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Abstract

Toluene diisocyanate (TDI) is a major cause of dhakinduced occupational asthma, which
contributes about 15% of global asthma burden. SR@ste and compounded side effects
associated with the use of corticosteroid in asthewessitate the search for alternative drugs.
Andrographolide (AGP), a naturally occurring ditemg lactone is known to exhibit various
bioactivities. Its ability to ameliorate cardinaatures of allergic asthma was previously
suggested in an eosinophilic asthma endotype. Henvés potential antiasthma activity and
mechanism of action in a neutrophilic occupatioasthma model, as well as its effect on
epithelial dysfunction remain unknown. BALB/c miegere dermally sensitised with 0.3%
TDI or acetone olive oil (AOO) vehicle on day 1 aBdfollowed by 0.1% TDI intranasal
challenge on days 15, 18 and 21. Endpoints werkiaea via bronchoalveolar lavage fluid
(BALF) cell analysis, 2’,7’-dichlorofluorescein aiatate (DCFDA) assays, immunoblotting,
immunohistochemistry and methacholine challenge f@screases in total and differential
leukocyte counts of BALF were recorded in AGP-teglatinimals. The compound dose-
dependently reduced intracellular de-esterificatioh DCFDA, thus suggesting AGP’s
potential to inhibit intracellular reactive oxygespecies (ROS). Mechanistically, the
treatment prevented TDI-induced aberrant E-cadhelistribution and restored airway
epithelial B-catenin at cell to cell contact site. Furthermdk&P ameliorated TDI induced
pulmonary collagen deposition. In addition, the atneent significantly upregulated
pulmonary HO-1, Nrf2 and phospho-p38 levels. Airdgyperresponsiveness was markedly
suppressed among AGP-treated animals. Collectivitgse findings suggest AGP’s
protective function against TDI-induced airway bpltal barrier dysfunction and oxidative
lung damage possibly through the upregulation dieaghce junction proteins and the
activation of p38/Nrf2 signalling. This study eldates the therapeutic potential of AGP in
the control and management of chemical-inducedrgtleasthma. To the best of our
knowledge, the potential anti-asthma activity of A@ TDI-induced occupational asthma

has not been reported previously.

Keywords. Asthma; Toluene diisocyanate; Andrographolideway epithelial dysfunction;
p-38 MAPK.
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I ntroduction

The use of diisocyanate-rich chemicals in seve@hufacturing processes such as paint and
polyurethane foam production has contributed siggitly to the rise in work-related
respiratory disorders in industrialised nations [@fcupational asthma (OA) is the leading
work-related respiratory disorder commonly causeg dxposure to highly reactive
diisocyanate chemicals such as toluene diisocya(Eid), hexamethylene diisocyanate
(HDI) and diphenylmethane diisocyanate (MDI) [2]DHinduced OA (TDI-OA) is
characterised by airway inflammation, hyperrespamrsess and remodelling [3]. TDI is
considered the most common cause of OA, it indaegay inflammation by interacting
with the airway epithelia to trigger cytokine angemokine productions, thereby enhancing
airway inflammatory cell recruitment and survivdl].[Although, the generation of ROS and
reactive nitrite species (RNS) is part of normaygblogical mechanisms, the levels of these
oxidising molecules are usually maintained at lamaentrations [5]. The pathogenesis of
TDI-OA has been characterised by an imbalance idaot and anti-oxidant systems [6—8].
The end target of several signalling pathways &by TDI exposure commonly involves
the suppression of anti-oxidant defence proteint st heme oxygenase 1 (HO-1), catalases

(CAT) and prevention of Nrf2 nuclear translocat|8h

Airway exposure to pro-oxidants has been associaitdairway epithelial cell necrosis [9].
Impairment of epithelial barrier function occursdhgh defective adherens and tight junction
formation, thereby enhancing the penetration ofepimlly toxic elements [10]. Airway
epithelial cells are tightly regulated to form anpermeable barrier by junctional proteins
such as junctional adhesion molecule, zonula oecisdclaudin and occludin, as well as
adherens junction (AJ) proteins such as E-cadhanieh B-catenin [10]. The stability of

epithelial barrier is well maintained by E-cadhemnmd it has been described as the



103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

‘gatekeeper’ of airway mucosa and allergic serddios [11]. Similarly, E-cadherin’s
expression is significantly lower in bronchial dmlkal cells of asthmatics, thereby
compromising the stability of airway epithelial bar [12,13]. The disruption of the
epithelial barrier and loss of airway epitheliategrity contributes to asthma pathogenesis
possibly by facilitating easy allergens invasion gmesentation to allergen-presenting cells
[11,14]. Airway remodelling in TDI exposed animdlas been associated with an aberrant

distribution of E-cadherin angicatenin in airway epithelia [3,15,16].

The efficacy of andrographolide (AGP) in the treatrinof ovalbumin-induced asthma was
previously described [17,18]. Similarly, AGP sumsed epithelial mesenchymal transition
of lens epithelial cells by rescuing E-cadherin arfdbiting mitogen-activated protein kinase
(MAPK) signalling pathway in growth factor-treatéetal human lens (FHL-124) cell line
[19]. Interestingly, AGP induced Nrf2 activationdanpregulated HO-1 in primary astrocytes
by activating p38 MAPK signalling [20]. These imptizat administration of AGP may
present a valuable strategy for control and managémf oxidative damage and epithelial
impairment in TDI-OA. Furthermore, the observedfficacies of most OA treatments is
attributable to oxidative stress. Thus, targetinglising molecules alongside inflammatory
mediators is considered an indispensable appraatietmanagement of OA [21]. Although
the effectiveness of AGP in eosinophilic asthma ehdwhs been reported, to the best of our
knowledge, there is no report on AGP’s efficacychremical-induced asthma model with
characteristic airway neutrophilia. This study ahipely determined the effectiveness of
AGP in the management of chemically-induced OA rhaaded specifically explored its

potential mechanism of action in TDI-OA model.
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Materials and methods
Materials

Glycine, sodium chloride, N,N'-Methylenebisacryldmi£99.9%) and tris X99.8) were
obtained from Affymetrix/USB (Cleveland, OH, USA)-mercaptoethanol, acrylamide and
tween 20 were purchased from Merck (Darmstadt, Geypn Ammonium persulphate and
N,N,N’,N'-tetramethylethylenediamine (TEMED) were obtainednf Bio-Rad (Bio-rad
Laboratories, Hercules, CA, USA). Ketamine and xzyla were obtained from Ilium,
(Smithfield, NSW, Australia). Quantikine ELISA kiter IL-4, IL-5, IL-13, eotaxin and IFN-

vy were acquired from R&D Systems (Minneapolis, MNBA), whereas IgE and IgG ELISA
kits were purchased from Abnova (Taipei City, TajvaRNeasy mini kit, RT2 first strand
kit, RT2 SYBR® Green ROX gPCR mastermix and cus®nh2 profiler array PCR (Custom
Catalog Number CLAM23846) were obtained from Qia@dilden, Germany). RNAlater®
and T-PER pierce tissue protein extraction reagegre purchased from Thermo Fisher
Scientific (Carlsbad, CA, USA). Methacholine andITB8.0%) were obtained from Nacalai
Tesque, Inc. (Japan). Rabbit anti-HO-1 (Cat n@082, anti-Nrf2 (Cat no: 12721), anti-E-
cadherin (Cat no: 3195), arfticatenin (Cat no:8480), anti-p38 MAPK (Cat no: 85%nti-
phospho p38 MAPK (Thrl80/Tyr182) (Cat no: 4511)1i-&6K-33 (Cat no: 9322), anti-
phospho GSK-B (Ser 9) (Cat no: 9323), anti-Akt (Cat no: 4685y amti-phospho Akt (Ser
473) (Cat no: 4060) antibodies were obtained fragtl Signaling Technology Inc. (Danvers,
MA, USA). AGP was isolated frorAndrographis paniculata and itsidentity was confirmed
by direct comparison with standard AGP obtainednfiSigma via spectroscopy techniques.

Dexamethasone was purchased from llium (Smithfid@yW, Australia).

Animals

Female Balb/c mice, 6 to 8 weeks old (20 — 22 glewabtained from Institute of Medical

Research (IMR), Malaysia. They were maintaineddrhlight/dark cycle (temperature 25 *
7
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2°C) with food and water were givexd libitum. All animal experiments were conducted with
strict adherence to institutional guidelines spedifand approved by Animal Care and Use

Committee of Universiti Putra Malaysia (UPM/IACUQM/R-R027/2015).

Asthma induction and experimental design

Human exposure to TDI occurs mainly through inhatatand dermal sensitisation [22].
Acetone olive oil (AOO) vehicle used for dissolutiof TDI prior to dermal sensitisation and
intranasal challenge. An AOO mixture comprising twatumes of acetone and three volumes
of olive oil was used for dermal sensitisation, veaes a mixture comprising one volume of
acetone and four volumes of olive oil was usedHerintranasal challenge. Asthma induction
was performed as previously described [23]. Briedilyimals were dermally sensitised (0.3%
TDI or AOO vehicle) on day 1 and 8 via the dorsuitboth ears (20 uL each). Intranasal
challenge (0.1% v/v TDI or AOO vehicle) was conduacbn day 15, 18, and 21. AGP (0.1,
0.5 and 1 mg/kg), dexamethasone (2 mg/kg) and leti&o DMSO) were administered (i.p)
following prophylactic regimen from day 14 througlay 21 (Fig. 1A). Mice were
randomised into the following groups: (i) AOO-seisgid, AOO-challenged, and DMSO-
treated (AOO/AOO group), (ii) TDI-sensitised, TOHallenged, and DMSO-treated
(TDITDI group); (iii) TDI-sensitised, TDI-challersgl, and 0.1 mg/kg AGP-treated (TDI/
TDI 0.1AGP); (iv) TDI-sensitised, TDI-challengedhda 0.5 mg/kg AGP-treated (TDI/ TDI
0.5AGP); (v) TDI-sensitised, TDI-challenged, andnfy/kg AGP-treated (TDI/ TDI 1AGP);
(vi) TDI-sensitised, TDI-challenged, and 2 mg/kgcaeethasone-treated (TDI/ TDI Dex).
The doses of AGP used in this study are below ds-observable adverse effect level
(NOAEL). The lethal dose (L§) of AGP was documented to be 11.46 g/kg (i.p) cemn

(Bothiraja et al., 2013).
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Blood and bronchoalveolar lavage fluid analyses

Mice were anaesthetised (ketamine 100 mg/kg, xy&xi0 mg/kg, i.p) 24 h after the last
challenge (day 22), blood samples were collectdlbwad to coagulate (3 h, room
temperature) and then centrifuged (4,000 rpm, 16utes). The serum (supernatant) was
harvested and stored at 220 The total serum IgE and IgG were measured bySELI
(Abnova, Taipei City, Taiwan) according to the miwiurer's recommendation.
Tracheotomy was performed, 5QQ of ice-cold PBS (containing 2.6 mM EDTA) was
instilled into the lungs and the bronchoalveolaatze fluid (BALF) was collected (repeated
three times). The total and differential BALF legkte count were performed as previously
described [26]. The acellular BALF supernatant wased at -8%C for cytokine analysis.
The BALF IL-4, IL-5, IL-13 and IFNy were analysed by ELISA as previously described

[26].

Intracellular reactive oxygen species assay

To determine the intracellular reactive oxygen gm¢ROS) generation, BALF cells were
harvested 24 hours after last challenge, the eefise rinsed with Hank’s balanced salt
solution (HBSS) and incubated with 20/ 2’,7’-dichlorofluorescein diacetate (DCFDA)
reagent for 60 minutes. DCFDA forms a fluorescembdpct upon oxidation of
dichlorofluorescein by ROS. The fluorescence intgnwas measured at excitation and
emission wavelengths of 485 nm and 535 nm, respygti The viability of the cells was
determined as previously described [27]. The flaceace intensities were normalised with
corresponding cell viabilities, while the ROS lewshs expressed relative to the AOO

controls.
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Airway hyperresponsiveness test

To examine the effects of the treatments on airiwgyerresponsiveness (AHR) in TDI-OA,
the AHR was measured 24 h after the last challeigacheotomy was performed on
anaesthetised animals, the trachea was intubat#d 18G blunt cannula, the airway
resistance (RI) and dynamic lung compliance (Cdiynesponse to graded concentrations of
nebulised methacholine (0, 2, 4, 8, 16, 32 mg/mkyenrecorded using FinePointe™ RC
System (Buxco Research Systems, New Brighton, MBIA)J The results were analysed as a

percentage relative to baseline PBS response (#igeha

Histopathological staining and immunohistochemistry

The left lung was collected, fixed in 10% neutralffered formalin, dehydrated and
embedded in paraffin for histopathological analydixamination of inflammatory cell
infiltration, collagen deposition and mucus productwere performed by H&E, Masson
trichrome and periodic acid Schiff (PAS) stainspectively. The stained tissue sections (5
pnm) were scored as described previously [17,28-&@hunohistochemical staining for E-
cadherin ang-catenin proteins were conducted as described qurslyi [31]. Briefly, lung
sections were deparaffinised, rehydrated, subjetdtbating for antigen retrieval and then
treated with 3% KO, for 10 min to block endogenous peroxidase. Upaubation in
recommended dilutions of anti-E-cadherin and frtatenin antibodies {€, overnight), the
sections were probed with secondary antibody, #8gnwere developed using

diaminobenzidine (DAB) chromogen and counterstaingd haematoxylin.

Western blotting

Lung tissues from the superior and middle lobesewkomogenised in protease and
phosphatase inhibitor supplemented T-PER tissuéeiprextraction reagent. The protein
extracts were separated by 10% SDS-PAGE and traedfento a nitrocellulose membrane.

10
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The blots were probed for E-cadherfiacatenin p-38, p-p-38, Akt, p-Akt, GSK33p-GSK-
3B, Nrf2 and HO-1. Bands were detected using WestgghB" ECL substrate (Advansta,

Inc). Blots were stripped and re-probed for loadingtrol @-actin).

RT2gPCR array

Isolation of RNA from the inferior and postcavabé&s was performed using Qiagen RNeasy
mini kit (Hilden, Germany) according to manufactisenstruction. The quantity, purity and
integrity of the RNA samples were determined. cDIN&s synthesized from 400 ng of RNA
using the R¥ First Strand cDNA synthesis kit (Qiagen, Hilderer@any). Custom RT
gPCR array (SABiosciences, Qiagen, Frederick, MDitedl States, Cat #: CLAM23846)
containing pre-validated primers for 17 genes dériest (GOI) comprising of oxidative
stress-related, Th2, Thl, extracellular matrix teelaand muc5ac genes was used for this
analysis.p-actin and GAPDH were used as reference genes:tiRealPCR was performed
on an Eppendorf Mastercyclep realplex4S (Eppendorf, Hamburg, Germany) using’RT
SYBR® Green ROX gPCR Mastermix (Qiagen, Hilden, i@amy). The PCR amplification
assay, melting curve analysis, determination of R8Riency, genomic DNA contamination

and reverse transcription efficiency were conduetedescribed previously [32].

Statistics

Data analysis was performed by one-way ANOVA ustaigagphPad Prism 6 (GraphPad
Software, San Diego, CA). AHR data were evaluatgddpeated measures ANOVA. Non-
parametric data were analysed by Kruskal-Wallist. TR$2 qPCR data were analysed on
SABioscience PCR Array Data Analysis Web Portal

(http://pcrdataanalysis.sabiosciences.com/pcr/amalysis.php). Bonferroni post-hoc test

was performed for multiple comparisons. Mean sc@oesll measurements were expressed
as the mean £ SD. Significance lewg) yas set at p<0.05

11
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Results

AGP Inhibited airway inflammatory cell recruitment in TDI-OA models

To determine the extent of TDI induced airway lemke infiltration, BALF leukocyte
analysis was conducted. Airway TDI sensitisatiod ahallenge resulted in about eight-fold
increase in total BALF leukocytes relative to AO©Ontol (Fig. 1B). Among the four
different categories of leukocyte that were ideedifand counted, the absolute count of
macrophages and neutrophils were prominently ise@aA transient increase in neutrophil
distribution (31%) was observed in TDI-OA animalsGP administration significantly
decreased both the total and differential BALF ke counts, therefore substantiating the

anti-inflammatory activity of the intervention.

Administration of AGP downregulated BALF intracellular ROS level in TDI exposed
mice

An investigation into the tendency of AGP to inhibDI-induced generation of intracellular
ROS revealed that TDI exposure induced 2.3 foldeiase in DCFDA fluorescence intensity
relative to BALF cells collected from AOO controhimals (Fig. 1C). When treated with
AGP, ROS level was dose-dependently reduced by xanmian of 50% relative to TDI-

induced levels.

Effect of AGP on AHR

Airway hyperresponsiveness, an important cardieature of asthma, was assessed in TDI-
OA. Relative to PBS challenge, TDI-exposed aninf@d an unprecedented increase in RI
following methacholine challenge (Fig. 1D). Thisiease was statistically significant when
compared to AOO controls. Administration of AGP eaependently attenuated TDI-
induced RI amplification. Percentage change in Cdws marginally decreased by TDI

exposure (p=0.051 relative to AOO, Fig. 1E). Theneuistration of AGP notably improved

12
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the Cdyn without any statistical relevance. Thesellts indicate the antagonistic role of AGP

against TDI-induced AHR.
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Fig. 1. AGP decreased airway hyperresponsiveness, BALF leukocyte counts and ROS
production in TDI-sensitised and challenged mice. (A) Animals were dermally sensitised and
intranasally challenged with TDI in a 22-day asthnduction protocol, B) Dose-dependent reversal
of TDI-induced increase in total and differentilikocyte counts was observe@) The TDI-induced
transient surge in intracellular ROS production wagersed by administration of AGP. (D) Airway
resistance (Rlpnd (E) dynamic lung compliance (Cdyn) were doggeddently improved in AGP
treated animals Values are expressed as mean 8B+ 6). *p<0.05, **p<0.01, ***p<0.001 level
of significance in comparison to untreated TDI colst

Effects of AGP on BAL fluid cytokines and serum immunoglobulins

Evaluation of BALF cytokine profile was conductedsing ELISA technique. TDI
sensitisation and challenge notably increased BAL-B, IL-5, IL-13 and IFNy (Fig. 2).

However, TDI exposure induced greater increase AbLMBIL-13 level. A dose-dependent

13



288 decrease in the concentrations of all the cytokimas observed in AGP treated animals. TDI
289 exposure also triggered a greater increase in sdoiaed IgE and IgG. These serum

290 immunoglobulins were dose-dependently downregulbieAGP.
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292  Fig. 22 AGP downregulated BALF th2 cytokines and serum immunoglobulin levels in TDI-
293  sensitised and challenged mice. Administration of AGP dose-dependently decreagddBALF IL-
294 4, (B) IL-5, (C) IL-13 and (D) IFN¢ as well as (E) total serum IgE and (G) IgG lev8lata are
295  expressed as mean + SD (n= 4 — 6). *p<0.05, *p.GLO0***p < 0.001 imply level of significance
296 relative to TDI control.
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AGP attenuated pulmonary inflammation, airway mucus secretion and collagen
deposition in the lungs of TDI exposed mice

TDI sensitisation and challenge triggered pulmondepkocyte infiltration in the

peribronchial and perivascular spaces. This wasyadtl by semi-quantitatively scoring H&E
stained lung sections from both treated and urdeanimals. AGP inhibited both the
peribronchial and perivascular inflammation (FigA &nd 3B respectively). Intranasal
exposure to TDI induced moderate goblet hyperphastia an average of 30% PAS-positive
cells in the bronchial lining (Fig 4). AGP dose-dadently and significantly (p<0.001)
ameliorated airway mucus production and goblet platqa. In addition to airway
inflammation and mucus secretion, TDI also enhancelthgen deposition in bronchial
subepithelia (Fig. 5). Semi-quantitative analydicalagen deposition showed about 9-fold
increase in peribronchial collagen score relatweADO controls. Treatment with AGP

decreased collagen deposition around the bronchadl&DI exposed animals. Athletes

15
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TDI

Fig. 3: Photomicrograph of haematoxylin and eosin (H&E) stained lung sections of TDI
sensitised and challenged animals. (A) TDI induced accumulation of inflammatory cells the
peribronchial and perivascular spaces. (B) Admiaigin of AGP significantly inhibited
peribronchial and perivascular leukocyte infiltoati as determined by semi-quantitative scoring.
Interpretation of scores: 0= no detectable inflatoma 1= mild inflammation (occasional, <20
inflammatory cells in peribronchial or perivascutgrace), 2= moderate inflammation (1- 2 layers of
20 — 100 inflammatory cells in peribronchial or igascular space), 3= severe inflammation (> 2
layers of more than 100 inflammatory cells in peaitchial or perivascular space). Data are presented
as mean = SD (n=6). *p<0.05, **p<0.01, **p<0.00kaws significance level in comparison to TDI
controls.
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Fig. 4. Photomicrographs showing AGP-mediated suppression of airway mucus secretion in

TDI sensitised and challenged animals. TDI exposure resulted in (A) increased bronchBi) (
mucus secretion (black arrow). (B) Semi-quantimatscoring showed that administration of AGP
(especially 0.5 and 1 mg/kg) decreased the amdumbachial PAS-positive cells (magenta coloured
cells in the airway). Interpretation of scores:ri=goblet metaplasia, 1= < 25% PAS positive airway
goblet cells, 2= 25%- 49% PAS positive airway @otldells, 3= 50%-75% PAS positive airway
goblet cells, 4= > 75% PAS positive airway goblelisc (n=6). Data are presented as mean * SD.
***n<0.001 shows significance level in comparis@enfiDI controls.
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Fig. 5: Photomicrographs showing AGP-mediated reduction in airway collagen deposition in
TDI-induced asthma. (A) Lung sections were stained with Masson’s trichramassess collagen
deposition in treated and untreated animals. Bichws indicate collagen deposits (stained blue),
cytoplasm stained pinkish red, smooth muscles,basemembrane and red blood cells stained red.
(B) Semi-quantitative scoring showed that AGP adshiation significantly reduced subepithelial
collagen deposition around both the bronchioleg éBd blood vessels (V). Score interpretation: 0=
no collagen in peribronchial space, 1= a thin lagyfgperibronchial collagen deposits, 2= a cluster o
peribronchial collagen deposits, and 3= a thicletagf peribronchial collagen deposits. Data are
presented as mean = SD (n=6). *p<0.05, **p<0.01*p¥0.001 shows significance level in
comparison to TDI controls.
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AGP restored the apicolateral distribution of E cadherin and B-catenin in bronchial
epithelia of TDI-exposed mice

Epithelial barrier function was assessed basedhennorphology of adjacent bronchial
epithelial cell to cell contact and the apicolatetistribution of E-cadherin anfl-catenin.
The cell to cell contact of AOO controls appearethdt, whereas that of untreated TDI-
exposed animals was obviously disrupted (Figs. 6 @ The administration of AGP
narrowed the TDI-induced widening of airway epitakintercellular space. Furthermore, as
revealed by immunohistochemical staining, the exachiAJ proteins are localised at the
lateral and apicolateral borders of airway epitdeatells in unexposed animals (AOQO). TDI
sensitisation and challenge decreased the immurtonea of both airway epithelialp-
catenin (Fig 6) and E-cadherin (Fig. 7) at the ¢ellcell contact site. TDI particularly
triggered cytoplasmic diffusion of E-cadherin anowdregulation off3-catenin in airway
epithelial cells. Furthermore, the alveoli showdxliredant expression @f-catenin in both
AOO and TDI-exposed animals (Fig. 6). Administratimf AGP, especially 0.5 and 1 mg/kg
doses, rescued TDI-induced aberration of airwaydherin and3-catenin distribution. The
treatments substantially restored airway epith@mtolateral distribution of the proteins by
upregulating epitheliaB-catenin levels and averted cytoplasmic diffusidnEecadherin.
Western blotting was performed to evaluate theceftd TDI and AGP administration on
total pulmonary E-cadherin anglcatenin levels. Relative to the AOO controls, el
exerted no marked effect on the total amount ofaéhlerin in the lungs. However, AGP
seemed to upregulate the basal total E-cadhereiddoy up to two folds in 1 mg/kg treated
animals (see Fig. 8). Interestingly, TDI exposuightly lowered totalB-catenin in the lungs.

This slight reduction was averted by AGP admintgira(Fig. 8).

19



374

375
376
377
378
379

380

TDI/DMSO

p-catenin h

[p-catenin
(magnified)

p-catenin

Fig. 6: Immunoreactivity of B-catenin in lungs of AGP treated animals. Low (rows 1 and 3) and
high (rows 2 and 4) magnification photomicrograpsisowing the alveolar and apicolateral
distribution of B-catenin. Note the marked downregulation of efishé3-catenin in TDI/DMSO
group and its restoration in the treatment grodg®tone-olive oil control-(AOO); dexamethasone-
(DEX).
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Fig. 8: Upregulation of total pulmonary E-cadherin and p-catenin in AGP treated animals. TDI
sensitisation and challenge mildly decreased tptehtenin levels, this was improved by AGP
administration. Although TDI sensitisation and dbadie did not affect total E-cadherin levels, AGP
administration increased total pulmonary E-cadhégiwel beyond the basal level. The blot is a
representative of three different animals. Dens@imynwas performed using ImageJ software (NIH,
Bethesda, MD, USA). Data are presented as mean hSE). *p<0.05 relative to TDI.

AGP upregulated Nrf2 and HO-1 through Akt and p38 dependent pathways

To further elucidate the mechanism of AGP’s inhdpitof TDI-induced airway oxidative
damage in OA model, the pulmonary levels of HO-phase Il enzyme that protects against
oxidative stress and its regulatory transcripti@ctdr, Nrf2, were evaluated. Selected

upstream Nrf2 regulatory proteins (Akt, p38 MAPKidaGSK-3) were also evaluated by
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western blotting. TDI exposure upregulated pulmgi#D-1 level, whereas it induced only a
slight increase in total Nrf2 level (Fig. 9). Trewmnt with AGP increased p38 MAPK
activation, total Nrf2 and HO-1 levels. RelativeA®O, the level of Akt appeared unaffected
by TDI exposure. However, a slight increase in pkkiel was observed at low and median
doses of AGP, whereas 1 mg/kg AGP marginally inbiiAkt phosphorylation. TDI

exposure induced mild reduction in p38 phosphaoatinterestingly, AGP stimulated a
dose-dependent increase in p38 phosphorylatiorhelt80/Tyr182 residue, Nrf2 and HO-1
levels. The results showed p38 mediated inductiddrf2 and HO-1 in AGP treated animals
(Fig. 9). Slight induction of GSK{Bphosphorylation at serine residue 9 was witnessed

AGP treated animals.
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Fig. 9: Andrographolide (AGP) mediated upregulation of HO-1. (A) Levels of HO-1, Nrf2, GSK-
3B, p-GSK-3, Akt, p-Akt, p38 and p-p38 in TDI induced asthr(a) Immunoblot analysis showed a
dose-dependent increase in p-p38 and Nrf2. Theiblatrepresentative of three different animals.
Densitometry was performed using ImageJ softwatel (Bethesda, MD, USA). Data are presented
as mean + SD (n=3). *p<0.05 relative to TDI, #p&rblative to AOO.
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Effects of AGP administration on expression of inflammatory and oxidative stress-
related genesin TDI induced asthma models

Sequel to the role of Nrf2 in AGP-mediated inhitiof TDI-OA, the pulmonary expression
of antioxidant Nfe2l2 and Hmox1) and pro-oxidant fuoxl) genes were evaluated. TDI
exposure resulted in slight reduction Himox1 expression (Fig. 10A). However, it did not
show statistical significance relative to AOO colgr Interestingly, basalfe2l2 expression
was not affected by TDI exposure. Furthermore, éixpression ofDuoxl was mildly
increased in TDI-exposed animals. AdministratiorAG@P dose-dependently increased both
Nfe2l2 and Hmox1 expressions, whereas a decreaseDuoxl expression occurred
independent of AGP dose (Fig. 10A). The role ofcd#fpeTh2 inflammatory genedld, 115,
1113, Serpinb2 andClca3al) in TDI-induced OA were further analysed. Theresvaanotable
increase in the expressions It4, 115 and 1113 in untreated TDI sensitised and challenged
mice (Fig. 10B). The expression of these genesdeasiregulated following eight-day AGP
treatment regimenSerpinb2 and Clca3al expressions were only slightly increased in TDI
exposed animals. Although, AGP treatment downregdlahe expression oferbinb2,
Clca3al remained unaffected in AGP-treated animals. Highsinregulation of TDI-
inducedll5, 1113 and Serpinb2 gene expressions were observed in 1 mg/kg AGRettea

animals.

Considering the mixed Th1/Th2 BALF cytokine profiddserved in TDI-exposed animals
(Fig 2), the expressions of specific Thl-relatechege (fng, Tnf, Ccl5 and Cxcl2) were
evaluated by RT2 gPCR. TDI sensitisation and chgheincreased the expressions of these
Thl genes by 3 to 6 folds (Fig. 10CExcl2 expressions was dose-dependently
downregulated (p<0.05). Althoudling showed marked downregulation in AGP (1 mg/kg)
treated animals relative to untreated TDI contrthe, downregulation was not statistically

significant. As illustrated in Fig. 10C, the exmies of Tnf gene was only slightly modulated
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by the treatment. The genetic expression of extrdae matrix Mmp9, Timp, Cldnl and
Chil4) and Mucus Nucbac)-related genes were assessed in the lungs of kpbsed
animals. The results showed a remarkable dose-deperecrease in the expressions of
Muc5ac and Chil4 genes in AGP-treated animals relative to TDI geogBig. 10D). The
expression oMmp9 was slightly increased by TDI exposure and it wasreversed by AGP
administration. Although the expression dfmp seemed unaffected by TDI exposure,
administration of AGP mildly upregulated its exmies particularly at 0.5 and 1 mg/kg
doses.Cldnl expression was only slightly downregulated by ERposure. Administration

of AGP resulted in considerable increas€idnl expression (Fig. 10D).
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Fig. 10: Expression of oxidative stress, Th2, Thl, extracellular matrix and mucin genesin TDI
exposed animals. Administration of AGP improved the expressiorNié212, andHmox1 genes (A).
Furthermore, AGP dose-dependently reversed TDIldaduupregulation of Th2 (B) and Thl (C)
related genes. The expressionvicSac andChil4 genes were significantly upregulated by TDI (D)
in asthmatic mice as determined by RT2 gPCR amagdysis. Results are presented as mean = SEM,
*p<0.05, (=3 to 4). DEX: dexamethasone.

Discussion

The role of AGP in the control and management tdiraa has been suggested by numerous
researchers [17,18,33,34]. However, most of thas#ies only evaluated the activity of AGP
in OVA asthma models and LPS/IFNinduced airway inflammatory models. The potential
role of AGP in ameliorating occupational asthma haisbeen reported to date. TDI, a highly

reactive chemical, has been identified to be a hoelecular-weight trigger of allergic
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asthma, especially among individuals that are sefulexposed to it in their working
environment [35,36]. This study evaluated the theutic potential of AGP in a TDI-induced

asthma model.

As illustrated in Fig. 1B, TDI exposure triggereaway inflammation characterised by
neutrophilia and peribronchial leukocyte infilbati in BALB/c mice. Depending on the
adopted induction protocol and the choice of mais&in, TDI could trigger varying BALF
cellular phenotypes [35-37]. According to Ban amdleagues [35], TDI sensitisation by
topical application and tracheal instillation, tslled by tracheal challenge with 0.1% TDI at
days 18, 28 and 31 resulted in BALF eosinophilithweharacteristic Th2 dominance. On the
contrary, Tarkowski and colleagues reported higl¥gdneutrophilia in a 10 day TDI asthma
model that was established by repetitive dermasitisation (0.3% TDI) on day 0 and 7,
coupled with an intranasal challenge with 0.1% Tnlday 10 [37]. In addition, the time-
point at which the BALF was collected seems to @ayessential role in determining the
percentage distribution of BALF eosinophils andtnaphils. The use of dermal sensitisation
and intranasal challenge, alongside BALF collecadr24 hours after the last TDI challenge
had consistently produced asthma with characterastway neutrophilia [23,37-39]. In our
model, the BALF was collected 24 hours after tis TDI challenge, and airway neutrophilia

was the resultant effect.

Aggravation of Th2 responses due to Th1-Th2 imkmdas typically thought to be the major
developmental pattern for allergic diseases [40,4tllwvas however observed, that TDI
exposure triggered mixed Th2/Th1l immune responsdscancomitant upregulation of their
corresponding genetic expressions. The slight aseren the expression of Th2 determinants
(Serpinb2 andClca3al) coupled with that ofl4, 115 andll13 (Fig. 10) in TDI sensitised and

challenged animals confirmed that the model is $k@wed. Using three-gene signature
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pattern, asthma has been categorised into Th2dnghTh2-low asthma [42]. These genes
include thePeriostin, Serbinb2 and Clca3al, both of which are tightly regulated bi13
activity [42—-45]. Apart from these genes, Tregsehpvoven to be an important determinant
of Thl, Th2 and Thl7 polarisation in inflammatorigehses [41]. An elucidation of the
function and kinetics of Tregs in TDI sensitisati@vealed the suppression of both Thl and
Th1l7 mediated responses by expanded Tregs cells frDI-sensitised mice, perhaps,

influencing Th2 inflammatory responses in TDI-exgdsnimals [41].

The decrease in both BALF Thl (IFN-and Th2 (IL-4, IL-5 and IL-13) cytokines among
AGP treated animals could partly be due to the deguation of their corresponding genes.
Previous studies have demonstrated AGP’s potdntialevent induction of IFN; IL-4, IL-5
and IL-13 genes in various models of inflammatorgodders including asthma and acute
lung injuries [17,34,46]. Apart from the heterogignef the inflammatory responses, TDI
sensitisation and challenge also triggered desquamaf airway epithelium, collagen
deposition and intracellular ROS surge. These sigidpe presence of airway remodelling

and oxidative damage in TDI-exposed animals [3;844F.

Airway epithelium is directly damaged by exposuseTDI, thereby resulting in increased
airway epithelial permeability and loss of epith€lintegrity. Apart from the mechanistic
activation of inflammatory responses in airway legitum, the permeability of bronchial
epithelial cells was reportedly influenced by Th#uced ROS surge [50]. In our study, TDI
exposure did not only increase BALF intracellula®® but it also affected the airway
epithelial distribution of AJ proteins (E-cadheandp-catenin). Loss of proteins responsible
for the maintenance of airway integrity and surlilias been connected to TDI-induced
airway inflammation. These include proteins sucHaddgulin, zonula occludens, claudins,

occludin, junctional adhesion molecule, E-cadhand -catenin [3,15,51]. The attenuation
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of aberrant E-cadherin angtcatenin distribution in the airways of TDI-exposadimals
possibly occurred through the antioxidant activotyAGP [52]. However, there is need for
future time point evaluation of the direct effe¢tAGP on the distribution of membrane E-

cadherin ang-catenin in isolated cells/normal bronchial epiiddatell line.

Suppression of cigarette smoke-induced airway dxel@amage was observed following the
administration of AGP [53]. This was achieved byhamcing Nrf2 nuclear retention and
binding to antioxidant response element (ARE) @f IINA double helix. In agreement with
our findings, AGP augmented the pulmonary leveH&-1 and Nrf2 transcription factor
[53-55]. HO-1, a Nrf2 regulated protein catalydes degradation of haem, a potent oxidant,
to generate biliverdin, iron and carbon monoxid&] [Biliverdin is converted to bilirubin, an
endogenous anti-oxidant, while the iron is sequedtdy ferritin, leading to an additional
anti-oxidant effect [56]. Carbon monoxide possessgsinflammatory properties, suggesting
that HO-1 plays a vital role in defending the lagainst inflammatory and oxidative damage

[56,57].

It was recently suggested that AGP increases H@eieip and its mRNA expressions

through a p38 MAPK-Nrf2 dependent pathway [58]. Btorer, AGP was shown to modulate

the PI3K/Akt pathway, an important upstream regulaf p38 [59,60]. In the present study,

the level of Akt activation (p-Akt/Akt ratio) wadightly increased in the TDI-exposed group,
which tallies with previous findings [61,62]. Besg] p-Akt induction has been linked to

oxidative stress and inflammatory responses imasfi63—65].

Attenuation of TNFe induced ROS generation in AGP treated EA.hy926othadial cells
was postulated to have occurred via upregulatiohNrd® [59]. Similarly, pre-treatment of

human hepatocellular carcinoma cells (HepG2) withuki AGP prevented kD, induced
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539 oxidative damage by upregulating Nrf2 through Akbgphorylation [54]. This indicated the
540 possible role of TDI-induced ROS generation in stge AGP’s activity toward the
541 upregulation of Nrf2 and HO-1. Although it is unatdf AGP-induced Akt phosphorylation
542  could directly enhance Nrf2 and HO-1 upregulatidnwas established the Akt directly
543  phosphorylates Ser9 residue of glycogen synthasas&i B (GSK-33) to render it inactive
544  [54]. GSK-3B, when active, it inhibits Nrf2 in a Kelch-like ECGéksociated protein 1
545 (Keapl)-independent manner, whereas its phosphiedyfarm (inactive GSK{3 enhances
546  Nrf2 nuclear translocation and retention [54,66hu3, inactivation of GSK{Bwill allow
547 binding of Nrf2 to its antioxidant response elemamid subsequently, transcribe HO-1
548  activation as witnessed in AGP treated animalsh@lgh we have demonstrated a possible
549 link between Akt phosphorylation and HO-1 upregolat our findings suggest the

550 involvement of p38 in the activation and upregualiatof Nrf2 activity. Kahweol, a diterpene

551 commonly found in coffee beans was observed todaddO-1 uprequlation via p38/Nrf2

552  signalling in ROS surged SH-SY5Y neuroblastomascéll]. The marked decline of p-p38

553 among TDI controls and its uprequlation among A@Rted animals suggests the activation

554 of p38 MAPK by AGP in TDI sensitised and challengaite. Interestingly, no significant

555 change was observed in total amount of Nrf2 amammeated TDI controls. Time point

556  evaluation of the direct effect of TDI on Nrf2 malgow the point at which TDI could have

557 induced Nrf2 downregulation. TDI has been previpushown to time-dependently

558 downrequlate HO-1 and Nrf2 abundance in A549 ¢8lls

559  The effect of AGP on Th2 cytokines and their gexygression, especially IL-13, resulted in
560 improvement of TDI-induced dramatic increase invaly resistance. The lowering of airway
561 goblet hyperplasia and collagen deposition occuaeed result of downregulation lgucSac,

562 Mmp9, and Chil4 expressions. These activities cumulatively avertbdnces of airway
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remodelling and hyperresponsiveness, both of wlach important cardinal features of
asthma. This study revealed for the first time,t tthee use of AGP has a puissant anti-
inflammatory and anti-oxidant action in a murinedabof TDI-induced OA. It exerted its
effect by inhibiting intracellular ROS possibly 88 MAPK-dependent Nrf2 induction. It
also restored airway integrity by reversing abdrrainway epithelial E-cadherin angh

catenin distribution.
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