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A B S T R A C T

2,4,6-Trihydroxy-3-geranyl acetophenone (tHGA) is a synthetic compound that is naturally found in Melicope
ptelefolia. We had previously demonstrated that parenteral administration of tHGA reduces pulmonary
inflammation in OVA-sensitized mice. In this study, we evaluated the effect of orally administered tHGA upon
airway remodeling in a murine model of chronic asthma. Female BALB/C mice were sensitized intraperitoneally
with ovalbumin (OVA) on day 0, 7 and 14, followed by aerosolized 1% OVA 3 times per week for 6 weeks.
Control groups were sensitized with saline. OVA sensitized animals were either treated orally with vehicle
(saline with 1% DMSO and Tween 80), tHGA (80, 40, 20 mg/kg) or zileuton (30 mg/kg) 1 h prior to each
aerosolized OVA sensitization. On day 61, mice underwent methacholine challenge to determine airway
hyperresponsiveness prior to collection of bronchoalveolar lavage (BAL) fluid and lung samples. BAL fluid
inflammatory cell counts and cytokine concentrations were evaluated while histological analysis and
extracellular matrix protein concentrations were determined on collected lung samples. Oral tHGA treatment
attenuated airway hyperresponsiveness and inhibited airway remodeling in a dose-dependent fashion. tHGA's
effect on airway remodeling could be attributed to the reduction of inflammatory cell infiltration and decreased
expression of cytokines associated with airway remodeling. Oral administration of tHGA attenuates airway
hyperresponsiveness and remodeling in OVA-induced BALB/c mice. tHGA is an interesting compound that
should be evaluated further for its possible role as an alternative non-steroidal pharmacological approach in the
management of asthma.

1. Introduction

Asthma is characterized as a chronic respiratory disease involving
airway inflammation and hyperresponsiveness (AHR) (Barnes, 2008).
It is estimated that 300 million people worldwide suffer from asthma
(Barnes, 2010) with high prevalence amongst children (Pedersen et al.,
2011). Increased concentrations of pulmonary inflammatory mediators
as a consequence of persistent inflammation are associated with airway
structural changes, termed airway remodeling (Manso et al., 2012).
Airway remodeling includes the disruption of epithelial integrity,
subepithelial fibrosis and collagen deposition, smooth muscle cell
hyperplasia and hypertrophy, increased mucus production and sub-
mucosal glands and airway wall thickening (Bergeron et al., 2010). In
particular, abnormally high amounts of collagen, fibronectin and
tenascin-C have been reported to be deposited in the lamina reticularis
beneath the airway epithelium (Takayama et al., 2006). The pathophy-

siology of airway remodeling involves interactions between a vast array
of cells namely eosinophils, T-lymphocytes, mast cells, smooth muscle
cells, epithelial cells and fibroblasts (Girodet et al., 2011).

Recent studies have suggested corticosteroids, the gold standard in
asthma treatment, as being ineffective in reversing airway structural
changes (Doerner and Zuraw, 2009; Royce and Tang, 2009). Moreover,
in severe asthma patients, AHR is not abrogated subsequent to
corticosteroid treatment (Baraket et al., 2012) as supported by several
earlier pioneering studies (Lundgren et al., 1988; Juniper et al., 1990).
Currently, there are no targeted therapies for reversing airway struc-
tural changes in asthma (Pascual and Peters, 2005).

The geranyl acetophenone, 2,4,6-trihydroxy-3-geranyl acetophe-
none (tHGA), contains a bioactive principle of the phloroglucinol
structure-core (Shaari et al., 2006). The acylphloroglucinol group
naturally found in many natural products exhibits many interesting
biological properties (Chung, 1995). Our earlier studies revealed that
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tHGA was able to exert a dose-dependent inhibition of 5-lipoxygenase
(5-LOX), cyclooxygenase (COX) activity and cysteinyl leukotriene
(CysLT) secretion in LPS-induced macrophage cell lines (Shaari
et al., 2011). We also demonstrated that synthetic tHGA exerted a
dose-dependent inhibitory effect upon allergic airway inflammation in
OVA-induced BALB/c mice following intraperitoneal administration
(Ismail et al., 2012).

In this study, we demonstrate synthetic tHGA to be orally active in
attenuating airway remodeling in a chronic murine model of asthma.
Our findings provide further questions as to the molecular pathophy-
siological events altered by tHGA and the possibility of its development
as a new non-steroidal oral lead for the management of allergic asthma.

2. Materials and methods

2.1. tHGA synthesis

A well-stirred mixture of phloracetophenone (1.000 g, 6 mmol),
geranyl bromide (0.876 g, 4.80 mmol), and anhydrous potassium
carbonate (0.415 g, 3.00 mmol) in dry acetone (3.5 ml) was refluxed
for 6 h. The reaction mixture was filtered and evaporated under
reduced pressure to give an oily orange residue that was purified by
flash column chromatography on Si gel (petroleum ether-EtOAc, 10:1)
to afford 2,4,6-trihydroxy-3-geranylacetophenone (tHGA) as a light
yellow powder; mp 128–130 °C. 1H NMR (CD3OD) δH 1.58 (3H, s,
Me), 1.63 (3H, s, Me), 1.76 (3H, s, Me), 2.64, (3H, s, COMe), 1.96 (2H,
q, J =7.5 Hz), 2.06 (2H, m), 3.21 (2H, d, J =6.5 Hz), 5.08 (1H, t, J
=7 Hz), 5.20 (1H, t, J =6.5 Hz), 5.92 (1H, s, ArH); IR (KBr) νmax 3405,
1627 cm-1; EIMS m/z (%) [M] +304 (38), 289 (3), 261 (9), 235 (25),
181 (100) (Fig. 1A). tHGA purity was more than 99%.

2.2. Animals

All animal care and experimental procedures were approved by the
Institutional Animal Care and Use Committee, Universiti Putra
Malaysia. All studies involving animals are reported in accordance
with the ARRIVE guidelines (Kilkenny et al., 2010; McGrath et al.,
2010). One hundred and five female BALB/c mice purchased from the
Institute for Medical Research (IMR), Malaysia (6–8 weeks old; 20–

25 g) were divided into 6 groups (n=15): The Normal (N) group was
induced with phosphate buffered saline (PBS) while Control (C),
Vehicle (VEH), 80 mg/kg tHGA treated (80), 40 mg/kg tHGA treated
(40), 20 mg/kg tHGA treated (20) and 30 mg/kg Zileuton (ZIL) treated
groups were induced with aerosolized ovalbumin (OVA). All animals
were kept under 12 h light-dark cycle with access to standard chow and
water ad libitum according to standard guidelines for the care and use
of laboratory animals (National Research Council, 1996).

2.3. Chronic allergic asthma induction

The immunization, treatment and sampling schedule is shown in
Fig. 1B. Mice were sensitized initially with 0.1 ml PBS containing
100 μg/ml OVA (Sigma Aldrich, USA) and 10% w/v alum (Sigma
Aldrich, USA) via intraperitoneal injection on day 0, 7 and 14.
Commencing on day 21, the mice were exposed to aerosols of 1%
OVA in PBS for 30 min on three days per week for a total of 6
consecutive weeks. Aerosolization was conducted in a perspex chamber
attached to an ultrasonic nebulizer (Omron, Japan). Control mice were
immunized with PBS without OVA.

2.4. tHGA treatment

Three different doses of tHGA (80 mg/kg, 40 mg/kg and 20 mg/kg)
were tested. Doses were prepared in a vehicle consisting of 1% dimethyl
sulfoxide (DMSO) and 1% Tween-80 in PBS. tHGA was administered
via oral gavage from day 21 to day 60 1 h prior to each OVA aerosolized
sensitization. Zileuton at a dose of 30 mg/kg was prepared in the same
vehicle and also administered orally. Vehicle controls were given the
vehicle (1% DMSO and 1% Tween-80 in PBS) orally.

2.5. Airway hyperresponsiveness (AHR) analysis

Airway resistance and dynamic compliance was measured by the
invasive method according to Buxco FinePointe series RC system
protocol (Buxco Research Systems, USA). Mice were anaesthetized
with 100 mg/kg ketamine and 10 mg/kg xylazine. When appropriate
depth of anaesthesia was achieved as monitored by the loss of righting
and pinch toe reflex, tracheotomy was performed and mice were
intubated endotracheally with an 18 G cannula. Mechanical ventilation
(Buxco Research Systems, USA) was provided at a rate of 150 breaths
per min with tidal volume of 10 ml/kg. Intubated mice were connected
to the Buxco RC system to be delivered nebulized PBS and methacho-
line doses of 0.5–8 mg/ml. Airway resistance and lung dynamic
compliance were measured at 60 s after methacholine administration.
Results were expressed as % change from the baseline values [(baseline
value – value at each methacholine dose)/baseline value x 100].

2.6. Bronchoalveolar lavage and inflammatory cell counts

Bronchoalveolar lavage (BAL) fluid was collected by cannulating the
exposed trachea with a 22 G feeding needle and tied with surgical
thread. The lungs were repeatedly flushed four times with 0.9 ml cold
PBS and centrifuged at 400g for 10 min at 4 °C. The supernatants were
kept at −80 °C for cytokine assay while cell pellets were resuspended in
PBS. Total cell counts were performed with a haemacytometer on cell
suspensions with trypan blue staining. Remaining cell suspensions
were used to prepare cytosmears. Smears were air-dried overnight
prior to staining with Wright's stain for differential cell counts. A total
of 300 cells were enumerated on 3 different random locations of each
smear under 1000x magnification to determine the percentage of
neutrophils, lymphocytes, eosinophils and macrophages.

2.7. Lung tissue histology

The left lung lobe was removed and fixed in 10% buffered formalin,

Fig. 1. (A) Chemical structure of 2,4,6-trihydroxy-3-geranyl acetophenone (tHGA). (B)
Experimental design: Mice were sensitized with 10 μg OVA absorbed in 2 mg Alum at
day 0, 7 and 14. After day 14, mice were sensitized with aerosolized OVA or PBS thrice
per week up to 6 weeks. Treated mice were administered vehicle or different doses of
tHGA or zileuton (drug control) orally 1 h prior every OVA sensitization. Mice were
challenged with methacholine 72 h after the last OVA sensitization to analyze airway
hyperresponsiveness and killed for BAL fluid and lung sample collection.
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embedded in paraffin wax and sectioned at 4 µm. Three sections from
six mice of each experimental group were used for each type of
staining. Sections were stained with hematoxylin and eosin (H &E)
to assess lung inflammation, periodic acid schiff (PAS) to examine
goblet cell hyperplasia and Masson Trichrome stain to examine
collagen deposition. All histologic examination was carried out in
double blind manner under 400x magnification. Airway inflammation
was quantified by enumerating the number of inflammatory cells in
peribronchiol and perivascular regions while goblet cell hyperplasia
was quantified by enumerating number of PAS-positive cells in all
airways with the longest diameter of 50–400 µm for each section.
Results were expressed as the average number of cells per airway.

2.8. Serum OVA-specific IgE and IgG assay

Immediately following AHR measurement, cardiac puncture was
performed to collect blood from mice. Blood were allowed to clot prior
to centrifuge at 1000g for 10 min in 4 °C to collect the serum. Serum
OVA-specific IgE and IgG was determined by ELISA according to
manufacturer's protocol using anti-ovalbumin IgE ELISA kit and anti-
ovalbumin IgG1 ELISA kit (Cayman Chemical, USA).

2.9. Lung collagen assay

To quantitatively evaluate the soluble collagen in lung tissue, a
colorimetric Sircol Soluble Collagen Assay (Biocolor, UK) was per-
formed according to the manufacturer's recommended protocol.
Briefly, whole lung tissue was washed in PBS and subjected to acid-
pepsin extraction overnight at 4 °C. Extracted samples were then
subjected to an overnight procedure for collagen isolation and con-
centration as recommended by the manufacturer. The Sircol dye
reagent was added to samples and reference standards to form
collagen-dye complex. Following washing, an alkaline reagent was
added to dissolve collagen-bound dye and transferred to 96 microwell
plates. The absorbance was measured at 555 nm and concentrations of
collagen were obtained from the reference standard curve.

2.10. Lung protein analysis

.Frozen lung tissue of approximately 50 μg was homogenized in
Chemicon Total Protein Extraction Kit (Merck Millipore, USA) accord-
ing to manufacturer's recommendation. Protein concentration was
quantified using Novagen BCA protein assay kit (Merck Millipore,
USA). 20 μg protein samples were electrophoresed on an 8% SDS-
polyacrylamide gel and transferred to a 0.2 µm PVDF membrane using
a wet transfer system on 40 V overnight (Bio-Rad Laboratories, USA).
The membrane was blocked with 5% BSA in TBS-tween 20 for 6 h
before overnight incubation at 4 °C with either rabbit polyclonal
tenascin-C antibody (1:200; Santa Cruz Biotechnology, USA), rabbit
polyclonal vimentin antibody (1:200; Santa Cruz Biotechnology, USA)
or rabbit monoclonal fibronectin antibody (1:400; abcam, USA) in
TBS-Tween 20. Following washing with TBS-Tween 20, membranes
were hybridized with HRP-conjugated goat anti-rabbit secondary
antibody (1:5000; Santa Cruz Biotechnology, USA) or HRP-conjugated
goat anti-mouse secondary antibody (1:5000; Santa Cruz
Biotechnology, USA) for 1 h at room temperature. Membrane were
then incubated with ECL chemiluminescence reagent (Thermo
Scientific, USA) for 1 min and imaged in a gel documentation system
(Vilber Lourmat, Germany). Band intensities were quantified by
ImageJ Image Processing Software (NIH, USA) and normalized by
comparison to β-actin.

2.11. Lung mRNA expression analysis

Total RNA was isolated and purified from lung tissue using Qiagen
RNeasy Plus Mini Kit (Qiagen, USA) according to the manufacturer's

protocol. RNA concentration and purity were determined by using the
Implen Nanophotometer P300 (Implen, USA) while RNA integrity was
examined by formaldehyde agarose gel electrophoresis. RNA samples of
100 ng were used with Qiagen One-Step RT-PCR kit (Qiagen, USA)
according to the protocol recommended by the manufacturer. The master
mix was performed in an Eppendorf thermal cycler (Eppendorf,
Germany) for reverse transcription at 50 °C for 30 min, initial PCR
activation at 95 °C for 15 min,denaturation at 94 °C for 30 s, annealing
at 58 °C for IL-4, IL-13, tenascin-C, vimentin, TGF-β and GAPDH for 45 s
and 55 °C for fibronectin for 15 s, elongation at 72 °C for 1 min and final
extension at 72 °C for 10 min The sequences of the primers (IDT, USA)
are as follows: for IL-4, forward 5’-TCGGCATTTTGAACGAGGTC-3 and
reverse 5′-GAAAAGCCCGAAAGAGTCTC-3′; for IL-13, forward 5′-
TCAGCCATGAAATAACTTATTGTTTTG-3′ and reverse 5′-
CCTTGAGTGTAACAGGCCATTCT-3′; for TGF-β, forward 5′-CCCACTGA-
TACGCCTGAG-3′ and reverse 5′-AGACAGAAGTTGGCATGGTAG-3′; for
vimentin, forward 5′-TACATCGACAAGGTGCGCTT-3′ and reverse 5′-
CACGCTTTCATACTGCTGGC-3′; for tenascin-C, forward 5′-CCCATGCT-
GATGGCCTAGAG-3′ and reverse 5′-GGCCTCGGGTGTTGTTTTTC-3′; for
fibronectin, forward 5′-GGTCTGAGTACACCGCGAC-3′ and reverse 5′-
TAGTAGGGGCACTCTCTCCG-3′; for GAPDH, forward 5′-
TGTTCCTACCCCCAATGTGT-3′ and reverse 5′- CCCTGTTGCTGTAGC-
CGTAT-3′. PCR was carried out for 35 cycles. The reaction products from
PCR were examined by 1.8% agarose gel electrophoresis containing 0.01%
of ethidium bromide. PCR products in each gel electrophoresis were ran
in parallel to a Low Molecular Weight DNA Ladder (NEB, USA). Band
intensities werequantified by ImageJ Image Processing Software (NIH,
USA)and normalized by comparison to the RT-PCR product of GAPDH
mRNA.

2.12. α-SMA immunohistochemistry

Immunohistochemical detection of α-smooth muscle actin (α-SMA)
in lung tissue sections was performed. Briefly, lung sections were
deparaffinised and rehydrated to deionized water before subjected to
antigen retrieval by boiling with 10 mM sodium citrate buffer with
0.05% tween 20, pH6 for 5 min. Upon cooling to room temperature,
endogenous peroxidase activity as well as nonspecific protein binding
was sequentially blocked using endogenous peroxidase suppressor and
universal blocking buffer respectively as supplied in Pierce peroxidase
IHC detection kit (Thermo Scientific, USA). The sections were incu-
bated with rabbit polyclonal α-SMA antibody (1:400; abcam, USA)
overnight at 4 °C and were then washed three times in Tris buffered
saline (TBS) with Tween 20 (0.1%). Bound antibody was detected by
sequential incubation with HRP-conjugated goat anti-rabbit antibody
(1:5000; Santa Cruz Biotechnology, USA) and followed by 3,3-diami-
nobenzidine (DAB) as supplied in Pierce Metal-enhanced DAB sub-
strate kit (Thermo Scientific, USA). Slides were then washed in
deionized water and counterstained with hematoxylin Gill no. 2
(Sigma Aldrich, USA) then mounted. Smooth muscle thickness sur-
rounding the airway was evaluated by analyzing positively stained area
and airway internal perimeter using Leica Application Suite (Leica
Microsystems, Germany) as described previously (Cho et al., 2011).
Results are expressed as the area of α-smooth muscle actin staining per
μm length of airway basement membrane internal diameter.

2.13. Cytokine immunoassay

Commercial immunoassay kits were used for the analysis of IL-4,
IL-13 and TGF-β in BAL fluid according to the manufacturer's
instructions. The enzyme immunoassay kit for measuring IL-4 was
purchased from BD Biosciences Pharmingen, USA while kits for IL-13
and TGF-β were obtained from R&D systems, USA.
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2.14. Statistical analysis

Data were analyzed using one-way ANOVA. Significant differences
between experimental groups were tested using Dunnett's post hoc test
by comparing to the controls (Group C – non-treated OVA-sensitized
mice). All data is expressed as mean ± S.E.M. Differences are consid-
ered significant when P < 0.05.

3. Results

3.1. Effects of tHGA treatment upon AHR

AHR was assessed as airway resistance and dynamic compliance in
response to increasing doses of inhaled methacholine (Fig. 2). Airway
resistance of OVA- sensitized mice (Group C) was significantly in-
creased while dynamic compliance was comparable to normal mice
(Group N). Pretreatment with tHGA at dosages of 80 and 40 mg/kg
were able to reduce airway resistance as effectively as Zileuton at the
highest methacholine challenge dose (Fig. 2C). On the other hand, both
40 and 80 mg/kg tHGA also improved the dynamic compliance of the
airways at the highest methacholine challenge dose (Fig. 2D).

3.2. tHGA suppressed inflammatory cell infiltration

Next, we examined the effect of tHGA on the infiltration of
inflammatory cells into the airway. Total inflammatory cells in BAL
fluid were significantly elevated in OVA- sensitized mice compared to
normal mice (Fig. 3A). Differential cell counts revealed that the number

of eosinophils, lymphocytes, macrophages and neutrophils were sig-
nificantly increased following OVA sensitization and tHGA treatment
caused a dose-dependent reduction (Fig. 3A and B).

3.3. Effects of tHGA upon lung histopathology

Histological examination of H &E- and PAS-stained lung sections
revealed that control mice developed robust pathological changes with
marked increase in the number of inflammatory cells in peribronchial
and perivascular regions accompanied by goblet cell hyperplasia. tHGA
treatment decreased inflammatory cell infiltration and goblet cell
numbers in a dose-dependent fashion (Figs. 4 and 5). Quantitative
data were generated by quantifying the number of inflammatory and
goblet cells per airway (Figs. 4H and 5H). Only the lowest dose of tHGA
failed to reverse the pathological changes observed.

3.4. Effects of tHGA on serum OVA-specific IgE and IgG

Level of anti-OVA IgE and IgG (Fig. 3C and D) were found to be
significantly increased in OVA sensitized mice. Oral treatment of
80 mg/k1 tHGA and zileuton demonstrated reduction of both OVA-
specific IgE and IgG levels to baseline levels. 40 mg/kg tHGA treatment
also demonstrated significant suppression on both OVA-specific IgE
and IgG levels.

3.5. Effects of tHGA upon airway collagen deposition

Masson's trichrome staining on lung sections (Fig. 6) demonstrated

Fig. 2. Oral treatment of tHGA attenuates airway hyperresponsiveness (AHR) in BALB/C mice to inhaled methacholine. AHR was measured by assessing airway resistance, shown as %
RI (A), and dynamic compliance, shown as % Cdyn (B), after anesthetized mice were administered increasing doses of aerosolized methacholine (0.5–8 mg/ml) 24 h following the last
OVA sensitization. Maximal RI and Cdyn responses to 8 mg/ml methacholine are shown in (C) and (D) respectively. Normal mice, OVA sensitized mice, Vehicle control mice,

tHGA 80 mg/kg treated mice, tHGA 40 mg/kg treated mice, tHGA 20 mg/kg treated mice, Zileuton 30 mg/kg treated mice. Percentage of resistance and dynamic
compliance is calculated based on the baseline resistance of mice given aerosolized PBS without methacholine. Data are presented as means ± S.E.M. Significance difference were
compared to OVA sensitized control mice. *P < 0.05, **P < 0.01 and ***P < 0.001.
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that control mice exhibit increased collagen deposition around the
airway. Treatment with tHGA appeared to suppress collagen deposition
at the dose of 80 mg/kg. Sircol collagen assays revealed significant
increases in collagen deposition in lung tissue of OVA-sensitized mice.
tHGA and zileuton treatment caused a dose-dependent reduction in
collagen deposition.

3.6. tHGA affects extracellular matrix (ECM) protein expression

Protein and mRNA expression of ECM proteins fibronectin, tenas-
cin-C and vimentin were investigated following tHGA treatment as
shown in Fig. 7. Western blotting revealed that tHGA, particularly at
the dose of 80 mg/kg, was effective in decreasing ECM protein
expression to baseline levels that were increased upon OVA sensitiza-
tion. Gene expression corresponded to respective protein expression.

3.7. Effect of tHGA on contractile elements

Chronic OVA-induced asthmatic mice demonstrated increased α-
SMA expression in lung tissue. We observed reduced expression of α-
SMA in mice treated with tHGA (Fig. 8). α-SMA expression was
quantitatively expressed as the root of the positively stained area
divided with the airway internal diameter. The highest dose demon-
strated a significant reduction in α-SMA expression.

3.8. tHGA attenuates cytokines expression

Interleukin (IL)−4, IL-13 and TGF-β concentrations were assayed
in BAL fluid while mRNA expression was assayed in lung tissue. These
cytokines are main regulators in the process of airway remodeling
(Bergeron and Barbeau, 2003; Doherty and Broide, 2007). As shown in
Fig. 9, OVA sensitized mice demonstrated a significant increase in
protein and mRNA expression of IL-4, IL-13 and TGF-β. Treatment
with tHGA at 80 and 40 mg/kg significantly attenuated both protein
and mRNA expression of IL-4 and IL-13 while only 80 mg/kg of tHGA
significantly reduced TGF-β expression.

4. Discussion

Airway remodeling includes subepithelial fibrosis with collagen
deposition, smooth muscle hyperplasia and hypertrophy, increased
mucus production with submucosal gland and airway wall thickening
(Bergeron et al., 2010). Structural and functional abnormalities of
asthmatic lungs due to airway remodeling remain refractory to
corticosteroid treatment (Doerner and Zuraw, 2009; Royce and Tang,
2009). Hence alternative modes of treatment that prevent or reverse
remodeling would be a desirable approach in the control or cure for
asthma. In a previous study, we demonstrated that tHGA significantly
attenuated airway hyperresponsiveness as well as acute lung allergic
inflammation following parenteral administration (Ismail et al., 2012).
tHGA was initially identified as cysteinyl leukotriene (CysLT) synthesis
blocker due to its inhibition on 5-LOX and COX (Shaari et al., 2011). It

Fig. 3. Effects of tHGA upon total inflammatory cells (A) and differential inflammatory cell counts (B) in BAL fluid. Inflammatory cells in BAL fluid were stained with trypan blue and
counted with a haemacytometer to obtain the total number of cells. Differential cell counts were obtained from Wright's stained cytosmear examination. For differential cell count (B),

= eosinophils, = lymphocytes, = macrophages and = neutrophils. tHGA's effect on concentration of OVA-specific IgE and IgG were shown in (C) and (D) respectively
as measured with ELISA. Data are presented as means ± S.E.M. Significance difference were compared to OVA sensitized control mice. *P < 0.05, **P < 0.01 and ***P < 0.001.
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Fig. 4. Representative histological images of hematoxylin and eosin stained airways and blood vessels for normal mice (A), OVA sensitized mice (B), Vehicle treated mice (C) and tHGA
treated mice at 80 mg/kg (D), 40 mg/kg (E) and 20 mg/kg (F) together with Zileuton treated mice (G). Bar =50 µm. Numbers of inflammatory cell infiltrates surrounding the airways
and blood vessels were counted under light microscopy (H). Data are presented as means ± S.E.M. Significant differences were compared to OVA sensitized control mice. ***P < 0.001.

Fig. 5. Representative histological images of Periodic Acid Schiff stained airways for normal mice (A), OVA sensitized mice (B), Vehicle treated mice (C) and tHGA treated mice at
80 mg/kg (D), 40 mg/kg (E) and 20 mg/kg (F) together with Zileuton treated mice (G). Bar =50 µm. Number of goblet cells in the airways were counted under light microscopy (H). Data
are presented as means ± S.E.M. Significant differences were compared to OVA sensitized control mice. **P < 0.01 and ***P < 0.001.
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was proposed that CysLT may contribute to airway remodeling by
increasing the proliferation of fibroblast (Baud et al., 1987), mucus
secretion (Liu et al., 1998) and collagen synthesis (Phan et al., 1988).
Cysteinyl leukotriene was generally associated with eosinophil recruit-
ment and increased smooth muscle contractibility and proliferation to
a greater extent (Holgate et al., 2003). Treatment of montelukast, a
potent CysLT1 receptor antagonist, was shown to ameliorate airway
remodeling in mice (Henderson et al., 2002) therefore suggesting a
significant role of cysteinyl leukotrienes in the pathogenesis of airway
remodeling. However, to date, the exact mechanism on the implication
of CysLT in the complex pathophysiology of airway remodeling is yet to
be fully understood. In this study, we looked further into the
pharmacological activity of tHGA when administered orally in a
standard chronic model of murine allergic asthma in which we assessed
its effects upon elements of lung remodeling with Zileuton treatment as
a drug control for experimental model validation. Temelkovski et al.,
1998 reported that an allergen exposure of 4–6 weeks was needed to
cause subepithelial fibrosis in murine models of asthma. We therefore
induced chronic asthma through a 6-week OVA exposure model.

Evaluation of airway inflammation through lung histopathology
and BAL fluid cell counts reinforced our previous findings (Ismail et al.,
2012). Our findings indicated that oral doses of tHGA were effective at
suppressing pulmonary inflammation albeit at higher doses (80 mg/kg
and 40 mg/kg). Although significant effects of tHGA upon inflamma-
tory cell counts were noted, we do acknowledge the lack of eosinophilia
relative to other leukocytes count. A study comparing different types of
mouse strain in the matter of airway remodeling found that eosino-
philic inflammation in BALB/c mice declined after 4 weeks of OVA
exposure (Shinagawa and Kojima, 2003; Wilson et al., 2013). Similar
result has also been reported by Yiamouyiannis et al. (1999) and
Kumar and Foster (2001) that eosinophilic inflammation is lost during
chronic allergen exposure. Different distribution of inflammatory cells
with increase in lymphocytes were reported in chronic model (Locke

et al., 2007; Wegmann and Renz, 2005). Airway structural changes
were found to be persistent even when eosinophilic inflammation starts
to cease (Sakai et al., 2001; Shinagawa and Kojima, 2003). The
observations were described as the onset of unresponsiveness and
tolerance to the weekly allergen exposure in several articles (Kumar
and Foster, 2002; Kumar et al., 2008; Singh et al., 2008;
Yiamouyiannis et al., 1999). Recently, a group of researchers had
developed a murine model of asthma which mice were given exposure
to controlled mass concentrations of aerosolized antigen to better
replicate the immunologic and pathophysiologic changes of human
asthma (Kumar et al., 2008). However, it was very difficult in terms of
resources for us to achieve that goal.

Subepithelial fibrosis had been shown to manifest in all forms of
asthma and is caused by deposition of ECM proteins such as collagens,
fibronectin and tenascin-C beneath the basal lamina of airways
(Takayama et al., 2006). It has been suggested that the deposition of
fibronectin and collagen into the subepithelial matrix modifies the
molecular composition of the airway (Pare et al., 1997). These thicken
the airway wall and contribute to airway narrowing during smooth
muscle contraction (Pare et al., 1997) and airway tensile stiffness
(Roberts, 1995). Airflow obstruction has been increasingly associated
with remodeling-induced airway structural changes (Bai and Knight,
2005; Siddiqui and Martin, 2008). Inverse correlation between the
decrease of airway compliance and the increase of subepithelial fibrosis
had long been established (Ward et al., 2001). In our study, chronic
repeated exposure to OVA induced significant subepithelial collagen
deposition in the peribronchial region and ECM proteins expression
that correlates to the AHR data. Analysis of fibronectin, tenascin-C and
vimentin demonstrated that tHGA suppressed ECM protein expression
and thus subsequent deposition and airway hyperresponsiveness.
Increased airway smooth muscle (ASM) mass, which is linked to
excessive muscle shortening, has been shown to be also correlated
with AHR (Wiggs et al., 1992; Martin et al., 2000). As reported by

Fig. 6. Representative histological images of lung tissue stained with Masson's Trichrome stain for normal mice (A), OVA sensitized mice (B), Vehicle treated mice (C) and tHGA treated
mice at 80 mg/kg (D), 40 mg/kg (E) and 20 mg/kg (F) together with Zileuton treated mice (G). Collagen were stained blue in colour. Bar =50 µm. Quantitative analysis of soluble
collagen in lung tissue was performed using Sircol Collagen Assay (H). Data are presented as means ± S.E.M. Significant differences were compared to OVA sensitized control mice. **P
< 0.01.
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Stumm et al., 2014, we too observed that α-SMA expression around
bronchioles was intensified in OVA-sensitized mice and may be due to
local differentiation of epithelial cells to myofibroblast and airway
smooth muscle cells. Myofibroblasts, which is characterized as an
effector mesenchymal cell in fibrotic lung disease, express α-SMA and
vimentin and act as an intensive contributor of type I collagen (Roy
et al., 2001; Hinz et al., 2007). Although α-SMA immunostaining does

not distinguish between myofibroblasts and smooth muscle cells, it is
evident that both cell types contribute to airway narrowing (Bentley
and Hershenson, 2008; Schmidt et al., 2003). We further assessed
vimentin, a general mesenchymal cell marker, expression in lung
lysates to evaluate mesenchymal cell populations. Our results suggest
that tHGA was able to suppress the hyperplasia of airway smooth
muscle cells and myofibroblasts.

Fig. 7. Oral administration of tHGA inhibits lung ECM expression. Expression of fibronectin (A), tenascin-C (C) and vimentin (E) in lung lysates was assessed using western blots
normalized to β-actin levels. mRNA expression of fibronectin (B), tenascin-C (D) and vimentin (F) were analyzed by RT-PCR normalized to GAPDH levels. Representative image of
Western Blot and RT-PCR product of each group is shown. Data are presented as means ± S.E.M. Significant differences were compared to OVA sensitized control mice. *P < 0.05,
**P < 0.01 and ***P < 0.001.
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Stimulation of smooth muscle hyperplasia and epithelial metaplasia
by IL-4 and IL-13 has long been associated with airway remodeling
(Broide, 2008; Manso et al., 2012). Sustained activation and produc-
tion of ECM components such as collagen are fueled by TGF-β and IL-
13 acting on airway structural cells (Kariyawasam et al., 2007). IL-13-
deficient mice had proved to show reduction in epithelial and sub-
epithelial fibrosis together with reduced mucous cell hyperplasia in a
chronic murine model (Kumar et al., 2002). Furthermore, IL-13-
induced ECM deposition is TGF-β-dependent while ECM deposition
through periostin signaling is dependent upon IL-4 and IL-13 but not
TGF-β (Lee et al., 2001; Takayama et al., 2006). Eosinophil and
epithelial-derived TGF-β induces epithelial fibrosis through differentia-
tion of lung fibroblasts into collagen-depositing myofibroblasts that
leads to stiffening of bronchial walls (Moore et al., 2008). Myofibroblast
differentiation induction by TGF-β had been proven in both in vitro
(Desmouliere et al., 1993) and in vivo (Sime et al., 1997). Reduction in
TGF-β production will suppress the population number of α-SMA
positive myofibroblast which actively express ECM proteins that leads
to subepithelial fibrosis (Thannickal et al., 2003). Taken together, the
suppression of airway remodeling by tHGA may be due the inhibition
of the expression of these cytokines. Secretion of IL-4 and IL-13 is
crucial in the induction of IgE production in B cells (Gauchat et al.,
1990; Maggi et al., 1989; Punnonen et al., 1993; Rothman et al., 1988;
Samitas et al., 2010) via class switching directly from IgM or through
IgG1 intermediates (Erazo et al., 2007; Geha et al., 2003). Since IL-4
and IL-13 expression was reduced by tHGA, the effectiveness of tHGA
in inhibiting the levels of serum OVA-specific IgE and IgG1 were
anticipated. IgE can sensitize mast cells and basophils to degranulate,
releasing preformed mediators like histamine, cytokines and chemo-
kines like IL-3, IL-4, IL-5, IL-13, CCL-5, GM-CSF that fuel the chronic
airway inflammation (Galli and Tsai, 2012; Mayr et al., 2002; Stone
et al., 2010). Hence amelioration of airway remodeling in mice
following anti-IgE therapy with omalizumab (Kang et al., 2010). It is
widely accepted that IgE contributes to airway remodeling indirectly

through the modulation of the inflammatory cascade (Samitas et al.,
2015). However, recent experimental data suggest a direct role of IgE
in remodeling through direct IgE-induced proliferation and ECM
deposition in human airway smooth muscle cells through activation
of MAPK, AKT and STAT3 pathways (Redhu and Gounni, 2013; Roth
and Tamm, 2010; Roth et al., 2013). The inhibitory effect of tHGA
upon IgE levels may indicate another mechanistic pathway in suppres-
sing airway remodeling. Obviously further work is envisaged in this
area.

Although 40 mg/kg of tHGA treatment was significantly effective in
suppressing variables of lung inflammation, it did not appear to exert
significant effects upon remodeling markers (protein expression and
goblet cell hyperplasia). tHGA's inhibitory effect on TGF-β expression
was not entirely what we expected. Our results suggest that tHGA may
act separately through different mechanistic pathways in suppressing
changes due to chronic inflammation and remodeling. Several studies
had provided evidence that epithelial fragility and subepithelial base-
ment membrane thickening can occur without inflammation (Barbato
et al., 2006; Fedorov et al., 2005) or persist after airway inflammation
subsides (Kariyawasam et al., 2007; Leigh et al., 2002). Furthermore,
airway remodeling has been associated with the caveolin 1 pathway
independent of airway inflammation (Gabehart et al., 2013). These
studies imply that airway structural changes are not fully associated
with airway inflammation (Davies et al., 2003). The discrepancy
between dose-response effects upon inflammatory and remodeling
markers may be explained due to the fact that the airway remodeling
process is partly independent of airway inflammation (Beckett and
Howarth, 2003). At this juncture, it is important to note that the
mechanism and chronology of action of tHGA is still under investiga-
tion.

In conclusion, we demonstrate that tHGA is an orally active
compound in the murine model of chronic allergic asthma with
potential to prevent airway remodeling. This study further extends
our previous findings based on an acute asthmatic model (Ismail et al.,

Fig. 8. Representative histological images of lung tissue subjected to αSMA immunohistochemical staining for normal mice (A), OVA sensitized mice (B), Vehicle treated mice (C) and
tHGA treated mice at 80 mg/kg (D), 40 mg/kg (E) and 20 mg/kg (F) together with Zileuton treated mice (G). Bar =50 µm. Quantitative analysis of the root of positively stained area per
internal perimeter of airway was performed using Leica software (H). Data are presented as means ± S.E.M. Significant differences were compared to OVA sensitized control mice.
*P < 0.05.
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2012). We are currently working on determination of the exact
molecular target of tHGA in order to explain its mechanism of action
in greater detail.
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