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Abstract: Acute respiratory distress syndrome (ARDS) is a severe clinical condition of
respiratory failure due to an intense inflammatory response with different etiologies. Despite
all efforts, therapy remains limited, and ARDS is still associated with high mortality and
morbidity. Plants can provide a vast source of active natural products for the discovery of
new drugs. o-bisabolol (oi-bis), a constituent of the essential oil from chamomile, has elicited
pharmacological interest. However, the molecule has some limitations to its biological
application. This study was conducted to develop a drug delivery system using lipid-core
nanocapsules (LNCs) to improve the anti-inflammatory effects of orally administered o-bis.
o-bis-loaded LNCs (0-bis-LNCs) were prepared by interfacial deposition of poly(e-caprolactone)
and orally administered in a mouse model of ARDS triggered by an intranasal administration of
lipopolysaccharide (LPS). We found that a-bis-LNCs (30, 50, and 100 mg kg™") significantly
reduced airway hyperreactivity (AHR), neutrophil infiltration, myeloperoxidase activity,
chemokine levels (KC and MIP-2), and tissue lung injury 18 hours after the LPS challenge. By
contrast, free o-bis failed to modify AHR and neutrophil accumulation in the bronchoalveolar
lavage effluent and lung parenchyma and inhibited elevation in the myeloperoxidase and MIP-2
levels only at the highest dose. Furthermore, only a-bis-LNCs reduced LPS-induced changes
in mitogen-activated protein kinase signaling, as observed by a significant reduction in phos-
phorylation levels of ERK1/2, JNK, and p38 proteins. Taken together, our results clearly show
that by using LNCs, o.-bis was able to decrease LPS-induced inflammation. These findings may
be explained by the robust increase of o-bis concentration in the lung tissue that was achieved
by the LNCs. Altogether, these results indicate that o-bis-LNCs should further be investigated
as a potential alternative for the treatment of ARDS.

Keywords: acute respiratory distress syndrome, nanotechnology, drug delivery, pulmonary
inflammation, ot-bisabolol, anti-inflammatory effects

Introduction
Acute respiratory distress syndrome (ARDS) is a severe inflammatory lung condition
that is characterized by the damage of the alveolar capillary barrier, leading to extrava-
sation of exudate into the airspace, decreased lung compliance, and hypoxemia.'-
Despite considerable recent advances in the understanding of the mechanism under-
lying ARDS pathogenesis, supportive therapies remain the mainstay of treatment of
this disease.’* Because of the high mortality rate and its substantial impact on public
health, novel therapeutic approaches for ARDS are badly needed.’

Originally based in popular use by successive generations, traditional medicine
has been a source of pharmacotherapy for millions of people worldwide.®® Plants
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can provide a vast source of active natural products for
the discovery of new drugs. Secondary metabolites from
plants, such as terpenes, phenols, and alkaloids, are known
to modulate the expression of proinflammatory signals and
have shown potent biological activities, providing lead
compounds in drug discovery for the treatment of many
conditions and diseases, for instance, microbial infections,
cancer, and inflammation.>!°

a-bisabolol (a-bis) is a small, plant-derived, oily ses-
quiterpene alcohol found as the major constituent of the
essential oil from German chamomile (Chamomilla recutita
(L.) Rauschert), a plant used for centuries for its medici-
nal properties.'"'? o-bis has shown anti-inflammatory,"
antimicrobial, antifungal, larvicidal,"* leishmanicidal,'> and
antitumor properties.'!” Despite these protective effects, the
therapeutic potential of o-bis in inflammatory lung diseases
has not yet been investigated. One limitation is that o-bis is a
highly lipophilic and easily oxidizable compound, easily form-
ing two bisabolol oxides."® Thus, the incorporation of a-bis
into nanoparticles would be an alternative to minimize oxida-
tion of the molecule and improve its delivery into the focus of
the lesion. In this way, we hypothesize that when incorporated
into a lipid-core nanocapsule (LNC) system, ¢-bis may exhibit
an improvement in anti-inflammatory properties.

Nanotechnology may be considered the science with
the potential to produce materials and/or strategies that
involve manipulation of matter at the nanometer scale."
For pharmaceutical applications, molecules are arranged
into relatively inert, biodegradable, and nontoxic carriers,
which is a promising approach to improving their delivery.?
Nanocapsules are vesicular systems in which the drug/active
principle can be confined in an oily cavity surrounded by a
polymeric wall?! that allows the therapeutic effectiveness to
be increased. Thus, nanoencapsulation of drug substances
has demonstrated improved stability,?? controlled release,?' 3
improved activity,* targeted to a specific organ or tissue,?
and reduced side effects.?

Considering the well-established anti-inflammatory
properties of o.-bis as well as the possibility of improving its
delivery and translational prospective, the aim of this study
was to evaluate the effectiveness of o-bis-loaded lipid-core
nanocapsules (0-bis-LNCs) in a mouse model of acute lung
injury (ALI) induced by lipopolysaccharide (LPS).

Materials and methods
Preparation of LNCs

LNCs formulations were prepared by interfacial deposi-
tion of polymer. At 40°C, poly(e-caprolactone) (250 mg),

sorbitan monostearate (95 mg), a-bis (250 mg), and capric/
caprylic triglyceride (150 mg) were dissolved in acetone
(60 mL) and ethanol (7.5 mL). In a separate flask, polysor-
bate 80 (192.5 mg) was added to 133 mL of water. The
organic solution was injected into the aqueous phase under
magnetic stirring at room temperature. After 10 minutes,
acetone and ethanol were eliminated, and the formulation
was concentrated under reduced pressure. The final volume
was adjusted in a volumetric flask to 25 mL. Drug-unloaded
nanocapsules (ULNCs) were prepared as described above,
omitting the o-bis content and adding the inert oil (capric/
caprylic triglyceride) as a single oil. This formulation was
used as a control vehicle.

Characterization of LNCs

After preparation, 0-bis-LNCs and ULNCs were character-
ized by using potentiometry, dynamic light scattering, laser
Doppler microelectrophoresis, and liquid chromatography.
All these measurements were taken in (at least) triplicate
batches. The pH was determined in a calibrated potentiometer
(B474; Micronal, Sao Paulo, Brazil). The particle size distri-
bution, hydrodynamic mean diameter, polydispersity index
(PDI), and zeta potential were determined by a Zetasizer®
Nano-ZS ZEN 3600 model (Malvern Instruments, Malvern,
UK). For particle sizing, the formulations were diluted with
prefiltered water (MilliQ®), while for zeta potential measure-
ments, they were diluted with 10 mmol L' NaCl aqueous
solution. The total concentration (drug content) of o-bis in
the o-bis-LNCs formulation was measured by reverse-phase
high-performance liquid chromatography (HPLC; Perkin-
Elmer S-200, with an S-200 injector, an ultraviolet—visible
[UV-Vis] detector, a guard column; PerkinElmer, Waltham,
MA, USA), and a Nova-Pak C18 column (150 mm, 4.9 mm,
4 um; Waters, Quebec, Canada). The mobile phase con-
sisted of acetonitrile/water (60:40, volume to volume ratio
[v/v]) adjusted to an apparent pH of 4.5+0.5 with 10% (v/v)
acetic acid. Each formulation (100 uL) was treated with
acetonitrile (10 mL) to extract the drug. The solution was
filtered (Millipore, 0.45 um; Merck Millipore, Billerica, MA,
USA) and injected (20 uL). a-bis was detected at 207 nm
with a retention time of 11 minutes. Linear calibration curves
for o.-bis were obtained in the range of 2.00-25.00 ug mL™,
presenting correlation coefficients >0.99. The encapsulation
efficiency was determined by an ultrafiltration—centrifugation
technique (Ultrafree®-MC, 10,000 MW; Merck Millipore)
at 15,300x g for 10 minutes. The amount of o-bis encapsu-
lated in the nanocapsules was calculated from the difference
between the total and free drug concentrations determined
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in the nanocapsule suspension and in the ultrafiltrate,
respectively.

Animals

Male A/J mice (18-20 g) were obtained from the Oswaldo
Cruz Foundation (FIOCRUZ, Rio de Janeiro, Brazil). They
were kept in the animal-housing facilities with 5 animals
per cage under controlled temperature (22°C-25°C), with a
12-hour light—dark cycle (6 am—6 pm) and food and water
ad libitum. This study and the procedures were performed in
accordance with the guidelines of the Guide for the Care and
Use of Laboratory Animals and the recommendations of the
Animal Ethics Committee of the Oswaldo Cruz Foundation
(Protocol LW23/10; Comissdo de Etica no Uso de Animais-
FIOCRUZ), which also approved this research.

Treatment protocol

Treatments with free o-bis or 0-bis-LNCs were administered
orally (gavage) at doses of 30, 50, or 100 mg kg™' 4 hours
before the challenge with LPS. For vehicle control, the
animals were treated with ULNCs at the same amount of
the highest dose (100 mg kg™). For administration of free
o-bis, an oil dispersion in saline was prepared to form an
emulsion with the same concentration of a-bis present in
the nanocapsule formulation. The analyses were performed
18 hours after the LPS challenge.

Murine model of LPS-induced lung acute

inflammation

The murine model of acute lung inflammation induced by
LPS was established with local adaptations as previously
reported.”’ Briefly, the mice were anesthetized with isoflurane
aerosol with a constant flow of O, (3.5 kgf cm?; BRASMED,
Guarulhos, Brazil) and then underwent an intranasal chal-
lenge with LPS (25 pg/25 uL). In the control group (saline
group), LPS was replaced by sterile 0.9% NaCl.

Invasive assessment of respiratory

mechanics

Airway reactivity was assessed as a change in airway
function after challenge with aerosolized methacholine
in a FinePoint R/C Buxco Platform (Buxco Electronics,
Sharon, CT, USA). Mice were anaesthetized with sodium
pentobarbital (60 mg kg™ intraperitoneal [IP]; Cristalia,
Itapira, Brazil). Neuromuscular activity was blocked with
bromide pancuronium (1 mg kg™'). Tracheostomized
mice were mechanically ventilated (MiniVent, Buxco
Electronics, Wilmington, NC, USA) only with atmospheric

air (fraction of inspired O,, ~20%), and lung function
was assessed. Anesthetized animals were maintained at
36.0°C-36.5°C using a heating pad and subjected to baseline
mechanical ventilation conditions (tidal volume =0.25 mL,
positive end-expiratory pressure =0.160 cmH,O, and respira-
tory frequency =100 breaths min™) throughout the assess-
ment of the respiratory mechanics (~30 minutes). Airflow
and transpulmonary pressure were recorded by using a
Buxco Pulmonary Mechanics Processing System (Buxco
Electronics). This system was used to calculate lung elastance
(mL cmH,0™") in each breath cycle. Analog signals from the
computer were digitized by using a Buxco analog/digital
converter (Buxco Electronics). The mice were allowed to
stabilize for 5 minutes, and increasing concentrations of
methacholine (3, 9, and 27 mg mL™") were aerosolized for
5 minutes each to assess airway responsiveness. Baseline
pulmonary parameters were assessed following aerosol of
PBS. The results comprised the mean absolute values of the
responses of lung elastance collected during the 5 minutes
after the administration of methacholine aerosol.

Cell recovery from the airway lumen

After the evaluation of airway hyperreactivity (AHR), the
mice were killed by anesthetic overdose (sodium pentobarbi-
tal, 500 mg kg, IP), and bronchoalveolar lavage (BAL) was
performed as previously reported.?® Briefly, the lavage fluid
was centrifuged, and cell pellets were resuspended in 250 pL.
of PBS containing 10 mM EDTA for enumeration of total
leukocytes by means of a Neubauer chamber. Cytospin slides
were prepared from BAL fluid (BALF) and stained with May—
Grunwald—Giemsa stain. At least 100 cells were counted per
slide by using light microscopy, and they were differentiated
according to the standard morphological criteria.

Chemokine quantification

After lung perfusion with saline and EDTA (20 mM), the
lung was removed, immediately frozen in liquid nitrogen,
and stored at —80°C. Tissue samples were homogenized on
ice using a WH homogenizer (Omni International, Kennesaw,
GA, USA) for 30 seconds in 1 mL of PBS containing 0.05%
Triton X-100 and a protease inhibitor cocktail (Complete®;
Hoffmann-La Roche Ltd., Basel, Switzerland). The resulting
supernatants were isolated after centrifugation at 10,000x g
for 15 minutes at 4°C. Murine MIP-2 (CXCL-2), and KC
chemokine levels were measured in samples by using
enzyme-linked immunosorbent assay according to the
instructions provided by the manufacturer (DuoSet®; R&D
Systems, Minneapolis, MN, USA). The cytokine levels
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were normalized to total protein levels measured by using a
bicinchoninic acid (BCA) assay? and expressed as picograms
of cytokine per milligram of protein.

Myeloperoxidase (MPO) activity assay
MPO activity was assessed as previously described with minor
modifications.* Briefly, 18 hours after the LPS challenge, the
mice were killed, and the right lungs (perfused) were excised,
homogenized in 1 mL of Hank’s solution, and centrifuged at
1,950x g for 10 minutes at 4°C. The pellet was suspended in
0.5 mL 0f 0.2% NaCl followed by 0.5 mL of hypertonic solu-
tion of 1.6% NaCl and centrifuged at 2,000x g for 10 minutes
at 4°C. Next, the pellet was suspended in 1 mL of hexade-
cyltrimethylammonium bromide (HTAB) and recentrifuged
at 1,700x g for 15 minutes at 4°C. The supernatant was col-
lected and centrifuged at 15,300x g for 15 minutes at 4°C.
It was added to a 96-well plate with 50 UL of sample, 50 uL.
of HTAB, and 50 uL of orthodianisidine (0.68 mg mL™).
The plate was maintained at 37°C for 15 minutes, and then,
50 uL of H O, (0.006%) was added to each well. After
10 minutes, 50 UL of sodium azide (1%) was added. The
analysis was performed by measuring the absorbance at a
wavelength of 460 nm using a SpectraMax M5 plate reader
(Molecular Devices LLC, Sunnyvale, CA, USA), and the
result is expressed as U (enzyme unit) per mg of protein.

Histological analysis of lung

The perfused lung was removed, and the left lobe was
taken for histological analysis and immediately fixed in
Millonig’s buffer solution (pH =7.4) with 4% paraformal-
dehyde to preserve tissue architecture. Routine histological
techniques were used to paraffin-embed samples, and 4-pum-
thick sections were stained with H&E. The lung tissues
stained with H&E were scanned and analyzed by using the
Pannoramic Viewer program (3DHISTECH Ltd., Budapest,
Hungary). This staining was used to analyze lung damage
and is presented by a “score.” The score represents the evalu-
ation of a set of criteria, such as infiltration of inflammatory
cells in the airspace or vessels, alveolar congestion, and
thickness of the alveolar wall, and evaluates lung damage
via a numerical rating system that ranges from 0 to 4 (score),
with no damage =0, minor damage =1, moderate damage =2,
severe damage =3, and very severe damage =4.*' This analy-
sis was performed by evaluating the entire lung section at a
magnification of x10.

Western blot analysis
Lung tissue was homogenized in radioimmunoprecipita-
tion assay buffer with a protease and phosphatase inhibitor

cocktail (1:100; Thermo Scientific, Swedesboro, NJ, USA).
The homogenates were denatured for 5 minutes at 100°C and
then centrifuged at 10,000x g for 10 minutes. The supernatant
was collected, and the total protein was quantified by using
BCA method; B-mercaptoethanol was added to a final con-
centration of 5%. Equal amounts of protein were resolved
(50 pg per lane) on 10%—-12% sodium dodecyl sulfate—
polyacrylamide gel electrophoresis gels and subsequently
electrotransferred through a semi-dry transfer apparatus
(Trans-Blot® SD; Bio-Rad, Hercules, CA, USA) onto a
nitrocellulose membrane. Then, the nitrocellulose membrane
was incubated for 60 minutes at 4°C in blocking solution
(Tris-buffered saline containing 5% nonfat milk and 0.1%
Tween 20, pH =7.4) and further incubated with the appro-
priate primary antibody dissolved in the blocking solution
overnight at 4°C. Primary antibodies against the following
proteins were used: anti-ERK1/2 (1:1,000; Cell Signaling,
Danvers, MA, USA), anti-p38 (1:1,000; Cell Signaling), and
anti-JNK (1:1,000; Invitrogen, Thermo Fisher Scientific,
Waltham, MA, USA). After washing, the membranes were
incubated with adjusted secondary antibodies coupled to
horseradish peroxidase (1:1,000) for 2 hours. The immuno-
complexes were visualized by using a chemiluminescence
detection system on X-ray films (Kodak™; PerkinElmer).
Finally, films were scanned, and band density measurements
were taken by using ImagelJ software. Data were presented
as the ratio of phosphorylated protein to the total protein.
Uniform gel loading was confirmed with -actin (1:1,000;
Abcam, Cambridge, UK) as the standard.

Quantification of o-bis in the lung

To determine the levels of o-bis in the lung tissue, a reverse-
phase HPLC analysis was performed. Briefly, 18 hours after the
LPS instillation, the animals were killed by anesthetic overdose
(sodium pentobarbital, 500 mg kg™!, IP) and perfused with
saline, and the lung tissues were rapidly removed and weighed.
Then, 3 mL of acetonitrile was added to extract the drug. The
mixtures were centrifuged at 3,000x g for 10 minutes, and
the supernatant was filtered (0.45 uM; Merck Millipore) and
injected (20 uL) into the HPLC. The system consisted of a U V-
Vis detector, a pump, and an S200 auto-injector (PerkinElmer),
a guard column, and a Nova-Pak C18 column (150 mm, 4.9
mm, 4 um; Waters). The mobile phase consisted of acetonitrile/
water (60:40, v/v) adjusted to an apparent pH of 4.5+0.5 with
10% (v/v) acetic acid. o-bis was detected at 207 nm with a
retention time of 11 minutes. The HPLC method was validated
to consider the linearity, interday and intraday variability,
selectivity, accuracy, limit of quantification, and recovery.
Linear calibration curves for a-bis dissolved in acetonitrile
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were obtained in the range 0f 2.00-25.00 ug mL™', presenting
correlation coefficients >0.99. The limit of quantification was
2.00 pg mL™. The area under the peak was calculated by using
numerical integration. The quantity of o-bis was calculated by
comparing the peak area ratio from tissue samples of treated
animals with those of the corresponding concentration stan-
dards of a-bis in acetonitrile.

Statistical analysis

The results were presented as the mean + standard error of
mean (SEM) of at least 6 animals per group. Statistical analysis
was performed by one-way analysis of variance (ANOVA)
followed by a Tukey’s post hoc test by using GraphPad Prism
software Version 5.01 (GraphPad Software, La Jolla, CA,
USA). Two-way ANOVA was also performed followed by a
Bonferroni posttest for lung function analyses. P-values <0.05
were considered statistically significant for both the tests.

Results

Physicochemical characterization of
o-bis-LNCs

The LNCs formulations were prepared by interfacial
polymer deposition without requiring subsequent puri-
fication. o-bis-LNCs and ULNCs were macroscopically
homogeneous white turbid solutions presenting a bluish
white opalescent effect. After preparation, the o-bis-LNCs
showed a hydrodynamic mean diameter of 160+10 nm, a
PDI of 0.10£0.06, a zeta potential of —=8.1£1.0 mV, and a
pH of 6.240.3. Similar results were obtained for ULNCs,
that is, particle size, PDI, zeta potential, and pH values
were 1685 nm, 0.11£0.08, —=7.9£1.2 mV, and 6.05%0.5,
respectively. The formulations showed stable unimodal
size distributions and PDIs <0.12, indicating narrow size
distributions. a-bis content was 10.03+0.06 mg mL™', and
the encapsulation efficiency was 99.78%=1.8% for all the
batches. Table 1 presents these results.

Effect of a-bis-LNCs on LPS-induced

pulmonary elastance and AHR

Invasive measurements of lung elastance after inhalation
of methacholine (3—27 mg mL™") were taken 18 hours after
the LPS instillation to assess the effect of the a-bis-LNCs

Table | Physicochemical characteristics of 0-bis-LNCs and ULNCs

on changes in lung function. The inflammatory response
caused by LPS led to AHR as determined by increased lung
elastance after the methacholine challenge compared with the
control group of saline-challenged mice (Figure 1). Admin-
istered 4 hours before provocation, o-bis-LNCs (30, 50, and
100 mg kg™) abolished LPS-induced AHR, whereas not all
the three doses of the free drug modulated the AHR. It is
important to note that at lesser treatment times (1 or 2 hours)
neither free o-bis nor the o-bis-LNCs were able to signifi-
cantly reduce the AHR (data not shown). The animals treated
with unloaded nanocapsules showed no significant difference
when compared to animals challenged with LPS.

Effect of a-bis-LNCs on inflammatory

cell migration in the BALF

To evaluate the effect of a-bis-LNCs on LPS-induced
leukocyte influx into the lungs, the animals were treated
4 hours before provocation. As expected, mice exposed to
LPS showed a substantial increase in the total leukocyte
cell numbers in the BALF, which was primarily due to the
accumulation of neutrophils (Figure 2A). a-bis-LNCs (30,
50, and 100 mg kg™') treatment abolished the neutrophil
accumulation in the BALF (Figure 2A), which was con-
firmed by the quantification of MPO levels in lung tissue
samples (Figure 2B). Only the highest dose of free o-bis
(100 mg kg™) decreased the activity of MPO, as indicated
by MPO quantification (Figure 2B). In addition, animals
treated with drug-unloaded nanocapsules showed no signifi-
cant difference when compared to animals challenged with
LPS. It is important to note that at earlier treatment times
(1 or 2 hours) neither free a-bis nor o-bis-LNCs were able
to significantly reduce the total and differential cell counts
in the BALF (data not shown).

Effects of o-bis-LNCs on cytokine levels

in lung tissue

We quantified the cytokine levels in the lung tissue to
investigate the a-bis-LNCs activity on inflammatory media-
tors. The lung tissue levels of MIP-2 and KC were signifi-
cantly increased in mice stimulated with LPS compared with
the saline group (Figure 3A and B). Mice subjected to oral
treatment with o-bis-LNCs (30-100 mg kg™!) exhibited

Formulation Size (nm) PDI ¢ potential (mV) pH o-bis content (mg mL™') Encapsulation (%)
0-bis-LNCs 160+10 0.10+0.06 -8.1£1.0 6.2+0.3 10.03+0.06 99.78+1.8
ULNCs 168+5 0.11+0.08 -7.9+1.2 6.05+0.5 NA NA

Note: Data presented as mean * standard deviation.

Abbreviations: o-bis, a-bisabolol; 0-bis-LNCs, o-bis-loaded LNCs; LNCs, lipid-core nanocapsules; ULNCs, drug-unloaded nanocapsules; NA, not applicable; PDI,

polydispersity index.
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Figure | Effect of treatment with 0-bis-LNCs in pulmonary elastance and airway hyperresponsiveness induced by LPS.

Notes: The animals were pretreated orally with oi-bis, 0-bis-LNCs (30, 50, or 100 mg kg™'), or ULNCs. After 4 hours, the mice were anesthetized and challenged intranasally with
LPS (25 ug/25 pL) or vehicle. Airway responsiveness was measured by changes in airway elastance after aerosolization of methacholine 18 hours after LPS instillation. Data are
expressed as the mean + SEM (n=5-7). *P<<0.05 compared with the saline group; *P<<0.05 compared with the LPS-induced group; $P<<0.05 compared with respective o-bis doses.
Abbreviations: o-bis, o-bisabolol; 0i-bis-LNCs, o-bisabolol-loaded lipid-core nanocapsules; LNCs, lipid-core nanocapsules; ULNCs, drug-unloaded nanocapsules; LPS,
lipopolysaccharide; SEM, standard error of mean.
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Figure 2 Effect of treatment with 0i-bis-LNCs on migration of neutrophils in bronchoalveolar lavage fluid.

Notes: The mice were treated with a-bis, a-bis-LNCs (30, 50, or 100 mg kg™'), or ULNCs 4 hours before LPS or saline instillation. The bronchoalveolar lavage was
performed with PBS + EDTA 18 hours later to collect cells. Then, the lungs were perfused and collected to measure MPO activity. (A) Neutrophils and (B) myeloperoxidase
activity. Data are expressed as the mean = SEM (n=5-7). **P<<0.00| compared with the saline group; **P<<0.01 and ***P<<0.001 compared with the LPS-induced group;
$P<<0.05 compared with oi-bis.

Abbreviations: o-bis, o-bisabolol; 0-bis-LNCs, a-bisabolol-loaded lipid-core nanocapsules; LNCs, lipid-core nanocapsules; BALF, bronchoalveolar lavage fluid; ULNCs,
drug-unloaded nanocapsules; LPS, lipopolysaccharide; MPO, myeloperoxidase; SEM, standard error of mean.
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Figure 3 Effect of treatment with o-bis-LNCs on chemokine levels.

Notes: The mice were treated with 0-bis, 0-bis-LNCs (30, 50, or 100 mg kg™'), or ULNCs 4 hours before LPS or saline instillation. The lungs were perfused and collected
to measure levels of (A) KC and (B) MIP-2 by ELISA. Data are expressed as the mean = SEM (n=5-7). ©*P<<0.01 and *P<<0.001 compared with the saline group; **P<<0.01
compared with the LPS-induced group; *P<<0.05 compared with the LPS-treated group; $P<<0.05 compared with a-bis.

Abbreviations: o-bis, o-bisabolol; oi-bis-LNCs, o-bisabolol-loaded lipid-core nanocapsules; LNCs, lipid-core nanocapsules; ELISA, enzyme-linked immunosorbent assay;
ULNCG:s, drug-unloaded nanocapsules; LPS, lipopolysaccharide; SEM, standard error of mean.

pathologic changes, such as alveolar wall thickening, inflamma-
tory cell infiltration, alveolar hemorrhage, and lung tissue dam-
age. These changes were analyzed by a semiquantitative rating
following a histological score system. The analysis showed the
establishment of an acute inflammatory process in the lungs of
mice challenged with LPS, which was not modified by any of
the three doses of free ai-bis. On the other hand, treatment with
the a-bis-LNCs at doses of 30, 50, and 100 mg kg™ (Figure 4A
and B) significantly reduced the lung injury in the tissue.

Mechanisms involved in the anti-

inflammatory effects of a-bis-LNCs

In order to elucidate the cell signaling involved in the anti-
inflammatory effects of oi-bis, a Western blotting assay was
performed on lung tissue samples from animals pretreated with
either free o-bis or o-bis-LNCs at a dose of 50 mg kg™ 18
hours after LPS challenge. LPS stimulation induced phospho-
rylation of ERK, p38, and JNK in lung tissue from untreated
mice (Figure SA—C). Treatment with free o-bis failed to reduce
the levels of pERK, p-p38, or pJNK. However, animals treated
with a-bis-LNCs (Figure SA—C) presented a significant inhibi-
tion of ERK, p38, and JNK phosphorylation/activation without
modifying the total levels of the proteins. The animals treated
with the ULNCs formulation showed no significant difference
compared with animals challenged with LPS.

Lipid-core nanocapsules increase the

o-bis concentration in lung tissue
Because treatment with drug-loaded LNCs was observed
to enhance the effectiveness of o-bis against LPS-induced

inflammation, we hypothesized that the LNCs could facilitate
these improvements by increasing the lung biodistribution
of a-bis. Therefore, quantitative analyses were performed to
assess the lung biodistribution of a-bis administered as either
0-bis-LNCs or free o-bis at the same doses. As shown in
Figure 6, a significantly higher quantity of o-bis was measured
in the lungs of animals treated with o-bis-LNCs compared
with animals treated with free a-bis. Increases of 6, 16, and
20 times for the doses of 30, 50, and 100 mg kg™, respectively,
were observed while comparing the nanoencapsulated and the
free drug (Figure 6).

Discussion
Massive pulmonary infiltration by neutrophils associated
with disruption of the alveolar/endothelial barrier and plasma
leakage is the underlying component in ARDS, and thus, the
development of therapeutics that inhibit tissue neutrophil
accumulation is of considerable interest.*>** Using a murine
model of ALI, we demonstrated in this study that o-bis-LNCs
abolished LPS-induced neutrophil recruitment into the lung
and prevented the subsequent AHR 18 hours postchallenge.
In parallel, it inhibited the generation of proinflammatory
chemokines and the phosphorylation/activation of ERK, p38,
and JNK in the lung tissue. Finally, HPLC measurements
clearly detected higher concentrations of ¢t-bis in lung tissue
samples from mice treated with o-bis-LNCs compared with
those receiving free oi-bis, indicating that the nanoformula-
tion was able to increase the bioavailability of the oi-bis.
Nanocapsules are one of the most studied delivery
systems to protect against degradation, enhance solubility,
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Notes: The mice were treated with a-bis, 0-bis-LNCs (30, 50, or 100 mg kg™'), or ULNCs 4 hours before LPS or saline instillation. The lungs were perfused and collected
in formalin. Lung serial sections were embedded in paraffin by routine methods and stained with H&E. (A) Microscopic analysis of stained tissue sections: a, saline; b, LPS;
¢, LPS + ULNCs; d, o-bis 30 mg kg™'; e, a-bis 50 mg kg™, f, o-bis 100 mg kg™'; g, 0-bis-LNC 30 mg kg™'; h, 0i-bis-LNC 50 mg kg™'; i, ct-bis-LNC 100 mg kg™'; 10x magnification.
(B) Histological analysis of lung inflammation by a scoring system. Data are expressed as the mean = SEM (n=5-7). *P<<0.05 compared with the saline group; *P<<0.01, and

###P<0.001 compared with the LPS-induced group; $P<<0.05 compared with o.-bis.

Abbreviations: o-bis, o-bisabolol; 0-bis-LNCs, o-bisabolol-loaded lipid-core nanocapsules; LNCs, lipid-core nanocapsules; ULNCs, drug-unloaded nanocapsules;

LPS, lipopolysaccharide; SEM, standard error of mean.

and facilitate higher biological uptake of drugs. Especially,
polymeric nanocapsules provide a slower release of the drug
due to the formation of reservoir behavior, controlling drug
release. The interfacial deposition of preformed polymer
is one of the most effective methods for the preparation of
nanocapsule formulations, particularly to carry lipophilic
drugs.?!23 Injection of the organic phase into the aqueous
phase creates a colloidal suspension solution with a pearly
white bluish color. This bluish color is due to the Tyndall
effect, which is observed when light is scattered by the fine
particles dispersed in water. The mechanisms of encapsulation

and release of several drugs from nanoparticle-based systems
have been extensively studied by our group.?3>-*® Here, the
high a-bis loading capacity of LNCs was a consequence of its
concomitant use as a core constituent and active ingredient,
leading to an apparent solubility in water of ~10 mg mL™"
in the o-bis-LNCs.

The intranasal instillation of endotoxin, an LPS that
forms an integral part of the cell wall of specific strains
of gram-negative bacteria, has been largely used to mimic
several aspects of ARDS in mice.?>33¥ LPS acts via Toll-like

receptor 4 (TLR4) to increase the levels of inflammatory
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Figure 5 Effect of treatment with o.-bis-LNCs on MAPK pathway activation.
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Notes: The lungs were perfused and collected to analyze protein expression 18 hours after LPS challenge and the pretreatment with o-bis, 0-bis-LNCs, or ULNCs at a
dose of 50 mg kg™'. Representative Western blotting analysis of the phosphorylation state of (A) p38, (B) ERK1/2, and (C) JNK. The densitometric values obtained for
phosphorylated and total protein from treatments were normalized to their respective controls that were not exposed to LPS (control bar; 100%). Data are expressed
as a ratio of the normalized percentages of phosphorylated and total protein. Bars represent the mean £ SEM (n=5-7). *P<<0.05 compared with the saline group; *P<<0.05,

*#P<0.01, and ***P<<0.001 compared with the LPS-induced group.

Abbreviations: o-bis, o-bisabolol; 0i-bis-LNCs, o-bisabolol-loaded lipid-core nanocapsules; LNCs, lipid-core nanocapsules; ULNCs, drug-unloaded nanocapsules; LPS,
lipopolysaccharide; MAPK, mitogen-activated protein kinase; SEM, standard error of mean.

cytokines and chemokines in the lung tissue, leading to neu-
trophil recruitment, edema, and diffuse alveolar damage.*
Furthermore, airway smooth muscles present from the
bronchial tree up to the terminal bronchioles are highly
activated during inflammation and lung tissue damage with

engagement of TLRs promoting nonspecific airway hyper-
responsiveness. Therefore, LPS instillation provides a useful
experimental system for investigating the mechanisms of
AHR in anesthetized and ventilated mice.*** However, it is
important to reinforce that, although animal models provide a
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Notes: The amount of pulmonary ¢-bis was analyzed by using high-performance
liquid chromatography in mice treated with o-bis or o-bis LNCs (30, 50, or
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bridge between clinical and the laboratory research, no single
animal model reproduces complete characteristics of ARDS,
and most of the existing experimental models are relevant
for limited aspects of known clinical situations. In order
to mimic human ARDS reliably, an animal model should
reproduce the acute injury to the epithelial and endothelial
barriers in the lungs together with the acute inflammatory
responses. Ideally, the injury should evolve over the time if
the animals are maintained in that condition for prolonged
periods. In addition, LPS model has some drawbacks; LPS
preparations vary in purity and can be contaminated with
bacterial lipoproteins and other bacterial materials.

To the best of our knowledge, this work is the first to
show the anti-inflammatory effects of nanoencapsulated
o-bis against LPS-induced ALI. We demonstrated that o-bis
can modulate LPS-induced hyperresponsiveness in an ARDS
model by improving the lung function triggered by pretreat-
ment with o-bis-LNCs, as observed by the decrease in lung
elastance after a methacholine challenge. Consistent with
our results, Siqueira et al*® have shown that tracheal rings of
rats challenged with ovalbumin and treated previously with
a-bis (aerosol) reduced the hyperresponsive phenotype, and
they showed that o-bis may act as an inhibitor of voltage-
dependent Ca*" channels. Similarly, Roberts et al,*’ using
a porcine isolated tissue bath (from coronary and splenic
arteries), demonstrated that o-bis was able to inhibit calcium-
induced contractions and that the removal of extracellular
calcium inhibited its responses.

One of the more important features of lung inflammation
is the increase in leukocyte migration.**# In this scenario,
neutrophils, combined with a myriad of mediators, play a
central role in the pathogenesis of ALI/ARDS.**! After
intranasal LPS instillation, neutrophils migrated across the
endothelium and epithelium into the alveolar space, and
then, they were activated, leading to excessive produc-
tion of reactive oxygen species and the release of granular
enzymes, such as MPO, and cytotoxic and proinflammatory
mediators.’>3 In the present study, the exposure of mice of
the strain A/J to LPS led to a marked increase in the influx
of neutrophils into the bronchoalveolar space. Augmented
levels of MPO activity in lung tissue homogenates reinforce
the predominance of neutrophils in the leukocyte infiltrate.
Additionally, the response to LPS was marked by AHR to the
bronchoconstrictor methacholine. The inflammatory profile
triggered by LPS was not modified by pretreatment with free
a-bis. In contrast, the animals pretreated with o-bis-LNCs
presented a marked decrease in neutrophil migration into
the lungs, which was in agreement with the lower amount of
MPO. In support of these findings, a study using extracts from
Matricaria recutita L., in which the main constituents of the
oil are oi-bis and its oxides, suppressed leukocyte infiltration
induced by simultaneous injection of carrageenan and prosta-
glandin E1 in “Wistar” rats.> Similarly, treatment with o-bis
decreased the migration of leukocytes to peritoneal cavities
after IP application of carrageenan in rats. In the same study,
the molecule was able to significantly decrease the MPO
activity in the peritoneal fluid of rats with induced peritonitis
as well as in an in vitro assay of neutrophil degranulation by
using phorbol-myristate—acetate.>

MIP-2, also known as CXCL2, and KC were reported
as being important chemoattractant factors to draw neutro-
phils to the site of inflammation.’-® Regarding the effects
of a-bis on the production of proinflammatory cytokines,
the free form was able to reduce the MIP-2 level only at
the highest tested dose. However, in line with the results
so far described, the o-bis-LNCs formulation lowered the
levels of all measured cytokines at the three tested doses. In
addition, the histological changes reflected the inflammatory
processes triggered by LPS in lung tissue. We have shown
that o-bis was able to attenuate tissue injury, primarily
alveolar wall thickening, and inflammatory cell infiltration,
only when administered as a-bis-LNCs. Our results showed
that the effectiveness of the treatment was only achieved
because of nanoencapsulation of o-bis in LNCs. These
data further support the anti-inflammatory activity effect of
0-bis-LNCs.
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LPS can stimulate many intracellular signaling pathways,
in particular mitogen-activated protein kinase (MAPK)
signaling, which is related to the release of several proin-
flammatory cytokines, such as KC and MIP-2,°*° mediators
implicated in ARDS pathogenesis.®"* In addition, it has been
documented that MAPKs are involved in the inflammatory
response in lung injury.® Considering these data, efforts
were made to improve our understanding at the molecular
level of the possible effects of o-bis on this pathway. We
observed a significant reduction in the phosphorylation
levels of ERK1/2, JNK, and p38 proteins in the lungs when
the animals were treated with o-bis-LNCs at a dose of
50 mg kg™, indicating a modulation of MAPK signaling.
The same dose of free o-bis was not able to significantly
reduce the phosphorylation levels of ERK1/2, INK, and p38.
Comparable results were found by Kim et al®® who used a
peritoneal macrophage cell line (RAW264.7) to show that
o-bis was able to inhibit the activation of ERK 1/2 and p38;
however, it was ineffective in inhibiting JNK.

Considering the significant results obtained with nano-
encapsulated o-bis and to confirm our hypothesis that the
use of nanotechnology would lead to improved a-bis action
by increasing its bioavailability, we quantified o-bis in lung
tissues. It was observed that animals treated with o-bis-
LNCs (4 hours prior to the challenge with LPS) had higher
amounts of o-bis in lung tissue challenge compared with the
amount observed in the lungs of animals treated with free
o-bis 18 hours after the administration of LPS. Therefore,
the drug formulation o-bis-LNCs is advantageous due to the
protection provided by the nanocapsules, which minimizes
metabolism and may result in higher amounts of the drug
absorbed by the oral route and distributed to the tissues
according to the biopharmaceutical properties of the LNCs,
improving the efficacy of treatment. Additionally, nanoen-
capsulation leads to an increase in the half-life of lipophilic
drugs primarily through gradual and sustained release.? The
lack of free o-bis efficacy can also be explained by lower
amounts of drug reaching the lungs, in subpharmacological
doses. Furthermore, the delivery of o-bis into lung tissue
promoted by nanocapsules might be due to the enhanced
permeability and retention effect triggered by inflammation
present in the ARDS model. However, the mechanisms
involved in directing the nanoparticles are not fully elucidated
and will be targets for future research.

Conclusion
Taken together, we suggest that pretreatment with o-bis-
LNCs has an anti-inflammatory effect in an acute lung

inflammation model induced by LPS and that this effect is
related, at least in part, to the inhibition of the MAPK path-
way. Furthermore, nanoencapsulation of o-bis proved to be
crucial for the improved efficacy of the drug because the
orally administered LNCs affected the amount of a-bis in
the lungs, increasing the local action against the inflamma-
tory process. Therefore, our results provide a foundation for
further investigations of nanoencapsulated o.-bis as a potential
candidate for a new pharmacological strategy in the treatment
of pulmonary inflammatory diseases such as ARDS.
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