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Background: Resveratrol (RSV) has attracted interest as an alternative drug for the treat-

ment of acute lung injury (ALI) and other pulmonary diseases, but its poor oral bioavail-

ability is a limitation. In this study, we employed drug delivery nanotechnology to improve

the stability, lung localization and efficacy of orally administered resveratrol to control lung

damage leading to ALI.

Methods and materials: RSV-loaded lipid-core nanocapsules (RSV-LNCs), prepared by

interfacial deposition of biodegradable polymers, were given orally to A/J mice prior to

lipopolysaccharide (LPS) intranasal instillation. Inflammatory changes, oxidative stress and

lung tissue elastance were assessed 24 h after LPS challenge.

Results: RSV-LNCs (5 mg/kg), given 1, 4, 6 or 12 h but not 24 h before provocation,

inhibited LPS-induced leukocyte accumulation in the bronchoalveolar fluid (BALF), whereas

unloaded nanocapsules (ULNCs) or free RSV (5 mg/kg) were ineffective. RSV-LNCs

(2.5–10 mg/kg) but not ULNCs or RSV improved lung function and prevented total

leukocyte and neutrophil accumulation equally in both BALF and lung tissue when given

4 h before LPS challenge. Similar findings were seen concerning the generation of a range of

pro-inflammatory cytokines such as IL-6, KC, MIP-1α, MIP-2, MCP-1 and RANTES in lung

tissue. In addition, only RSV-LNCs inhibited MDA levels and SOD activity in parallel with

blockade of the ERK and PI3K/Akt pathways following LPS provocation.

Conclusion: Nanoformulation of RSV in biodegradable oil-core polymers is an effective

strategy to improve the anti-ALI activity of RSV, suggesting that the modified-release

formulation of this plant polyphenol may be of great value in clinical conditions associated

with ALI and respiratory failure.

Keywords: biodistribution, drug delivery, anti-inflammatory effect, nanostructured lipid

carriers

Introduction
Inflammation has been shown to underlie diseases triggered by a variety of noxious

stimuli, including infection and injury.1,2 Lipopolysaccharide (LPS) stimulation is

widely used to promote an intense inflammatory response via activation of Toll-like

receptor 4 (TLR4).3 Airway instillation with bacterial LPS is a well-established

model often used to mimic acute respiratory distress syndrome (ARDS) in experi-

mental trials.4,5 ARDS is a serious and potentially fatal pulmonary inflammatory

disease characterized by respiratory failure, atelectasis, and damage to pulmonary

mechanics and gas exchange as a consequence of endothelial cell damage caused by
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inflammation, apoptosis, and necrosis. In addition to its high

mortality rate (30–45%), ARDS reduces the quality of life

for survivors and can affect patients in all age groups.6–9

First described in 1939 by Takaoka,10 resveratrol

(3,5,4ʹ-trihydroxystilbene, RSV) is a plant polyphenol pro-

duced in a range of species such as grapes, berries and

peanuts as a defense mechanism against environmental

stressors such as pathogens, UV radiation and others.11,12

RSV became known after the use of “French paradox”,

a term based on epidemiological studies that related the

moderate consumption of red wine with a low incidence of

coronary diseases, despite the saturated fat-rich diet,

smoking and low physical activity, in the French

population.13 Later, studies confirmed the cardioprotective

activity and many pharmacological effects of RSV.14,15

This polyphenol exists as two optical isomers, cis and

trans, with the latter known to be more stable, abundant

and biologically active,16–18 although trans-RSV to cis-

RSV isomerization may occur upon exposure to light or

acidic pH.19 Low solubility in water (3 mg/100 mL) and

high permeability facilitate the passage of RSV through

biological membranes and allow its interaction with multi-

ple intracellular targets,20–22 including molecules from the

MAPK, AP-123 and NF-κB24 cascades. RSV can also act

as a free radical receptor by increasing the activity of

antioxidant enzymes such as glutathione peroxidase.25

RSV has been shown to produce a broad spectrum of

pharmacological effects, including antioxidant,26 anti-

aging,27 anti-carcinogenic,28 anti-inflammatory29 and car-

dioprotective effects,30 that could facilitate its therapeutic

application in clinical conditions. Nevertheless, the oral

bioavailability of this polyphenolic compound is very

low due to its incomplete intestinal absorption, intense

catabolism and elimination through ABC transporters,

which limits its potential application as a therapeutic

agent.31,32 A number of pharmaceutical approaches

involving modified-release formulations have been

undertaken to surmount these limitations, including the

incorporation of RSV into gelatin nanoparticles,33

liposomes,34 and solid lipid nanoparticles35 and nano-

complexation with isolated soy protein,20 polymeric

micelles36 and polymeric nanoparticles.37

Prior investigation showed that RSV (25 mg/kg, oral)

alleviated the pathological features of acute lung injury

(ALI) in no more than 50% of mice when given daily for

3 days prior to LPS challenge.38 Therefore, the present

study was undertaken in order to evaluate whether or not

nanostructuration in biodegradable oil-core polymers

might be a means to improve the potency and efficacy of

RSV treatment in experimental ALI.

Materials and methods
Preparation of RSV-LNCs
We used interfacial deposition of the polymer to prepare the

nanoformulation of RSV (RSV-LNCs) according to pre-

viously published methods.37 In summary, at 40 °C, acetone

(27 mL) was used to dissolve trans-RSV (0.010 g), poly

(ε-caprolactone) (0.100 g) (MW=65,000), capric/caprylic

triglyceride (0.33 mL) and sorbitan monostearate (0.038 g),

while in a separate flask, polysorbate 80 (0.038 g) was added

to water MilliQ® (53 mL). The organic solution was injected

into the aqueous phase under magnetic stirring at room

temperature. After mixing these solutions for 10min, acetone

was evaporated, and the suspensions were concentrated to

10 mL under reduced pressure. Drug-unloaded nanocapsules

(ULNCs) were prepared as described above but without the

addition of trans-RSV.

Physicochemical characterization of

RSV-LNCs
For each formulation, analyses were performed using 3

different batches in triplicate. A B-474 potentiometer

(Micronal, Brazil) was used to determine the pH. Then,

nanoformulations were diluted with MilliQ® water or aqu-

eous NaCl solution to determine the mean diameters

(z-average), polydispersity and zeta potentials using

a Zetasizer® nano-ZS ZEN 3600 model (Nanoseries,

Malvern, UK). The size and polydispersity indices were

calculated using the software (Dispersion Technology

Software–DTS Nano–Version 5.02, Malvern) provided by

the manufacturer (Malvern Instruments Ltd).

Analytical procedure
RSV was analyzed by high-performance liquid chromatogra-

phy (HPLC) at 306 nm. The content (total concentration) of

RSV in the formulations (100 μL) was determined after dis-

solving the lipid-core nanocapsules containing RSV into acet-

onitrile (10 mL) and filtering (Millipore® 0.45 μm) for

analysis. The system consisted of a UV–Vis detector, pump

and auto-injector S200 Perkin-Elmer (PerkinElmer

Instruments, Norwalk, CT, USA), and a Shim-pack CLC-C8

(M) column (150 mm, 4.6 mm, 5 μm, Shimadzu Corporation,

Japan) with a guard column. The mobile phase was prepared

by using Milli-Q® water and HPLC grade acetonitrile and

consisted of acetonitrile/water (40:60 v/v) with a pH of 3.0
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±0.5 corrected with 10% (v/v) orthophosphoric acid. The iso-

cratic flow rate of the mobile phase was 1.2 mL/min and the

retention time of RSV was 3.45 min. The encapsulation effi-

ciency was determined by ultrafiltration–centrifugation tech-

nique (Microcon, 10,000 MW, Millipore), at 15,300×g for

10 min. The associated RSV within the nanocapsules was

calculated from the difference between the total and the free

drug concentrations determined in the nanocapsule suspension

and in the ultrafiltrate, respectively.

Animals
Experimental protocols and procedures were performed in

accordance with the guidelines of the Guide for the Care

and Use of Laboratory Animals and approved by the

Animal Ethics Committee of the Oswaldo Cruz Foundation

(Protocol L-006/2016; Comissão de Ética no Uso de

Animais-FIOCRUZ). In this study, male A/J mice were

kept in the animal housing facilities provided by the

Oswaldo Cruz Foundation (FIOCRUZ, Rio de Janeiro,

Brazil). Animals (5 per cage) were maintained under con-

trolled conditions at room temperature (22–25 °C), with a 12-

h light-dark cycle (6 am-6 pm) and food and water ad libitum.

Treatment protocol
Trans-RSV (Sigma-Aldrich) was solubilized in absolute

ethanol (10 mg/mL) and redispersed in saline to a final

concentration of 1 mg/mL (in 10% ethanol) immediately

before administration. Treatments with RSVor RSV-LNCs

at doses of 2.5, 5, or 10 mg/kg were given orally at 1, 4, 6

or 12 h before the LPS challenge. Dexamethasone (5 mg/

kg) was given orally 4 h before the LPS challenge. For the

vehicle control, the animals were treated with the same

amount of ULNCs as in the highest dose of RSV used. The

analyses were performed 24 h after the LPS challenge.

Murine model of LPS-induced ARDS
Experimental ARDSwas induced as previously described.39,40

After anesthesia with isoflurane aerosol and constant O2 flow

(3.5 kgf/cm2; BRASMED, Guarulhos, Brazil), mice were sub-

jected to LPS intranasal instillation (25 µg) in saline (25 µL).

Control animals received only saline.

Invasive assessment of respiratory

mechanics
To measure airway hyperreactivity (AHR) changes in air-

way function were assessed after challenge with aerosolized

methacholine using a FinePoint R/C Buxco Platform

(Buxco Electronics, Sharon, CT, USA), as previously

reported.41 First, mice were anaesthetized with sodium pen-

tobarbital (60 mg/kg intraperitoneal; Cristália, Itapira,

Brazil), and then the neuromuscular activity was blocked

with bromide pancuronium (1 mg/kg). After tracheostomy,

animals were maintained under mechanical ventilation

(MiniVent, Buxco Electronics, Wilmington, NC, USA)

with only atmospheric air (inspired O2 fraction, ~20%),

and lung function was assessed. Throughout the assay

(~30 mins), animals were maintained at 36–36.5°C and

subjected to baseline mechanical ventilation conditions

(tidal volume =0.25 mL, positive end-expiratory pressure

=0.160 cm/H2O, and respiratory frequency =100 breaths/

min). Assessment of airflow and transpulmonary pressure

was conducted by a DSI-Buxco Electronics Buxco

Pulmonary Mechanics Processing System used to calculate

lung elastance (mL cm/H2O) in each breath cycle. Analog

signals were digitized using a DSI-Buxco analog/digital

converter (DSI-Buxco Electronics). Mice were stabilized

for 5 min, and concentrations of methacholine (3, 9, and

27 mg/mL) were aerosolized for 5 min each to assess AHR.

Baseline pulmonary parameters were assessed following

aerosol administration of PBS. Data comprised the mean

absolute values of the responses collected during the 5 min

after methacholine aerosolization.

Cell recovery from the airway lumen
The number of leukocytes recovered from bronchoalveolar

lavage fluid (BALF) was determined as previously

reported.42 BALF was centrifuged, and cell pellets were

resuspended in PBS containing 10 mM EDTA to deter-

mine the total leukocyte count using a Neubauer chamber.

Then, cytospin slides were prepared and subjected to May-

Grunwald-Giemsa staining. A total of 100 cells were

counted using light microscopy and differentiated accord-

ing to standard morphological criteria.

Myeloperoxidase activity assay
Perfused lung samples were used to assess myeloperoxidase

(MPO) activity, as previously reported.40 Briefly, homoge-

nization of lung tissue was performed in Hank’s solution.

The resulting pellet from centrifugation was suspended in

NaCl and centrifuged. Then, the pellet was suspended in

hexadecyltrimethylammonium bromide (HTAB) and recen-

trifuged. The supernatant was collected, centrifuged, plated

with HTAB and orthodianisidine, and maintained at 37 °C

for 15 min. Finally, H2O2 was added for 10 min, followed by

addition of sodium azide. The absorbance (460 nm) was
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measured using a SpectraMax M5 plate reader (Molecular

Devices LLC, Sunnyvale, CA, USA).

Histological analysis of the lung
Routine histological techniques were employed as described

in our previous study.40 H&E-stained slides were analyzed

regarding inflammatory cell infiltration in the airspace or

vessels, congestion of alveoli and thickness of the alveolar

wall. A semiquantitative score ranging from 0 to 4 was

calculated via a numerical rating system with 0= no damage,

1= minor damage, 2= moderate damage, 3= severe damage,

and 4= very severe damage.40,43

Chemokine quantification
Supernatants from lung tissue were obtained as previously

described40 and used to measure chemokine levels via an

ELISA, according to the manufacturer’s instructions

(DuoSet®; R&D Systems, Minneapolis, MN, USA).

Cytokine levels were normalized to total protein levels.

Oxidative stress analysis
Lung tissue fragments were homogenized in 500 μL of

potassium phosphate + EDTA buffer (KPE) (pH 7.5) and

then centrifuged at 600 g for 10 min (4 °C). The resulting

supernatant was used for analysis of the malondialdehyde

(MDA) level and superoxide dismutase (SOD) activity.

Measurement of MDA levels
MDA levels, as a parameter of lipid peroxidation, were deter-

mined using the thiobarbituric acid reactive substances

(TBARS) method.44 Pulmonary tissue samples (100 μL)
were mixed in 100 μL of 10% trichloroacetic acid and cen-

trifuged for 15 min at 3600 g at 4 °C. Then, the supernatant

(150 μL) was collected, and 150 μL of thiobarbituric acid was

added. Samples were heated at 95 °C for 10 min. MDA levels

were determined by absorbance (532 nm) (SpectraMax M5,

Molecular Devices) and expressed as nm/mg protein.

Quantification of SOD activity
SOD activity was evaluated by measuring inhibition of the

adrenaline auto-peroxidation product, as previously

described.45 Briefly, KPE processed samples were added

to a 96-well plate at three different volumes (1 μL, 2 μL
and 3 μL); then, 197 μL of glycine buffer (pH 10.2), 2 μL
of catalase and 4 μL of epinephrine (Sigma Aldrich) were

added, and a reading was immediately taken using

a spectrophotometer (SpectraMax M5, Molecular Devices)

at 480 nm. A control for free oxidation of epinephrine

without the sample was used.

Western blot analysis
Lung tissue was prepared for Western blot analysis according

to the method used in our previous study.40 In summary,

samples homogenized with RIPA buffer were quantified for

total proteins and then denatured. Equal amounts of proteins

were separated using SDS–polyacrylamide gel electrophor-

esis. After transfer to nitrocellulose membranes, proteins were

incubated with primary antibodies against ERK1/2 (1:1,000;

Cell Signaling, Danvers, MA, USA) and AKT (1:1,000; Cell

Signaling, Danvers, MA, USA). After incubation with sec-

ondary antibodies, immunocomplexes were visualized using

X-ray films (Kodak™; PerkinElmer). Band density measure-

ments were performed using ImageJ software. Data are pre-

sented as the ratio of phosphorylated protein to total protein.

Uniform gel loading was confirmed with β-actin (1:1,000;

Abcam, Cambridge, UK) as the standard.

Statistical analysis
Statistical analyses were conducted with ANOVA followed

by a Newman-Keuls post hoc test or Tukey’s multiple com-

parison test 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 tests.

Results
Preparation and characterization of RSV

nanocapsules
Resveratrol-loaded and unloaded lipid-core nanocapsules

(RSV-LNCs and ULNCs, respectively) employed in the

current study had been previously developed and success-

fully used to treat experimental Alzheimer’s disease.37 The

schematic diagram depicting the structure of the nanocap-

sules is shown in Figure 1. Both formulations presented as

a macroscopically homogeneous white-blue opalescent

liquid. RSV-LNCs characterization revealed measurements

of 241±7 nm, 0.16±0.03, −14.1±2.3 mV, and 5.2±0.3 for

particle size, polydispersity, zeta potential, and pH values,

respectively. For ULNCs characterization revealed mea-

surements of 250±10 nm, 0.15±0.04, −15.8±3.0 mV, and

5.4±0.4 for particle size, polydispersity, zeta potential, and

pH values, respectively. The RSV content in the
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nanoformulation was 0.964±0.037 mg/mL with an encap-

sulation efficiency of 99.89±1.3%.

Time course study
To investigate the best time for treatment in our mouse

model, animals received RSV or RSV-LNCs orally at 1 h,

4 h, 6 h, 12 h or 24 h prior to LPS challenge with the

analyses carried out 24 h later. As shown in Figure 2, RSV

(5 mg/kg) failed to alter LPS-induced leukocyte accumu-

lation into the BAL fluid at all time points studied.

Notably, RSV-LNCs (5 mg/kg) were clearly active when

given either 1 h, 4 h, 6 h or 12 h before provocation but

inactive when given 24 h before, leading us to define the

4 h pretreatment as fixed for subsequent assays.

RSV-LNCs abolished LPS-induced

neutrophilic infiltration into the lung
As shown in Figure 3A, RSV-LNCs but not RSV abolished

LPS-induced total leukocyte accumulation in BAL fluid

when orally administered in doses ranging from 2.5 to

10 mg/kg. This inflammatory infiltrate was markedly domi-

nated by neutrophils as attested by differential analyses of

cytocentrifuged BAL effluent (Figure 3B) and MPO activity

in lung tissue samples (Figure 3C), both of which were

abolished only by RSV-LNCs (Figure 3B and C). In contrast,

unloaded nanocapsules (ULNCs), at an equivalent dose of

10 mg/kg, entirely failed to modify LPS-induced changes in

all evaluated parameters (Figure 3A-C). On the other hand,

dexamethasone (5 mg/kg, oral), used as a reference com-

pound, clearly abolished LPS-induced changes in total leu-

kocyte numbers in all evaluated parameters (Figure 3A-C).

In addition to leukocyte infiltration, other pathological

features associated with LPS-induced lung damage, including

alveolar wall thickening and hemorrhage, were assessed

in histological sections stained with H&E using

a semiquantitative score system as reported.40 According to

these criteria, LPS caused extensive lung pathological changes

compared to changes observed in saline-challenged mice

(Figure 4B and A, respectively), which were abolished in

mice pretreated orally with RSV-LNCs (2.5, 5 or 10 mg/kg)

(Figure 4D, F and H, respectively) but not free RSV (2.5, 5 or

10 mg/kg) (Figure 4C, E and G, respectively). Notably,

ULNCs did not alter LPS-induced histopathological changes

assessed via the semiquantitative score system (Figure 4I).

Pretreatment with dexamethasone (5 mg/kg, oral) also clearly
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Figure 1 Graphical representation polymeric oil-core nanocapsules loaded with trans-resveratrol.
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abolished the evaluated pathological changes (Figure 4J).

Semiquantitative data are shown in Figure 4K.

RSV-LNCs inhibit LPS-induced

inflammatory mediators
As shown in Figure 5, LPS elevated lung tissue levels of

IL-6 (Figure 5A), KC (Figure 5B), MIP-1α (Figure 5C),

MIP-2 (Figure 5D), MCP-1 (Figure 5E) and RANTES

(Figure 5F), all of which were inhibited by RSV-LNCs

but by neither RSV at doses of 2.5, 5 and 10 mg/kg nor

ULNCs at the equivalent dose of 10 mg/kg. Pretreatment

with the reference drug dexamethasone reduced all the

evaluated cytokines (Figure 5A-F).

RSV-LNCs inhibit LPS-induced airway

hyperresponsiveness
To measure changes in lung elastance and airway hyper-

responsiveness, we assessed lung function after local pro-

vocation with the bronchoconstrictor methacholine. As

shown in Figure 6, compared with basal controls, LPS-

stimulated mice showed increased airway hyperreactivity

after provocation with methacholine (9 and 27 mg/mL).

This response was abolished when animals were pretreated

with RSV-LNCs but not RSV (5 mg/kg). No changes were

observed in mice treated with vehicle nanocapsules

(ULNCs) when compared with mice in the LPS group.

RSV-LNCs inhibit LPS-induced tissue

oxidative stress
To assess the effect of RSV-LNCs on LPS-induced oxida-

tive stress, we evaluated the levels of MDA and SOD

enzyme activity that appeared elevated following provoca-

tion (Figure 7A and B, respectively), with both changes

clearly prevented by nanostructured RSV but not by free

RSV (5 mg/kg).

Molecular mechanisms underlying RSV

anti-inflammatory effects
The ability of RSV to modulate several inflammatory mole-

cular pathways is extensively described in the literature.46

Western blot analyses of the Akt and ERK pathways showed

an increase in the phosphorylated form of both proteins after

challenge with LPS (Figure 8A and B, respectively).

Notably, only pretreatment with RSV-LNCs and not pretreat-

ment with free RSV (5 mg/kg) inhibited both LPS-induced

Akt and ERK phosphorylation. Density measurements are

shown as the ratio of phosphorylated protein to total protein

for Akt and ERK (Figure 8C and D, respectively).

Discussion
ARDS is a complex inflammatory airway disease character-

ized by disruption of the alveolar/endothelial barrier asso-

ciated with massive pulmonary infiltration of neutrophils.4,9

Using a murine model of ALI triggered by LPS, we
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demonstrated in this study that the oral administration of

nanoencapsulated RSV (RSV-LNCs) inhibited important

features of ARDS, including neutrophil infiltration into the

alveoli, release of pro-inflammatory cytokines, tissue

damage and oxidative stress, by inhibiting ERK/PI3K/Akt

intracellular pathways. Since free RSV was clearly less

effective than the nanostructured substance, these findings

suggest that nanostructuration in biodegradable oil-core

polymers might be a means to improve the potency and

efficacy of RSV treatment in ARDS.

The growing interest in the biological activity of RSV

has resulted in a number of in vitro and animal studies that

demonstrate the numerous beneficial properties of this

plant-derived molecule in many diseases. Nevertheless,

the putative clinical application of RSV has limitations

regarding its bioavailability, which has been associated

with its poor water solubility and stability as well as strong

hepatic metabolism.47,48 We then tested the effectiveness

of using polymeric oil-core nanocapsules to deliver RSV

in the context of LPS-induced ALI. Nanocapsules used for

drug delivery hold biomedical interest mainly because

they provide protection against enzyme degradation and

acid hydrolysis in the stomach, in addition to other advan-

tages such as controlled release, drug targeting capacity,

low toxicity, high efficacy and allowance for stable aqu-

eous dispersion of poorly soluble molecular agents.49,50

The use of nanocarriers has already been approved for

clinical use in the US and Europe, especially for cancer
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therapy.51,52 To define the best temporal scheme of treat-

ment required for the RSV-LNCs anti-inflammatory effect,

mice were treated at different time points prior to LPS

instillation. Our results indicated that treatments carried

out from 4 h to 12 h before provocation abolished LPS-

induced leukocyte accumulation in the BAL fluid, whereas

the effectiveness was no more than 35% when the treat-

ment was done 1 h before LPS challenge. These findings

indicated that the nanostructured RSV is indeed much

more effective than the free RSV in preventing lung leu-

kocyte recruitment caused by LPS in this model. It does

not mean that free RSV is not active per se against ALI. In

fact, prior investigation has demonstrated that RSV indeed

has a partially protective effect against LPS-induced

ALI,53 but this requires a much higher dose (45 mg/kg,

every day for 3 days before LPS challenge) and exhibits

lower efficacy than the nanostructured RSV. These find-

ings then led us to establish the appropriate therapeutic

window concerning the effectiveness of our RSV nanofor-

mulation, ie, a time period of at least 4 h is required for the

active principle to promote the protective effect in the

lung. Since RSV-LNCs treatment was no longer effective

when given 24 h before LPS challenge, the possibility

does exist that RSV may have been released and metabo-

lized within 24 h and thus is not able to reach the lung

tissue at a sufficient concentration to prevent the LPS-

induced inflammatory response. Actually, it is well-

established that drug release from nanocapsules is driven
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by several factors that lead to polymer biodegradation and

consequently drug diffusion out of the matrix, which can

occur in a few hours or over days.54–56

Neutrophil infiltration into the lungs in response to

activated alveolar macrophages is observed in numerous

experimental models and ARDS patients and is associated

with disease severity.57,58 Once activated, these cells

release cytotoxic molecules, including granular enzymes

such as MPO, reactive oxygen species (ROS), lipid med-

iators and cytokines.57,59 The resulting endothelial dys-

function and rupture are responsible for the major

clinical manifestations of the syndrome.60 We found that

a single pretreatment with RSV-LNCs 4 h before LPS

challenge was able to abolish LPS-induced neutrophil

migration into the lungs and histological changes under

conditions where empty nanocapsules or free RSV were

inactive. A significant but not complete block of LPS-

induced neutrophil infiltration has been reported following

oral RSV (45 mg/kg every day for 3 days before LPS

challenge).53

The presence of pro-inflammatory cytokines is closely

associated with the presence of leukocytes, mainly neutro-

phils, at the inflamed site, and plays an important role

during ARDS pathology.61 Increased levels of IL-6 are
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associated with worsening ARDS clinical condition, and

high levels of MIP-1α are found in ARDS patients’

BALF.61,62 Levels of neutrophil chemokines such as

MIP-2, KC, RANTES and MCP-163–66 are also elevated

in both patients with ARDS and experimental models of

ARDS.64,67–69 We found that pretreatment with RSV-

LNCs inhibited LPS-induced proinflammatory cytokines,

corroborating the data indicating reduced leukocyte accu-

mulation. The inhibition of these mediators plays an

important role in resolving the acute lung inflammatory

response.

Pulmonary physiological changes manifest directly in

alterations to respiratory mechanics. Enhanced pulmonary

elastance and AHR are important clinical features of ARDS

and contribute to the pulmonary complications of this

syndrome.70,71 Increased AHR to nonspecific bronchocon-

strictor agents can be trigged by LPS via TLR4 activation in

animal models and is thought to contribute to AHR in lung

diseases such as asthma and ARDS.67 We showed here

increased pulmonary hyperreactivity in the elastance para-

meter 24 h after LPS instillation, which was prevented by

RSV-LNCs treatment. Together, our data prove that RSV

nanoencapsulation is capable of inhibiting both the inflamma-

tory process and changes in lung mechanics induced by LPS.

Both experimental and clinical evidence demonstrate the

role of oxidants in the pathogenesis of ARDS.68,69 The oxida-

tive imbalance induces the production of ROS, which in turn

leads to uncontrolled lipid peroxidation, generating aldehyde

products such as MDA.72 In response, cells express endogen-

ous antioxidants (SOD, catalase and glutathione peroxidase) to

neutralize free radicals and their effects.68,73 In addition to its

anti-inflammatory activity, RSV has a well-described antiox-

idant effect.26 Previous data show that 30 mg/kg of RSV

inhibited MDA levels and increased SOD activity when

given 1 h after sepsis-induced lung injury.74 We demonstrated

that endotoxemic lungs pretreated with RSV-LNCs exhibited

low levels of MDA and reduced SOD activity. Although RSV

is known as to induce SODenzyme,75 such inhibition heremay

be a consequence of an improvement in inflammation and

oxidative conditions, reducing the need for antioxidant defense

system activation. This phenomenon has been seen

previously.76
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The biological benefit of RSV seems to be strongly

related to its capacity to simultaneously modulate multiple

molecular targets.46 RSV effects have been related to the

PI3K/Akt and mitogen-activated protein kinase (MAPK)

pathways, among others, including the extracellular signal

regulated kinases 1 and 2 (ERK1/2).77 Both the PI3K/Akt

and MAPK intracellular cascades can be initiated by LPS-

TRL4 receptor activation,78 leading to gene transcription

and proinflammatory cytokine production.79 Considering

the anti-inflammatory effect of RSV-LNCs on the modula-

tion of pulmonary inflammation, we sought to confirm the

RSV-associated molecular mechanisms by Western blot

analysis. We detected a significant reduction in the phos-

phorylated forms of both ERK1/2 and Akt (Ser473) proin-

flammatory proteins in lung samples of RSV-LNCs-treated

mice. Such inhibition may be the mechanism that led to

the reduction of inflammatory cytokines observed in lung

tissue after treatment with RSV-LNCs. Since it is recog-

nized that phosphorylation of Akt at Ser473 promotes

PI3K/Akt pathway activation,78 we propose that the anti-

inflammatory effect observed in pretreatment with RSV-

LNCs is related to negative regulation of the PI3K/Akt and

ERK1/2 pathways. These findings were similar to those of

previous studies that demonstrated RSV inhibition of

phosphorylated protein ERK1/2 in LPS-induced lung

injury80 and inhibition of Akt signaling in cancer cells

exhibiting hyperactivated PI3K/Akt signaling.81

The pharmacological effects of RSV are unquestion-

able due to the robust scientific data that prove its

therapeutic action. The promising effect of this molecule

is its ability to interact with a wide range of molecular

targets, which can be attributed to its relatively simple

chemical structure and high permeability that facilitate

its passage through biological membranes.21 However, it

is important to note that, compared to the RSV doses

used in this study, RSV is often administered in larger

doses by a less metabolic route,82,83 and long therapeu-

tic regimens are used when RSV is administered

orally;53 in these regimes, RSV does not exhibit com-

plete improvement of the inflammatory parameters.

Here, we showed a significant improvement of the

RSV anti-inflammatory effect when delivered orally in

nanocapsules, with reduced or nonexistent effects seen

when RSV is delivered in its free form. Therefore, we

confirm that nanostructuration increases the bioavailabil-

ity of RSV due to the unique benefits of nanotechnology

for drug delivery, such as protection, sustained release

and vectorization.

Conclusion
Taken together, our findings provide evidence that deliver-

ing RSV by polymeric nanocapsules optimizes its anti-

inflammatory effect to prevent ALI by inhibiting the

ERK and PI3K/Akt pathways. This nanostructuration

strategy proved to be crucial for improving the effect of

RSV administered orally at low doses. Therefore, we pro-

pose RSV nanoformulation as a potential therapy for

ARDS. Further evaluation should be performed to better

understand the RSV release mechanisms from nanocap-

sules and the detailed molecular mechanisms of its anti-

ALI effect.
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