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Abstract— Acute lung injury (ALI) is a life-threatening acute inflammatory disease with 
high rates of morbidity and mortality worldwide. 4-Allyl-2,6-dimethoxyphenol (methox-
yeugenol), a phenylpropanoid from a synthetic source, exhibits strong anti-inflammatory 
activity, but its effects on the inflammation of ALI have not yet been reported. In our 
study, the anti-inflammatory effects of methoxyeugenol were investigated on RAW 264.7 
cells and a mice model of ALI. Our results showed that methoxyeugenol (7.5 and 30 µM) 
attenuated the proliferation and gene expression of interleukin (IL)-6 in LPS-stimulated 
RAW 264.7 cells. In a mice model of ALI induced with LPS, methoxyeugenol exhibited 
a significant protective effect, based on influx reduction of macrophages and neutrophils 
into the lungs; reduction in release of the cytokines IL-6, TNF-α, and IL-10; and in reactive 
oxygen species (ROS) formation. We show that the anti-inflammatory effects of methox-
yeugenol are associated with the suppression of the NFκB signaling pathway. Moreover, 
we demonstrated for the first time that a phenolic compound, from a synthetic source, 
protects against lung tissue inflammation and promotes a reduction of NET formation. 
These findings provided evidence for the use of methoxyeugenol as a new strategy to 
control inflammation in ALI disease.
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INTRODUCTION

Acute lung injury (ALI) is characterized by acute 
respiratory failure, which has a high rate of in-hospital 
mortality [1]. The treatment for ALI involves mechani-
cal ventilation and pharmacological therapy. However, 
the pharmacological therapy used has a small effect on 
patient mortality [2]. Thus, ALI lacks proper therapeu-
tic medicine. During lung injury, resident macrophages 
are activated and secrete cytokines, starting the inflam-
mation process. Subsequently, neutrophils are recruited 
into the lung parenchyma and alveolar space and then 
contribute to lung inflammation through cytokine 
release, reactive oxygen species (ROS) production, and 
excessive formation of neutrophil extracellular traps 
(NETs) [3–5]. NETs are structures formed by DNA 
strands that are associated with proteins, such as mye-
loperoxidase (MPO) [5]. The production of NETs was 
detected in bronchial aspirates from patients with an 
acute respiratory infection, aggravating lung injury [6].

Natural compounds obtained from plants as 
crude extracts or isolated molecules have been used 
for the treatment of several diseases. Particularly, the 
use of phenolic compounds has aroused great interest 
due to their therapeutic effects. The phenolic com-
pounds are found in plants, such as Myristica fragrans 
(an herb known as nutmeg) [7]. Studies with nutmeg 
extract showed anti-inflammatory effects, and the use 
of chromatographic techniques revealed the presence 
of methoxyeugenol in the composition of the extract 
[7–9]. Interestingly, our previous research reported that 
4-allyl-2,6-dimethoxyphenol (methoxyeugenol), from a 
synthetic source, at 30 μM decreased the proliferative 
rate and induced a quiescent phenotype in the hepatic 
stellate cells. This same study showed that methox-
yeugenol at 0.25 mg/kg attenuated the inflammatory 
profile and fibrosis in mice submitted to the model of 
liver fibrosis [10]. Thus, the promising anti-inflamma-
tory activity of methoxyeugenol drew attention as a 
potential therapeutic agent for ALI. In our study, the 
anti-inflammatory effects of methoxyeugenol were 
researched on LPS-stimulated RAW 264.7 cells and 
mice model of LPS-induced ALI.

Methoxyeugenol

Was acquired from Sigma-Aldrich, USA (Cat.
W365505/Lot.STBD5682V).

METHODS

RAW 264.7 Cell Culture
A murine macrophage cell line, RAW 264.7 cells, 

was purchased from American Type Culture Collec-
tion (ATCC TIB-71, USA). DMEM supplemented with 
10% fetal bovine serum (FBS) and 1% streptomycin/
penicillin antibiotics (ATB) (Gibco, Life-technologies, 
USA) were used for cultivation of RAW 264.7 cells. 
RAW 264.7 cells were cultured at 37 °C in a humidified 
incubator containing 5%  CO2. Upon reaching a growth 
corresponding to 80% of confluence, experiments with 
RAW 246.7 cells were performed.

Methoxyeugenol Pretreatment and Stimulation 
with LPS in the RAW 264.7 Cells

Methoxyeugenol (Sigma‐Aldrich, USA) was 
diluted in DMEM 0.5% dimethylsulfoxide (DMSO) 
(Neon, Brazil) at 1.87, 7.5, and 30 µM. The RAW 264.7 
cells were pretreated with methoxyeugenol at 1.87, 7.5, 
and 30 µM for 1 h before stimulation with LPS (1 μg/
mL) (Sigma‐Aldrich, USA).

3‐(4,5‐Dimethylthiazol‐2‐yl)‐2,5‐
Diphenyltetrazolium Bromide (MTT) Assay

The plate containing the solution with MTT in 
all wells was incubated at 37 °C for 3 h. After that, the 
MTT solution was discarded, and DMSO was added to 
all wells to dissolve the formazan crystals. The absorb-
ance was measured at 570 nm using a microplate reader 
(EZ Read 400; Biochrom). A digital DP73 camera cou-
pled to a BX43 light microscope (Olympus, Japan) was 
used to capture the representative images of the wells.

Animals

The male adult BALB/cByJ mice used in our study 
were provided by the Center for Experimental Biologi-
cal Models (CeMBE, Brazil) of the PUCRS. The BALB/
cByJ mice were housed according to standard conditions 
at 23 ± 2 °C a 12 h/12 h light/dark cycle and with free 
access to water and food. All experiments were performed 
following the National Institutes of Health Guide for the 
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Care and Use of Laboratory Animals. The study and all 
experiments were approved by the Animal Ethics Com-
mittee of the PUCRS with registration number 9607.

Methoxyeugenol Pretreatment 
and LPS‑Induced ALI Model

The mice were randomly divided into the following 
three groups:

1. Sham group: mice were anesthetized by inhaling iso-
flurane and intranasal PBS was administered. Then, 
the mice were immediately treated with DMSO (vehi-
cle) intraperitoneally;

2. LPS-induced ALI group: mice were anesthetized by 
inhaling isoflurane and intranasal LPS (2 mg/kg in 
PBS) was administered to induce ALI. Then, the mice 
were immediately treated with DMSO (vehicle) intra-
peritoneally;

3. Methoxyeugenol + LPS-induced ALI group: mice 
were anesthetized by inhaling isoflurane and intrana-
sal LPS (2 mg/kg in PBS) was administered to induce 
ALI. Then, the mice were immediately treated with 
methoxyeugenol (0.25 mg/kg in DMSO). The dose of 
0.25 mg/kg is based on the previous research [10].

Twelve hours after ALI induction, the mice were 
anesthetized with ketamine and xylazine (0.4 mg/g and 
0.2 mg/g, respectively) and killed by exsanguination via 
cardiac puncture. The samples of bronchoalveolar lavage 
(BAL) and lung tissue were obtained.

BAL Collection

The BAL was collected by two consecutive flushes 
with PBS (1 mL) containing 2% FBS in the lung through 
a tracheal cannula. The BAL was centrifuged (420 g, 
5 min, 4 °C). The cell-free supernatant was used for the 
quantification of extracellular DNA. The cell pellet was 
resuspended with 350 μL of PBS at 2% FBS for analysis 
of cellularity.

Cellularity of BAL

The trypan blue exclusion assay was performed to 
verify the total cell counts (TCC). The slides of differ-
ential cytology were performed according to the method 
described previously [11]. A digital DP73 camera coupled 

to a BX43 light microscope (Olympus, Japan) was used to 
capture the representative images of differential cytology.

Histopathological Analysis

The lung tissue was perfused by buffered formalin, 
collected, and embedded in paraffin. Thereafter, slices 
were cut at 4 μm and stained by H&E (Cytological Prod-
ucts, Brazil). The histopathological changes of lung tis-
sues were evaluated using a semi-quantitative scoring 
method [12]. Briefly, histological criteria were assigned 
blindly for the severity scoring of lung inflammation that 
included interstitial inflammation, inflammatory cell 
infiltration, congestion, and edema. The histopathologi-
cal scores were graded from 0 (normal) to 4 (severe) and 
were obtained by averaging the scores attributed to the 
individual mice in each group. A digital DP73 camera 
coupled to a BX43 light microscope (Olympus, Japan) 
was used to capture the representative images of the lung 
sections.

Immunofluorescence of NFkB p65

The RAW 264.7 cells or lung sections were fixed 
and permeabilized with 4% paraformaldehyde (Sigma 
Aldrich, USA) and 0.1% Triton X-100 (Sigma Aldrich, 
USA), respectively, for 15 min. Then, the samples were 
blocked with bovine serum albumin (BSA) at 1% for 
20 min and incubated at 4 °C overnight with anti‐NFκB 
p65 (1:500) (Cell Signaling Technology, USA) and 
then incubated with donkey anti-rabbit IgG conjugated 
with FITC (1:500) (Thermo Fisher Scientific, USA) for 
60 min. 4,6-Diamidino-2-phenylindole (DAPI) (Sigma‐
Aldrich, USA) at 1 mg/mL for 5 min was used to stain 
the cellular nuclei. A digital DP73 camera coupled to a 
BX43 fluorescence microscope (Olympus, Japan) was 
used to capture all images.

Western Blot

Cells from the lung tissue were lysed using a 
specific buffer at 12,000 g for 30 min at 4 °C. Total 
protein concentration was determined by a NanoDrop 
Lite spectrophotometer (Thermo Scientific, USA). 
Equal amounts of protein (30 μg) were separated on 
electrophoresis (SDS‐PAGE) and then transferred to a 
nitrocellulose membrane (Bio-Rad, USA). Membranes 
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were blocked for 30 min with BSA at 5% and incubated 
at 4 °C overnight with the following primary antibod-
ies: anti-NFκB p65 (1:500) (Cell Signaling, Danvers), 
anti-NFκB p-p65 (1:250) (Cell Signaling, Danvers), and 
anti-β actin (1:1000) (Thermo Fisher Scientific, USA). 
Afterwards, the blot was incubated with the secondary 
antibody anti‐IgG (1:2000) (Thermo Fisher Scientific, 
USA) for 2 h. An enhanced chemiluminescence (ECL) 
system was used for visualizing all protein bands, and 
quantification was performed using ImageJ software.

RNA Extraction and RT‑qPCR

The RNA from RAW 264.7 cells or lung tissues was 
extracted using TRIzol. All samples had the total RNA con-
centration normalized at 5 µg, and a corresponding cDNA 
library was constructed. Then, the samples were subjected 
to RT-qPCR using the following primers: TNF‐α (forward 
primer: 5′‐ATA GCT CCC AGA AAA GCA AGC′‐3, reverse 
primer: 5′‐CAC CCC GAA GTT CAG TAG ACA‐3′), IL-6 
(forward primer: 5′‐TGG AGT CAC AGA AGG AGT GGC 
TAA G‐3′, reverse primer: 5′‐CTG ACC ACA GTG AGG 
AAT GTC CAC ‐3′), IL-10 (forward primer: GCC AAG 
CCT TAT CGG AAA TG, reverse primer: AAA TCA CTC 
TTC ACC TGC TCC), and beta-2-microglobulin (B2M) 
(forward primer: 5′-CCC CAG TGA GAC TGA TAC ATACG-
3′, reverse primer: 5′-CGA TCC CAG TAG ACG GTC TTG-
3′). SYBR Green (Applied Biosystems, USA) was used 
to catalyze the PCR reaction. The relative expression of 
B2M mRNA levels was quantified by RT-qPCR, using the 
StepOne™ Real-Time PCR System (Applied Biosystems, 
USA). The relative amounts of these mRNAs were deter-
mined using the comparative delta‐delta Ct method (ΔΔCt).

Measurement of Cytokines

The total lung tissues were collected and homog-
enized with PBS solution. ProcartaPlex (Thermo Fisher 
Scientific, USA) was used to simultaneously measure 
IL-6, TNF‐α, IL-1β, and IL-10. MagPix  (MILLIPLEX®) 
equipment and  xPONENT® 4.2  (MILLIPLEX®) software 
were used to evaluate the data. The graphics show pico-
grams (pg) of cytokines/mg of total protein.

ROS Measurement

Total lung tissues were homogenized in the PBS 
solution, and the supernatants were incubated with a 

solution of 2′7′‐dichlorofluorescein diacetate (H2DCF‐
DA) at 100 μM. The incubation generated a fluorescent 
compound, dichlorofluorescein (DCF), that was measured 
at λem = 488 nm and λex = 525 nm [13]. The graphics 
show DCF fluorescence/mg protein.

DNA Quantification

The extracellular DNA present on the supernatant 
of the BAL was quantified using the Qubit 2.0 fluorim-
eter (Invitrogen, USA) and the Quant‐iT dsDNA HS Kit 
(Invitrogen, USA).

Immunofluorescence in BAL Cells

To visualize the formation of NETs, BAL cells were 
seeded in 8‐chamber culture slides and incubated at 37 °C 
with 5%  CO2. After 1 h of incubation, the cells were stimu-
lated for another hour with 50 nM phorbol myristate acetate 
(PMA). Subsequently, cells were incubated with paraform-
aldehyde at 4% (Sigma-Aldrich, USA) for 45 min; then, the 
fixed cells were incubated with anti-MPO (1:250) (Cell Sign-
aling Technology, USA). After 45 min, cells were incubated 
with donkey anti-rabbit IgG conjugated with FITC (1:500) 
(Thermo Fisher Scientific, USA) for 60 min. Finally, the 
cells were stained with DAPI (1:2000) (Invitrogen, USA) for 
4 min. A digital DP73 camera coupled to a BX43 fluorescence 
microscope (Olympus, Japan) was used to capture all images.

Scanning Electron Microscopy in BAL Cells

The coverslips treated with poly-l-lysine (Sigma-
Aldrich, USA) at 0.0005% were used to seed the BAL cells. 
The cells were incubated at 37 °C with 5%  CO2, and after 
1 h, the cells were stimulated for another hour with PMA 
(50 nM). Next, the BAL cells were fixed by glutaraldehyde 
2.5% for 7 days. Then, osmium tetroxide solution at 2% was 
used to postfix the neutrophils for 45 min. Next, the BAL 
cells were dehydrated using graded acetone. The  CO2 was 
used to execute the critical point technique and then mount-
ing on a metallic support using carbon tape was performed. 
Gold was used to cover all samples, and images were cap-
tured by Inspect F50 (FEI, Oregon, EUA).

Cell Death in BAL Cells

Cell death on BAL cells was assessed using annexin 
V to verify apoptosis and propidium iodide (PI) to verify 
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necrosis. Cell death on BAL was evaluated by FACS 
Canto II and FlowJo software (BD Bioscience).

Statistical Analysis

GraphPad Prism 8 software (GraphPad Software, 
CA) was used to perform all statistical analyses. Data 
are expressed as mean ± SEM and analyzed by one-way 
ANOVA, followed by Tukey’s post-test. A p value < 0.05 
was considered statistically significant.

RESULTS

Methoxyeugenol Decreases LPS‑induced Cell 
Proliferation without a Change in the Viability 
of RAW 264.7 Cells

Initially, we checked the effect of methoxyeugenol on 
the viability of RAW 264.7 cells. Cells were pretreated for 
24 h with three concentrations of methoxyeugenol (1.87, 
7.5, and 30 µM), and cytotoxicity was evaluated through the 
MTT assay. Our data shows that methoxyeugenol did not 
alter the viability of RAW 264.7 cells (Fig. 1A).

The RAW 264.7 cells were pretreated with meth-
oxyeugenol at 1.87, 7.5, and 30 µM for 1 h, followed 
by stimulation with LPS at 1 μg/mL. LPS significantly 
induced the proliferation of RAW 264.7 cells (Fig. 1B, 
C). On the other hand, the three tested concentrations 
of methoxyeugenol decreased the proliferation of RAW 
264.7 cells (Fig. 1B, C).

Methoxyeugenol Reduces mRNA Expression 
of IL‑6 in LPS‐stimulated RAW 264.7 Cells

LPS is known to activate the NFκB signaling path-
way, which promotes the transcription and expression of 
inflammatory mediators, such as cytokines. The RAW 
264.7 cells were pretreated with methoxyeugenol (1.87, 7.5, 
and 30 µM), and after 1 h of treatment, 1 μg/mL of LPS was 
added to the cells. After 1 h of stimulation with LPS, the 
shift of NFκB p65 to the nucleus in RAW 264.7 cells was 
analyzed using immunofluorescence staining. The immu-
nofluorescence images indicated a nuclear accumulation 
of NFκB p65 after stimulating RAW 264.7 cells with LPS 
(Fig. 2A). However, nuclear translocation of NFκB p65 was 
not indicated in the RAW 264.7 cells after pretreatment 
with methoxyeugenol at 7.5 and 30 µM (Fig. 2A).

Additionally, mRNA levels of pro-inflammatory 
genes were assessed by quantitative RT-PCR. RAW 264.7 
cells were pretreated with methoxyeugenol (1.87, 7.5, and 
30 µM) for 1 h and then stimulated with 1 μg/mL of LPS. 
After 16 h of stimulation with LPS, the samples were col-
lected and RT-qPCR was performed. Our data revealed that 
TNF-α mRNA expression was not altered between the studied 
groups (Fig. 2B). On the other hand, the level of IL-6 mRNA 
was increased in LPS‐stimulated RAW 264.7 cells (Fig. 2C). 
However, the RT-qPCR results revealed that cells pretreated 
with methoxyeugenol at concentrations of 7.5 and 30 µM had 
a decrease in IL-6 mRNA expression (Fig. 2C).

These experiments showed that methoxyeugenol 
(7.5 and 30 µM) has anti-inflammatory activity in LPS-
stimulated RAW 264.7 cells. The ability of methoxyeuge-
nol to promote an anti-inflammatory environment was also 
explored using an in vivo model. LPS-induced ALI mice 
were pretreated with 0.25 mg/kg of methoxyeugenol. This 
concentration was selected because in a study with methox-
yeugenol performed by our research group, the concentra-
tion at 0.25 mg/kg showed more potent anti-inflammatory 
effects [10] due to its equivalence to the concentration used 
in RAW 264.7 cells. Also, it was reported as being a safe 
dose by the European Food Safety Authority [14].

Methoxyeugenol Decreases the Influx 
of Macrophages and Neutrophils into the Lung 
in LPS‑induced ALI Mice

To evaluate the effects of methoxyeugenol in the influx 
of inflammatory cells, we performed the total cell counts 
(TCC) in the BAL of mice. As expected, the LPS-induced 
ALI mice showed an increase in TCC as compared to the 
sham group (Fig. 3A). However, the influx of cells was 
decreased in the LPS-induced ALI mice pretreated with 
methoxyeugenol (Fig. 3A). The differential cell counts 
revealed that LPS-induced ALI mice had a significant rise 
in the counts of macrophages and neutrophils, but were 
notably decreased by pretreatment with methoxyeugenol 
(Fig. 3B–D). The histopathological analysis also indicated 
that methoxyeugenol decreased the massive influx of mac-
rophages and mainly of neutrophils. Furthermore, H&E 
staining was used to evaluate the histopathological changes. 
The sham group indicated no histopathologic alteration 
in the lung tissues. However, interstitial inflammation, 
inflammatory cell infiltration, congestion, and edema were 
observed in LPS-induced ALI mice. On the other hand, pre-
treatment with methoxyeugenol ameliorated histopathologi-
cal changes (Fig. 3E, F).
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Methoxyeugenol Regulates the NFκB Signaling 
Pathway and Decreases the Release of Cytokines 
in LPS‑induced ALI Mice

The effects of methoxyeugenol on the NFκB p65 
signaling pathway in the lung tissues of mice were inves-
tigated through immunofluorescence staining. As shown 
in Fig. 4A, the immunofluorescence images indicated that 
the expression of NFκB p65 in ALI mice was elevated 
compared with sham mice, whereas it was reversed by 
pretreatment with methoxyeugenol (Fig. 4A). Further-
more, we determined the protein expression of NFκB p65 
and phosphorylated NFκB (p-p65) levels by Western blot. 
The results showed that the relative expression of p-p65/
p65 was increased in ALI mice when compared with 
sham mice (Fig. 4B). On the other hand, mice pretreated 

with methoxyeugenol showed a decrease in the relative 
expression of p-p65/p65 (Fig. 4B). Our data demonstrate 
that the effects of methoxyeugenol are associated with the 
suppression of the NFκB signaling pathway.

To evaluate the production of cytokines, we 
investigated the gene expressions of TNF-α, IL-6, and 
IL-10 in the lung tissue of mice by RT-qPCR. TNF-α 
and IL-6 mRNA expression significantly increased the 
release in the LPS-induced ALI mice, whereas mice 
pretreated with methoxyeugenol decreased their expres-
sion (Fig. 4C, D). IL-10 mRNA expression did not dif-
fer between the studied groups (Fig. 4E). Furthermore, 
the levels of IL-1β, TNF-α, IL-6, and IL-10 in the lung 
tissue were evaluated by a Multiplex Assay Kit. The 
IL-1β levels had increased in LPS-induced ALI mice; 
however, treatment with methoxyeugenol did not reduce 

Fig. 1  Methoxyeugenol does not change the viability of RAW 264.7 cells and decreases LPS-induced proliferation. A RAW 264.7 cells (1 ×  104 
cells/well in 24-well plates) pretreated for 24 h with methoxyeugenol at concentrations of 1.87, 7.5, and 30 µM. B RAW 264.7 cells (1 ×  104 cells/
well in 24-well plates) pretreated for 1 h with methoxyeugenol at concentrations of 1.87, 7.5, and 30 µM and then exposed to LPS (1 µg/mL) for 
24 h. C Representative images of the respective wells. * Significant difference relative to control; # significant difference relative to LPS (one‐way 
ANOVA followed by Tukey’s test) *p < 0.05, **p < 0.01, and ***p < 0.001. Results are expressed as viable cells (%), and the data represent the 
mean ± SEM from three independent experiments.
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IL-1β release (Fig. 4F). Nevertheless, our data revealed 
that LPS-induced ALI led to an increase in the TNF-α 
and IL-6 levels, whereas treatment with methoxyeugenol 
promoted a reduction in the release of TNF-α and IL-6 
(Fig. 4G, H). IL-10 levels in the LPS-induced ALI mice 
increased in comparison to the sham group; however, 
LPS-induced ALI mice pretreated with methoxyeugenol 
showed a decrease in IL-10 levels (Fig. 4I).

Methoxyeugenol Decreases ROS Production 
in LPS‑induced ALI Mice

Oxidative stress characterized by excessive ROS 
production is an important component in ALI. LPS-
induced ALI mice had an increase in ROS production; 
however, the mice pretreated with methoxyeugenol had 
a decrease in the formation of ROS in the lung tissue 
(Fig. 5).

Methoxyeugenol Suppresses the Formation 
of NETs in LPS‑induced ALI Mice

Lastly, we investigated if treatment with meth-
oxyeugenol was able to reduce the formation of NETs. 
Immunofluorescence was performed in the BAL cells to 
visualize the NETs colocalized with anti-MPO (1:250) 
(Cell Signaling Technology, USA); we observed that 
LPS-induced ALI mice had an increase in the formation 
of NETs when compared to the sham group (Fig. 6A). 
Nonetheless, mice pretreated with methoxyeugenol 
had a reduction in the formation of NETs (Fig. 6A). In 
addition, we also demonstrated the same result through 
scanning electron microscopy (Fig. 6B). The levels of 
extracellular DNA were measured in the BAL superna-
tants. LPS-induced ALI mice showed an increase in the 
DNA levels, while LPS-induced ALI mice pretreated with 
methoxyeugenol showed a reduction in the extracellular 
DNA levels (Fig. 6C), corroborating with results found 

Fig. 2  Effects of methoxyeugenol on NFκB p65 staining and in cytokine mRNA expression in RAW 264.7 cells. A Cells (1 ×  104 cells/well 
in 8-chamber culture slides) were pretreated with methoxyeugenol (1.87–30 µM) for 1 h, exposed to LPS (1 µg/mL) for more than 1 h and stained 
with NFκB p65. B, C RAW 264.7 cells ( 2.5 ×  105 cells/well in 6-well plates) were pretreated with methoxyeugenol (1.87–30 µM) for 1 h and 
exposed to LPS (1 µg/mL) for 16 h. The relative mRNA expression of B TNF-α and C IL-6 was assessed by RT-PCR. *Significant difference rela-
tive to control; # significant difference relative to LPS (one‐way ANOVA followed by Tukey’s test) *p < 0.05, **p < 0.01, and ***p < 0.001. Results 
are expressed as target gene/B2M, and data represent the mean ± SEM from three independent experiments.
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in immunofluorescence and scanning electron micros-
copy. To exclude the possibility of extracellular DNA 
being derived from dead cells, we evaluated apoptosis 
and necrosis by flow cytometric analysis. Our results 
showed that the extracellular DNA observed was not due 
to cell death, since the cells remained viable in the studied 
groups (Fig. 6D, E).

DISCUSSION

ALI, a severe pulmonary inflammatory disease, has 
limited treatment options and presents with high mor-
bidity and mortality among patients [1]. We explored 
the effects of methoxyeugenol on ALI. Methoxyeugenol 
inhibited the proliferation of cells in a human endome-
trial adenocarcinoma cell line. The methoxyeugenol 
reduced the proliferative capacity of human endometrial 
adenocarcinoma cells by upregulating the expressions of 
p21 and p53 without changing β-galactosidase activity 
(SA-β-gal), a cell senescence marker [15]. Furthermore, 
methoxyeugenol at 30 μM decreased the proliferative rate 
and induced a quiescent phenotype in the hepatic stellate 

cells. This same study demonstrated that methoxyeugenol 
at 0.25 mg/kg suppressed inflammation and fibrosis via 
regulation of the NFkB signaling pathway in a model of 
liver fibrosis [10]. Based on this previous research, we 
selected 1.87–30 μM and 0.25 mg/kg of methoxyeuge-
nol to assess its anti-inflammatory effects on ALI. In the 
present study, it is evident that methoxyeugenol showed 
anti-inflammatory activity in in vitro and in vivo mod-
els of ALI. Other studies using the phenolic compound 
octyl gallate have already shown anti-inflammatory activ-
ity in ALI [16]. However, to our knowledge, this is the 
first study to show that a phenolic compound protects 
against lung inflammation through NFκB signaling and 
suppresses the formation of NETs.

Initially, we explored the role of methoxyeuge-
nol using the murine macrophage RAW 264.7 cell line 
that has been utilized in in vitro research to reproduce 
the inflammation observed in ALI [17, 18]. Regarding 
in vitro tests, we showed that methoxyeugenol reduced 
the proliferation of RAW 264.7 cells induced by LPS. 
Besides, previous studies reported that LPS induces RAW 
264.7 cells to release several pro-inflammatory cytokines, 
including TNF‐α, IL‐1β, and IL-6 [19, 20]. These releases 

Fig. 3  Methoxyeugenol reduces the influx of inflammatory cells into the lung of LPS-induced ALI mice. A Total cell counts (TCC), B mac-
rophage counts, and C neutrophil counts in the BAL of mice. D Representative images of the differential cell count stained with H&E (400 × and 
1000 × magnification). E Histopathological changes measured by injury score. F Representative lung sections stained with H&E (400 × magnifica-
tion). Results are expressed as mean ± SEM (n = 6–8). *p < 0.05, **p < 0.01, and ***p < 0.001 (one‐way ANOVA followed by Tukey’s test).
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Fig. 4  Methoxyeugenol suppress the NFκB signaling pathway and decreases cytokine release in the lung of LPS-induced ALI mice. A Immuno-
fluorescence of lung sections stained with a fluorescent NFκB p65 dye. B p65 and p-p65 protein expression in the lung tissues detected by Western 
blot. Relative gene expression (target gene/B2M) of C TNF-α, D IL-6, and E IL-10. Cytokine levels of F IL-1β, G TNF-α, H IL-6, and I IL-10 in 
the lung tissue. Results are expressed as mean ± SEM (n = 4–8). *p < 0.05, **p < 0.01, and ***p < 0.001 (one‐way ANOVA followed by Tukey’s 
test).

Fig. 5  Methoxyeugenol decreases the ROS production in the lung tissue of LPS-induced ALI mice. Results are expressed as mean ± SEM (n = 4). 
**p < 0.01 (one‐way ANOVA followed by Tukey’s test).
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of inflammatory mediators have crucial roles in inflam-
matory diseases, such as ALI [2]. We performed an 
investigation to study the effect of methoxyeugenol on 
the mRNA expression of TNF‐α and IL-6. No significant 
difference in the mRNA expression of TNF‐α was found 
between the groups studied. A possible explanation is 
related to the sample collection time (16 h after stimula-
tion with LPS), since TNF-α release can reach peak lev-
els the first several hours after the inflammatory stimulus 
[21]. Nonetheless, a reduction in the mRNA expression 
of IL-6 was found. These in vitro results showed that 
methoxyeugenol has an anti-inflammatory effect against 
LPS-activated macrophages.

To reproduce the major lung inflammation features 
of ALI, LPS was administered intranasally in mice. Cell 
counts and histopathological examination revealed a 
great influx of inflammatory cells, alveolar rupture, and 

pulmonary hemorrhage into the lungs of LPS-induced 
ALI mice, evidencing the success of induction of the 
ALI model. We found an increase in the macrophage 
counts. However, it was significantly reduced in mice 
pretreated with methoxyeugenol, which is in agreement 
with our in vitro findings. Although macrophages initiate 
the inflammatory process in ALI, the neutrophil influx is 
the hallmark of patients with ALI [1, 22]. In our study, 
we demonstrated that pretreatment with methoxyeugenol 
reduced the number of neutrophils, evidencing that meth-
oxyeugenol has an important anti-inflammatory function 
in LPS-induced ALI mice.

In unstimulated cells, NFκB exists in the cytoplasm 
and binds to its inhibitory protein IκB. When the cells are 
stimulated by molecules, it leads to an interaction with 
the IKK complex, which then leads to the phosphoryla-
tion of IκB, and therefore results in IκB ubiquitination 

Fig. 6  Methoxyeugenol protects against the formation of NETs in the lung tissue of LPS-induced ALI mice. A Cells (2 ×  105/mL) from BAL were 
plated in 8-chamber culture slides and incubated at 37 °C with 5%  CO2. After 1 h of incubation, the cells were stimulated for another hour with 
PMA (50 nM), fixed (4% PFA), and marked-up with fluorescent dyes, MPO (green) and DAPI (blue). Arrows indicate the presence of the formation 
of NETs. B Cells (2 ×  105/mL) from BAL were plated in 8-chamber culture slides and incubated at 37 °C with 5%  CO2. After 1 h of incubation, the 
cells were stimulated for another hour with PMA (50 nM) fixed with 2.5% glutaraldehyde. The samples were postfixed with 2% osmium tetroxide 
solution, followed by dehydration in graded acetone. The  CO2 was used to execute the critical point technique and then mounting on a metallic sup-
port using carbon tape was performed. Gold was used to cover all samples, and images were captured by Inspect F50 (FEI, Oregon, EUA). B Quan-
tification of extracellular DNA traps in the BAL supernatant. C Analysis of cell death in the BAL cells by annexin V (x-axis) and PI (y-axis). Results 
are expressed as a percentage of live cells. D Representative flow cytometric plots of studied groups. A total of 10,000 events were collected and 
results are expressed as mean ± SEM (n = 6). *p < 0.05 and ***p < 0.001 (one‐way ANOVA followed by Tukey’s test).
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and degradation. Once IκB is degraded, the phosphoryl-
ated p65 subunits translocate to the nucleus and induce 
the transcription of inflammatory mediators [23]. LPS 
is known to activate the NFκB signaling pathway. Mac-
rophages recognize the LPS via Toll-like receptor 4 
(TLR4), and cell signaling via TLR4 culminates in the 
activation of the NFB pathway [24].

RAW 264.7 cells and the lung sections stained for 
NFκB p65 by immunofluorescence indicated that methox-
yeugenol promotes a decrease in NFκB p65 nuclear trans-
location. According to the immunofluorescence results, 
we demonstrated that pretreatment with methoxyeugenol 
showed a decrease in the relative expression of p-p65/p65 
analyzed by Western blot. Our data shows that methox-
yeugenol prevents macrophage proliferation, suppressing 
activation of the NFB pathway, which is responsible for 
transcriptional induction of cytokines.

The levels of cytokines in the lung tissue of mice 
were explored. IL-1β increases the permeability of pul-
monary epithelium and induces lung tissue damage [25]. 
The release of IL-1β increased in the lung tissue of mice 
submitted to the ALI model. However, we did not find a 
significant decrease in the mice that received pretreatment 
with methoxyeugenol. The persistent increase of IL‐6 and 
TNF‐α levels are associated with the outcome of death 
in patients with ALI and with neutrophil recruitment [4, 
26]. We investigated the levels of the pro-inflammatory 
cytokines IL‐6 and TNF‐α, and the reduction of these 
cytokine levels was found in the group pretreated with 
methoxyeugenol. These findings prove that the anti-
inflammatory effects of methoxyeugenol involve the sup-
pression of the NFκB signaling pathway, which results 
in the decreased release of pro-inflammatory cytokines. 
Furthermore, although we found no difference in IL-10 

Fig. 7  Summary of the effects of methoxyeugenol that lead to protection against inflammation in ALI. IL interleukin, LPS lipopolysaccharide, NET 
neutrophil extracellular trap, NFκB nuclear factor kappa B, ROS reactive oxygen species, and TNF-α tumor necrosis factor alpha.
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mRNA expression, a decrease in the IL-10 protein lev-
els in the lung tissue of the group pretreated with meth-
oxyeugenol was evident. Even though IL-10 is an anti-
inflammatory cytokine, its production can be increased in 
several diseases, such as ALI and sepsis [27].

Lung damage is mediated, in part, by increased 
levels of ROS, which damage nucleic acids, lipids, and 
proteins [28]. The high generation of ROS observed in 
the LPS-induced ALI mice was decreased in mice that 
received pretreatment with methoxyeugenol, showing that 
methoxyeugenol induces protection against the cellular 
injury induced by ROS. Our data has been corroborated 
by a study, which shows that methoxyeugenol has antioxi-
dant properties, even when maintained under high oxida-
tive stress conditions, as those produced by carbon tetra-
chloride  (CCl4) [10]. It is known that the high production 
of ROS can be essential to the formation of NETs. NETs 
are formed by DNA and intact neutrophilic granules, such 
as MPO, and were initially described as a new mecha-
nism to catch, immobilize, and potentially kill bacteria 
[29]. Subsequently, it was reported that, although the 
release of NETs has a beneficial effect against infectious 
agents, excessive production could have a deleterious role 
in several diseases [30, 31]. The biomarkers of NETs in 
the serum of patients with transfusion-related acute lung 
injury (TRALI) were found. Moreover, the abundant for-
mation of NETs in the alveoli of an experimental mice 
model of TRALI and patients with TRALI were observed 
[32]. A study using a mice model of ventilator-induced 
lung injury demonstrated that NETs lead to compromise 
of ventilation and pulmonary microcirculation [33]. Fur-
thermore, in the experimental model of TRALI, it was 
revealed that the degradation of NET‐derived structures 
by DNAse decreased the severity of lung injury and mor-
tality of the mice [34], showing an interesting approach.

We provide evidence that neutrophils recruited to 
the lungs during ALI induced by LPS promote the for-
mation of NETs. We showed the colocalization of extra-
cellular DNA with MPO in BAL neutrophils through 
immunofluorescence microscopy analysis. Interestingly, 
our data show that pretreatment with methoxyeugenol 
promotes a reduction in the formation of NETs. These 
findings observed in the immunofluorescence microscopy 
analysis are consistent with experiments using scanning 
electron microscopy. NETs have also been reported as a 
process of cell death, called NETosis, which results in 
permeabilization of both plasma and nuclear membranes, 
releasing nuclear DNA [35]. Although some studies show 
that the release of extracellular DNA traps is dependent 

on death [29], other studies provide evidence that cells are 
viable [36, 37]. We evaluated whether the DNA extracel-
lular released by neutrophils was derived from dead cells. 
In our study, we confirmed that the release of NETs was 
not due to cell death, since the cells remained viable in 
the studied groups.

Based on these in vitro and in vivo findings, we pro-
vided evidence that methoxyeugenol had powerful anti-
inflammatory activity. The LPS-stimulated RAW 264.7 
cells pretreated with methoxyeugenol (7.5 and 30 µM) 
remarkably reduced the proliferation and mRNA expres-
sion of IL-6. In LPS-induced ALI mice, methoxyeugenol 
exhibited a significant protective effect, based on influx 
reduction of macrophages and neutrophils into the lungs; 
reduction in the release of cytokines IL-6, TNF-α, and 
IL-10; and reduction in reactive oxygen species (ROS) 
formation. We showed that the anti-inflammatory effects 
of methoxyeugenol are associated with the suppression 
of the NFκB signaling pathway. Furthermore, to our 
knowledge, we showed for the first time that a phenolic 
compound, from a synthetic source, protects against lung 
inflammation and promotes a reduction in the formation 
of NETs. To summarize our data, Fig. 7 shows the effects 
of methoxyeugenol on LPS-stimulated RAW 264.7 cells 
and LPS-induced ALI mice. These findings provided evi-
dence for the use of methoxyeugenol as a new strategy 
to control lung inflammation and suppress the formation 
of NETs in ALI.
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