groups; however,
TIMP-1 level was not significantly high. Intranasal curcumin-treated
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Fig.9 mRNA expression of IL-13, TGF-p1, Collagen-1 and TLR-4
were measured in lung tissue. The mRNA expression of these genes was
higher in LPS-induced asthmatic group as compared to control and OVA
group. Intranasal curcumin pretreatment had suppressed mRNA level
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group had lower mRNA expression of TIMP-1 and MMP-9. The
values are mean+SEM, # OVA vs. OVA+L group, *OVA+L vs.
OVA +L+CU, **OVA+L vs. OVA+L+DEXA, p<0.05 (n=5)

- TGF-p1
2 #
1.5
1
- -
0.5 I I
0
> R e > N ™
og\‘o I\ \,NQ’ & Q;;(' oﬁ?’
C 0\“ N » =
N C\ 3 M
o“ o \n‘x
(\)
25 4 TLR-4
< 2 .
o0 T
a
«<
818 T
v |
= -
°
[ | .
; e
-1
= 05 I .
0 I
& 0 & = ] ™
0\‘ 0\ ' -)(Q~ -“(’ QT
¢t » o < N
N F & &

of IL-13, TGF-B1 and Collagen-1 as compared to LPS-treated group.
The values are mean+SEM, # OVA vs. OVA+L group, *OVA+L vs.
OVA+L+CU, #OVA+L vs. OVA+L+DEXA, p<0.05 (n=5). # vs.
OVA group * vs. OVA + L, **vs. OVA + L, p< 0.05 (n =5)
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Fig. 10 Hydroxyproline level in lungs was further ameliorated by
curcumin (10 mg/kg, i.n) and dexamethasone treatment as compared
to LPS-induced asthmatic group. The values are mean+ SEM, # OVA
vs. OVA+L group, *OVA+L vs. OVA+L+CU, **OVA+L vs.
OVA +L+DEXA, p<0.05 (n=5)

inflammatory cells to lungs and induces cytokine release
from them. The ratio of MMP-9 and its inhibitor (TIMP-1)
has been reported to be associated with the asthma sever-
ity (Oshita et al. 2003; Belleguic et al. 2002). We meas-
ured MMP-nine activity by gelatin zymography and mRNA
expression of MMP-9 and TIMP-1 which was increased
markedly in LPS-treated animals as compared to the control

and it was significantly suppressed by intranasal curcumin
treatment (Figs. 5 and 8).

IL-13 is the most potent inducer of human epithelial cell
proliferation, which has been reported to be higher in BALF
of asthmatic with increased diseases severity (Shim et al.
2001). Therefore, mRNA expression of IL-13 was meas-
ured which was found much higher in LPS-induced group
as compared to the OVA-alone group. Curcumin treatment
had significantly ameliorated IL-13 expression in lungs.
TGF-P1 is multifunctional regulators in asthma and can acti-
vate multiple signaling cascades responsible for inducing
Fas-dependent apoptosis in the epithelial cells and fibrotic
changes in alveolar spaces. It also induces smooth mus-
cle cells to express more extracellular matrix proteins and
inflammatory factors like plasminogen activator inhibitors
(PAI-1), Cox-2 synthesis and interleukin-p1 (IL-p1). TGF-
B1 plays an important role in asthmatic exacerbations by
modulating inflammation, bronchoconstriction and fibrosis
and, thus, can be a better therapeutic target. LPS was able
to enhance mRNA expression of TGF-p1 and collagen-1
by synergtically acting with antigen in the murine model;
further expression of these two mediators was significantly
suppressed by intranasal curcumin (Fig. 9).

Prominent structural changes in lungs were correlated
by collagen deposition. Increased hydroxyproline level
and collagen deposition in lungs were detected by mas-
son’s trichrome staining in LPS-exposed lungs. Curcumin

OVA+LPS+CU

Fig. 11 Masson’s trichrome stained lung sections. Control had low-
ered collagen and inflammation in alveolar spaces whereas OVA,
OVA +LPS and LPS +LPS +DM groups had inflammation, broncho-

OVA+LPS+DEXA

constriction and collagen deposition in the alveolar space near bron-
chioles. Curcumin-treated group OVA+LPS+CU (10 mg/kg, i.n)
was effective in reducing fibrosis as compared to dexamethasone
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Fig. 12 Effect of curcumin on the ALT (alanine aminotransferase),
AST (aspartate aminotransferase), and creatinine level in serum. Cur-
cumin administered through intranasal route had no significant effects

treatment had significantly lowered collagen deposition
in lungs which can be correlated with gene expression
results (Figs. 10, 11). The present study suggests that
intranasal curcumin treatment protects against detrimental
remodeling changes in the lungs by modulating key sign-
aling pathways and release of inflammatory mediators.
Curcumin treatment did not alter liver and kidney func-
tions as compared to other corticosteroid drugs (Fig. 12).
Intranasal curcumin can be used as adjunct medication
for asthma exacerbations caused by bacterial endotoxin
exposure.
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