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Abstract. Sulforaphane (1-isothiocyanate-4-methyl sulfonyl 
butane) is a plant extract (obtained from cruciferous vegetables, 
such as broccoli and cabbage) and is known to exert anticancer, 
antioxidant and anti-inflammatory effects. It stimulates the 
generation of human or animal cells, which is beneficial to the 
body. The aim of the current study was to determine whether 
sulforaphane protects against lipopolysaccharide (LPS)-induced 
acute lung injury (ALI) through its anti-inflammatory effects, and 
to investigate the signaling pathways involved. For this purpose, 
male BALB/c mice were treated with sulforaphane (50 mg/
kg) and 3 days later, ALI was induced by the administration 
of LPS (5 mg/kg) and we thus established the model of ALI. 
Our results revealed that sulforaphane significantly decreased 
lactate dehydrogenase (LDH) activity (as shown by LDH assay), 
the wet-to-dry ratio of the lungs and the serum levels of inter-
leukin-6 (IL-6) and tumor necrosis factor-α (TNF-α) (measured 
by ELISA), as well as nuclear factor-κB protein expression 
in mice with LPS-induced ALI. Moreover, treatment with 
sulforaphane significantly inhibited prostaglandin E2 (PGE2) 
production, and cyclooxygenase-2 (COX-2), matrix metallopro-
teinase-9 (MMP-9) protein expression (as shown by western 
blot analysis), as well as inducible nitric oxide synthase (iNOS) 
activity in mice with LPS-induced ALI. Lastly, we noted that 
pre-treatment with sulforaphane activated the nuclear factor-
E2-related factor 2 (Nrf2)/antioxidant response element (ARE) 
pathway in the mice with LPS-induced ALI. These findings 
demonstrate that sulforaphane exerts protective effects against 
LPS-induced ALI through the Nrf2/ARE pathway. Thus, 
sulforaphane may be a potential a candidate for use in the treat-
ment of ALI.

Introduction

Acute lung injury (ALI) is a disorder of acute lung inflam-
mation and is clinically characterized by the enhanced 
permeability of the alveolar-capillary barrier and disordered 
air-exchange function. It is also known as acute respiratory 
distress syndrome (ARDS) (1). Its typical pathological char-
acteristics include injury to pulmonary capillary endothelial 
cells and alveolar epithelial cells, extensive pulmonary edema, 
microatelectasis, microthrombosis and microcirculation 
disturbance (2). Serious infection, trauma, shock, intoxication 
and inhalation of toxic gases are the most common causes of 
ALI (3). ALI/ARDS is a common critical disease with high 
morbidity and fatality rates (4). With improvements in medical 
technology and comprehensive treatment methods, the fatality 
rate has decreased to a certain extent; however, it remains as 
high as 30-40% (5). Moreover, the mechanisms responsible 
for the development of ALI/ARDS are complex and are not 
yet fully understood (4,5). Currently, clinical therapy is mainly 
comprehensive, and no specific treatment method is avail-
able (6). Consequently, studies on the prevention and treatment 
of ALI/ARDS are of great importance (4).

ALI is a disease characterized by direct or indirect damage 
to lung epithelial and endothelial cells (7). The mechanisms 
responsible for the development of this disease, however, 
remain to be elucidated (7). It was originally considered that the 
root cause of ALI is cell activation by pathogenic factors and 
bodily fluids, which cause inflammatory response syndrome, 
and pathological processes such as alveolar collapse, an imbal-
ance in the ventilation/perfusion ratio and a decrease in lung 
compliance. The imbalance between inflammatory reactions 
and anti-inflammatory reactions is of great significance in the 
development of ALI (7,8). The disease can be divided into the 
early and late stages according to its pathological characteris-
tics (9). Acute inflammation of the lung tissue and damage to 
lung cells are the pathological characteristics of the early stages 
of the disease (10). Pulmonary fibrosis and lung cell damage 
are the main characteristics of the later stages of the disease. 
In recent years, a certain amount of progress has been made 
as regards the understanding of the mechanisms responsible 
for ALI (11). The inflammation/anti-inflammatory mechanism, 
oxidation/antioxidant mechanism, coagulation/fibrinolysis 
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system and cell apoptosis mechanism have been identifed to 
be involved in the development of ALI (12). In addition, in this 
study, we investigated whether sulforaphane exerts anti-inflam-
matory effects against lipopolysaccharide (LPS)-induced ALI 
in mice through the Nrf2/ARE pathway.

Sulforaphane (1-isothiocyanate-4-methyl sulfonyl butane) 
is also known as ‘raphanin’. In terms of its chemical compo-
nents, these are derivatives of isothiocyanate which is soluble 
in water with a relative molecular mass of 177.3 and molecular 
formula as C6H11S2NO (13). Sulforaphane as an agonist of 
nuclear factor-E2-related factor 2 (Nrf2), is extracted from 
cruciferous vegetables (such as broccoli, brussels sprouts 
and cabbage) (14). It has previously been demonstrated that 
sulforaphane exerts protective effects on multiple organs, 
such as the liver, lungs, kidneys, heart and nervous system 
by activating Nrf2 (14). Sulforaphane has also been shown 
to exert protective effects on mouse peritoneal macrophages 
positive for Nrf2; however, these effects were attenuated in 
macrophages negative for Nrf2 and the authors concluded that 
sulforaphane exerts its anti-inflammatory via the activation of 
Nrf2 (15). Thus, in the present study, we aimed to investigate 
the anti-inflammatory effects of sulforaphane and the mecha-
nisms through which it protects against LPS-induced ALI. We 
also aimed to investigate the signaling pathways involved.

Nrf2 is an important transcription factor and a key regulator 
of the activation of antioxidant genes to exogenous stimulations. 
Reactive oxygen species (ROS) give rise to the disruption of the 
Nrf2/Kelch-like ECH-associated protein-1 (Keap1) complex and 
Nrf2 from the cytoplasm into the nucleus where Keap1 dimer-
izes with antioxidant response element (ARE) DNA sequence 
ultimately activates the expression of ARE-dependent genes.

Materials and methods

Materials. The interleukin-6 (IL-6), tumor necrosis factor-α 
(TNF-α), prostaglandin E2 (PGE2) and nitric oxide (NO) 
commercial enzyme-linked immunosorbent assay (ELISA) kits 
were purchased from the Nanjing Jiancheng Bioengineering 
Institute, Nanjing, China. The chemical structure of sulfora-
phane (≥95%; Sigma-Aldrich Co. LLC, St. Louis, MO, USA) 
is illustrated in Fig. 1.

Animals. Male BALB/c mice (8-10 weeks old, weighing 18-20 g) 
were purchased from the Second Hospital of Hebei Medical 
University (Hebei, China). All experimental procedures were 
strictly in accordance with the Guide for the Care and Use of 
Laboratory Animals of The Second Hospital of Hebei Medical 
University. This study was approved by the Ethics Committee 
of The Second Hospital of Hebei Medical University. The male 
BALB/c mice were housed in standard environmental condi-
tions of light (12/12 h light/dark cycle), temperature (22±2˚C) 
and 50±10% humidity, with free access to food and water.

Mouse model of ALI and experimental groups. The BALB/c 
mice were randomly divided into 3 groups as follows: the control, 
the model and sulforaphane-treated groups (n=8 per group). 
Prior to the induction of ALI, sulforaphane (50 mg/kg) was 
administered by an intraperitoneal (i.p.) injection, as previously 
described (16). Seventy-two hours later, 25 µg LPS were instilled 
in 50 µl phosphate-buffered saline (PBS) to induce lung injury.

Lactate dehydrogenase (LDH) assay. At 12 h after the LPS 
challenge, the mice were sacrificed by decollation and lung 
tissue was acquired and mixed with freshly prepared reac-
tion mixture. The lung samples were incubated with LPS in 
the dark for 30 min at room temperature. The absorbance 
was measured using a microplate reader (BMG Labtech, 
Ortenberg, Germany) at 490 nm.

Measurement of the wet-to-dry ratio of the lungs. At 12 h after 
the LPS challenge, the mice were sacrificed by decollation and 
lung tissue was acquired and the right lungs were excised and 
weighed. Subsequently, the right lungs were placed in an incu-
bator at 80˚C for 48 h and weighed. The wet-to-dry ratio of the 
lungs was calculated as follows: dry weight/wet weight x100.

ELISA. At 12 h after the LPS challenge, lung samples were 
acquired and lavaged with 500 µl sterile PBS. Lung samples 
were centrifuged at 3,000 rpm for 10 min at 4˚C. The IL-6, 
TNF-α and PGE2 activities were analyzed using a microplate 
reader (BMG Labtech), in accordance with the manufacturer's 
instructions (Nanjing Jiancheng Bioengineering Institute).

Western blot analysis for nuclear factor-κB (NF-κB), cyclooxy-
genase-2 (COX-2) and matrix metalloproteinase-9 (MMP-9) 
expression. At 12 h after the LPS challenge, lung samples were 
acquired and lavaged with 500 µl sterile PBS. The lung samples 
were homogenized with RIPA buffer (Beyotime Biotech, 
Shanghai, China) and centrifuged at 3,000 rpm for 10 min at 
4˚C. The protein concentration was determined with the BCA 
protein assay (Beyotime Biotech). The homogenized samples 
were separated by 10% sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE) and electrophoretically trans-
ferred onto nitrocellulose membranes (Millipore, Billerica, MA, 
USA), which were blocked with 5% non-fat milk with Tris-
buffered saline for 2 h at room temperature. The membranes 
were incubated overnight at 4˚C with primary antibodies to 
NF-κB (sc-109), COX-2 (sc-514489) and MMP-9 (sc-21733; all 
from Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) 
overnight at 4˚C followed by incubation with horseradish perox-
idase-conjugated secondary antibody (sc-69916; Santa Cruz 
Biotechnology, Inc.) for 2 h at room temperature. All blots were 
washed with enhanced chemiluminescence (ECL) reagents 
according to the manufacturer's instructions and analyzed using 
Bio-Rad Quantity One software (Bio-Rad, Hercules, CA, USA).

RNA isolation and quantitative PCR (qPCR). At 12 h after the 
LPS challenge, lung samples were acquired and were used in 
the extraction of total RNA using TRIzol reagent (Invitrogen, 
Carlsbad, CA, USA). Subsequently, the RNA was purified 
using the RNeasy mini kit according to the manufacturer's 

Figure 1. Chemical structure of sulforaphane.
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instructions (Qiagen, Valencia, CA, USA). cDNA was synthe-
sized using an iScript cDNA synthesis kit (Bio-Rad). The 
7000 Sequence Detection system (Applied Biosystems, 
Foster City, CA, USA) was used to perform qPCR. The 
sequences of the primers used for gene amplification were as 
follows: Nrf2 forward, 5'-CCCACAAGTTCGGCATCCAC-3' 
and reverse, 5'-TGGCGATTCCTCTGGCGTCT-3'; and 
β-actin forward, 5'-CGCGACATCAAGGAGAAGCTG-3' and 
reverse, 5'-ATTGCCAATGGGTGATACCTG-3'.

Measurement of NO production. At 12 h after the LPS chal-
lenge, lung samples were acquired and lavaged with 500 µl 
sterile PBS. The lung samples were homogenized with RIPA 
buffer (Beyotime Biotech) and centrifuged at 3,000 rpm for 
10 min at 4˚C. The supernatant was incubated using a micro-
plate reader (BMG Labtech), for 10 min at room temperature 
and the optical density was measured at 540 nm.

Statistical analysis. Data are expressed as the means ± SD, 
and were analyzed by one-way analysis of variance (ANOVA); 
variations between the different groups were compared using 
the Tukey-Kramer post hoc test. A P-value <0.05 was deemed 
asto indicate a statistically significant difference.

Results

Anti-inflammatory effects of sulforaphane on LDH activity in 
mice with LPS-induced ALI. To evaluate the effects of sulfora-

phane on LDH activity in mice with LPS-induced ALI, we 
established a model of LPS-induced ALI and measured LDH 
activity. LPS effectively induced LDH activity in the mice 
compared to the untreated control group (Fig. 2). Treatment 
with sulforaphane effectively inhibited LDH activity in the 
mice with ALI (Fig. 2).

Anti-inflammatory effects of sulforaphane on the wet-to-
dry ratio of the lungs of mice with LPS-induced ALI. We 
subsequently determined the anti-inflammatory effects of 
sulforaphane on the wet-to-dry ratio of the lungs of mice with 
LPS-induced ALI. LPS-induced ALI notably increased the 
wet-to-dry ratio of the lungs of mice with ALI, compared to 
lungs from the mice in the control group (Fig. 3). We also noted 
that treatment with sulforaphane decreased the wet-to-dry 
ratio, almost to the same level as the control group. These data 
demonstrated that pre-treatment with sulforaphane markedly 
reduced the wet-to-dry ratio of lungs of mice with ALI.

Anti-inflammatory effects of sulforaphane on the lungs of mice 
with LPS-induced ALI. To examine the anti-inflammatory 
effects of sulforaphane on the lungs of mice with LPS-induced 
ALI, the activities of IL-6 and TNF-α were surveyed following 
the induction of ALI by LPS. The IL-6 and TNF-α activities 
were markedly increased in the mice with LPS-induced ALI, 
compared to the mice in the untreated control group (Fig. 4). 
Treatment with sulforaphane led to a significant decrease in IL-6 
and TNF-α activities in the mice with LPS-induced ALI (Fig. 4).

Figure 2. Anti-inflammatory effects of sulforaphane on lactate dehydroge-
nase (LDH) activity in mice with lipopolysaccharide-induced acute lung 
injury (ALI). Control, control (untreated) group; model, mouse model of 
lipopolysaccharide-induced ALI; SUL, sulforaphane-treated group. ##P<0.01 
compared with the control group; **P<0.01 compared with the model group.

Figure 3. Anti-inflammatory effects of sulforaphane on wet-to-dry ratio of 
the lungs of mice with lipopolysaccharide-induced acute lung injury (ALI). 
Control, control (untreated) group; model, mouse model of lipopolysaccha-
ride-induced ALI; SUL, sulforaphane-treated group. ##P<0.01 compared with 
the control group; **P<0.01 compared with the model group.

Figure 4. Anti-inflammatory effects of sulforaphane on the lungs of mice 
with lipopolysaccharide-induced acute lung injury (ALI). Anti-inflammatory 
effects of sulforaphane on interleukin (IL)-6 and tumor necrosis factor-α 
(TNF-α) activities in lungs of mice with lipopolysaccharide-induced ALI. 
Control, control (untreated) group; model, mouse model of lipopolysaccha-
ride-induced ALI; SUL, sulforaphane-treated group. ##P<0.01 compared with 
the control group; **P<0.01 compared with the model group.
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Anti-inflammatory effects of sulforaphane on NF-κB protein 
expression in lungs of mice with LPS-induced ALI. To examine 
the anti-inflammatory mechanisms of action of sulforaphane 
on NF-κB protein expression in the lungs of mice with 
LPS-induced ALI, western blot analysis was used to measure 
the NF-κB protein expression levels. The results revealed that 
NF-κB protein expression was higher in the lungs of mice 
with LPS-induced ALI, compared to the lungs of mice in the 
control group (Fig. 5). The sulforaphane-treated mice exhibited 
a significant decrease in NF-κB protein expression in the lungs 
compared to the mice with LPS-induced ALI (Fig. 5).

Anti-inflammatory effects of sulforaphane on COX-2 protein 
expression in the lungs of mice with LPS-induced ALI. As 

shown in Fig. 6, there was a significant increase in COX-2 
protein expression in the lungs of mice with LPS-induced 
ALI, compared to the mice in the control group. However, 
treatment with sulforaphane significantly suppressed COX-2 
protein expression in the lungs of mice with LPS-induced 
ALI (Fig. 6).

Anti-inflammatory effects of sulforaphane on PGE2 produc-
tion in the lungs of mice with LPS-induced ALI. PGE2 
production in the lungs of mice with LPS-induced ALI was 
significantly higher than that in the lungs of mice in the control 
group (Fig. 7). We noted that PGE2 production was signifi-
cantly reduced by treatment with sulforaphane (Fig. 7).

Anti-inflammatory effects of sulforaphane on MMP-9 protein 
expression in the lungs of mice with LPS-induced ALI. LPS 
markedly increased MMP-9 protein expression in the lungs of 
mice with LPS-induced ALI. Western blot analysis was used 
to measure the MMP-9 protein expression levels. MMP-9 
protein expression was markedly increased in the mice with 
LPS-induced ALI, compared to the mice in the control 
group (Fig. 8). In the lungs of mice treated with sulforaphane, 
we noted a statistically significant decrease in MMP-9 protein 
expression (Fig. 8).

Anti-inflammatory effects of sulforaphane on NO produc-
tion in the lungs of mice with LPS-induced ALI. There was 
a significant increase in the NO levels in the lungs of mice 
with LPS-induced ALI, compared to the mice in the control 
group (Fig. 9). However, treatment with sulforaphane signifi-
cantly decreased the NO levels (Fig. 9).

Figure 5. Anti-inflammatory effects of sulforaphane on nuclear factor-κB (NF-κB) protein expression in the lungs of mice with lipopolysaccharide-induced acute 
lung injury (ALI). Anti-inflammatory effects of sulforaphane on NF-κB protein expression in the lungs as measured by (A) western blot analysi and (B) statis-
tical analysis of NF-κB protein expression in lungs of mice with lipopolysaccharide-induced ALI. Control, control (untreated) group; model, mouse model of 
lipopolysaccharide-induced ALI; SUL, sulforaphane-treated group. ##P<0.01 compared with the control group; **P<0.01 compared with the model group.

Figure 6. Anti-inflammatory effects of sulforaphane on COX-2 protein expression in the lungs of mice with lipopolysaccharide-induced acute lung injury (ALI).
Anti-inflammatory effects of sulforaphane on COX-2 protein expression in the lungs as measured by (A) western blot analysis and (B) statistical analysis of 
COX-2 protein expression in lungs of mice with lipopolysaccharide-induced ALI. Control, control (untrteated) group; model, mouse model of lipopolysaccha-
ride-induced ALI; SUL, sulforaphane-treated group. ##P<0.01 compared with the control group; **P<0.01 compared with the model group.

Figure 7. Anti-inflammatory effects of sulforaphane on prostaglandin E2 
(PGE2) production in the lungs of mice with lipopolysaccharide-induced acute 
lung injury (ALI). Control, control (untreated) group; model, mouse model of 
lipopolysaccharide-induced ALI; SUL, sulforaphane-treated group. ##P<0.01 
compared with the control group; **P<0.01 compared with the model group.
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Anti-inflammatory effects of sulforaphane on Nrf2 mRNA 
expression in the lungs of mice with LPS-induced ALI. 
Compared to the untreated control group, Nrf2 mRNA 
expression in the lungs of mice with LPS-induced ALI was 
significantly increased (Fig. 10). Treatment with sulforaphane 
led to a further significant increase in Nrf2 mRNA expression 
compared to the mice with LPS-induced ALI not treated with 
sulforaphane (Fig. 10).

Discussion

ALI is a disorder of lung inflammation and is clinically 
characterized by the enhanced permeability of the alveolar-
capillary barrier and disordered air-exchange function (17). 
Its typical pathological characteristics include injury to 
pulmonary capillary endothelial cells and alveolar epithelial 
cells, extensive pulmonary edema, microatelectasis, micro-
thrombosis and microcirculation disturbance (2). It commonly 
occurs following serious infection, trauma, shock, intoxication 
and inhalation of toxic gases. ALI (also known as ARDS) is 
a common critical disease with a high mortality rate (4). The 
mechanisms repsonsible for the development of ALI are quite 
complex and have not yet been fully elucidated. Consequently, 
it is still an important topic which requires further research in 
today's medical industry. In the present study, we demonstrated 
that sulforaphane significantly decreased LDH activity and the 
wet-to-dry ratio of the lungs of mice with LPS-induced ALI.

Excessive lung inflammation response is a typical 
pathological characteristic of ALI/ARDS (10). Its pathological 
characteristics are widespread and are very difficult to control, 
leading to a cascade reaction (12). According to different 
pathological stages of inflammation, it can be divided into the 
inflammatory exudation phase in the early stages and fiber 
hyperplasia in the later stages of the disease (18). The admin-
istration of anti-inflammatories constitutes a therapy specific to 
inflammatory reactions, and such treatment can inhibit inflam-
matory reactions, reduce damage and is an effective method of 
treating lung injury during the early stages (19). The findings 
of our study revealed that treatment with sulforaphane signifi-
cantly decreased the IL-6 and TNF-α activities in mice with 
LPS-induced ALI. In a previous study, it was demonstrated 
that sulforaphane inhibited the LPS-stimulated inflammatory 
response by modulating NF-κB in human monocytes (20). 
Nallasamy et al indicated that sulforaphane reduced vascular 
inflammation by interfering with the NF-κB pathway in 
mice (21).

NF-κB is a nuclear factor present in the majority of cells. 
It has a very important effect on the growth, differentiation, 
adhesion, apoptosis and inflammation of cells (22,23). While 
in a state of inactivity, it combines with IKB in the cytoplasm 
in an inactive state. In cases of external stimulation, IKB 
undergoes rapid phosphorylation degradation so as to activate 

Figure 8. Anti-inflammatory effects of sulforaphane on matrix metalloproteinase-9 (MMP-9) protein expression of the lungs of mice with lipopolysaccharide-induced 
acute lung injury (ALI). Anti-inflammatory effects of sulforaphane on MMP-9 protein expression in the lungs, measured by (A) western blot analysis (A) and 
(B) statistical analysis of MMP-9 protein expression in mice with lipopolysaccharide-induced ALI. Control, control (untreated) group; model, mouse model of 
lipopolysaccharide-induced ALI; SUL, sulforaphane-treated group. ##P<0.01 compared with the control group; **P<0.01 compared with the model group.

Figure 9. Anti-inflammatory effects of sulforaphane on nitric oxide (NO) in 
the lungs of mice with lipopolysaccharide-induced acute lung injury (ALI). 
Control, control (untreated) group; model, mouse model of lipopolysaccha-
ride-induced ALI; SUL, sulforaphane-treated group. ##P<0.01 compared with 
the control group; **P<0.01 compared with the model group.

Figure 10. Anti-inflammatory effects of sulforaphane on nuclear factor-
E2-related factor 2 (Nrf2) mRNA expression in the lungs of mice  with 
lipopolysaccharide-induced acute lung injury (ALI). Control, control 
(untreated) group; model, mouse model of lipopolysaccharide-induced ALI; 
SUL, sulforaphane-treated group. ##P<0.01 compared with the control group; 
**P<0.01 compared with the model group
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NF-κB and begin nuclear translocation (11). After NF-κB is 
activated, it inevitably regulates the gene expression of inflam-
matory cytokines participating in the inflammatory reaction 
and mediates the development of ALI (24,11). Epoxidase is an 
essential rate-limiting enzyme which is involved in the process 
of prostaglandin synthesis (25). It has two isozymes, COX-1 
and COX-2. COX-2 is an instant and early gene. Its high expres-
sion is induced by a variety of genes (26). The activation of 
NF-κB induces the activation of COX-2, which may increase 
the levels of the endogenous immune inhibitor, PGE2, which 
causes immunosuppression following infection, thus increasing 
the occurrence rate of lung injury and the fatality rate (27). In 
the present study, sulforaphane significantly suppressed NF-κB 
and COX-2 protein expression in mice with LPS-induced ALI. 
Nallasamy et al indicated that sulforaphane reduced vascular 
inflammation by interfering with the NF-κB pathway in 
mice (21). Shan et al suggested that sulforaphane downregu-
lates COX-2 expression by inhibiting NF-κB in human bladder 
T24 cells (28).

PGE2 is a prostaglandin which plays a complex biological 
role in the ALI/ARDS inflammatory reaction process (29). 
PGE2 synthase is the key enzyme for the last step of PGE2 
synthesis. Of the detected three types of PGE2 synthase, micro-
somal prostaglandin E2 synthase-1 (mPGES-1), as the only 
induced enzyme, has been noted to be upregulated in response 
to various types of inflammation (29). In ventilator-associated 
lung injury in mice, mPGES-1-derived PGE2 has been shown to 
play a role in the onset of lung injury and pulmonary edema, and 
can promote pathological reactions in a variety of effector cells 
and can activate cytokines and inflammatory reactions (30,31). 
In the present study, we demonstrated that treatment with 
sulforaphane significantly decreased PGE2 production in mice 
with LPS-induced ALI. Choi et al previously suggested that 
sulforaphane inhibits IL-1β-induced proliferation by decreasing 
the production of MMP, COX-2 and PGE2 (32).

It has previously been suggested that ALI may trigger the 
activation of a variety of effector cells, inflammatory reactions 
and cytokines (33). MMPs are a family of genetically related 
endopeptidases whose activity is zinc-dependent (33). MMP-9 
is an important member of the family (34). It has high hydrolysis 
specificity for type IV and V collagen protein and gelatin (33). 
It plays a certain regulatory role in matrix reconstruction. 
The endogenous inhibitor of MMP-9 is tissue matrix metal-
loproteinase inhibitor-1 (TIMP-1) (34,35). Under physiological 
conditions, the activity of MMP-9 is inhibited by TIMP-1 (35). 
Both are under an equilibrium state (35). If an imbalance exists 
between the two factors participating in airway remodeling, 
this results in the development of ALI. In the present study, 
we found that sulforaphane significantly decreased MMP-9 
protein expression in mice with LPS-induced ALI. Mao et al 
demonstrated that sulforaphane attenuates MMP-9 expression 
following spinal cord injury in mice (36).

NO has a wide range of biological functions, and affects 
various pathological and physiological processes (37). 
Endogenous NO in pulmonary circulation can attenuate 
hypoxic pulmonary vasoconstriction, increase anoxic lung 
alveolar fluid filling and protect against hypoxia, thus preventing 
ALI (38). NO inhibits neutrophil migration to the endothelium, 
thus reducing the generation of inflammatory cytokines (37). 
NO also inhibits the activation of neutrophile granulocytes 

and decreases the release of toxic oxidation products, which is 
conducive to maintaining the integrity of the alveolar-capillary 
membrane and repairing damage caused by ALI (39). In this 
study, treatment with sulforaphane significantly decreased 
the NO levels in the lungs of mice with LPS-induced ALI. 
Brandenburg et al demonstrated that sulforaphane suppressed 
LPS-induced inflammation by decreasing NO levels in rat 
primary microglia (40).

Nrf2 is an important regulator of cell oxidation. It can regu-
late the expression of peroxiredoxins, generation II metabolic 
enzymes, enhance the ability of cells to remove ROS, maintain 
the oxidation-reduction equilibrium status in cells, and reduce 
oxidative damage through interaction with ARE (41). Nrf2/ARE 
is an edogenous antioxidant stress pathway (42). It plays an 
important role in the treatment of a variety of diseases (42). 
It has been demonstrated that Nrf2 is a promising target for 
the treatment of ALI (41). In the present study, sulforaphane 
increased Nrf2 gene expression in the lungs of mice with 
LPS-induced ALI. Chi et al demonstrated that sulforaphane 
reduced apoptosis and protected against liver injury-induced 
ischemic reperfusion by activating the Nrf2/ARE pathway (14). 
Lin et al revealed that sulforaphane suppressed LPS-induced 
inflammation through the Nrf2 pathway in mouse peritoneal 
macrophages (15).

In conclusion, the findings of this study demonstrate that 
sulforaphane protects against LPS-induced ALI in mice by 
exerting anti-inflammatory effects, by mediating the produc-
tion of NF-κB, COX-2, PGE2 and NO and upregulating Nrf2 
expression. Moreover, the present findings provide a scientific 
foundation for the use of sulforaphane as a prophylactic treat-
ment for ALI in clinical settings.
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