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a b s t r a c t

Asthma is characterized by intermittent airway obstruction and chronic inflammation, orchestrated
primarily by Th2 cytokines. There is a strong rationale for developing new asthma therapies, since
current treatment protocols present side effects and may not be effective in cases of difficult-to-control
asthma. The purpose of this study was to evaluate the effect of ferulic acid, a phenolic acid commonly
present in plants, in the ovalbumin-induced pulmonary allergy murine model.
Methods: BALB/c mice were sensitized and challenged with ovalbumin, and treatments were provided by
gavage. Six groups of mice (n ¼ 6) were studied, labeled as: control, pulmonary allergy, dexamethasone,
and 3 receiving ferulic acid (at 25, 50, and 100 mg/kg). Lung tissue, bronchoalveolar lavage fluid and
serum were collected for analysis.
Results: Ferulic acid treatment inhibited an established allergic Th2-response by decreasing the key
features of pulmonary allergy, including lung and airway inflammation, eosinophil infiltration, mucus
production and serum levels of OVA-specific IgE. These results were associated with lower levels of
CCL20, CCL11 and CCL5 chemokines and IL-4, IL-5, IL-13, TSLP, IL-25 and IL-33 cytokines in lung tissue
homogenate.
Conclusions: In this study it was demonstrated for the first time that ferulic acid treatment is able to
suppress one of the main features of the airway remodeling, indicated by reduction of mucus production,
besides the Th2 pathogenic response on ovalbumin-induced pulmonary allergy. Taken together, results
shows that the immunopathological mechanism underlying these effects is linked to a reduction of the
epithelial-derived chemokines and cytokines, suggesting that ferulic acid may be useful as a potential
therapeutic agent for asthma.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Asthma is a serious global health problem affecting more than
300 million people worldwide, imposing severe economic and
social burdens [1]. This chronic airway inflammation disease is
characterized by respiratory symptoms associated with
. Sin Singer Brugiolo), ana.
sa@gmail.com (C.C. de Souza
ilva), erickestevesdeoliveira@
.br (A.P. Ferreira).
expiratory flow limitation [2]. The immune response in asthma is
initiated by exposure to inhaled allergens leading to the activa-
tion of epithelial cells that release CCL20 and cytokines, such as
thymic stromal lymphopoietin (TSLP), IL-25, and IL-33, inducing
the migration and activation of dendritic cells, which coordinate
the Th2 pathogenic response [3]. In parallel, IL-25 and IL-33
activate type 2 innate lymphoid cells (ILC2) [4] which together
with Th2 cells secrete IL-4, IL-5 and IL-13, contributing to
allergen-specific IgE production, bronchial eosinophilia, airway
hyperresponsiveness and mucus hypersecretion [5]. Prolonged or
repetitive exposure to allergen results in chronic inflammation
characterized by substantial changes in the extracellular matrix,
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Abbreviations

BALF bronchoalveolar lavage fluid
DEXA dexamethasone
FA ferulic acid
HE hematoxylin and eosin
ILC2 type 2 innate lymphoid cells
LD50 lethal dose 50%
OVA ovalbumin
PA pulmonary allergy
PAS periodic acid-Schiff
PBS phosphate-buffered saline
PBST Tween 20- phosphate-buffered saline
SEM standard error of the mean
SR Sirius red
TSLP thymic stromal lymphopoietin

Fig. 1. Mouse model of OVA-induced pulmonary allergy and ferulic acid treatments.
i.p., intraperitoneally; OVA, ovalbumin; FA, ferulic acid.
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leading to airway remodeling, with goblet cell hyperplasia, sub-
epithelial fibrosis and airway smooth muscle cell hypertrophy,
causing changes in the structure and function of the lungs, which
contribute to the airway obstruction [6]. Currently there is no
cure for asthma and treatment aimed at controlling the disease
and preventing the exacerbations, the association of anti-
inflammatory and bronchodilator drugs being the most effective
therapy currently available. However, these treatments present
side effects and may not be effective in cases of difficult-to-
control asthma [2], highlighting the need for the development
of new effective compounds for asthma therapy. In this context,
research on plant-derived drugs has been given high importance
in recent years, and some have shown promising results in mouse
models of pulmonary allergy [7,8].

Ferulic acid (FA; 4-hydroxy-3-methoxycinnamic acid) is a
phenolic acid commonly present in plants, being a bioactive
compound of many foods; including cereals, vegetables, fruits and
drinks; besides its use as a food additive in many countries [9]. It is
estimated that the daily intake of FA can reach 150e250 mg,
however it is unclear whether this amount of intake is sufficient to
generate biological effects [10]. FA presents efficient absorption
and low toxicity, confirmed by several experimental studies, their
acute oral LD50 (lethal dose 50%) in female and male F344 rats
being 2.1 and 2.4 g/kg, respectively, whereas in mice it is 3.2 g/kg
[11]. Due to its chemical structure, FA shows a great capacity to
eliminate free radicals, being a potent antioxidant [9]. Other effects
demonstrated in in vitro and in vivo studies include analgesic [12],
antimicrobial [13], anticancer [14,15], photoprotective [16,17] and
anti-inflammatory activity shown by decreasing levels of inflam-
matory mediators and cytokines [18]. Also, FA presented thera-
peutic effects in in vivo chronic disease models such as diabetes
[19,20], metabolic syndrome [21,22], cardiovascular diseases [23]
and Alzheimer's disease [24]. Concerning allergies, inhibition of
cutaneous anaphylaxis, degranulation of mast cells, Arthus re-
actions and delayed hypersensitivity reaction in rats have been
observed [25], besides improvement of airway allergic inflamma-
tion through the induction of Th1 immune response in an oval-
bumin (OVA)-induced allergy model [26]. Despite the promising
results obtained on allergic reactions, the mechanisms involved in
this modulation have been little explored. The purposes of the
present study were to further investigate the effect of FA in allergic
inflammation of airways to better understand the underlying
immunopathological mechanisms associated with the FA protec-
tive anti-allergic effect in an OVA-induced pulmonary allergy
murine model.
2. Material and methods

2.1. Animals

Female BALB/c mice, aged 6e8 weeks, were obtained from the
animal facilities of the Universidade Federal de Juiz de Fora and
were housed under standard conditions in common cages in
ventilated shelves (Alesco, Monte Mor, Brazil). All the protocols
involving mice handling were approved by the Ethical Committee
for Animal Research of the Universidade Federal de Juiz de Fora
(073/2012-CEEA), and are in accordance with internationally
accepted principles for laboratory animal use and care.

2.2. OVA-induced pulmonary allergy and treatments

Mice were sensitized intraperitoneally on days 0 and 14 with
3 mg of OVA (Grade V, Sigma-Aldrich Corp, St Louis, USA) in 1 mg of
alum (Sigma-Aldrich Corp., St Louis, USA). The animals were chal-
lenged for 20 min with 1% aerosolized OVA (Inalatec Plus, Nevoni,
S~ao Paulo, Brazil) on days 21, 23, 25, 27, and 29. All treatments
(0.1 ml/day/mouse) were performed daily by gavage from day 21
until day 29 (Fig.1). A total of 6 groups of mice (n¼ 6) were studied:
i) control (treatment with vehicle e filtered water); ii) PA (pul-
monary allergy, sensitizations and challenges with OVA, treatment
with vehicle); iii) DEXA (positive control, sensitizations and chal-
lenges with OVA, treatment with dexamethasone 3 mg/kg; Ach�e,
Guarulhos, Brazil); iv) FA 25 (sensitizations and challenges with
OVA, treatment with ferulic acid 25 mg/kg, Sigma-Aldrich Corp., St
Louis, USA); v) FA 50 (sensitizations and challenges with OVA,
treatment with ferulic acid 50 mg/kg); vi) FA 100 (sensitizations
and challenges with OVA, treatment with ferulic acid 100 mg/kg).

2.3. Collection of blood, bronchoalveolar lavage fluid and lung
samples

Twenty 4 h after the last OVA challenge mice were anesthetized
intraperitoneally with ketamine (90 mg/kg, Syntec, S~ao Paulo,
Brazil) and xylazine (10 mg/kg, Calmiun, Agener Uni~ao, S~ao Paulo,
Brazil) and exsanguinated via the brachial plexus. Blood samples
were collected and centrifuged at 7500g for 2 min (Centrifuge 5410,
Eppendorf, Hamburg, Germany), and the serumwas separated and
stored at�80 �C. Subsequently, bronchoalveolar lavage fluid (BALF)
was collected after intratracheal instillation of 1 ml of phosphate-
buffered saline (PBS) and the cell pellets were resuspended in
1 ml of PBS containing 2% fetal bovine serum. Then, the chest cavity
was opened, the lung tissue was washed by perfusionwith 10 ml of
PBS and the lung lobes were removed.

2.4. Total and specific cell counts

The total number of viable cells was determined by trypan blue
exclusion using a Neubauer cell chamber (Kasvi, Curitiba, Brazil).
Cytospins were prepared (Cytological Centrifuge 248, Fanem, S~ao
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Paulo, Brazil) and the slides were stained with Panoptic (Laborclin
Ltda, Pinhais, Brazil). Differential cell counts were determined from
a total of 300 cells per slide using the standard morphologic
criteria.

2.5. Histopathological analysis

The right upper lung lobe was fixed in 10% buffered formalin,
and the samples were subjected to routine histological processing.
The paraffin-embedded material was subjected to 4 mm serial
sections and stainedwith hematoxylin and eosin (HE, EasyPath, S~ao
Paulo, Brasil), periodic acid-Schiff (PAS, EasyPath, S~ao Paulo, Brasil)
or Sirius Red (SR, Direct Red 80 staining, Sigma-Aldrich Corp., St
Louis, USA) and examined in a blinded fashion on an optical mi-
croscope (Zeiss, Hallbergmoos, Germany) at 50 � , 100 � , 400 � ,
and 1000 � magnification. Peribronchiolar and perivascular areas
were assessed according to the degree of inflammatory cell infil-
trate of the HE-stained lungs, and at least ten fields were analyzed
for each section. Scores of 0e5 were assigned as follows: 0, no
inflammation; 1, a few inflammatory cells; 2, a layer of inflamma-
tory cells around the structure evaluated; 3, a ring of inflammatory
cells containing two to four layers; 4, focal inflammatory cells
clustered around the structure; and 5, intense inflammatory infil-
trate [27]. Mucus production was evaluated by the number of PAS-
positive goblet cells quantified per 100 mm2 of the PAS-stained
lungs, at 400 � magnification. Number of eosinophils was quanti-
fied per 100 mm2 of the SR-staining lungs, at 1000 � magnification.

2.6. Measurement of chemokines and cytokines in lungs

The levels of chemokines and cytokines in lung were assessed as
follows: 100 mg of tissue was homogenized in 1 ml of PBS con-
taining protease inhibitors (0.1 mM phenylmethylsulfonyl fluoride,
0.1 mM benzethonium chloride,10mM ethylenediaminetetraacetic
acid, and 2 ml of aprotinin A) and 0.05% Tween 20. The samples were
then centrifuged for 15 min at 500g (Thermo Electron CR312,
Waltham, USA) and the levels of chemokines and cytokines in the
supernatants were measured using commercially available ELISA
kits. BD OptEIA kits (BD Bioscience, San Jose, USA) were used for IL-
4, IL-5 and IFN-g, and R&D Diagnostics kits (Minneapolis, USA)
were used for IL-13, TSLP, IL-25, IL-33, CCL5, CCL11, and CCL20, in
accordance with the manufacturer's instructions.

2.7. Measurement of anti-OVA-specific antibodies

Quantification of anti-OVA-specific IgE and IgG2a antibodies
were performed using ELISA. In brief, 96-well plates (MaxiSorp
high protein-binding, NUNC, Sigma-Aldrich Corp, St Louis, USA)
were coated with OVA (10 mg/ml, Grade V, Sigma-Aldrich Corp., St
Louis, USA) and incubated for 18 h at 4 �C. Then, the plates were
washed with 0.05% Tween 20-PBS (PBST) and blocked with 10%
fetal bovine serum-PBST for 2 h at room temperature. Again, the
plates were washed with PBST and 50 ml of each serum sample
(1:20 dilution for IgE and 1:100 dilution for IgG2a) was added to
each well and incubated for 18 h at 4 �C. The plates were then
washed with PBST and biotin-conjugated rat anti-mouse IgE or
IgG2a (1:1000; Pharmingen, BD Bioscience, San Jose, USA) was
added and incubated for 1 h at room temperature. This was fol-
lowed by the addition of a substrate solution containing 0.1 M citric
acid, 0.2 M sodium phosphate, distilled water, o-phenylenedi-
amine, and 0.03% hydrogen peroxide. Finally, the reaction was
stopped with 1 M sulfuric acid and the optical density was
measured at 492 nm using a microplate reader (Spectramax 190,
Molecular Devices, Sunnyvale, USA).
2.8. Statistical analysis

All statistical analyses were performed using GraphPad prism 5.0
software (GraphPad Software, San Diego, USA). Numerical datawere
analyzed by the normality test of KolmogoroveSmirnov. Subse-
quently, one-way analysis of variance test was used followed by
Bonferroni post-test for multiple comparisons for parametric data.
The significance level accepted for the tests was p � 0.05. Data are
expressed as mean and standard error of the mean (mean ± SEM).

3. Results

3.1. Ferulic acid inhibits the key features of OVA-induced pulmonary
allergy

In order to address whether ferulic acid treatment was able to
reduce the OVA-induced pulmonary allergy, the HE-, PAS- and SR-
stained lung sections were evaluated for an overall semi-
quantitative score of inflammation, mucus production and eosin-
ophil infiltration, respectively. An increased number of infiltrated
cells was observed in animals of the PA group (score 3.8), charac-
terized by intense inflammatory infiltrate (Fig. 2A), when compared
with the control group (score 0.1). The ferulic acid (25 mg/kg,
50 mg/kg and 100 mg/kg) and dexamethasone (3 mg/kg) treat-
ments reduced the inflammatory cell infiltrate compared with the
PA group and the inflammatory scores were 1.3, 2.0, 1.2, and 0.3,
respectively (Fig. 2A and B). Other key features of Th2 pathogenic
response in pulmonary allergy are the mucus hypersecretion
because of the globet cell hyperplasia, which is associated with
airway remodeling, and the eosinophil infiltration in lungs. An
increased amount of mucus production and eosinophil infiltration
was observed in the PA group compared to the control group, while
ferulic acid, at all doses evaluated, and dexamethasone treatments
significantly decreased the mucus production and number of eo-
sinophils in the lung tissue compared with the PA group (Fig. 2A, C
and 2D). The OVA-specific IgE production in sera were assessed by
ELISA, because this is an indirect measurement of the systemic
allergic immune response. Pulmonary allergy increased OVA-
specific IgE levels when compared with the control group, indi-
cating allergic immunization, while ferulic acid treatments, at all
doses tested, significantly downregulated the OVA-specific IgE
levels, when compared with the PA group (Fig. 2E).

3.2. Ferulic acid reduces airway inflammation in association with
lower chemokine levels in lung

Aiming to investigate the airway inflammation, the number of
total and specific cells in the BALF were analyzed. In the PA group
the number of total and specific cells was significantly increased
compared to the control group, while ferulic acid and dexameth-
asone treatments significantly reduced the number of total cells,
eosinophils, lymphocytes, neutrophils and macrophages in the
BALF (Fig. 3). Additionally, to evaluate whether ferulic acid alters
the chemokines in the lungs, the levels of CCL20, CCL11 and CCL5
were measured in the lung homogenate tissue. Results indicated
that these chemokine levels increased in the PA group, when
compared with the control group. On the other hand, when
comparedwith the PA group, data demonstrated that ferulic acid, at
all concentrations evaluated, and dexamethasone treatments
significantly decreased the measured chemokines (Fig. 4).

3.3. Ferulic acid suppressed the epithelial-derived and Th2
inflammatory cytokines

To investigate the effect of ferulic acid treatment on the cytokine



Fig. 2. Effect of ferulic acid treatments on the key features of OVA-induced pulmonary allergy. (A) Samples of lung parenchyma of BALB/c mice representative of the control; PA;
DEXA; FA 25; FA 50; and FA 100 groups stained with HE (400 � magnification, bars represent 20 mm, arrows indicate inflammatory cells); PAS (400 � magnification, bars represent
20 mm, arrows indicate mucus production); or SR (1000 � magnification, bars represent 10 mm, arrows indicate eosinophils). (B) Pulmonary inflammation score, (C) number of
globet cells/100 mm2, and (D) number of eosinophils/100 mm2 in HE-, PAS-, and SR-stained lung sections, respectively. (E) Levels of OVA-specific IgE in serum. PA, pulmonary allergy;
DEXA, dexamethasone; FA, ferulic acid; HE, hematoxylin-eosin; PAS, periodic acid-Schiff; SR, Sirius Red; OD, optical density. ###P < 0.001 vs control group, *P < 0.05 vs PA group,
**P < 0.01 vs PA group, ***P < 0.001 vs PA group. Data represent the mean ± SEM of at least three independent experiments (n ¼ 6). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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secretion in the inflammatory site, the lung homogenate samples
were used for cytokine analysis by ELISA. The induction of pul-
monary allergy increased the levels of TSLP, IL-25, IL-33, IL-4, IL-5,
and IL-13, when compared with the control group. Ferulic acid, at
all doses tested, and dexamethasone treatments significantly sup-
pressed the evaluated cytokine levels, when compared with the PA
group (Fig. 5).

4. Discussion

During the past few years, extensive efforts were made to
develop new active agents that improve current therapeutic regi-
mens for asthma, aimed at effective low-cost therapy with reduced
adverse effects. Plant-derived drugs arose from this effort as very
promising for new drug discoveries [8,28,29]. In the current study,
ferulic acidmarkedly suppressed the key features of allergic asthma
by reducing the pulmonary inflammation, eosinophil infiltration,
Th2 pathogenic immune response and OVA-specific IgE production
as well by inhibiting important airway remodeling mediators
including goblet cell hyperplasia and IL-13 production. All tested
doses showed similar effects to those observed with dexametha-
sone treatment, a synthetic glucocorticoid widely used in the
treatment of asthma [30]. The results obtained were encouraging,
since both the inflammatory cell infiltration, particularly eosino-
phils, and the production of mucus are involved in the patho-
physiological impairment in the airway structures contributing
significantly to the limitation of expiratory airway flow and to
chronic inflammatory pathology [6]. These pathogenic features
have been well documented in several OVA-induced pulmonary
allergy models and the improvement of these parameters is
correlated with therapeutic effectiveness, which is an expected
result of a promising therapy [7,31]. Especially in relation to the
mucus overproduction, ferulic acid holds great promise for
relieving allergic asthma symptoms, it being shown for the first
time that this phenolic acid was able to prevent this important
pathological feature, suggesting that ferulic acid therapy can be
effective in both acute and chronic asthmatic symptoms and may
have significant impact on asthma control. This assumption is
supported on the fact that excessive mucus production results in
the obstruction of airways with mucus plugs, making movement of
gas difficult and contributing significantly to asthma morbidity and
mortality [32]. Additionally, the airway mucus hypersecretion is
related to the airway remodeling, characterized by structural
changes in the airway wall responsible for a gradual decline in lung
function [33]. Supporting the therapeutic efficacy of ferulic acid,
pulmonary inflammation improvement was associated with lower
serum levels of OVA-specific IgE, as has been recently demon-
strated [26]. Since IgE has an important role in Th2 immune
response development and is associated with the early airway
obstruction, via the activation of mast cells and basophils [34,35]
the present results suggest that the ferulic acid anti-allergic effect
started early, during allergen sensitization, when the systemic
response can be modulated. Despite there have been a previous
report showing similar findings with ferulic acid treatment con-
cerning the key features of allergic asthma, it is relevant highlight
that the induction of the pulmonary allergy model was different.
Lee et al. [26] did a protocol with duration of 48 days and five
consecutive challenges. In the present study, the protocol has 30
days of duration and five challenges on alternate days. In addition,
the dose of OVA and sensitization/challenge time course were
different between the studies. These variations on the conventional
models of antigen sensitization and challenge could reflect in the
induction of different magnitudes of immune response. Moreover,
in spite of the same doses and way of treatment, Lee et al. [26] did
27 days of treatment, whereas in the present study it was only 9
days of treatment, which represents the same suppressive effect in
the key features of asthmawith a 3-fold shorter treatment protocol.

Additionally, it is important to note that the reduction in in-
flammatory cells in BALF was associated with decreased levels of
chemokines CCL11, CCL5 and CCL20 in the lungs. In asthma, che-
mokines are secreted primarily by the airway epithelial cells and
alveolar macrophages, directly participating in the development
and maintenance of allergic responses by recruiting some crucial
cells to Th2 immune response establishment [36,37]. Among these
chemokines, CCL11 is a highly potent chemoattractant for eosino-
phils [38] whose granule-derived bioactive substances have been
associated with bronchospasm, edema and tissue injury observed
in the allergic responses [39]. On the other hand, it has been shown
that CCL5 also recruits eosinophil, neutrophil and monocyte to the
airways, in addition toT lymphocytes [40], it being demonstrated in
experimental models of asthma that this chemokine induces
eosinophilic airway inflammation, antigen-specific IgE production
and airway hyperresponsiveness [41] and is correlated with disease
severity [42]. Furthermore, the decrease in CCL20 levels may have
also contributed to dampening down the airway inflammation,
probably by interfering with the onset of the asthmatic response,
since this chemokine recruits dendritic cells from bone marrow to
the lungs where they uptake and process the inhaled allergens and
trigger the Th2 allergic response [3]. Hence, the reduction of che-
mokine levels could be one probable mechanism involved in the
ferulic acid anti-asthmatic effect. However, further studies are
needed to investigate these pathways, including the migration and
activation of pulmonary dendritic cells, which may result in the
induction of a tolerance response to the allergen, which is a
desirable effect of a promising therapeutic agent.

An important finding of the present study, demonstrated for the
first time, is that ferulic acid treatment inhibited the epithelial-
derived cytokines. This effect looks very promising, since it has
been well established that TSLP, IL-25 and IL-33 have key roles in
driving and sustaining the allergic response and several model
studies have shown that these innate cytokines are associated with
mainly pathogenic features of the asthma, such as the airway
eosinophilia, IgE synthesis, Th2-cytokine and mucus over-
production [43]. Also, they are involved in the activation of ILC2 and
Th2 cells, enhancing the lung inflammation and the airway
hyperresponsiveness [43e45]. Furthermore, TSLP and IL-33 are
able to activate the mast cells directly, regardless of the presence of
IgE and specific allergens [46]. On the other hand, it has been
demonstrated that monoclonal antibody therapy using either anti-
IL-25 or anti-IL-33 inhibits the pathogenic allergic response by
suppressing Th2 cytokine production, lung cell infiltration, airway
mucus production and hyperreactivity [47,48]. Since epithelial-
derived cytokines link innate and adaptive immunity to promote
Th2 pathogenic response [46], the ferulic acid therapy-induced
reduction of innate cytokines may have contributed to the
decreasing IL-4, IL-5 and IL-13 levels observed in this study.
Recently it was demonstrated that ferulic acid treatment reduced
the Th2 cytokines, however, the authors assign this effect to a
switch to Th1-type immune response [26], which did not occur in
this present study since the levels of IFN-g in lung tissue homog-
enate and OVA-specific IgG2a in serum did not increase after
treatment with ferulic acid (data not shown).

The role of these cytokines in driving and sustaining allergic
responses is well known, including the fact that the epithelial re-
sponses to allergens aremaintained through the action of these Th2
effector cytokines, which provide an important feedback loop that
can perpetuate disease. Additionally, IL-4 and IL-13 are important
for the production of allergen-specific IgE by B lymphocytes [5],
levels of which decreased in this present work.

Altogether, these results emphasize the anti-inflammatory



Fig. 3. Counting of total and specific cells in bronchoalveolar lavage fluid (BALF). (A) Total number of cells; (B) eosinophils; (C) lymphocytes; (D) neutrophils; and (E) macrophages
(x104/mL). PA, pulmonary allergy; DEXA, dexamethasone; FA, ferulic acid. ###P < 0.001 vs control group, *P < 0.05 vs PA group, **P < 0.01 vs PA group, ***P < 0.001 vs PA group.
Data represent the mean ± SEM of at least three independent experiments (n ¼ 6).
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effects of ferulic acid treatment, which gave the optimal result
using a lower dose, 25 mg/kg, since those higher doses do not
significantly improved the protective effects on allergic response.
Also in previous studies, the optimal results were obtained with
similar doses of 20 mg/kg and 25 mg/kg in nicotine-induced
toxicity [49] and pulmonary allergy models [26], respectively. It is
important to note that ferulic acid presents a low toxicity after oral
administration [11], far above the doses tested in this work.
Currently, one possible limitation for clinical use of ferulic acid is
associated with their low bioavailability and short half-life after
oral administration, due to its rapid metabolism [10]. To overcome
this, new drug delivery-systems containing ferulic acid, such as
solid lipid nanoparticles and cyclodextrins, have been proposed to
allow its better absorption and concentration in peripheral organs
[50,51]. Further, ferulic acid is more bioavailable than flavonoids,
remaining in the blood for longer than other antioxidants, such as
vitamin C [18]. Therefore, data above mentioned combined with its
great features, such as being easy to get and low cost, make ferulic
acid an extremely attractive immunomodulatory agent for asthma
therapy. Further, results obtained give clues about the immuno-
pathological pathways associated with the protective effect of
ferulic acid in the OVA-induced pulmonary allergy model,
providing an excellent starting point for future research aimed at
elucidating the cellular mechanisms involved in the suppression of
the Th2 pathogenic immune response.



Fig. 4. Lung chemokine levels. (A) CCL20, (B) CCL11 and (C) CCL5 in the supernatant of the homogenate lung tissue. ###P < 0.001 vs control group, *P < 0.05 vs PA group,
***P < 0.001 vs PA group, PA, pulmonary allergy; DEXA, dexamethasone; FA, ferulic acid. Data represent the mean ± SEM of at least three independent experiments (n ¼ 6).

Fig. 5. Lung cytokine levels. (A) TSLP, (B) IL-25, (C) IL-33, (D) IL-4, (E) IL-5, and (F) IL-13 in the supernatant of the homogenate lung tissue. ###P < 0.001 vs control group, *P < 0.05
vs PA group, ***P < 0.001 vs PA group. PA, pulmonary allergy; DEXA, dexamethasone; FA, ferulic acid; TSLP, thymic stromal lymphopoietin. Data represent the mean ± SEM of at least
three independent experiments (n ¼ 6).
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5. Conclusions

In conclusion, this study demonstrates that ferulic acid
improved an allergen-driven inflammatory response by suppress-
ing the development of the Th2 pathogenic immune response. This
effect was associated with reduced levels of epithelial-derived
chemokines and cytokines, suggesting that the immunopatholog-
ical mechanism underlying these ferulic acid effects relies on the
innate immune effector pathways, which in turn dampened down
the Th2 adaptive immune response development. However, further
research is needed to clarify the specific mechanisms involved in
ferulic acid anti-allergic effects. In spite of this, results obtained
indicate that this phenolic acid has the potential to be an effective
therapeutic agent for asthma, mainly regarding its suppressive ef-
fect on mucus overproduction, since current therapies have little
effect on this parameter, which has a pivotal role in the develop-
ment of the airway remodeling.
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