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Asthma is associated with increased pulmonary inflammation and airway hyperresponsiveness. The current
use of corticosteroids in the management of asthma has recently raised issues regarding safety and lack of
responsiveness in 5-10% of asthmatic individuals. The aim of the present study was to investigate the
therapeutic effect of a non-steroidal small molecule that has cysteinyl leukotriene (cysLT) inhibitory
activity, upon attenuation of allergic lung inflammation in an acute murine model. Mice were sensitized with
ovalbumin (OVA) and treated with several intraperitoneal doses (100, 20, 2 and 0.2 mg/kg) of 2,4,6,-trihydroxy-
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Acetophenone and respiratory function was measured. OVA sensitization increased pulmonary inflammation and pulmo-

AHR nary allergic inflammation was significantly reduced at doses of 100, 20 and 2 mg/kg with no effect at the

Cysteinyl leukotriene lowest dose of 0.2 mg/kg. The beneficial effects in the lung were associated with reduced eosinophilic infil-

Cytokine tration and reduced secretion of Th2 cytokines and cysLTs. Peripheral blood reduction of total IgE was also a

Histopathology prominent feature. Treatment with tHGA significantly attenuated altered airway hyperresponsiveness as
measured by the enhanced pause (Penh) response to incremental doses of methacholine. These data
demonstrate that tHGA, a synthetic non-steroidal small molecule, can prevent acute allergic inflammation.
This proof of concept opens further avenues of research and development of tHGA as an additional option to
the current armamentarium of anti-asthma therapeutics.

© 2012 Elsevier Inc. All rights reserved.

Introduction

Asthma affects over 300 million people and is currently one of the
commonest chronic diseases in the world, with a rising prevalence,
particularly in developing countries (Barnes, 2010). Allergic asthma
is mainly characterized by airway inflammation, mucus hypersecre-
tion and airway hyperresponsiveness (Barnes, 2008). Activation and
increased synthesis of Th2 cytokines such as interleukin (IL)-4, IL-5
and IL-13 lead to release of numerous proinflammatory molecules
such as lipid-derived mediators, various chemokines and growth fac-
tors from inflammatory and structural cells, followed by inflammatory
cell infiltration into the airways with ensuing pulmonary inflammation
and bronchiol constriction (Hamid and Tulic, 2009). The activation of
cells bearing allergen-specific IgE, especially mast cells and macro-
phages in the airways leads to the secretion of bronchoconstrictors such
as histamine and cysteinyl leukotrienes (cysLT) that augment the devel-
opment of allergic asthma (Barnes, 2008; Hamid and Tulic, 2009).
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CysLTs are synthesized from arachidonic acid via the 5-lipoxygenase
(5-LO) pathway (Dahlén, 2006). These lipid mediators exhibit proin-
flammatory characteristics whereby they have been demonstrated to
promote airway eosinophilia, increased mucus hypersecretion, potent
bronchoconstriction and tissue remodeling in asthmatic individuals
(Busse and Kraft, 2005). Although combinatorial inhalatory treatment
with corticosteroids and 2 agonists remains the first choice in the
treatment of asthma, the use of cystLT inhibitors such as montelukast,
pranlukast and zileuton has received considerable attention (Montuschi
and Peters-Golden, 2010). cysLT inhibition can be achieved by both
receptor antagonists (montelukast, pranlukast, zafirlukast) and the
5-LO inhibitor (zileuton), with receptor antagonists being more prefer-
able due to better bioavailability and safety. Zileuton remains to date
the only 5-LO inhibitor used clinically in the management of elevated
levels of cysLT in asthma, however its use has been limited by a modest
but distinct incidence of hepatic enzyme elevation and moderate
bioavailability, which initially demanded four times daily adminis-
tration (Hamid and Tulic, 2009). However at least two properties
of selective 5-LO inhibitors that distinguish them from cysLT recep-
tor antagonists deserve emphasis and further investigation: (1) their
greater effects on AHR in asthmatic patients than those of cysLT receptor
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antagonists (Dahlén, 2006); and (2) their greater efficacy in reducing
nasal symptoms in patients with aspirin-sensitive asthma (ASA)
(Dahlen et al., 1998).

Acetophenones are simple aromatic ketones. Their usage as drugs
is limited to raw material in the synthesis of several pharmaceuticals
(Gadamasetti and Braish, 2007; Sittig, 1988). To date there are few if
any reports of acetophenones being used for the treatment of asthma.
Dorsch et al. had demonstrated reductions in bronchial obstruction
in guinea pigs sensitized with ovalbumin (OVA) or platelet-activating
factor (PAF) following treatment with several acetophenones (Dorsch
et al, 1992). They concluded that acetosyringenin provided superior
attenuation of bronchial obstruction, followed by less active aceto-
phenones such as apocynine, methoxy-androsin, picein and androsin.
However their studies focused on effects upon bronchoconstriction
alone and there was no subsequent publications extending their
findings. We had previously isolated a geranyl acetophenone namely
2,4,6-trihydroxy-3-geranyl acetophenone (tHGA) (Fig. 1) from
Melicope ptelefolia (Abas et al., 2006; Shaari et al., 2006). This com-
pound differs from those described by Dorsch et al. in terms of the
acylphloroglucinol group. We have recently shown that tHGA in-
hibits the synthesis of cysLTs in activated macrophages via inhibition
of 5-lipoxygenase (5-LO) enzymatic activity (Shaari et al., 2011).

In this communication we demonstrate that parenteral adminis-
tration of tHGA, a new 5-LO inhibitor, has therapeutic effects in an
acute allergic model of airway inflammation with doses as low as
2 mg/kg being as effective as a standard experimental dosing regimen
of zileuton at 30 mg/kg. These findings highlight the potential charac-
ter of tHGA as a non-steroidal drug lead for allergic asthma and en-
able further assessment of this compound with respect to preclinical
studies on dose and route optimization, and pharmacokinetics.

Materials and methods

Synthesis of tHGA. A well stirred mixture of phloracetophenone (1.000 g,
6 mmol), geranyl bromide (0.876 g, 4.80 mmol), and anhydrous po-
tassium 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. 'TH NMR (CD50D) &y 1.58 (3 H,
s, Me), 1.63 (3 H, s, Me), 1.76 (3 H, s, Me), 2.64, (3H, s, COMe), 1.96
(2H, q, J=7.5Hz), 2.06 (2H, m), 3.21 (2H, d, J=6.5Hz), 5.08 (1H, t,
J=7Hz), 520 (1H, t, J=6.5Hz), 592 (1H, s, ArH); IR (KBr) vmax
3405, 1627 cm-1; EIMS m/z (%) [M]+ 304 (38), 289 (3), 261 (9),
235 (25), 181 (100).

Animals. Male Balb/c mice, aged 8-10 weeks were obtained from the
Institute of Medical Research, Kuala Lumpur, Malaysia. The mice were
housed at the Physiology Lab Animal Experimentation Room, which
was maintained at 22-24 °C with a 12 h dark/light cycle, fed a commer-
cial lab animal pellet and provided water ad libitum under specific
pathogen-free conditions according to standard guidelines for the
care and use of laboratory animals (National Research, 1996). All ex-
periments were conducted under protocols approved by the Animal
Experimentation Ethics Committee, Faculty of Medicine and Health
Sciences, Universiti Putra Malaysia.
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Fig. 1. Chemical structure of 2, 4, 6-trihydroxy-3-geranyl acetophenone (tHGA).

Allergen sensitization and exposure. The mice were sensitized by ini-
tial intraperitoneal injection of 0.1 mL phosphate-buffered saline
(PBS) containing ovalbumin (OVA; 500 pg/mL, grade 3; Sigma-Aldrich,
St. Louis, MO, USA) and alum (10% w/v). The mice were further sensi-
tized with the same reagent at weekly intervals over the next two
weeks (total immunizations = 3). One week later (day 21), the mice
were exposed to aerosols of allergen (1% OVA in PBS, pH 7.4) for
30 min on three consecutive days (days 21-23). The aerosol exposure
was performed in a chamber using an ultrasonic nebulizer (Omron,
Japan). Control mice were sensitized with OVA and exposed to aerosols
of PBS.

Administration of tHGA. Doses of tHGA (100, 20, 2.0 and 0.2 mg/kg)
were prepared in a vehicle consisting of 1% w/v DMSO and 1% w/v
Tween 80 in PBS pH 7.2. tHGA was administered intraperitoneally
on 3 consecutive days from day 21 to day 23, 1 h prior to OVA aero-
solization. Mice administered with tHGA appeared healthy, showed
regular weight gain and activity levels similar to control mice, and
had no ulceration at the injection sites. Zileuton (30 mg/kg) was
used as a drug control, prepared in the same vehicle and administered
through the same route. Our preliminary experiments had demonstrat-
ed that the vehicle used had no significant effect upon airway inflam-
mation and mediator secretion and therefore mice sensitized and
exposed to OVA were treated with the vehicle alone.

Bronchoalveolar lavage and cell counts.  Mice were sacrificed on day
26 (three days after the final challenge dose of OVA). Bronchoalveolar
lavage fluid (BALF) was obtained by flushing both lung lobes with
0.9 mL cold PBS pH 7.2. Briefly, the trachea of the animals was cannu-
lated with a 22G feeding needle and tied with a surgical thread. The
lungs were repeatedly flushed with cold PBS four times and the BALF
was centrifuged at 400 g for 10 min at 4 °C. The supernatant was kept
at — 80 °C prior to assay. The cell pellet was resuspended in PBS and
cytosmears were prepared on a Hettich centrifuge with cytospin adap-
tors. Smears were air-dried overnight and stained with Wright's stain
for differential cell counts. Total cell counts were performed on the
remaining cell suspension whereby an equal volume was mixed with
trypan blue and counted in a hemocytometer.

Immunoassay of BALF. The concentrations of interleukin (IL)-4, IL-5
and IL-13 were determined by immunoassay kits according to the
manufacturer's instructions. The kits used were Mouse IL-4 and IL-5
ELISA Sets (BD Pharmingen, San Diego, CA, USA, and Cat. No. 555232
& 555236) and Mouse DuoSet IL-13 (R&D Systems, Cat. No. DY413).
Concentrations of cysLTs were assayed with an enzyme immunoas-
say kit (Cayman Chemicals, Ann Arbor, MI, USA; Cat. No. 520501)
according to the manufacturer's instructions.

Lung histopathology. Lungs were instilled with 10% buffered formalin,
removed and fixed in the same solution. After paraffin embedding, sec-
tions for microscopy were stained with hematoxylin and eosin (H&E)
and periodic acid schiff (PAS). Airway inflammation was quantified in
the peribronchiol and perivascular region of the airways. Average
numbers of inflammatory cells were determined by dividing the total
number of inflammatory cells in peribronchiol and perivascular regions
with the total number of airways of each section. Goblet cell hyper-
plasia was determined by enumerating the number of PAS-positive
cells in the airways. Average number of goblet cells was determined
by dividing the total number of goblet cells in the airways with total
number of airways per slide. Six sections were counted for each
animal.

Assay of serum IgE. Immediately following the sacrifice blood was
drawn through cardiac puncture using a 26G needle. Serum was sub-
jected to an ELISA to determine concentrations of total serum IgE
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(Mouse IgE ELISA Set; Cat. No. 555248; BD Pharmingen, San Diego,
CA, USA).

Measurement of airway hyperresponsiveness (AHR). The responsive-
ness of mice to increasing concentrations of aerosolized methacholine
was measured for 24 h (day 24) after the last challenge using whole
body plethysmography (Buxco Electronics, Inc. Troy, NY). The main
indicator of airflow obstruction, enhanced pause (Penh), which
shows strong correlation with the airway resistance examined by
standard evaluation methods, was calculated from the box wave-
form (Hamelmann et al., 1997). Aerosolized saline or methacholine
was nebulized in increasing concentrations (6, 12, 25, 50 mg/mL)
for 1 min, and Penh measurements were taken for 5 min after each
dose. Penh values for the 5 min intervals were averaged and used
to compare results across treatment groups and individual mice.

Statistical analysis. Data were analyzed using one-way ANOVA. Sig-
nificant differences between experimental treatments were tested
with Dunnett's post hoc test. All data is expressed as the mean 4 S.E.M.
of ten mice per group. Differences are considered significant when
P<0.05.

Results
Effects of tHGA on BALF cell counts

OVA-sensitized and -exposed mice showed increased total cells
counts in BALF compared with control mice sensitized with OVA and
exposed to PBS. These increases were due to significant increases in
eosinophil numbers only (Fig. 2). Lymphocytes, macrophages and
neutrophils remained at normal levels despite induction of airway
inflammation (data not shown). tHGA (100, 20 and 2 mg/kg) treat-
ment significantly decreased the number of eosinophils and conse-
quently total cell counts.

tHGA reduces Th2 cytokine and cysLT concentrations in BALF

To investigate the effects of tHGA upon secretion of Th2 cytokines
and cysLT, we measured the concentrations of IL-4, IL-5, IL-13 and
cysLT in BALF by immunoassay (Fig. 3). OVA sensitization and expo-
sure induced significant increases in the concentration of all cytokines
and cysLT in BALF. tHGA treatment (100, 20 and 2 mg/kg) significantly
reduced concentrations back to baseline values. tHGA at 0.2 mg/kg failed
to exert any effects.

tHGA reduces total serum IgE concentrations

Concentrations of serum total IgE were increased in OVA-sensitized
and -exposed mice. tHGA treatment (100, 20 and 2 mg/kg) caused
significant reductions back to baseline levels (Fig. 4).

Effect of tHGA on lung histopathology

Fig. 5 shows representative micrographs of both H&E- and PAS-
stained sections of both PBS and OVA exposed mice. While control
mice showed robust pathological changes in allergic pulmonary in-
flammation (eosinophil and mononuclear cell infiltration around air-
ways and vessels and goblet cell hyperplasia), mice treated with
tHGA at 100, 20 and 2 mg/kg demonstrated significant attenuation
of pathological changes, whereas the lowest dose had no significant
effect.

Effects of tHGA on airway hyperresponsiveness to methacholine

Respiratory dysfunction was assessed as an increased Penh in re-
sponse to increasing doses of methacholine. OVA-sensitized and -
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Fig. 2. Effect of tHGA on total cell (A) and eosinophil counts (B) in BALF. Trypan blue
stained cell pellets were counted with a hemacytometer and differential cell counts
(only eosinophil counts were significantly altered) were obtained by examination of
Wright's stained cytosmears. Data are the mean + SEM. Significant difference from OVA-
sensitized and challenged mice, *P<0.05, ** P<0.01, ***P<0.001. Z+ OVA = zileuton-
treated group.

exposed mice showed altered respiratory function (Fig. 6), which
manifested as increased Penh values compared with those seen in
control mice sensitized with OVA and challenged with aerosols of
PBS. In contrast, OVA-sensitized and -exposed mice treated with tHGA
showed a range of dose-dependent changes in respiratory function;
doses of 20 and 100 mg/kg as well as zileuton showed significant
reduction in respiratory changes at the highest methacholine chal-
lenge dose. The lower tHGA doses of 0.2 and 2 mg/kg did not cause
significant reduction of Penh but showed a diminishing trend.

Discussion

Leukotrienes are products of the 5-LO pathway and have been
demonstrated to cause significant infiltration of lung tissue with in-
flammatory cells and bronchoconstriction in asthma (Evans et al., 2008;
Peters-Golden and Henderson, 2007). Compounds that inhibit the syn-
thesis of LTs such as zileuton, MK-886 and MK-591 have demonstrated
efficacy in patients with asthma. Herein, we demonstrate that
tHGA, a 5-LO/cystLT inhibitor, attenuates both pulmonary inflamma-
tion and hyperresponsiveness in a well established mouse model of
allergic airway inflammation. Since zileuton is the only approved 5-
LO inhibitor for clinical use we used it as a control in assessment of
the various parameters measured. Zileuton is a N-hydroxyurea de-
rivative, and its mechanism of action is likely to involve chelation of
the iron at the active site of 5-LO, thereby blocking the enzyme's
redox potential (Dahlén, 2006). In contrast to zileuton we have shown
that tHGA is not a metal-chelator, indicating a possible competitive
(non-redox) mechanism for its interaction with 5-LO (Shaari et al,,
2011). Non-redox type LO inhibitors have been shown to have fewer
side effects than redox or iron-chelating agents (McMillan and
Walker, 1992). In contrast to drugs that target more ubiquitous inflam-
mation pathways, such as the prostaglandin or tumor necrosis factor
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Fig. 3. Effect of tHGA on cytokine and cysLT concentrations in BALF. Concentrations of
(A) IL-4, (B) IL-13, (C) IL-5 and (D) cysLT were assayed with ELISA and EIA kits. Data
are expressed as means4 SEM. Significant difference from OVA-sensitized and
challenged mice, *P<0.05, **P<0.01 and ***P<0.001. Z+ OVA = zileuton-treated group.

(TNF) pathways, no major side effects have been observed with chronic
complete inhibition of leukotriene synthesis, as achieved in MK-591
clinical trials or as in FLAP-deficient or 5-LO-deficient mice (Byrum et
al.,, 1997; Chapman et al., 1994; Chen et al., 1994). Given that leukotri-
enes are deleterious in both the acute and chronic aspects of respiratory
and cardiovascular disease, the therapeutic potential of new anti-
inflammatory leukotriene inhibitors is enormous.
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Fig. 4. Concentrations of total serum IgE. Values shown are the mean 4 SEM. Significant
difference from OVA-sensitized and challenged mice, ***P<0.001. Z+ OVA = zileuton-
treated group.

The significant reduction in Th2 cytokines in BALF can be related
to the 5-LO/cysLT inhibitory effects of tHGA. Previous studies have
demonstrated that cysLT activates the synthesis and secretion of
these cytokines. In turn these particluar cytokines play an important
regulatory role in the development of asthma. One of the important
mechanisms by which cysLTs promote an allergic asthmatic pheno-
type is by amplifying the generation of Th2 cytokines. This has been
shown in vitro to occur via stimulation of release of preformed IL-4
(Bandeira-Melo et al., 2002), as well as via transcriptional upregula-
tion of various Th2 cytokines (Tohda et al., 1999). IL-4 plays an im-
portant role in up-regulating the expression of endothelial vascular
cell adhesion molecule-1 (VCAM-1) that interacts with very late
antigen-4 (VLA-4) to promote eosinophil recruitment (Nials and
Uddin, 2008; Wills-Karp et al., 1998). IL-4 and IL-13 are reported
to contribute to B cell IgE isotype switching (Palmqvist et al., 2007).
Furthermore these cytokines were shown to contribute to AHR and
allergic inflammation in IL-4- and IL-13-deficient mice (Brusselle
et al., 1994; Walter et al.,, 2001). IL-5 on the other hand regulates
eosinophils (Yamaguchi et al., 1988) and the onset of airways hyper-
reactivity and lung damage (Kips, 2001). IL-5 deficiency abolishes
eosinophilia, airways hyperreactivity, and lung damage in a mouse
asthma model (Foster et al., 1996).

Further evidence that cysLTs regulate Th2 expression is found in
animal disease models (Underwood et al., 1996). In a study involving
chronic administration of montelukast in a murine model of chronic
antigen-induced asthma it was shown that montelukast attenuated
the increased levels of IL-4 and IL-13 messenger RNA and protein
observed in the lungs and BALF (Henderson et al., 2002). Likewise,
montelukast has been shown to attenuate IL-4 messenger RNA syn-
thesis and augment IFN-gamma mRNA expression in an OVA sen-
sitization and challenge model in Brown Norway rats (Nag et al.,
2002). These data corroborate findings in which macrophages and T
lymphocytes isolated from 5-LO knockout mice demonstrated increased
IFN-gamma synthesis (Peters-Golden et al., 2002). Taken together, these
findings indicate that cysLTs contribute to the development of an allergic
asthmatic phenotype by increasing the ratio of Th2:Th1 cytokines
and it is obvious that tHGA can alter this balance through attenuation
of Th2 cytokine synthesis at the least.

The effects of tHGA upon tissue eosinophilia and peripheral IgE con-
centrations are also explained through inhibition of cysLT synthesis.
Apart from their indirect actions on eosinophils mediated by en-
hanced Th2 cytokine generation, cysLTs directly promote recruit-
ment (Spada et al., 1994) and inhibit apoptosis of eosinophils (Lee
et al., 2000). Furthermore LTD4 has been shown to enhance the ad-
hesive properties of eosinophils through increased expression of
the adhesion molecules CD11b and CD18, thus causing greater adhe-
sion to intercellular adhesion molecule-1 (ICAM-1) (Nagata et al., 2002).
Furthermore LTD4 was also shown to regulate the growth of eosinophilic
precursors from bone marrow or peripheral blood following activation
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Fig. 5. Airway inflammation in OVA-treated mice. Lung tissue (upper and lower lobes
of left lung) of PBS-treated control mice (A, C) and OVA-sensitized/challenged mice
(B, D) was fixed in 10% buffered formalin and stained with hematoxylin and eosin
(A, B) or Periodic Acid Schiff (C, D) and examined by light microscopy. Bar =100 pm.
Quantitative analysis of inflammatory cell infiltration (E) and goblet cell metaplasia
(F). Data are expressed as mean + SEM. Significance difference from OVA-sensitized
and challenged mice, ** P<0.01, ***P<0.001. Z+ OVA = zileuton-treated group.

with either IL-5 or granulocyte macrophage colony-stimulating factor
(GM-CSF) (Braccioni et al., 2002). These latter results may explain
the consistent finding that anti-leukotriene drugs attenuate eosino-
phil numbers not only in the lungs, but also in the peripheral blood
(Pizzichini et al., 1999).

Although significant effects of tHGA upon AHR were noted, we do
acknowledge the limitations of whole body plethysmography in the
assessment of AHR. The use of this technique as a sole indicator of
AHR still remains under intense debate and in many instances confir-
matory tests that employ invasive techniques to measure dynamic
compliance and resistance have been advocated. Nevertheless there
have also been arguments as to the validity of invasive methods
since they may alter baseline breathing patterns. Further investigations

800 7

600 A

400 1

EE I A

200 A

Penh (percent increase from baseline)

0 6 12 25 50
Methacholine (mg/mL)

Fig. 6. Effect of tHGA treatment on airway hyperresponsiveness to aerosolized metha-
choline. -e- OVA-sensitized and challenged mice, - PBS controls, —a— Zileuton
30 mg/kg, —w— tHGA 100 mg/kg, —¢— tHGA 20 mg/kg, -@ tHGA 2 mg/kg, and -B
tHGA 0.2 mg/kg. Values are expressed as mean+ SEM, Significant differences
compared to OVA-sensitized group, *P<0.05, **P<0.01, and ***P<0.001.

upon the pharmacology of tHGA will employ both non-invasive and in-
vasive methods to gain a more definitive insight of the effect upon AHR.
It is also important to note that the present findings, in which all
markers associated with inflammation were reduced following treat-
ment, do not explain the exact mechanism of action and our discussion
is speculative based on existing literature. It is also possible that lower
cysLTs in the tHGA groups are not measures of inhibitor activity, but
general markers of inflammation that track with the others. We are cur-
rently investigating the mechanism of action of tHGA through dissec-
tion of major proinflammatory pathways in both cellular and animal
models.

In conclusion, we have demonstrated that our previous findings
regarding tHGA's inhibitory effects upon cysLT synthesis in vitro can be
extended and confirmed in a standard acute model of murine allergic
airway inflammation. Doses of 2 mg/kg and above are effective in
alleviating all common parameters of pulmonary dysfunction in the
above model and it is possible that these effects are due solely to
the inhibition of 5-LO enzyme activity and subsequent synthesis of
cysLTs. Further evaluation of tHGA in terms of its effects upon
other proinflammatory mediators and their signaling pathways
including evaluation of tHGA in both inhalatory and oral dosage
forms is envisioned. Current experiments are evaluating effects of
tHGA upon tissue remodeling in chronic models that better mimic
human asthma.
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