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Curine Ameliorates Lipopolysaccharide-Induced Acute Lung Injury
by Downregulating the TLR4/MD-2/NF-κB(p65) Signaling Pathway
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Abstract
Acute lung injury is characterized by alveolar-capillary barrier rupture, neutrophil-mediated airway inflammation, and tissue hypoxia.
Since no effective pharmacotherapy is currently available, alternatives to improve its condition are mandatory. Recent studies dem-
onstrated that curine, a bisbenzylisoquinoline alkaloid from Chondrodendron platyphyllum (A.St.-Hil.) Miers, Menispermaceae, with
anti-allergic and anti-inflammatory properties, inhibited lipopolysaccharide-mediated acute pulmonary response in mice. Therefore,
this study aimed to investigate curine’s mechanism of action in a lipopolysaccharide-induced acute lung injury model. Curine inhibited
the recruitment of inflammatory cells to the bronchoalveolar lavage fluid, mainly dependent on neutrophil migration, and restored the
pulmonary architecture by reducing edema, vascular permeability, and the total protein content as well as the wet/dry ratio of the lung.
Curine also decreased the TNF-α, IL-1β, and IL-6 production through downregulating the toll-like receptor 4 receptor expression and
the nuclear factor-kappa B (p65) phosphorylation. In silico analysis demonstrated that curine made hydrophobic interactions with the
Leu78, Ile80, Phe121, Ile124, Phe126, and Ile 152 amino acids of the hydrophobic cavity of theMD-2 receptor. This curine interaction
presented stability during the simulation, remaining linked to the active site, indicating an antagonistic interaction with the molecular
complex lipopolysaccharides/toll-likereceptor/4 myeloid differentiation factor 2.
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Introduction

Acute lung injury (ALI) and its most severe form, acute respi-
ratory discomfort syndrome (ARDS), are characterized by

neutrophil-mediated acute lung inflammation, loss of
alveolar-capillary membrane integrity, and reduction of lung
compliance (Cheung et al. 2017). These events alter the
ventilation/perfusion combination, gas exchange, and the me-
chanical properties of the lung compromising the lung com-
pliance, airway resistance, and the pressure-volume curve
(Cheung et al. 2017). The ARDS develops either by direct
(pulmonary) or indirect (extrapulmonary) causes according
to the site of infection (Fan et al. 2018). While direct lung
injury occurs due to infection of the respiratory tract by mi-
croorganisms such as viruses, fungi, and bacteria, indirect
lung injury occurs when these agents reach the lung through
the bloodstream, as observed in sepsis (Rezoagli et al. 2017).
Lipopolysaccharide (LPS), a Gram-negative bacteria mem-
brane constituent, has been extensively used in murine models
of ALI because it induces the entire pathological picture char-
acteristic of this disease (Proudfoot et al. 2011). Global data
indicate that ARDS is responsible for 10% of intensive care
unit admissions, representing more than three million ARDS
patients annually, with a 40% rate of mortality (Bellani et al.
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2016; Rezoagli et al. 2017). The activated neutrophil in the
airway lumen is a hallmark of disease progression. Studies
have shown that the activation of this cell population in
ARDS occurs when a microorganism binds to the toll-like
receptor complex (TLR-4/CD14/MD-2). These interactions
lead to signaling pathways associated with the nuclear
factor-kappa B (NF-κB) activation and pro-inflammatory
gene transcription (Yang et al. 2018). Thus, activated neutro-
phils release several mediators that induce alveolar epithelial
injury, including cytokines, lipid mediators, reactive oxygen
species (ROS), proteases, elastases, matrix metalloprotein-
ases, myeloperoxidase (MPO), and cationic peptides such as
defensins (Albiger et al. 2007; Yang et al. 2018). Besides,
evidence has demonstrated that the formation of neutrophil
extracellular traps (NETs) contributes to tissue injury via the
induction of necrosis, apoptosis, and autophagy (Yang et al.
2018).

The current basis for the treatment of ARDS is mechanical
ventilation without a standard pharmacotherapy. Thus, new
effective therapeutic strategies capable of modulating the
inflammation-associated tissue damage in ARDS are a de-
manding need. In this context, medicinal plants used to treat
inflammatory diseases in traditional medicine represent im-
portant sources of bioactive compounds with pharmacological
potential (Petrovska 2012).

Chondrodendron platyphyllum (A.St.-Hil.) Miers,
Menispermaceae, a medicinal plant found in Northeastern
Brazil, popularly known as “abútua,” is used for the relief of
fever, anemia, and diarrhea (Dias et al. 2002). Chemical anal-
yses using the root showed that this plant is rich in
bisbenzylisoquinoline alkaloids (BBA), such as curine (1),
isocurine, and 12-O-methylcurine (Dias et al. 2002; Guedes
et al. 2002). Our research group has been studying curine (1),
and its anti-allergic, analgesic, and anti-inflammatory effects
have been demonstrated (Dias et al. 2002; Guedes et al. 2002;
Medeiros et al. 2011; Leite et al. 2014; Ribeiro-Filho et al.
2013, 2019). Its mechanism of action involves inhibition of
calcium channels (Dias et al. 2002; Guedes et al. 2002;
Medeiros et al. 2011). Previous studies have shown that curine
(1) has low toxicity without altering biochemical, hematolog-
ical, physical, and behavioral parameters as well as no gastric
tissue damage (Ribeiro-Filho et al. 2013). Curine also promot-
ed vasodilatation, reduced intracellular Ca2+ in smooth mus-
cle cells, blocked type 1.2 calcium channels, inhibited the
production of CysLT and PGD2 by mast cells, and extended
the animal’s survival time in the anaphylactic shock reaction
(Medeiros et al. 2011; Ribeiro-Filho et al. 2014). Ribeiro-
Filho et al. (2013) described the anti-allergic effects of curine
using an experimental model of ovalbumin-induced allergic
asthma. In this study, the authors demonstrated that the alka-
loid inhibited eosinophil migration, lipid body formation, de-
creased eotaxin, and IL-13 production into the bronchoalveo-
lar lavage. Also, the same research group demonstrated the

anti-edematogenic effect of curine in an experimental model
of paw edema induced by phlogistic agents by decreasing
vascular permeability. Besides, curine presented analgesic ac-
tivity by inhibiting the PGE2 production without interfering
with the expression of COX-2(Leite et al. 2014).

The treatment with curine (1) in an experimental mod-
el of allergic asthma was found to inhibit eosinophilic
inflammation, airway hyperresponsiveness (AHR), lipid
body formation, and the production of type 2 cytokines.
Also, the similarity between the anti-allergic effect of
curine and verapamil (a calcium channel blocker), as
well as the inhibition of calcium-induced tracheal con-
traction by curine, strongly suggests that this alkaloid
modulates the allergic response through interference with
calcium-dependent mechanisms (Ribeiro-Filho et al.
2013). The anti-allergic effect of curine was also demon-
strated in a murine model of mast cell activation. The
in vivo treatment with the alkaloid inhibited the
scratching behavior and the anaphylactic shock reaction
induced by compound 48/80, a substance that induces
mast cell degranulation. Furthermore, the in vitro treat-
ment of antigen-challenged RBL cells with curine or ve-
rapamil inhibited the production of lipid mediators that
are crucially associated with allergic processes (Ribeiro-
Filho et al. 2014). It is worthwhile mentioning that the
curine oral treatment of mice, for seven consecutive
days, did not induce evident toxicity related to physical,
behavioral, histological, hematological, and biochemical
parameters (Ribeiro-Filho et al. 2013; Leite et al. 2014).
Recently, we showed that curine prevented macrophage
activation as well as recruitment and activated neutro-
phils in the LPS-induced pleurisy model (Ribeiro-Filho
et al. 2019).

These accumulated pieces of evidence put out curine (1) as
a potent anti-inflammatory and anti-allergic alkaloid with low
toxicity. However, the mechanisms underlying its effects are
poorly understood. Therefore, this study aimed to investigate
alkaloid curine in the LPS-induced acute lung inflammation
model to elucidate its mechanism of action.
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Experimental

Curine Preparation

The stem bark of Chondrodendron platyphyllum (A.St.-Hil.)
Miers, Menispermaceae, according to registration number
AAF4E49 in the Sistema Nacional de Gestão do Patrimônio
Genético e do Conhecimento Tradicional Associado
(SISGEN) was sprayed in a HARLEY-type mill and subjected
to a series of extractions under exhaustive percolation with
95° GL ethanol for 3 to 4 days. The extract was vacuum
concentrated at 50 to 60 °C, giving the crude ethanolic extract.
The ethanolic extract was acidified (3% HCl solution) and
filtered through celite. This acid solution was alkalized with
cold ammonium hydroxide to (NH4OH) to pH 8 and exhaus-
tively extracted with chloroform until a negative result was
obtained with the Mayer and Dragendorff reagents. The chlo-
roform phase was dried with anhydrous sodium sulfate and
concentrated on rotavapor (50 °C) to obtain the total tertiary
alkaloid (TTA) fraction, which was subjected to column chro-
matography and analytical thin-layer chromatography for the
isolation of curine (1), as previously described (Dias et al.
2002).

Animals

Male BALB/c isogenic mice (6 to 8 weeks) weighing between
20 and 25 g were supplied by Prof. Dr. Thomas George from
the animal facilities of Instituto de Pesquisa em Fármacos e
Medicamentos, UFPB, João Pessoa, PB, Brazil. Six animals
represented each experimental group. The animals were eu-
thanized by intramuscular (i.m.) administration of an anesthet-
ic solution containing 29 mg/ml of ketamine and 1.91 mg/ml
of xylazine in saline (NaCl 0.9%).

Acute Lung Injury Model

The experimental model of acute lung injury was developed
and adapted from previously described methodologies (do
Nascimento Xavier et al. 2019). On day zero (0), the mice
were challenged by nasal instillation (i.n.), with a lipopolysac-
charide solution (LPS—2.5 mg/kg, E. coli 0111: B4, Sigma-
Aldrich, USA) in saline. At intervals of 1, 24, and 48 h after
the challenge, the animals were orally treated by gavage (p.o.)
with curine (1) at doses of 1.25, 2.5, 5, and 10 mg/kg. After
72 h of the challenge, the animals were euthanized, and the
biological material was collected for the analysis of immuno-
logical parameters. The basal group did not receive the LPS
challenge but was treated with saline solution (i.n.).

Fig. 1 Curine (1) effect on inflammatory cell migration to the lung cavity
in lipopolysaccharide-induced acute lung injury (LPS-ALI).Male BALB/
c mice (n = 6) were challenged with lipopolysaccharide (LPS) and treated
orally (p.o.) with curine (1.25, 2.5, 5.0, and 10 mg/kg) 1, 24, and 48 h
after the LPS challenge. After 72 h, the bronchoalveolar lavage fluid
(BALF) was collected, and the total inflammatory cells (A) were counted
with Turk’s solution. The cell suspension was cytocentrifuged, and neu-
trophils (B) and mononuclear cells (C) were counted with the Panotic
stain. Results were expressed as mean ± standard error of the mean and
statistically analyzed by one-way ANOVA followed by the Tukey test,
where values of (a)p < 0.05 were considered significant when compared
to the basal group and (b)p < 0.05, when compared to the LPS group.
Experiments were performed in triplicate
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Fig. 2 Effect of curine (1) on vascular permeability, protein total leakage,
lung edema, and lung histopathological aspects in the lipopolysaccharide-
induced acute lung injury (LPS-ALI). Male BALB/c mice (n = 6) were
challenged with lipopolysaccharide (LPS) and treated orally (p.o.) with
curine (2.5 mg/kg) 1, 24, and 48 h after the LPS challenge. A After 72 h,
the bronchoalveolar lavage fluid (BALF) was collected and the protein
contents were measured by the Sensiprot test at 600 nm. B Lungs were
collected to determine the wet/dry weight ratio. C Photomicrographs of
tissue sections and inflammatory parameters as cell infiltrate (green trian-
gle); edema (red triangle) and hemorrhage (yellow triangle) were ob-
served at optical microscopy (100×, 600 μm) and 400× (150 μm). D

Inflammatory scores: 0, absence of histological changes; 1, mild histo-
logical changes (less than 25% of the analyzed field); 2, moderate histo-
logical changes (from 25 to 49% of the analyzed field); 3, marked histo-
logical changes (from 50 to 75% of the analyzed field), and 4, very
marked changes (more than 75% of the analyzed field). Results were
expressed as mean ± standard error of the mean and statistically analyzed
by one-way ANOVA followed by the Tukey test, where values of (a)p <
0.05 were considered significant when compared to the basal group and
(b)p < 0.05 when compared to the LPS group. Experiments were per-
formed in triplicate
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Cell Quantification

The inflammatory cell migration to the lung was measured in
the bronchoalveolar lavage fluid (BALF). For the collection of
the BALF, 1.5 ml of ice-cold HBSS+/− was injected into the
animal’s lung through the trachea and the collected fluid was
transferred to test tubes and stored at 4 °C. The cell counting
was performed in a hemocytometric chamber at an optical
microscope (40×; BX40, Olympus). The supernatants were
used for the measurement of cytokines and total proteins.
Differential cell counts were performed using cytospin
(Fanen, São Paulo, SP, Brazil, Mod 2400) slides fixed and
stained using the panoptic method (Panotic Kit, Renylab).
Each slide was traversed until the counting of 100 cells, using
the immersion objective (100×) of an optical microscope (do
Nascimento Xavier et al. 2019).

Total Protein Quantification

The concentration of total proteins in the BALF of the differ-
ent animal groups was quantified by the colorimetric method
of the red pyrogallol dye using the Sensiprot kit (Labtest,
Minas Gerais, MG, Brazil) according to the manufacturer’s
instructions. Pyrogallol red reacts with sodium molybdate to
form a complex that, when combined with protein in an acid
medium, develops a blue-colored chromophore with a maxi-
mum absorption of 600 nm. The resulting absorbance is di-
rectly proportional to the concentration of proteins in the sam-
ple (do Nascimento Xavier et al. 2019).

Wet and Dry Lung Weight Ratio

The lung of each animal was removed and immediately
weighed to determine the “wet” weight. Then, the lung was
placed in the oven at 60 °C for 48 h and weighed to assess the
“dry” weight. The pulmonary edema index was calculated
through the wet/dry weight ratio of the lung tissues, as previ-
ously described (Jiang et al. 2015).

Lung Histological Analysis

To assess the lung histological aspect, the organ was col-
lected 72 h after the LPS challenge (endpoint) and fixed in
buffered formalin. Then, the lung was hydrated and
dehydrated with ethyl alcohol, xylol, and liquid histologi-
cal paraffin (Erviegas, São Paulo, SP) to obtain the paraffin
“block” containing the tissue fragment. Histological sec-
tions of 5 μm thick were obtained with the aid of a micro-
tome (SP Labor 300). The tissue sections that adhered to
the slides were stained with hematoxylin and eosin, to as-
sess the pulmonary architecture and the general parameters
of the inflammatory process. The morphological analysis
was performed through scores correlating with the clinical

aspects, and the final score values were determined accord-
ing to the extent of the lesions. The inflammatory parame-
ters were scored from 0 to 4 according to the extent of the
tissue alterations as cell infiltration, edema formation and
the presence of hemorrhagic foci, and the thickening of the
alveolar septum, as well as the diffuse alveolar damage.
The score values were determined considering the degree
of histological changes in these parameters as follows: 0,
absence of histological changes; 1, mild changes corre-
sponding to less than 25%; 2, moderate changes ranging
between 25 and 49%; 3, marked changes corresponding to
an alteration of 50 to 75%; and 4, very marked changes, in
which the parameter was altered in more than 75%. The
tissue changes were evaluated in all fields of each slide in a
double-blind manner, and four slides were analyzed (do
Nascimento Xavier et al. 2019).

Cytokine Quantification

The cytokine production (TNF-α, IL-1β, and IL-6) was ana-
lyzed by ELISA according to the manufacturer’s instructions)
in the BALF supernatants (eBioscience, San Diego, CA).

Toll-Like Receptor 4 and Nuclear Factor κB (p65)
Analyses

Flow cytometry analyses of the BALF allow the distinction of
heterogeneous cell populations based on parameters such as
“forward-scattered light” (FSC) and “side-scattered light”
(SSC), which distinguish cells by size (light diffraction-FSC)
and granularity (light diffusion-SSC), respectively. The gran-
ulocyte population of all animals was quantified in the BALF
(van Rijt et al. 2004), and the toll-like receptor 4 (TLR4)
receptor and the p65 portion of the transcription factor
NFκB expressions were analyzed. About 5 × 105cells/ml on
ice HBSS+/− were submitted to the flow cytometry
(FACSCanto ™ II, BD, USA; FACS Diva 6.1. software)
and determined the FSC and SSC parameters and for each
marker specific antibodies, anti-TLR-4 and anti-nuclear factor
κB (NF-κB) (p65), and fluorescent labeling in 10.000 events.
The specific protocol for eachmarking was performed accord-
ing to the kit manufacturer’s recommendations (Bioscience,
Inc. Science Center Drive, San Diego, CA, USA). For TLR-
4(PE) labeling, a filter of 564–606 nm was used, and for the
NFκB (p65) (PerCP-Cy5.5), a filter of 670–735 nm was used.

Molecular Docking

The TLR4/myeloid differentiation factor 2 (MD-2) selected
for molecular couplingwas acquired from the protein database
PDB (https://www.rcsb.org/pdb/home/home.do) (Abraham
et al. 2015), under PDB code ID 3FXI. For docking analysis,
curine (1) was inserted in the SDF format and all water
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molecules and cofactors removed when they were not close to
the active site. The Molegro Virtual Docker v.6.0.1 (MVD)

program (Bitencourt-Ferreira and de Azevedo 2019) was used
to calculate the binding energy. For the coupling procedure
(receiver-ligand), a GRID radius of 15 Å and resolution of 0.
30 were used covering the binding site, defined using a known
ligand for each enzyme. The model was designed to perform
the adjustment with the characteristics expected between the
ligand and the enzyme, using the heuristic search algorithm
that combines the differential evolution and the crystallo-
graphic ligand as a model. The cavity prediction algorithm
(Moldock) and the Moldock score function were selected to
obtain the results (Thomsen and Christensen 2006).

Simulations of Molecular Dynamics

Molecular dynamics simulations were performed to estimate
the flexibility of interactions between proteins and ligands
using the GROMACS 5.0 software (Berendsen et al. 1995).
The topology was prepared using the GROMOS96 54a7 force
field in GROMACS. The molecular dynamics simulation was
performed using the SPC water model with an extended point
load in a cubic box (Pettersen et al. 2004). The system was
neutralized by the addition of ions (Cl− and Na+) and mini-
mized to remove bad contacts between complex molecules
and the solvent. The system was also balanced at 300 K using
the V- rescale algorithm at 100 ps represented by NVT (con-
stant number of particles, volume, and temperature), followed
by equilibrium at 1 atm of pressure using the Parrinello-
Rahman algorithm as NPT (constant pressure numeric parti-
cles and temperature) up to 100 ps. DM simulations were
performed in 5,000,000 steps at 10 ns. To determine the flex-
ibility of the structure and whether the complex is stable close
to the experimental structure, the mean square root displace-
ment (RMSD) of all Cα atoms was calculated in relation to the
starting structures. Residual fluctuations (RMSF) were also
analyzed to understand the role of residues near the receptor
binding site. The RMSD and RMSF graphs were generated in
the Grace software (http://plasma-gate.weizmann.ac.il/
Grace/), and the protein and ligands were visualized in the
UCSF Chimera (Orlando and Malkowski 2016).

�Fig. 3 Effect of curine (1) in the cytokine production in the
lipopolysaccharide-induced acute lung injury (LPS-ALI). Male BALB/c
mice (n = 6) were challenged with lipopolysaccharide (LPS) and treated
orally (p.o.) with curine (2.5 mg/kg) 1, 24, and 48 h after the LPS chal-
lenge. After 72 h, the bronchoalveolar lavage fluid (BALF) was collected
and the cytokine levels were measured by ELISA.A [TNF-α],B [IL-1β],
and C [IL-6]. Results were expressed as mean ± standard error of the
mean and statistically analyzed by one-way ANOVA followed by the
Tukey test, where values of (a)p < 0.05 were considered significant when
compared to the basal group and (b)p < 0.05 when compared to the LPS
group. Experiments were performed in triplicate

R
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Statistical Analyses

The data were analyzed by GraphPad Prism© version 5.0
software (GraphPad Software, San Diego, CA, USA).
Results were expressed as mean ± standard error of the mean
(e.p.m.) and statistically analyzed by one-way ANOVA
followed by the Tukey test, where values of p < 0.05 were
considered significant.

Results and Discussion

Curine (1), a bisbenzylisoquinoline alkaloid, was identified as
a promising anti-inflammatory molecule with the potential to

become a medicine for the pulmonary inflammatory process
treatment. However, the molecular mechanisms underlying its
effects remain to be clarified. Thereby, the goal of this study
was to demonstrate its mechanisms of action in a well-estab-
lished, in vivo lung inflammatory process induced by lipo-
polysaccharide (LPS) in mice (Medeiros et al. 2011; Leite
et al. 2014; Dantas et al. 2015; Ribeiro-Filho et al. 2013,
2019).

Effect on Inflammatory Cell Recruitment

The inflammatory cell profile in the bronchoalveolar lavage
fluid (BALF) of the animal groups is shown in Fig. 1. The
animals from the LPS group showed an increase (p < 0.05) in

Fig. 4 Effect of curine (1) on the Toll-Like 4 receptor (TLR4) expression
and NF-κB(p65) activation. Male BALB/c mice (n = 6) were challenged
with lipopolysaccharide (LPS) and treated orally (p.o.) with curine (2.5
mg/kg) 1, 24, and 48 h after the LPS challenge. After 72 h, the broncho-
alveolar lavage fluid (BALF) was collected and the cell suspension was
analyzed by flow cytometric analysis (FSC Forward Scatter, by light
diffraction) and cytoplasmic granularity or complexity (SSC Side

Scatter, by light diffusion). A Percentage of granulocytes, B TL4R (PE)
expression, C p65 portion phosphorylation of the NFκB Transcription
Factor (PerCP-Cy5-5). Results were expressed as mean ± standard error
of the mean and statistically analyzed by one-way ANOVA followed by
the Tukey test, where values of (a)p < 0.05 were considered significant
when compared to the basal group and (b)p < 0.05 when compared to the
LPS group. Experiments were performed in triplicate
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the number of inflammatory cells, mainly neutrophils, in the
lung cavity (Fig. 2). Indeed, in these animals, the number of
neutrophils increased about twenty times as compared to the
animals from the basal group (19.42 ± 3.12 vs 0.01 ± 0.01,
respectively) (Fig. 2B). However, animals LPS-challenged
and treated with curine (2.5, 5, or 10 mg/kg) presented a de-
creased (p < 0.05) number of neutrophils, corresponding to
72, 52, and 57%, respectively (Fig. 2B). Indeed, the number of
neutrophils of the curine (2.5 mg/kg)-treated animals was sim-
ilar to that of the animals from the basal group indicating the
reestablishment of lung homeostasis. Therefore, the dose of
2.5 mg/kg was chosen to proceed with the investigation of the
curine effect in the ALI model.

Effect on Pulmonary Edema

The effect of curine on pulmonary edema was assessed by
quantifying the BALF protein content (mg/dl) and by the lung
weight ratio. The LPS group showed a sixfold increase (p <
0.05) in the total protein content as compared to the basal
group (87, 44 ± 6.65 vs 13.86 ± 0.769, respectively) (Fig.
2A). The curine treatment promoted a decrease (p < 0.05) of
the protein exudate in about 40% in comparison with the LPS
group (Fig. 2A), indicating the diminishing of pulmonary ede-
ma formation. This finding corroborated with the wet/dry
(W/D) lung weight ratio, which shows that curine reduced it
by about 10% (Fig. 2B).

Fig. 5 Effect of curine (1) on the
TLR4/MD-2 protein complex. A
General structure of the
TLR4/MD-2-curine complex
(dark blue for TLR4, light blue for
MD-2 and curine). B 3D and 2D
interactions of the MD-2 complex
and curine. The interaction of
MD-2 residues with hydrophobic
chains of curine is labeled in blue.
C Representation of MD-2 sur-
face. Positively and negatively
charged residues are in blue and
orange, respectively
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Effect on Pulmonary Tissue

The histological aspect of the lung tissues of the animals is
shown in Fig. 2C, D. The lung tissue of animals of the LPS
group showed an intense cellular infiltration in the alveoli
(green triangle), edema with the presence of hyaline mem-
brane and thickening of the alveolar wall (red triangle), hem-
orrhage (red blood cells), vasodilation, and an increase of
blood flow in the alveolar capillaries (yellow triangle). The
inflammatory score of the tissue morphological changes was
observed with cellular infiltration demonstrating an intense
inflammatory process on these animals as compared to the
basal group. The curine treatment of LP-challenged animals
promoted a reduction (p < 0.05) of 54% of inflammatory cell
infiltration, 40% of edema, and 27% of hemorrhage.

Effect on Cytokine Production

The BALF concentration (pg/ml) of TNF-α, IL-1β, and IL-6
is shown in Fig. 3A–C. Animals of the LPS group presented
(p < 0.05) increased amounts of TNF-α (83.72 ± 2.81 vs 9.45
± 0.35), IL-1β (2572 ± 135.4 vs 33, 37 ± 5.63), and IL-6 (342
± 370.10 vs 48.37 ± 5.32) as compared to those of the basal
group. The curine treatment of LPS-challenged animals
inhibited (p < 0.05) the production of these cytokines in 23,
56, and 29%, respectively, indicating an anti-inflammatory
effect of the alkaloid in LPS-induced ALI by modulating in-
flammatory cytokines.

The main piece of evidence of the current study was
that curine protected the animal lung tissue from dam-
age caused by LPS by reducing neutrophil migration,
protein exudate, and edema formation. Besides, curine
decreased the production of TNF-α, IL-1β, and IL-6,
and downregulated the TLR-4/NF-κB signaling path-
way. In this scenario, this study demonstrated the mech-
anism(s) of action of curine by using as a tool the
experimental model of LPS-induced acute lung injury
(ALI). ALI and its most severe form, acute respiratory
distress syndrome (ARDS), are global health problems,
with high morbidity and mortality rates. These diseases
are characterized by an extensive lung inflammatory re-
action mainly mediated by neutrophils and rupture of
the alveolar-capillary barrier leading to severe impair-
ment of gas exchange. Indeed, activated neutrophils re-
lease multiple toxic mediators as reactive oxygen spe-
cies (ROS), proteases, and pro-inflammatory cytokines
damage the lung tissue (Bhattacharya and Matthay
2013). The LPS-challenged animals treated with curine
presented a decrease of neutrophils in the lung and, by
histological analyses and the semi-quantitative scoring
system, demonstrated that curine decreased hemorrhage,
edema, and the thickening of the alveolar septum, as

well as the narrowing of the alveolar spaces leading to
improvement of the lung tissue damage.

Effect on TLR4 and NFκB (p65) Expression

The curine treatment decreased the percentage of granulocytes
(26.20% ± 1.92 vs 4.90% ± 0.58) compared to the LPS group
(Fig. 4A). Indeed, these animals presented a decrease (p <
0.05) of the TRL4 frequency in this cell population (80.5%
± 1.81 vs 47.8% ± 1.91) (Fig. 4B). Since the TRL4/MD2
signaling axis is associated with NF-κB(p65) activation dur-
ing the production of inflammatory cytokines, the phosphor-
ylated p65 portion of the NFκB was looked at in curine-
treated animals. Figure 4C shows that the alkaloid reduced
the frequency of expression of this transcriptional factor
(75.80% ± 2.15 vs 58.20% ± 1.62, p < 0.05) as compared to
the LPS group.

LPS binds to the TLR-4/MD2 complex and triggers the
intracellular signaling cascades culminating with the NFκB
pathway activation, and transcription of a wide variety of
genes, including those of inflammatory cytokines (Thomsen
and Christensen 2006). In this study, we demonstrated that
curine decreased the expression of TLR-4 and diminished
the NFκB (p65) phosphorylation on granulocytes from the
BALF, allowing us to suggest that at least one way that curine
protects the animals from lung damage caused by LPS in ALI
is by decreasing the expression of TLR-4 and downregulating
the NFκB(p65) pathway.

Effect on TLR2/MD2 Complex

The TLR4/MD-2 protein complex recognizes and binds LPS
to induce an innate immune response. Molecular docking
demonstrated that curine coupled with a binding energy of -
99.19 kcal/mol to the MD2 protein cavity mediated by several
hydrophobic interactions. Figure 5A–C shows the curine hy-
drophobic interactions with amino acids Leu78, Ile80,
Phe121, Ile124, Phe126, and Ile152. Also, the molecular dy-
namic simulation investigated whether curine might be bind-
ing to MD-2 under the influence of water solvent, ions, tem-
perature, and pressure. Flexibility and changes in the MD-2
structure were also investigated. The RMSD analysis of MD2
showed that the protein reached fluctuation ranging from 0.3
to 0.45 nm in size in 10 ns, with stability after 6 ns, and the
MD2/curine complex was stable over the 10 ns allowing the
alkaloid to remain strongly bound to the active site of the
receptor. Besides, the RMSD of curine was steady throughout
the dynamic’s simulation. Thereby, the residue flexibility of
each amino acid of the MD-2 was calculated by the mean
square root fluctuations (RMSF). Amino acid residues above
0.3 nm/RMSF are considered with fluctuations and give the
flexibility of the protein structure. Therefore, among the 150
amino acids present in the protein, only amino acids 111 and
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158 contributed to the conformational change of the MD2/
curine complex. However, in the non-complexed MD2, high
fluctuations were observed in amino acids 41, 58, 69, 84, 85,
122, 128, 157, and 158. Two of these amino acids (K122 and
K128) are present in the active site and are essential for the
recognition of LPS. Therefore, none of the amino acids re-
sponsible for the structural change of the complexed protein
is part of the active site, and the active site is stable. When
analyzed through graphic programs, the MD2/curine complex
presented small conformational changes as identified by the
RMSD values, and some connections in the docking were
lost. However, other strong bonds were formed with amino
acids Lys104, 105Gly, and Tyr113.

Conclusions

Therefore, in this study, we demonstrated that curine (1) re-
duced the inflammatory process in ALI dependent of neutro-
phil and decreased the production of the pro-inflammatory
cytokines and edema with the improvement of the alveolar-
capillary barrier by downregulating the TLR/MD-2/NF-kB
signaling pathway. Also, this alkaloid blocks the LPS binding
to the MD-2 chain, a protein that complexes with the TLR-4
receptor. In silico analysis demonstrated that curine was able
to form several hydrophobic interactions with amino acids
Leu78, Ile80, Phe121, Ile124, Phe126, and Ile152 present in
the MD-2 chain, and the curine/MD-2 complex is stable,
which favors the permanence linkage between those mole-
cules. These data point out that curine is a promising candidate
for drug development and further testing in clinical trials to
treat acute respiratory distress syndrome.
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