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ARTICLE INFO ABSTRACT

Keywords: Background: Coumarins are compounds with wide and relevant pharmacological properties, being considered one
Braylin of the most important chemical classes among natural compounds. Braylin (6-methoxyseselin) is a coumarin
Asthma

whose pharmacological properties have not yet been extensively explored. Previous studies have shown its anti-
inflammatory and immunomodulatory activities, potentially associated with glucocorticoid receptors, plus it is a
phosphodiesterase 4 inhibitor. Thus, the present study was designed to investigate the pharmacological potential
of braylin for asthma treatment.

Methods: Mice induced to an asthma model using ovalbumin (OVA) were treated with vehicle, braylin, or
dexamethasone via intraperitoneal injection or inhalation, and the bronchoalveolar lavage (BAL) was collected
to evaluate infiltration of inflammatory cells, and cytokine levels. Histopathological and morphometric analysis
of lung tissue were also conducted, while ex vivo isometric measurement assessed the effect of braylin on tracheal
relaxation.

Results: Braylin (50 mg/kg) showed similar efficacy in reducing the total count of inflammatory cells in the BAL
of asthmatic mice by inhalation or intraperitoneal route. Inhaled braylin reduced, in a dose-dependent manner
(25 to 100 mg/kg), the total count of inflammatory cells in the BAL of OVA-induced mice, more specifically
eosinophils and neutrophils. Plus, inhaled braylin reduced the BAL levels of IL-4, IL-5, and IL-13, cytokines
involved in asthma Th2 response. It also reduced pulmonary inflammatory infiltrate and the occurrence of goblet
cell metaplasia. In a set of ex vivo assays, braylin was able to induce concentration-dependent relaxation of the
trachea from mice with or without OVA-induced asthma.

Conclusions: The present results suggest that braylin may be a promising candidate for the treatment of asthma by
regulating the Th2 response, inducing relaxant effects in the airway muscles, and presenting efficacy by inha-
lation route.

Ovalbumin

Th2 cytokines

Tracheal muscle relaxation
Inhalation route

1. Introduction chronic airway inflammation. It includes a group of symptoms displayed
by the patients that vary over time and in intensity, such as cough,
Asthma is a heterogeneous respiratory disease characterized by shortness of breath, wheezing, and chest tightness (Asthma, 2021).

Abbreviations: ANOVA, Analysis of variance; BAL, Bronchoalveolar lavage; Dexa, Dexamethasone; HE, Hematoxylin and eosin; inh., Inhalation; ip., Intraperi-
toneal; OVA, Ovalbumin; PAS, Periodic acid-Schiff; PDE4, Phosphodiesterase 4; SD, Standard deviation; SEM, Standard error of the mean; PBS, Phosphate Buffered
Saline.
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Genetic factors and environmental exposure influence the pathophysi-
ology of asthma, which contributes to the heterogeneity of this disease,
evidenced by the significant difference in outcomes in patients from
different socioeconomic classes (Barnthouse and Jones, 2019). In the
last 60 years, the prevalence of asthma has increased, which has made
this chronic disease one of the most common in the world, mainly due to
the population’s transition to increasingly urbanized environments
(Beasley et al., 2015). Currently, more than 240 million people world-
wide have been diagnosed with asthma (Stern et al., 2020), and each
year approximately 43 million new cases are diagnosed, which is also
associated with a high mortality rate (Mattiuzzi and Lippi, 2020).
Options for the treatment of asthma are available. Although not
curative, they can help control symptoms, allowing the asthmatic pa-
tient to have an active life and reducing mortality (Mattiuzzi and Lippi,
2020). The choice of therapeutic alternatives for the treatment of this
respiratory disease depends on its severity and includes inhaled and oral
corticosteroids (Busse et al., 2008), long-acting and short-acting p2
adrenergic agonists (Tee et al., 2007), and leukotriene receptor antag-
onists (Montuschi and Peters-Golden, 2010). More recently, phospho-
diesterase 4 (PDE4)-inhibitors have been considered for the treatment of
respiratory diseases such as chronic obstructive pulmonary disease
(COPD) and asthma (Al-Sajee et al., 2019; Bodkhe et al., 2020; Luo et al.,
2018), plus the potential additive effect with corticoids has been taken
into account (Giembycz and Newton, 2015; Grundy et al., 2016).
Despite the clear benefits of pharmacological therapy for asthmatic
patients, the adverse effects of these drugs have a negative impact on
their quality of life. These effects include reduced growth rate, osteo-
porosis, diabetes, suppression of the hypothalamic-pituitary-adrenal
axis, cataracts, and respiratory infections due to the chronic use of
glucocorticoids (Heffler et al., 2018), in addition to hypokalemia, car-
diac chronotropic effects, nausea, and vomiting (Newnham, 2001). As a
main consequence of the unwanted effects, a low rate of adherence to
the prophylactic medication is observed, which increases the hospitali-
zation rates (Dekhuijzen et al., 2018; Perry et al., 2019). One of the
strategies to reduce adverse effects and increase the effectiveness of
treatment is to combine more than one pharmacological class to obtain a
synergistic effect, and the association between inhaled glucocorticoids
and P2 agonists is one of the most common combinations for asthma
(Lazarinis et al., 2014; O’Byrne et al., 2019; Sobieraj et al., 2018).
Furthermore, an association that has been considered a good strategy in
the treatment of respiratory diseases is the use of glucocorticoids with
PDE4 inhibitors (Giembycz and Newton, 2015; Grundy et al., 2016).
Coumarins are compounds with wide and relevant pharmacological
properties (Annunziata et al., 2020). This group is being considered one
of the most important chemical classes among natural compounds
(Malikov et al., 1998; Pereira et al., 2018). Within this group there are a
few compounds with approved clinical use, for instance as anticoagulant
(Wardrop and Keeling, 2008), anti-tumor (Kupeli Akkol et al., 2020),
and anti-inflammatory (Annunziata et al.,, 2020). Braylin

Fig. 1. Structural formula of braylin.
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(6-methoxyseselin; Fig. 1) is a coumarin first described in 1949, whose
pharmacological properties have not been extensively explored (Aneja
et al., 1958). Until recently, anti-platelet aggregating activity (Tsai et al.,
1998), relaxing vessel (Rakotoarison et al., 2003; Santos et al., 2021),
and phosphodiesterase 4 inhibition (Chen et al., 2018; Lin et al., 2014)
have been identified for this coumarin. Our research group was the first
to describe the pharmacological properties of braylin in vivo, in a pre-
vious work that demonstrated its anti-inflammatory and immunomod-
ulatory action, possibly mediated by glucocorticoid receptors
(Espirito-Santo et al., 2017). Thus, considering the anti-inflammatory
and immunomodulatory properties of braylin, as well as its potential
to modulate glucocorticoid receptors and PDE4, the present study was
designed to investigate the pharmacological potential of braylin as a
candidate for the drug discovery process of new antiasthmatic drugs.

2. Results

2.1. Influence of the administration route on braylin bioactivity in the
asthma model in mice

Inhalation is the main route of administration of medicines in asthma
because it enables the delivery of drugs directly to the bronchial
epithelium, reducing the adverse effects. Thus, it is important for anti-
asthmatic drugs and prototypes to be active via inhalation. In order to
establish whether braylin presents pharmacological activity by inhala-
tion route, the effect of inhalation or intraperitoneal (ip.) administration
of this coumarin on the inflammatory cell count in bronchoalveolar
lavage (BAL) of mice was initially compared in a single dose assay. The
bar chart in Fig. 2 displays the number of inflammatory cells in each
experimental group and compares the different routes of braylin’s
administration. Mice were exposed to the ovalbumin (OVA) adminis-
tration protocol for induction of experimental asthma and treated with
vehicle, braylin, or dexamethasone. OVA-induced mice treated with
vehicle showed an increase in the number of total inflammatory cells in
the BAL compared to naive mice, confirming the development of asthma
(Fig. 2). The inhalation or intraperitoneal administration of braylin (50
mg/Kg) significantly decreased, with similar efficacy, the number of
inflammatory cells in the BAL (p <0.05) of asthmatic mice. Significant
inhibition of this parameter was also observed in mice treated intra-
peritoneally with the gold standard drug, dexamethasone, at a dose of
30 mg/Kg.

2.2. Dose-dependent profile of inhaled braylin in the OVA-induced mouse
asthma model

The dose-dependency profile of braylin administered by inhalation
in the dose range of 12.5 to 100 mg/Kg was next assessed (Fig. 3). The
bar chart in Fig. 3 shows the number of inflammatory cells in each
experimental group. When compared to vehicle-treated mice, inhaled
braylin at doses of 25, 50, and 100 mg/Kg reduced, in a dose-dependent
way, the number of inflammatory cells in the BAL of mice with experi-
mental asthma (p < 0.05). There was no statistical difference between
the doses of 100 and 50 mg/Kg, indicating that 50 mg/kg is the
maximum effective dose. Dose dependence was evidenced by the dif-
ference in the magnitude of the effect induced by the doses of 50 and 25
mg/kg. Inhaled braylin exhibited no longer an effect at the dose of 12.5
mg/Kg. Importantly, the effect of braylin administered by inhalation
had a similar efficacy to that of dexamethasone (30 mg/Kg/ip) admin-
istered by systemic route, the gold standard in this assay.

2.3. Braylin reduces the amount of eosinophils and neutrophils in the
bronchoalveolar lavage

In addition to quantifying the total number of inflammatory cells in
the bronchoalveolar lavage, the impact of inhaled braylin treatment on
different types of leukocytes was investigated. The leukocyte differential
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Fig. 2. Effect of braylin when administered by different routes on inflam-
matory cell count in the bronchoalveolar lavage (BAL) of asthmatic mice. The
X-axis represents the tested groups: mice without experimental manipulation
(naive), mice induced to the asthma model and treated with vehicle (Ve; 10%
propylene glycol in saline), dexamethasone intraperitoneally (Dexa; 30 mg/
Kg; gold standard), braylin intraperitoneally (50 ip; 50 mg/kg), or braylin
inhalation (50 in; 50 mg/kg). The Y-axis shows the amount of total inflam-
matory cells (x10% counted in the BAL. Treatments were carried out once
daily for 5 consecutive days, 2 h before the challenge with ovalbumin. The
bronchoalveolar lavage was collected for measurements 24 h after the last
challenge. *Significantly different from the vehicle group (p <0.05). *Signif-
icantly different from naive group (p <0.0001). Data represented as mean +
SD; n = 5 animals per group. One-way ANOVA test, followed by Tukey’s test.

Fig. 3. Dose-response curve of inhaled braylin in the mouse asthma
model. The X-axis represents the tested groups: mice without experi-

# mental manipulation (naive), mice induced to the asthma model

treated with inhaled vehicle (Ve; 10% propylene glycol in saline),
inhaled braylin (12.5 to 100 mg/Kg), or systemic dexamethasone
(Dexa; 30 mg/Kg/ip.; gold standard). The Y-axis shows the total
amount of inflammatory cells (x10%) obtained in the bronchoalveolar
lavage. The treatments were carried out once daily for 5 consecutive
days, 2 h before the challenge with ovalbumin. The bronchoalveolar
lavage was collected for measurements 24 h after the last challenge.
*Significantly different from the vehicle group (p <0.05). *Signifi-
cantly different from the naive group (p <0.05).%Significantly
different from the braylin-50 mg/Kg group (p <0.05). Data repre-
sented as mean + SD: n = 5 animals per group. One-way ANOVA test,
followed by Tukey’s test.

Braylin (mg/Kg)

count identified and quantified the number of eosinophils, neutrophils,
and mononuclear cells in the BAL samples (Fig. 4). Fig. 4 shows repre-
sentative photomicrographs of inflammatory cells in the bron-
choalveolar lavage of mice from different experimental groups. It also
includes bar graphs reflecting the number of leukocytes in each exper-
imental group. The treatment by inhalation with braylin (50 mg/Kg)
lowers the proportion of eosinophils and neutrophils present in the BAL
compared to the mice treated with vehicle (p <0.05) with similar effi-
cacy to that of systemic dexamethasone (30 mg/Kg/ip), the gold stan-
dard. Accordingly, the percentage of mononuclear cells in the samples of
mice treated with braylin was also comparable to the values observed for
dexamethasone, which presented an increase compared to the vehicle (p
<0.05).

2.4. Braylin modulates Th2 cytokines: IL-4, IL-5 e IL-13

The levels of cytokines that participate in the Th2 response were
quantified in the bronchoalveolar lavage of mice from different exper-
imental groups and are displayed in the bar graph in Fig. 5. OVA-
induced mice showed elevated levels of IL4, IL-5, and IL13 cytokines
in BAL compared to naive mice (p <0.05). Inhalation of braylin at doses
of 25 and 50 mg/Kg was able to reduce the levels of IL-4, IL-5, and IL-13
in the BAL of mice (p <0.05). Whereas braylin at a dose of 12.5 mg/Kg,
induced a significant reduction of IL-5 and IL-13, but not of IL-4, in the
BAL of mice. The animals treated with systemic dexamethasone (30 mg/
Kg/ip.) showed a reduction in the levels of all cytokines quantified in
BAL, with a magnitude similar to that obtained by the inhalation
treatment with braylin.

2.5. Braylin reduces pulmonary inflammatory infiltrate and the
occurrence of goblet cell metaplasia

To characterize the tissue changes caused by the induction of the
asthma model and the possible effect of braylin on the migration of in-
flammatory cells, sections of lungs stained with hematoxylin-eosin (HE)
were examined. Fig. 6 exhibits representative photomicrographs of
histological sections of the lung of mice, in which both inflammatory
cells (arrowheads) and mucus production by goblet cells (arrows) can be
seen. It also includes bar graphs that quantify the different experimental
groups’ inflammatory cells and mucus production. A large cellular
infiltrate containing lymphocytes, macrophages, and eosinophils was
observed in the OVA-induced mice treated with vehicle (Figs. 6C and
6I). Mice that received braylin inhalation (50 mg/Kg) had a reduction in
the pulmonary inflammatory cells infiltrate compared to mice treated
with vehicle (p <0.05, Figs. 6G and 6I). Systemic treatment with dexa-
methasone (30 mg/Kg/ip.) was also able to reduce the pulmonary in-
flammatory infiltrate (p<0,05, Figs. 6E and 61). Staining the pulmonary
tissue with periodic acid-Schiff (PAS) enabled the observation of mucus
production, characterizing the occurrence of metaplasia of goblet cells
in the bronchiolar epithelium. The lungs of mice with experimental
asthma treated with vehicle showed a superior area stained with PAS (p
<0.05, Figs. 6D and 6J) compared to naive mice (Figs. 6B and 6J), which
indicates a greater mucus production. Inhalation treatment with braylin
reduced the staining of goblet cells in the bronchiolar epithelium of
asthmatic mice (p <0.05, Figs. 6H and 6J), which evidences the ability of
this coumarin to modulate mucus production. As expected, systemic
dexamethasone also reduced the presence of mucus in goblet cells
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Fig. 4. Effect of inhaled braylin on the differential types of inflammatory cells in the bronchoalveolar lavage of asthmatic mice. Panels showcase representative
photomicrographs of bronchoalveolar lavage cells from (A) naive mice, (B) OVA-induced mice treated with inhaled vehicle, (C) OVA-induced mice treated with
systemic dexamethasone (Dexa; 30 mg/Kg/ip.), and (D) OVA-induced mice treated with inhaled braylin (50 mg/ Kg). The treatments were carried out once daily for
5 consecutive days, 2 h before the challenge with ovalbumin. The samples were stained with hematoxylin and eosin (HE), 100X magnification. Panels E - G show the
differential quantification of monocytes (E), neutrophils (F), and eosinophils (G) in bronchoalveolar lavage of the different experimental groups. Data represented as
percentage in relation to the total count. *Significantly different from the naive group (p <0.05). *Significantly different from the vehicle group (p <0.05). Data

represented as mean + SD; n = 5 animals per group. One-way ANOVA test, followed by Tukey’s test.

stained with PAS (p<0,05, Figs. 6F and 6J).
2.6. Braylin induces tracheal relaxation

Fig. 7 shows recordings of the relaxing effect induced by braylin in
trachea isolated from naive (A) and asthmatic (B) mice precontracted
with carbachol (10 uM), along with the scatter plot (C) showing a
function of the percentage of relaxation and concentration of braylin, i.
e., a concentration-response curve. As shown in Fig. 7, braylin (0.1 uM to
300 uM) induced a concentration-dependent relaxation in pre-
contracted (carbachol 10 pM) tracheal segments with functional
epithelium from both naive and asthmatic mice (Ef3g ,m:102.7 £ 2.8%,
n = 5; Epoo im1:102.6 + 3.1%, n = 6, respectively).

3. Discussion

Braylin is a naturally occurring coumarin with previously related
biological activity. The present work demonstrated, for the first time,
the pharmacological properties of braylin administered by inhalation in
an experimental model of asthma. Braylin modulated relevant param-
eters associated with the physiopathology of experimental asthma. It
reduced the inflammatory cell infiltrate in the bronchoalveolar lavage
and lung tissue, reduced the goblet cell metaplasia, and inhibited the
production of key cytokines for the development of the Th2 immune
response. Plus, in a set of ex vivo assays, braylin induced a relaxant effect
on the airway muscle of the trachea of both naive and asthmatic mice.
These results show the potential of this natural coumarin as a drug
candidate for the development of new drugs for the treatment of asthma.

Administration by inhalation was proven to be a good therapeutic
strategy in the treatment of asthma because it allows reaching a high
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Fig. 5. Effect of inhaled braylin on cytokine levels in bronchoalveolar lavage in
OVA-induced mice. Panels show the levels of cytokines IL-4 (A), IL-5 (B), and
IL-13 (C) present in the bronchoalveolar lavage of mice, determined by ELISA.
The X-axis represents the tested groups: mice without experimental manipula-
tion (naive), OVA-induced mice treated with inhaled vehicle (Ve; 10% pro-
pylene glycol in saline), systemic dexamethasone (Dexa; 30 mg/Kg/ip.; gold
standard), or inhaled braylin (12.5, 25 and 50 mg/Kg). The treatments were
carried out once daily for 5 consecutive days, 2 h before the challenge with
ovalbumin. The bronchoalveolar lavage was collected for measurements 24 h
after the last challenge. *Significantly different from the vehicle group (p
<0.05). *Significantly different from the naive group (p <0.05). Data repre-
sented as mean + SD: n = 6 animals per group. One-way ANOVA test, followed
by Tukey’s test.

local concentration of the drug in the lungs, with reduced absorption
and, consequently, fewer adverse effects (Lipworth, 1996). Indeed, the
pulmonary route provides high drug deposition, leading to increased
drug bioavailability in the airways and lungs (Ho et al., 2019). It is a
major therapeutic advantage considering that the chronic use of corti-
costeroids can cause serious adverse effects such as osteopenia, hyper-
glycemia, cataracts, and hypertension, which limits their systemic use
(Poetker and Reh, 2010; Shen and Young, 2012). In fact, the develop-
ment of inhaled glucocorticoids  revolutionized  asthma

Phytomedicine Plus 3 (2023) 100435
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Fig. 6. Effects of braylin on pulmonary inflammatory infiltrate and mucus
production. Panels show representative images of naive mice (A-B), and asth-
matic mice treated with inhaled vehicle (C-D), systemic dexamethasone (E-F;
30 mg/Kg/ip.), or inhaled braylin (G-H; 50 mg/Kg). Mice not experimentally
manipulated comprise the naive group. Lungs were stained with HE (A, C, E, G)
or periodic acid-Schiff (B, D, F, H). Arrowheads indicate cells from the in-
flammatory infiltrate. Arrows indicate goblet cells marked with PAS. 40X
magnification, 50 pm bar. Panel I shows the cell count in the inflammatory
infiltrate of the different experimental groups, while panel J shows the quan-
tification of the area occupied by mucus-producing goblet cells labeled with
PAS. *Significantly different from the vehicle group (p <0.05). *Significantly
different from the naive group (p <0.05). Data represented as mean &+ SD: n =5
animals per group. One-way ANOVA test, followed by Tukey’s test.

pharmacotherapy in the 1950s. Even with reports of inhalation treat-
ments in India 4000 years ago, it was only in 1956 that this method of
administration was incorporated into the management of asthmatic
patients, and today it is considered to have a central role in the treat-
ment of this disease (Crompton, 2006). Therefore, it is an extremely
desirable property of drug candidates for the treatment of asthma to
have inhalation efficacy. Because of that, the effect of braylin adminis-
tered by inhalation was initially compared to its effect after systemic
administration. Inhaled braylin showed an efficacy comparable to that
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Fig. 7. Braylin induces a similar relaxing effect in the trachea isolated from
naive and asthmatic mice. Representative original recordings of the relaxing
effect induced by braylin in trachea isolated from naive (A) and asthmatic (B)
mice precontracted with carbachol (10 uM). (C) Concentration-response curves
for the relaxing effect induced by cumulative addition of braylin. Each point
represents mean + SD of isolated tracheal rings from 5 naive and 6 asthmatic
BALB/c mice. CCh: carbachol; BRA: braylin. Statistical analysis was performed
using unpaired Student’s t-test.

obtained by intraperitoneal administration in reducing the cellularity of
the bronchoalveolar lavage in mice with induced asthma. The inhaled
braylin effect was dose-dependent and had a similar efficacy to that of
systemic dexamethasone, considered the gold standard in experimental
asthma. From a perspective of drug development for asthma, it is
interesting that a prototype drug exhibits the properties of
dose-dependency and high efficacy by inhalation route, as it is one of the
main routes of administration. Moreover, the dose-response relationship
impacts on the determination of parameters such as the required dose,
frequency of administration, and the therapeutic index for a drug in a
population (Kenakin, 2017). These results highlight the potential of this
coumarin to advance the drug discovery process.

In addition to the reduction in the total amount of inflammatory cells
in the BAL, asthmatic mice treated with inhaled braylin showed a
change in the proportion of inflammatory cell types. The BAL of naive
animals shows a greater proportion of monocytes than of eosinophils
and neutrophils, whereas in asthmatic mice the percentage of gran-
ulocytes is increased, and monocytes is decreased. The treatment by
inhalation with braylin shifted the proportion of inflammatory cells in
the BAL of asthmatic mice to a profile closer to that observed in naive
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mice. This suggests that this coumarin induces a beneficial phenotypic
change in the population of inflammatory cells found in the bron-
choalveolar lavage of animals with experimental asthma. The presence
of neutrophils is common in some patients with chronic asthma, as these
are the first cells to be recruited after the onset of the allergic reaction.
When activated in lung tissue, neutrophils are able to release a myriad of
inflammatory mediators, such as reactive oxygen species, myeloperox-
idases, IL-8, thromboxanes, elastase, and adhesion molecules, which
together promote bronchoconstriction, exudate formation, mucus
overproduction, hyper-bronchial remodeling, and reactivity, that pro-
longs asthma symptoms (Cundall et al., 2003; Panettieri, 2018; Rader-
mecker et al., 2018). In fact, most people with severe asthma exhibit an
increase in the number of neutrophils in the BAL (Azim et al., 2021;
O’Brien et al., 2015; Tanizaki et al., 1993). Similarly, the presence of
eosinophils in the BAL has a direct relationship with the severity of
asthma, as these cells play a central role in the pathogenesis of the
disease. When recruited and activated via Th2 cytokines, such as IL-4,
IL-5, and IL-13, eosinophils release leukotrienes and other arachidonic
acid-driven inflammatory mediators, increasing the pulmonary inflam-
matory state, and inducing hyperresponsiveness and airway remodeling
(Barrios et al., 2006; Possa et al., 2013).

In this context, the modulation/inhibition of Th2 cytokine produc-
tion is an interesting target for asthma pharmacotherapy management.
Importantly, braylin was able to negatively modulate the levels of IL-4,
IL-5, and IL-13, cytokines that are directly involved in the signaling,
recruitment, and differentiation of cells involved in the pathophysiology
of asthma (Boyton and Altmann, 2004). It has been shown that the in-
crease in IL-5 in asthmatic individuals is directly linked to the differ-
entiation, recruitment, and activation of eosinophils in the lungs (Li and
Wu, 2017). Likewise, IL-4 and IL-13 are responsible for the release of IgE
via B cell activation, and act directly on the smooth muscles and
epithelium of the airways, causing their hyperreactivity (Barrios et al.,
2006). In line with the present data, the ability of coumarins to modulate
the production of cytokines that are part of the Th2 response has already
been described. Previous work has demonstrated that a group of cou-
marins were able to reduce the release of IL-4 and histamine by mast
cells (Li and Wu, 2017). Moreover, the systemic administration of ost-
hole, a coumarin derivative, also reduced the release of IL-4, IL-5, and
IL-13, the inflammatory infiltrate, and the mucus production in lung
tissue in an OVA-induced asthma model (Chiang et al., 2017).

The metaplasia of goblet cells and the consequent increase in mucus
production are responsible for the first line of defense against toxic
substances, allergens, or debris that access the airways (Curran and
Cohn, 2010). Although mucus production is an important feature of
innate immunity, within the pathological context of asthma, mucus
secretion is increased, and mucociliary clearance is reduced. This state
leads to mucus accumulation and airway plugging (Zhou-Suckow et al.,
2017). Consequently, when mucosal metaplasia persists, mucus hyper-
secretion contributes to the increase in morbidity and mortality in
asthmatic patients (Hays and Fahy, 2003), considering that mucus plugs
have been found to be a common occurrence in severe forms of asthma
(Dunican et al., 2018). Here, inhalation treatment with braylin was also
able to reduce the production of mucus by goblet cells in lung tissue.
Previous studies have correlated the reduction in mucus production with
the reduction of the allergic response in an asthma model (Vasconcelos
et al., 2009; Wang et al., 2017; Xiong et al., 2014). This correlation
highlights the importance of modulating goblet cell metaplasia, a
characteristic parameter of asthmatic conditions. Thus, the inhibitory
effect of braylin on the production of mucus by goblet cells reinforces the
therapeutic potential of this coumarin for asthma.

Along with goblet cell metaplasia and IgE production, bronchial
hyperresponsiveness is one of the hallmarks of T2 driven allergic
asthma. IL-4 and IL-13 are key mediators of hyperreactivity of smooth
muscles and epithelium of the airways and were modulated by braylin.
This modulation could indicate a possible role in airway muscle
responsiveness, which was investigated in a set of ex vivo experiments on
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trachea segments of mice. Effectively, braylin exhibited a potent relax-
ing effect in trachea segments in both naive and asthmatic mice. To the
best of our knowledge, this is the first work that shows the relaxant effect
induced by braylin on an airway muscle of the trachea. As previously
described, braylin has an anti-inflammatory property (Espirito-Santo
et al.,, 2017) and may act as a phosphodiesterase inhibitor (Lin et al.,
2014). It has also been described that braylin could participate in cyclic
monophosphate nucleotides pathway, such as cAMP and cGMP,
inducing vasorelaxation of the superior mesenteric artery (Santos et al.,
2021; Singh et al., 2020). Although these pathways are also crucial for
the regulation of airway muscle function, the exact mechanism of action
underlying braylin-induced airway smooth muscle responses remains to
be investigated.

In a previous work, evidence has demonstrated by using in vitro, in
silico, and in vivo approaches that braylin induces anti-inflammatory
effects that are mediated, at least in part, by glucocorticoid receptors
(Espirito-Santo et al., 2017). Indeed, pharmacologically active mole-
cules that exert an effect in asthma models by activating glucocorticoid
receptors (Belvisi et al., 2005; Junchao et al., 2017) have shown effects
similar to that demonstrated here for braylin, that is, reduction of mucus
production, a decrease of inflammatory infiltrate in tissue and BAL, and
reduction of Th2 cytokines production. Braylin, as a glucocorticoid
agonist, might reduce the transcription of important Th2 inflammatory
cytokines, such as IL-4, IL-5, and IL-13 (Payne and Adcock, 2001). As
well as reduce the expression of mucin 2 and mucin 5A on goblet cells,
resulting in decreased mucus production (Barnes, 1998). However, the
contribution of glucocorticoid receptors to these effects of braylin in
experimental asthma remains to be confirmed.

Additionally, Lin and coworkers (Lin et al., 2014) demonstrated that
braylin was able to inhibit PDE4 activity in an enzymatic assay with an
ICs50 lower than 10 uM. Likewise, the PDE,4 inhibitor piclamilast also has
pharmacological effects in the OVA-induced asthma model (Sun et al.,
2006) that are similar to that of braylin. PDE4 inhibitors could enhance
intracellular levels of cAMP, resulting in the activation of protein kinase
A (Li et al., 2018). This activation can lead to increased calcium uptake
by the sarcoplasmic reticulum in the smooth muscle cells, inactivation of
contractile proteins, such as myosin light-chain kinase, and hyperpo-
larization by activating K+ channels and Na+/K+ ATPase (Delmotte
et al., 2010; Nakamura et al., 2007). Thus, as a PDE4 inhibitor, braylin
could induce intracellular mechanisms that culminate in the relaxation
of airway smooth muscle cells (Du et al., 2021), although this mecha-
nistic hypothesis still needs confirmation.

Although PDE, inhibitors and glucocorticoid agonists are potent
inhibitors of inflammation and remodeling of the airways, these two
drug classes act by different mechanisms and may be complementary in
the therapeutic effect on asthma (Kumar et al., 2003). In fact, the as-
sociation of glucocorticoids with PDE4 inhibitors has been considered a
good strategy in the treatment of inflammatory respiratory diseases, like
chronic pulmonary obstructive disease (Giembycz and Newton, 2015;
Grundy et al., 2016). Based on the pharmacological profile evidenced
here and on literature data, it is possible to propose that the effects of
braylin on experimental asthma are mediated by its dual action on
glucocorticoid receptors and PDE4, however this hypothesis has not
been investigated here.

Nevertheless, braylin has a high efficacy by inhalation route, which
was similar to systemic dexamethasone. This is a significant finding,
considering that inhalation route provides the delivery of the drug
straight to the lung, where it acts locally, achieving a higher concen-
tration in the airways, a more rapid onset of action, and leading to a
reduced potential for adverse effects than the systemic route (Asthma,
2021). Therefore, data in the present study indicate that braylin may
represent an innovative prototype for the development of drugs for the
treatment of asthma.
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4. Materials and methods
4.1. Extraction, isolation, and identification of braylin

4.1.1. General experimental procedures

1H (500 MHz) and 3C (125 MHz) NMR spectra were acquired at
room temperature on a VARIAN, Inova-500 spectrometer instrument
with CD30D as the solvent. The HPLC/ MS analysis was obtained with
an HPLC Shimadzu 20A with Bruker micrOTOF II spectrometer using
(N2) 10 eV for MS and 45 eV for MS/MS in positive ionization mode with
a Phenomenex Luna C18 column (4.6 x 250 mm, 5 pm particle size, 0.6
mL-min—1 oven at 35 °C). Analytical HPLC analysis was carried out on a
Shimadzu Prominence LC-6A instrument with a Kromasil® C18 column
(4.6 x 250 mm, 100A 5 pm particle size, 0.6 mL-min—1), more guard
column (4.6 x 20 mm, 5 pm particle size), all methods analysis were
performed with an isocratic flow of solvent A (MeOH) and solvent B
(H20) in proportion 50:50. HPLC eluates were monitored using UV
detection at wavelengths of 254 nm.

4.1.2. Plant material

Roots of Z. tingoassuiba A. St. Hil (Rutaceae) were collected in
August 2009 in Jaiba district, localized in the city of Feira de Santana in
Bahia State, 12°12/52.9” S, 38°52'44.1” W. A voucher specimen (n°.
88,005) was identified and stored at the Herbarium Alexandre Leal
Costa (ALCB) of Federal University of Bahia, Brazil.

4.1.3. Extraction and isolation

Barks of roots (76,423 g) were extracted with hexane 1 L for seven
days and repeated for four weeks. The same process was repeated using
methanol, resulting in a methanol extract (12.716 g). 11,421 g of
methanol extract was fractionated using a partition of CHC13:MeOH:5%
HCI (5:5:3), and the organic layer was dried under reduced pressure,
resulting in fraction E1 (3.251 g). The fraction E1 was recrystallized
using methanol, and 0,837 g of yellow powder was isolated. The powder
was analyzed by NMR 'H and '*C (Supplementary Figures 1 and 2,
respectively), and m/z was determined by analyses of HPLC/MS (see
Supplementary Figure 3). After analyses and comparison with literature
data (Randrianarivelojosia et al., 2005), the coumarin braylin was
identified, as described elsewhere (Costa et al., 2018).

4.2. Animals

Experiments were performed on male BALb/c mice obtained from
the Animal Facilities at Instituto Gong¢alo Moniz (Salvador, Brazil). Mice
(20 - 25 g) were housed in temperature-controlled rooms (22 + 2 °C),
under a 12:12 h light-dark cycle, with access to water and food ad
libitum until experimental initiation. All behavioral tests were per-
formed between 8:00 a.m. and 5:00 p.m. Animal care and handling
procedures were in strict accordance with the recommendations in the
Guide for the Care and Use of Laboratory Animals of the National
Institute of Health and Brazilian College of Animal Experimentation.
The protocol was approved by the Institutional Animal Care and Use
Committee of FIOCRUZ (CEUA/FIOCRUZ, permit number: 1-IGM-013/
2021) and the Institute of Health Sciences from the Federal University of
Bahia (no. 1,867,180,621). Every effort was made to minimize the
number of animals used in the experiments.

4.3. Ovalbumin-induced mice asthma model and experimental design

The mice were divided into groups of six animals and immunized
with a subcutaneous injection of 10 pg ovalbumin (Sigma, St. Louis, MO)
diluted in 2 mg/mL of aluminum hydroxide (AlumlImject; Pierce,
Rockford, IL), followed by an injection booster 14 days later. From the
28th day, the mice were placed in an acrylic box and subjected to the
inhalation exposure of ovalbumin (1%) for 15 min a day, for five
consecutive days. The ovalbumin solution was nebulized by an
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ultrasonic inhaler (RespiraMax, Brazil). The protocol used to induce
experimental asthma was performed as previously described (Possa
et al., 2013). The groups were divided as follows: naive (mice without
experimental manipulation); ovalbumin + vehicle (mice induced to the
asthma model and treated with vehicle; 10% propylene glycol in saline);
ovalbumin + dexamethasone (mice induced to the asthma model and
treated with dexamethasone intraperitoneally 30 mg/Kg; gold stan-
dard); ovalbumin + intraperitoneal braylin (mice induced to the asthma
model and treated with braylin intraperitoneally 50 mg/kg); ovalbumin
+ inhaled braylin (mice induced to the asthma model and treated with
braylin inhalation 12.5 to 100 mg/Kg). To perform the treatments, two
hours before each challenge by inhalation, the mice were treated with
braylin, dexamethasone or vehicle, according to each group.

4.4. Bronchoalveolar lavage collection

The animals were euthanized with a lethal dose of ketamine and
xylazine (300 mg/Kg and 30 mg/Kg, respectively, via ip.) 24 h after the
last challenge for the collection of bronchoalveolar lavage. The lungs of
mice were instilled with 1 mL of cold PBS via intratracheal, followed by
BAL collection, and the procedure was repeated. The first wash was
centrifuged, and the supernatant was stored at —70 °C for later quan-
tification of cytokines by ELISA. The second wash was centrifuged, the
supernatant was discarded, and the pellets were resuspended in 1 ml of
saline to perform the count of total leukocytes with the aid of the
Neubauer chamber. To perform the differential cell count, 10,000 cells
from the resuspension were collected, centrifuged in Cytospin®, and
stained with hematoxylin and eosin (Vasconcelos et al., 2009).

4.5. Histopathological and morphometric analysis

After collection of the BAL, pulmonary perfusion was performed
intratracheally with 1 ml formalin (4%) and, subsequently, the right
lobe of the lungs of each animal was removed and fixed in the same
solution for histological and morphometric analysis. The sections were
stained with hematoxylin and eosin to quantify the inflammatory cells
by optical microscopy according to the number of nuclei present in the
fields with the largest population of cells. For the quantification of
mucus production, staining was done with Periodic acid-Schiff (PAS),
and the marked areas were quantified. The area of pulmonary tissue
marked with PAS was considered positive for mucus produced by goblet
cells (Southam et al., 2008). A total of 10 fields (400 x) per animal were
analyzed in a total of 5 animals, and the data were used to calculate the
average of cells per mm?, or the area stained with PAS. The program
used to assist in cell counting and area determination was
Image-Pro-PLUS, version 4.5 (Media Cybernetics, Silver Spring, USA).

4.6. Quantification of cytokines from BAL

The bronchoalveolar lavage supernatant previously stored at —70 °C
was thawed and used for the quantification of cytokines IL-4, IL-5, and
IL-13, using specific enzyme-linked immunosorbent assay (ELISA) kits
(R&D System, Minnesota, MN, USA) for mice, following the manufac-
turer’s instructions (Vasconcelos et al., 2009).

4.7. Tissue preparation for isometric measurement

Male BALb/c mice naive or asthmatic (10 - 14 weeks) were used in
the studies. Mice were euthanized in a CO5 chamber and had the trachea
removed. The trachea was exposed and cleared of surrounding con-
nective tissue before being isolated for functional studies. The rings were
immediately immersed in Krebs solution of the following composition
(mM): NaCl 117, NaHCOj3 25, CaCl, x H»0 2.5, KCl 5.36, KH,PO4 1.03,
MgSO4 x 7H20 0.57 and glucose 11.1. Then, the tracheas were dissected
and cleaned from connective tissue and sectioned in 2 mm long ring.
Isolated tracheal segments were mounted onto two stainless steel hooks
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suspended in an organ bath filled with 10 ml of Krebs solution, bubbled
continuously with 5% CO; in O3 (carbogen), and maintained at 37 °C.
Changes in tension were recorded via an isometric force transducer
(isometric transducer Insight©, Ribeirao Preto, Sao Paulo, Brazil) con-
nected to an amplified recorder (Insight©, Ribeirao Preto, Sao Paulo,
Brazil) and to a personal computer equipped with a data acquisition
software (Windaq software, Dataq Instruments©, Akron, Ohio). The
trachea was equilibrated under a resting tension of 0.5 g for at least 1 h
with the replacement of the bath fluid every 15 min.

4.8. Experimental procedures in isolated mouse trachea

Following the equilibration period, the tracheal preparations were
pre-contracted with a depolarizing solution containing KCl at 80 mM.
After reaching a plateau, the solution was replaced with Krebs solution
until it returned to the resting tension. Then, to confirm the epithelium
function, the tracheal preparations were precontracted with carbachol
(0.1 pM). When the plateau was reached, a relaxation response induced
by arachidonic acid (10 uM) of at least 60% was obtained. To study the
relaxation effect induced by braylin, preparations were first pre-
contracted with carbachol (10 uM) and, upon reaching a plateau, were
exposed to a single bolus concentration of braylin (0.1 uM to 300 pM).
The relaxing response induced by braylin was expressed as a percentage
of relaxation of contraction induced by carbachol (10 uM).

4.9. Statistical analysis

Data are presented as means + standard deviation (SD) of mea-
surements made on 6 - 9 animals in each group. Comparisons between
three or more treatments were made using one-way ANOVA with
Tukey’s post hoc test. Comparison between two treatments was per-
formed by unpaired Student’s t-test. All data were analyzed using Prism
5 Computer Software (GraphPad, San Diego, CA, USA). Statistical dif-
ferences were considered significant at p < 0.05.

5. Conclusions

In conclusion, the present study demonstrated that inhaled braylin
has consistent pharmacological properties in experimental asthma. This
coumarin reduced important pathophysiological events associated with
asthma, with similar efficacy to systemic dexamethasone, considered the
gold standard drug. These results suggest that braylin may be a prom-
ising candidate in the treatment of asthma by regulating the Th2
response, inducing relaxant effects in the airway muscles, and present-
ing relevant efficacy by inhalation. However, further studies, especially
regarding its the mechanism of action, are still needed.
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