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Abstract. Acute lung injury (ALI) is a common complication 
in patients with sepsis and is accompanied by high mortality. 
The present study aimed to investigate if the organic 
compound citrulline has a protective against lipopolysac‑
charide (LPS)‑stimulated ALI and its potential mechanisms. 
ALI was induced in mice by intraperitoneal (i.p.) injection of 
LPS (10 mg/kg). Citrulline (1 g/kg/day) was administrated 
i.p. 7  days prior to LPS injection. Mouse lung vascular 
endothelial cells (MLVECs) were divided into five groups: 
Control, LPS, LPS + Cit, LPS + N‑acetyl‑L‑cysteine (NAC) 
and LPS + Cit + ML385. Lung injury was determined by 
morphology changes. Apoptosis and pyroptosis were detected 
using western blot analysis and immunofluorescence. The 
present results indicated that citrulline can significantly 
attenuate ALI. Citrulline pretreatment decreased the expres‑
sion of NOD‑, LRR‑ and pyrin domain‑containing protein 
3 (NLRP3) inflammasome and decreased pyroptosis and 
apoptosis. Intervention with the total reactive oxygen 
species (ROS) scavenger N‑acetyl‑L‑cysteine attenuated 
NLRP3 inflammasome‑associated pyroptosis and apoptosis 
in LPS‑treated MLVECs. Citrulline pretreatment inhib‑
ited pyroptotic cell death and apoptosis induced by LPS. 
Citrulline decreased accumulation of intracellular ROS and 

activated the nuclear factor erythroid 2‑related factor 2 (Nrf2) 
signaling pathway. Furthermore, the Nrf2 inhibitor ML385 
reversed ROS generation, NLRP3 inflammasome‑mediated 
pyroptosis and apoptosis suppressed by citrulline. In 
summary, the present data demonstrated that citrulline may 
confer protection against ALI via inhibition of ROS/NLRP3 
inflammasome‑dependent pyroptosis and apoptosis via the 
Nrf2 signaling pathway.

Introduction

Acute lung injury (ALI) or acute respiratory distress syndrome 
is a common complication resulting from multiple pathogen‑
eses, including sepsis, and is accompanied by high mortality of 
~40% (1). Lipopolysaccharide (LPS) is a primary component 
derived from Gram‑negative bacteria and is used to induce 
lung injury (2). Administration of LPS leads to imbalance of 
the alveolar capillary system, resulting in endothelial barrier 
disruption and neutrophil accumulation in lung (3,4). Inhibition 
of inflammation and oxidative products induced by LPS may 
be a potential target against lung injury (5).

The NOD‑, LRR‑ and pyrin domain‑containing protein 
3 (NLRP3) inflammasome is a key component of the innate 
immune system, consisting of a nucleotide‑binding domain, 
an apoptosis‑associated speck‑like protein (ASC) and 
pro‑caspase‑1 (6). Once activated, caspase‑1 and gasdermin D 
(GSDMD) are cleaved by NLRP3, followed by the release of a 
large number of inflammatory factors induced by pyroptosis, 
which causes a severe inflammatory cascade (7,8).

NLRP3 has been reported to be involved in a variety of 
systemic diseases, including ALI  (9). Notably, pyroptosis 
induced by NLRP3 is involved in pathogenesis of diverse 
lung injury models (10,11). Activation of the NLRP3 signaling 
pathway leads to apoptosis in pulmonary injury (12,13). The 
generation of reactive oxygen species (ROS) is one of several 
molecular mechanisms involved in the activation of the 
NLRP3 inflammasome (14). A previous study observed that an 
elevated inflammatory response is accompanied by increased 
levels of ROS, which leads to oxidative damage in lung paren‑
chymal cells in ALI (15).
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Nuclear factor erythroid‑2 related factor 2 (Nrf2) is a 
promising therapeutic strategy against oxidative stress and 
inflammation  (16,17). When oxidative stress occurs, Nrf2 
enters the nucleus and activates certain cytoprotective genes, 
such as heme oxygenase‑1 (HO‑1) and NAD(P)H quinone 
dehydrogenase 1  (18). A previous study showed that Nrf2 
inhibits activation of the NLRP3 inflammasome (19), thus 
suggesting a potential beneficial effect of Nrf2 on the patho‑
genesis of ALI.

Citrulline (Cit) is a non‑essential amino acid produced 
by humans and it is also present in certain foods, such as 
watermelon (20). Supplementation of Cit has been shown to 
be beneficial in regulating insulin sensitivity, neurological 
function and the cardiovascular system (21). Grisafi et al (22) 
showed that Cit protects against oxygen‑induced pulmonary 
damage by improving alveolar and vascular growth. The 
present study aimed to elucidate if Cit exerts a beneficial effect 
on LPS‑stimulated ALI and LPS‑treated mouse pulmonary 
vascular endothelial cells. It was hypothesized that Cit may 
inhibit pyroptosis and apoptosis mediated by the NLRP3 
inflammasome, as well as decrease oxidative stress via activa‑
tion of Nrf2, thereby protecting against LPS‑induced ALI.

Materials and methods

Animals and ALI model. The animal experiments were 
performed based on the guidance for the Care and Use of 
Laboratory Animals (National Institutes of Health) (23). All 
studies were performed between June 2020 and February 
2022 and were approved by the Animal Ethics Committee 
of Xinhua Hospital Affiliated to Shanghai Jiaotong 
University, School of Medicine, Shanghai, China (approval 
no.  XHEC‑NSFC‑2020‑038). For in  vivo experiments, a 
total of 36 male mice (age, 4‑6‑weeks, Institute of Cancer 
Research) weighing 20‑25 g were housed at 22‑25˚C with 
12/12‑h day/night cycle, humidity of 50‑60% and free access 
to food and water at specific‑pathogen‑free grade, were 
randomly divided into three groups: Control, LPS and LPS + 
Cit (n=12/group). In each group, one set of mice (n=6/group) 
was used for histological analysis, while a second set 
(n=6/group) was used to analyze bronchoalveolar lavage fluid 
(BALF). For the in vitro experiments, primary pulmonary 
endothelial cells were isolated from 20 additional male 
mice (age 3 weeks, weight, 15 g, Shanghai Jihui Laboratory 
Animal Care Co., Ltd.). These mice were assigned to five 
groups: Control, LPS, LPS + Cit, LPS + N‑acetyl‑L‑cysteine 
(NAC; 5 mM) and LPS + Cit + ML385 (5 µM; n=4/group). 
Control mice were intraperitoneally (i.p.) injected with 
saline for 6 h. LPS group: Mice were i.p. injected with LPS 
(10 mg/kg; Sigma‑Aldrich; Merck KGaA) for 6 h. LPS + Cit 
Cit (MedChemExpress) was i.p. injected at a dose of 1 g/kg 
once daily for 1 week, followed by i.p. injected with LPS for 
6 h. Lung tissue was collected following treatment. All mice 
were humanely sacrificed by CO2 inhalation (May 2021) 
using a gradual displacement of 30‑70% of the chamber 
volume/min when they met the following criteria: Loss of 
body weight >20%, difficulty breathing and sharp decrease in 
body temperature (24). Absence of movement and breathing, 
as well as presence of cardiac arrest and pupil dilation for 
5 min, was used to confirm death.

Histological analysis and lung injury evaluation. Left lung 
lobe samples were collected, fixed with 4% paraformaldehyde 
at room temperature for 1 day and lung tissue was cut into 
5‑µm thick slices, followed by staining with hematoxylin for 
5‑10 min at room temperature and eosin (Beyotime Institute of 
Biotechnology) for 1‑2 min at room temperature. Images were 
recorded using a light microscope (Olympus Corporation). 
Lung morphometry and injury analysis were scored by two 
independent pathologists blinded to the treatment strategy 
based on inflammatory infiltration and thickness of the 
alveolar wall. A tissue injury scoring system was implemented 
as follows: 0, no injury; 1, slight; 2, mild; 3, moderate; 4, 
moderate‑to‑severe and 5, severe inflammatory injury (25).

Lung wet/dry (W/D) weight ratio. Pulmonary edema index 
was estimated by calculating pulmonary W/D weight ratio. 
The fresh upper left lung lobe was isolated, weighed and dried 
at 65˚C for 48 h in an oven. The dry weight was determined 
and the W/D ratio calculated.

Preparation of BALF. Following anesthesia with i.p. 100 mg/kg 
ketamine and 10 mg/kg xylazine, BALF was isolated from 
mice via a tracheal tube by infusing 1 ml chilled PBS three 
times. Following collection, mice were euthanized via CO2 

inhalation. BALF was centrifuged at 500 x g for 10 min at 4˚C 
and the cell precipitate was resuspended in 200 µl PBS. Cell 
counting was performed manually under a 40x magnification 
using a light microscope and total protein concentration in 
the BALF supernatant was determined using commercial kits 
(Enhanced BCA Protein Assay kit; cat no. P0009; Beyotime 
Institute of Biotechnology).

ELISA. Lung tissue specimens (100 mg each) were homog‑
enized in PBS containing a protease inhibitor cocktail (cat 
no. P9599; Sigma‑Aldrich; Merck KGaA). Supernatant was 
obtained via centrifugation at 1,000 x g for 10 min at 4˚C. 
IL‑1β and IL‑18 concentration in the lung tissue was measured 
using commercial ELISA kits for IL‑1β (Mouse IL‑1β/IL‑1F2 
Quantikine ELISA; cat no. MLB00C; R&D System, Inc.) 
and IL‑18 (Mouse IL‑18/IL‑1F4 ELISA; cat no. 7625; R&D 
Systems, Inc.) according to the manufacturer's instructions.

Apoptosis detection. TUNEL detection was used to examine 
apoptosis in lung tissue. Lung tissues were fixed and embedded 
as aforementioned. Paraffin‑embedded 5‑µm sections of lung 
tissue were rehydrated and antigen retrieval was performed 
by boiling in citrate buffer (pH=6.0). TUNEL staining was 
conducted at room temperature for 1 h according to the manu‑
facturer's instructions (One Step TUNEL Apoptosis Assay 
kit; cat. no. C1090; Beyotime Institute of Biotechnology). 
Finally, nuclei were counterstained with DAPI (1 µg/ml) at 
room temperature for 2 h. The stained tissue was observed 
under a fluorescence microscope (magnification, x20; Nikon 
Corporation).

Isolation and treatment of mouse lung vascular endothe‑
lial cells (MLVECs). MLVECs were isolated as previously 
described (26). Briefly, peripheral and subpleural tissue was 
cut into small pieces (1‑mm3) and tissue fragments were 
placed into 60‑mm cell culture dishes. DMEM (Gibco; 
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Thermo Fisher Scientific, Inc.) supplemented with 20% fetal 
bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.) 
was added as culture medium. Following 48 h incubation at 
37˚C, the tissue was removed and MLVECs were cultured in 
DMEM supplemented with 10% FBS (Gibco) and 0.01% ampi‑
cillin/streptomycin (Gibco; Thermo Fisher Scientific, Inc.) 
at 37˚C with 5% CO2. MLVECs were characterized by their 
cobblestone morphology and stained with factor VIII‑related 
antigen (cat. no. sc‑53466, 1:100, Santa Cruz Biotechnology, 
Inc.) at 4˚C for one night as previously described (27). Cells 
after 3‑4 passages were used in subsequent experiments.

Immunofluorescence assay. Lung tissue (5‑µm sections) were 
deparaffinized in xylene and rehydrated with graded ethanol. 
For antigen retrieval, sections were boiled in citrate buffer 
(pH=6.0). Following treatment with 5% bovine serum albumin 
(BSA; cat. no. A8010; Beijing Solarbio Science & Technology 
Co., Ltd.) for 30 min at room temperature, the slices were 
incubated with F4/80 antibody (1:300; cat. no.  GB11027; 
Servicebio Technology Co., Ltd.) overnight at 4˚C followed by 
incubation with cyanine 3‑labeled goat anti‑rabbit secondary 
antibody (1:300; cat. no. GB21303, Servicebio Technology 
Co., Ltd.). MLVECs were fixed in 4% paraformaldehyde at 
room temperature for 10 min, treated with 5% BSA for 30 min 
at room temperature and incubated with anti‑Nrf2 primary 
antibody (1:200; cat. no. bs‑1074R; BIOSS Biotech Co., Ltd.) 
at 4˚C overnight followed by incubation with FITC‑labeled 
goat anti‑rabbit secondary antibody (1:300; cat. no. GB22303; 
Servicebio Technology Co., Ltd.). Cell nuclei were stained with 
DAPI (1 µg/ml, Beyotime Institute of Biotechnology) at room 
temperature for 2 h. Images were obtained using a Nikon fluo‑
rescence microscope (magnification, x20; Nikon Corporation).

ROS measurement. The fluorescence probe 2',7'‑dichloro‑
fluorescein diacetate (DCFH‑DA; cat. no. S0033S; Beyotime 
Institute of Biotechnology) was used to monitor the accumu‑
lation of intracellular ROS. Following treatment with LPS, 
LPS + Cit or LPS + Cit + ML385 for 6 h, MLVECs were incu‑
bated with DCFH‑DA (10 µM) at 37˚C for 30 min, followed 
by washing twice with PBS. Images were collected using a 
Nikon fluorescence microscope (magnification, x20; Nikon 
Corporation).

Western blotting. Lung tissue or MLVECs were homogenized 
in cold RIPA buffer (cat. no.  P0013; Beyotime Institute 
of Biotechnology) containing proteinase and phosphatase 
inhibitor cocktail (Roche Diagnostics) by a mechanical 
homogenizer. Following centrifugation at 1,000 x g and 4˚C 
for 10 min, the supernatant was collected. The total protein 
was quantified using a bicinchoninic acid assay kit (Beyotime 
Institute of Biotechnology). Protein (40 µg/lane) was sepa‑
rated by SDS‑PAGE using 10 or 12.5% SDS‑PAGE Gel Fast 
Preparation kits (cat. no. PG212, cat. no. PG213; Epizyme, 
Inc.) and transferred onto PVDF membranes. Subsequently, 
the membranes were blocked with 5% skimmed milk at room 
temperature for 2 h. Membranes were incubated with primary 
antibodies against NLRP3 (cat. no.  15101S, 1:1,000; Cell 
Signaling Technology, Inc.), GSDMD (1:500; cat. no. ab155233; 
Abcam), caspase‑1 (cat. no. A0964; 1:1,000; ABclonal Biotech 
Co., Ltd.), Bcl‑2 (cat. no. ab32124; 1:1,000; Abcam), Bax (cat. 

no. ab182733; 1:1000, Abcam) and β‑actin loading control (cat. 
no. A1978, 1:3,000; Sigma‑Aldrich; Merck KGaA) overnight 
at 4˚C. Following incubation with primary antibodies, the 
membranes were incubated with secondary HRP‑conjugated 
Affinipure Goat Anti‑Rabbit (1:5,000; cat. no. SA00001‑2; 
ProteinTech Group, Inc.) and anti‑Mouse IgG (1:5,000; cat. 
no.  SA00001‑1; ProteinTech Group, Inc.) for 1  h at room 
temperature. An enhanced chemiluminescence solution (cat. 
no. BL523A; Hefei Labgic Technology Co., Ltd.) was used to 
visualize the immunoblots. Finally, the protein bands were 
semi‑quantified using ImageJ software (V1.4.3.67; National 
Institutes of Health) and normalized to β‑actin.

Reverse transcription‑quantitative PCR (RT‑qPCR). TRIzol® 
reagent (Thermo Fisher Scientific, Inc.) was used to extract 
total RNA from lung tissue and MLVECs, according to the 
manufacturer's protocol. Total RNA was reverse‑transcribed 
into cDNA using the One Step PrimeScript™ RT‑PCR kit 
(cat. no. RR064A; Takara Biomedical Technology Co., Ltd.), 
according to the manufacturer's protocol. qPCR was performed 
using the ChamQ Universal SYBR qPCR Master Mix (Vazyme 
Biotech Co., Ltd.), according to the manufacturer's protocol. 
The amplification was performed using a Step One Plus system 
(Applied Biosystems; Thermo Fisher Scientific, Inc.) and the 
following thermocycling conditions: Initial denaturation at 95˚C 
for 10 min, followed by 40 cycles of 95˚C for 15 sec, 60˚C for 
30 sec and 72˚C for 30 sec and final extension at 72˚C for 5 min. 
The following primer pairs were used: NLRP3 forward, 5'‑TCT​
GAC​CTC​TGT​GCT​CAA​AAC​CAA​C‑3' and reverse, 5'‑TGA​
GGT​GAG​GCT​GCA​GTT​GTT​AAT‑3'; ASC forward, 5'‑ACT​
CAT​TGC​CAG​GGT​CAC​AGA​AGT​G‑3' and reverse, 5'‑GCT​
TCC​TCA​TCT​TGT​CTT​GGC​TGG​T‑3'; Nrf2 forward, 5'‑CAG​
TCT​TCA​CCA​CCC​CTG​AT‑3' and reverse, 5'‑CAG​TGA​GGG​
GAT​CGA​TGA​GT‑3'; HO‑1 forward, 5'‑AGA​GGC​TAA​GAC​
CGC​CTT​CC‑3' and reverse, 5'‑TCT​GAC​GAA​GTG​ACG​CCA​
TC‑3' and β‑actin forward, 5'‑TGT​ATG​CCT​CTG​GTC​GTA​C 
and reverse, 3'‑TGA​TGT​CAC​GCA​CGA​TTT​CC‑3'. The rela‑
tive mRNA expression levels were quantified using the 2‑ΔΔCq 
method and normalized to internal reference gene β‑actin (28).

Statistical analysis. Statistical analysis was performed using 
SPSS Statistics V22.0 (IBM Corp.). Data are presented as 
the mean ± standard error of the mean. All experiments were 
performed at least three times. One‑way ANOVA followed 
by Bonferroni's post hoc test was used to compare multiple 
groups. Lung injury score was evaluated using Kruskal‑Wallis 
followed by Dunn's test. P<0.05 was considered to indicate a 
statistically significant difference.

Results

Effect of Cit on LPS‑induced lung injury. To study the effect 
of Cit on LPS‑induced lung injury, total cell count and protein 
concentration in BALF of mice were measured to determine 
changes in lung vascular permeability. Total cell count and 
protein concentration in BALF were significantly greater in the 
LPS group than in the control group, indicating notable lung 
injury caused by treatment with LPS (P<0.01; Fig. 1A and B). 
On the other hand, the effect of LPS treatment was partially 
inhibited by pretreatment with Cit (Fig. 1A and B). In addition, 
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the increase in the lung W/D ratio induced by LPS was signifi‑
cantly attenuated by pretreatment with Cit (Fig. 1C).

Effect of Cit on LPS‑induced lung inflammatory changes. The 
effect of pretreatment with Cit on lung injury induced by LPS 
was investigated by histopathological analysis. The lung tissue 
in the LPS group showed a lung injury score significantly 
greater than that in the control, showing distinct pathological 
injury, including neutrophil accumulation, interstitial edema 
and alveolar wall damage (Fig. 2A and B). Lung injury score 

in the LPS + Cit group was significantly lower than that in 
the LPS group (Fig. 2B) but greater than that in the control 
(Fig. 2B). Mice in the LPS group showed severe infiltration of 
F4/80+ macrophages, while there was a decreasing tendency 
in LPS + Cit mice (Fig. 2C), indicating the anti‑inflammatory 
effect of Cit.

Cit protects against LPS‑induced activation of the NLRP3 
inflammasome. Yang et al (29) showed that NLRP3 inflam‑
masome activation participates in LPS‑stimulated lung injury. 

Figure 1. Effect of Cit on LPS‑induced lung injury. (A) Cell count and (B) protein concentration in BALF. (C) Lung W/D ratio. Data are presented as the 
mean ± standard error of the mean (n=6). **P<0.01 vs. con; ##P<0.01 vs. LPS. LPS, lipopolysaccharide; Con, control; Cit, citrulline; BALF, bronchoalveolar 
lavage fluid; W/D, wet/dry. 

Figure 2. Effect of Cit on LPS‑induced pulmonary inflammatory changes. (A) Representative histological changes of lung tissue. Scale bar, 100 µm. (B) Score 
representing the degree of lung injury. Data are expressed as the mean ± standard error of the mean (n=6). **P<0.01 vs. con; ##P<0.01 vs. LPS. Arrows indicate 
inflammatory infiltration and thickened alveolar wall. (C) Representative macrophage infiltration shown as F4/80‑positive cells. Sections were stained with 
primary antibodies against F4/80 (red), while the nucleus was stained with DAPI (blue). Scale bar, 100 µm. LPS, lipopolysaccharide; Con, control; Cit, citrul‑
line.
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In the present study, NLRP3 and ASC mRNA levels, as well as 
NLRP3 and caspase‑1 p20 cleavage fragment protein expres‑
sion levels in the LPS group were significantly greater than 
those in the control (Fig. 3A and B). In the LPS + Cit group, 
levels were significantly lower than those in the LPS group 
(Fig. 3A and B).

Cit protects against LPS‑induced pulmonary pyroptosis 
and apoptosis. The assembled NLRP3 inflammasome leads 
to the release of the pro‑inflammatory cytokines IL‑1β and 
IL‑18, as well development of cell pyroptosis (30). IL‑1β and 
IL‑18 levels were significantly increased in the LPS group 
compared with the control (Fig. 4A‑C). N‑terminal region of 

Figure 3. Cit protects against LPS‑induced activation of the NLRP3 inflammasome. (A) Relative mRNA expression of NLRP3 and ASC. (B) NLRP3 and 
casp‑1 p20 fragment expression levels determined by western blotting. Relative densitometry of NLRP3/β‑actin and casp‑1 p20/pro‑casp‑1 ratio is shown. 
Data are presented as the mean ± standard error of the mean (n=6). *P<0.05 and **P<0.01 vs. con; ##P<0.01 vs. LPS. LPS, lipopolysaccharide; NLRP3, NOD‑, 
LRR‑ and pyrin domain‑containing protein 3; Con, control; Cit, citrulline; casp, caspase; ASC, apoptosis‑associated speck‑like protein. 

Figure 4. Cit protects against LPS‑induced pulmonary pyroptosis and apoptosis. (A) IL‑1β and (B) IL‑18 concentration in lung tissue was determined using 
ELISA kits. (C) Expression of GSDMD‑N was normalized to GSDMD‑FL. (D) Representative western blot bands of Bax and Bcl‑2. (E) Representative 
TUNEL‑positive cells (green) in lung sections. Cell nucleus was stained with DAPI (blue). Scale bar, 100 µm. Data are expressed as the mean ± standard 
error of the mean (n=6). **P<0.01 vs. con; ##P<0.01 vs. LPS. LPS, lipopolysaccharide; GSDMD, gasdermin D; N, N‑terminal; FL, full length; Con, control; 
Cit, citrulline.
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GSDMD (GSDMD‑N) expression relative to the full length 
GSDMD (GSDMD‑FL) was upregulated in the LPS group 
compared with the control (Fig. 4C), while in the LPS + 
Cit group, pretreatment with Cit significantly attenuated 
the effect of LPS on IL‑1β and IL‑18 production, as well 
as GSDMD‑N expression (Fig. 4C). Furthermore, levels of 
Bcl‑2, an anti‑apoptotic protein, significantly decreased in 
the LPS group compared with the control (Fig. 4D), while 
the Bcl‑2 expression in the LPS + Cit group was greater than 
in the LPS group (Fig. 4D) and comparable with the control. 
Consistently, levels of Bax and TUNEL‑positive cells 
(indicative of apoptosis) were greater in the LPS group than 
in the control and LPS + Cit groups, while levels of these 
markers in LPS + Cit group were comparable with control 
(Fig. 4D and E). These results indicated that Cit pretreat‑
ment ameliorated LPS‑induced pulmonary pyroptosis and 
apoptosis.

ROS production leads to NLRP3 inflammasome activation-
induced endothelial pyroptosis and apoptosis. ROS participate 
in ALI by triggering inflammatory reactions (31). In the present 
study, NAC was used to inhibit activation of ROS in MLVECs 
to demonstrate the effect of ROS on NLRP3 activation and 
subsequent cell death. NAC intervention inhibited expression 
of the NLRP3 inflammasome and cleaved caspase‑1 (Fig. 5A). 
Levels of TUNEL positive cells, apoptotic protein Bax and 
anti‑apoptotic protein Bcl‑2 were also reversed following inhibi‑
tion of ROS (Fig. 5A‑C). These findings demonstrated that the 
ROS scavenger NAC may decrease activation of the NLRP3 
inflammasome and relieve endothelial pyroptotic and apoptotic 
cell death in LPS‑treated MLVECs.

Cit pretreatment significantly inhibits activation of ROS and 
enhances the Nrf2 signaling pathway in vitro. The present 
study investigated the potential mechanism underlying the 

Figure 5. ROS production leads to NLRP3 inflammasome activation‑mediated endothelial pyroptosis and apoptosis. Mouse pulmonary endothelial cells were 
exposed to LPS (1 µg/ml) in the presence or absence of the ROS scavenger NAC (5 mM) for 6 h. (A) Representative protein bands of NLRP3, casp‑1(p20) and 
GSDMD‑N. Casp‑1(p20) was normalized to pro‑casp‑1, while GSDMD‑N was normalized to GSDMD‑FL. (B) Representative western blot bands of Bax and 
Bcl‑2. (C) Representative TUNEL‑positive cells (red); nuclei were counterstained with DAPI (blue). Scale bar, 100 µm. Data are expressed as the mean ± stan‑
dard error of the mean (n=4). *P<0.05, **P<0.01 vs. con; ##P<0.01 vs. LPS. ROS, reactive oxygen species; NLRP3, NOD‑, LRR‑ and pyrin domain‑containing 
protein 3; LPS, lipopolysaccharide; GSDMD‑N, gasdermin D N‑terminal fragment; NAC, N‑acetyl‑L‑cysteine; FL, full length; Con, control; Cit, citrulline; 
ROS, reactive oxygen species; casp, caspase. 
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protective effects of Cit. Pretreatment with Cit decreased 
accumulation of intracellular ROS induced by LPS (Fig. 6A). 
Furthermore, Cit significantly attenuated the increase in 
mRNA levels of NLRP3, Nrf2 and HO‑1 (the primary target 
gene of Nrf2) induced by LPS (Fig. 6B). Immunofluorescent 
staining of Nrf2 showed that LPS decreased expression of 
Nrf2 in cytoplasm and Cit pretreatment reversed the effect of 
LPS (Fig. 6C).

Inhibition of Nrf2 reverses the anti‑pyroptotic and anti‑apop‑
totic effect of Cit. A specific inhibitor of Nrf2 was used to 
determine if the protective effect of Cit against LPS‑treated 
MLVECs was mediated by the Nrf2 signaling pathway. In 
MLVECs, the effect of Cit on LPS‑treated MLVECs was 
abrogated by Nrf2 inhibitor ML385 (5 µM), Cit pretreatment 
did not attenuate intracellular ROS levels induced by LPS 
(Fig. 7A). Inhibition of Nrf2 also blocked the protective effect 
of Cit against LPS‑induced NLRP3 activation and pyrop‑
tosis‑associated protein Casp‑1(p20) and GSDMD‑N (Fig. 7B). 
The protective effect of Cit on LPS‑induced cell apoptosis was 
also abolished by ML385 (Fig. 7C and D). Together, these 
results indicated that Nrf2 was involved in the anti‑pyroptotic 

and anti‑apoptotic effect of Cit in LPS‑stimulated endothelial 
dysfunction.

Discussion

ALI is a life‑threatening disorder accompanied by high 
mortality (32). During the pathological process of ALI, exces‑
sive inflammatory response causes damage to organs (33). 
Thus, it is of importance to develop early effective interven‑
tions to prevent development of lung injury. The present results 
demonstrated that Cit pretreatment significantly ameliorated 
LPS‑induced ALI and suppressed NLRP3 inflammasome 
expression, as well as decreased cell pyroptosis and apoptosis.

Cit exhibits biological effects, including antioxidant (34), 
anti‑inflammatory (35) and anticancer activity (36). In rabbits, 
chronic L‑Cit and L‑Arginine supplementation abrogates 
state of oxidative stress in high cholesterol‑induced athero‑
sclerosis (34). In hyperoxia‑induced lung injury, Cit improves 
alveolar and vascular growth (22). The present study confirmed 
the protective effect of Cit against LPS‑induced NLRP3 
inflammasome activation in mouse lung tissue. Furthermore, 
pretreatment with Cit significantly inhibited pyroptosis and 

Figure 6. Cit pretreatment significantly inhibits activation of ROS and enhances the Nrf2 signaling pathway in vitro. (A) ROS levels were detected using 
2',7'‑dichlorofluorescein diacetate staining. Representative images are shown. Scale bar, 100 µm. (B) Relative mRNA levels of NOD‑, LRR‑ and pyrin 
domain‑containing protein 3, Nrf2 and heme oxygenase‑1. Data are expressed as the mean ± SEM (n=4). *P<0.05, **P<0.01 vs. con; #P<0.05, ##P<0.01 vs. 
LPS. (C) Mouse lung vascular endothelial cells were stained with Nrf2 (green), while nuclei were counterstained with DAPI (blue). Scale bar, 100 µm. ROS, 
reactive oxygen species; Nrf2, nuclear factor erythroid 2‑related factor 2; LPS, lipopolysaccharide; Con, control; Cit, citrulline; ROS, reactive oxygen species. 
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apoptosis in LPS‑induced ALI. Therefore, these findings 
suggested that multiple cell death pathways may be implicated 
in LPS‑associated lung injury.

As previously reported, the NLRP3 inflammasome and 
its subsequent effectors are involved in acute and chronic 
lung disease  (30,37). NLRP3 expression is promoted by 

Figure 7. Inhibition of Nrf2 reverses the anti‑pyroptotic and anti‑apoptotic roles of Cit. Mouse lung vascular endothelial cells were exposed to LPS (1 µg/ml) 
and Cit with or without Nrf2 inhibitor ML138 (5 µM) pretreatment. (A) Reactive oxygen species were detected using the fluorescent probe 2',7'‑dichlorofluo‑
rescein diacetate. Scale bar, 100 µm. (B) Representative western blot bands of NLRP3, casp‑1(p20), GSDMD‑N and (C) Bax and Bcl‑2. (D) Representative 
TUNEL‑positive cells (red). Nuclei were counterstained with DAPI (blue). Scale bar, 100 µm. Data are expressed as the mean ± standard error of the mean 
(n=4). **P<0.01 vs. con; #P<0.05 and ##P<0.01 vs. LPS; &&P<0.01 vs. LPS + Cit. Nrf2, nuclear factor erythroid 2‑related factor 2; LPS, lipopolysaccharide; Cit, 
citrulline; NLRP3, NOD‑, LRR‑ and pyrin domain‑containing protein 3; Con, control; GSDMD, gasdermin D; N, N‑terminal; FL, full length; casp, caspase.
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various stimuli, such as TNF‑α and NF‑κB signaling 
pathways and ROS (38). Cit possesses antioxidant effects. 
Zhou et al (35) found that Cit decreases histological damage 
in septic heart and enhances the antioxidant capacity of the 
heart. Previous studies showed that ROS inhibition notably 
decreases activation of the NLRP3 inflammasome and 
subsequent inflammatory reaction (31,39). Oxidative stress 
has been reported to promote LPS‑induced endothelial 
injury (40). The present study detected levels of intracellular 
ROS and investigated their effect on NLRP3 activation. 
NLRP3 activation‑mediated pyroptosis and apoptosis were 
abolished following treatment with the ROS scavenger 
NAC. These results demonstrated that the NLRP3 inflam‑
masome was activated by ROS in LPS‑induced endothelial 
dysfunction.

The present study revealed that pretreatment with Cit 
markedly decreased levels of ROS in LPS‑induced endothe‑
lial dysfunction. Cit was shown to upregulate Nrf2 signaling 
and the antioxidative and downstream anti‑inflammatory 
effects of Cit were abolished using a Nrf2 inhibitor (ML385). 
These findings confirmed that Nrf2 signaling was involved 
in the anti‑inflammatory and anti‑oxidative effects of Cit in 
LPS‑induced ALI.

Overall, the present study indicated that Cit protected 
against LPS‑induced ALI and inhibited LPS‑stimulated pyrop‑
tosis and apoptosis. Cit exerted a protective role on pulmonary 
endothelial cells via activation of the Nrf2 signaling pathway, 
thereby inhibiting NLRP3 inflammasome activation due 
to increased levels of intracellular ROS. The results of the 
present study offer novel insights on the anti‑inflammatory 
and anti‑oxidative stress roles of Cit and provide a potential 
treatment strategy in sepsis‑induced ALI. However, there 
were certain limitations. For example, the absence of using 
a specific marker of cytoplasm localization is insufficient to 
explain the changes of Nrf2 expression in the nucleus and 
cytoplasm. Further studies are needed to examine the effect of 
Cit on the Nrf2 signaling pathway.
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