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Background: Acute lung injury (ALI) is a fatal disease in the absence of pharmacological 
treatment. Oxidative stress and inflammation are closely related to ALI. Innate immune cells 
are the main source of reactive oxygen species (ROS). Macrophages play an extremely 
important role in ALI through the activation of inflammation and oxidative stress. Itaconate, 
a metabolite of tricarboxylic acid, has been reported to have strong antioxidant and anti- 
inflammatory effects. However, the role of itaconate in ALI is unclear. Herein, we use 4-octyl 
itaconate (OI), the cellular permeable derivate of itaconate, to study the effects of itaconate 
in vivo and in vitro.
Methods: We used OI to pretreat C57BL/6 mice and LPS-induced ALI models to illustrate 
the role of itaconate in acute lung injury. The mice were randomly divided into four groups: 
control group, OI (100 mg/kg) group, ALI Group, ALI + OI (50 mg/kg) group, and ALI + OI 
(100 mg/kg) group. RAW264.7 cells were used to further prove the role and mechanism of 
itaconate in vitro.
Results: According to the H&E staining of the lung, OI was observed to significantly reduce 
lung inflammation. The active oxygen content of tissues was also significantly reduced 
(P<0.05). OI reduced the accumulation of neutrophils and secretion of inflammatory factors 
in LPS-induced ALI (P<0.05). At the cellular level, OI also reduced oxidative stress and 
inflammation. Intervention with OI was also observed to upregulate the expression of nuclear 
factor erythroid 2-related factor-2 (Nrf-2) and Nrf-2 target genes in the lung tissue and 
RAW264.7 cells.
Conclusion: OI alleviates LPS-induced ALI. Moreover, the antioxidant and anti- 
inflammatory effects of OI might depend on the activation of Nrf-2. Therefore, OI might 
have therapeutic potential for the treatment of ALI.
Keywords: metabolite, inflammation, reactive oxygen species, acute respiratory distress 
syndrome, nuclear factor erythroid 2-related factor 2, Nrf-2

Introduction
Acute lung injury (ALI), characterized by diffuse alveolar injury, edema formation 
in the lung, infiltration of immune cells, and decreased lung compliance, is 
a clinical syndrome associated with substantial costs, as well as high morbidity 
and mortality. Acute respiratory distress syndrome (ARDS) is the end stage of 
ALI.1 Multiple factors causing ALI/ARDS have been identified, including viral 
infection, high-pressure ventilation, drugs, and other systemic diseases. An 

Correspondence: Jinping Liu 
Department of Cardiovascular Surgery, 
Zhongnan Hospital,Wuhan University, 
Wuhan Donghu Road 169#, Wuhan 
430071, People’s Republic of China  
Tel +86-027-67812888  
Email liujinping@znhospital.cn   

Xinzhong Chen 
Department of Cardiovascular Surgery, 
Union Hospital, Tongji Medical College, 
Huazhong University of Science and 
Technology, Wuhan 430022, Hubei, 
People’s Republic of China  
Tel +86-027-85726114  
Email xinzhongchen@hust.edu.cn

submit your manuscript | www.dovepress.com Drug Design, Development and Therapy 2020:14 5547–5558                                            5547

http://doi.org/10.2147/DDDT.S280922 

DovePress © 2020 Li et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php 
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work 

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Drug Design, Development and Therapy                                               Dovepress
open access to scientific and medical research

Open Access Full Text Article

D
ru

g 
D

es
ig

n,
 D

ev
el

op
m

en
t a

nd
 T

he
ra

py
 d

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.d

ov
ep

re
ss

.c
om

/
F

or
 p

er
so

na
l u

se
 o

nl
y.

http://orcid.org/0000-0002-6942-507X
mailto:liujinping@znhospital.cn
mailto:xinzhongchen@hust.edu.cn
http://www.dovepress.com
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
http://www.dovepress.com/permissions.php
http://www.dovepress.com


effective treatment is not yet available, and patients around 
the world can only receive supportive treatment.2 

Therefore, there is an urgent need to thoroughly investi-
gate the pathogenesis and treatment of ALI/ARDS.

Oxidative stress is among the causative factors of lung 
tissue injury and plays a major role in ALI/ARDS.3 

Although damaging oxidants can arise from endothelial 
and alveolar epithelial cells, the majority of oxidants are 
derived from innate immune cells (macrophages and 
recruited neutrophils) in the injured lung tissue.4 

Damaging oxidants may directly cause tissue damage, 
while some oxidants such as reactive oxygen species 
(ROS) can act as inflammatory signal molecules to acti-
vate NF-κB, HIF-1α, and so on, leading to an inflamma-
tory response that is an important cause of ALI/ARDS.5 

Oxidative stress and inflammatory response always rein-
force each other in the progression of ALI. An antioxidant 
system in the body, consisting of endogenous antioxidants 
such as superoxide dismutase, catalase, and glutathione 
peroxidase, can be used to eliminate excess oxidants. 
Nrf-2 is the main signal molecule that regulates antioxi-
dant substances in the body.6 Under physiological condi-
tions, Kelch-like ECH-associated protein-1 (Keap-1) 
usually binds to the Nrf-2 and promotes its degradation 
through the ubiquitin-proteasome pathways. Nrf-2 dissoci-
ates from Keap-1 and travels to the nucleus to activate the 
antioxidant response elements (AREs). Several studies 
have indicated that the activation of Nrf-2 can reduce 
oxidative stress and inflammatory response.7

Itaconate, a product of the tricarboxylic acid cycle 
(TCA), is derived from the decarboxylation of cis- 
aconitic acid by the immune-responsive gene 1 (IRG-1) 
in the mitochondrial matrix of macrophage.8 Under 
inflammatory conditions, IRG-1 is upregulated about 200 
times, leading to the accumulation of itaconate in large 
amounts. Itaconate is described as a metabolite that nega-
tively regulates oxidative stress and immune 
inflammation.9 It can reduce ROS production and block 
the release of pro-inflammatory cytokines.10 The cellular 
permeable derivate of itaconate, called 4-octyl itaconate 
(OI), is hydrolyzed to itaconate by esterases.11 OI can halt 
the progress of various diseases, including ischemia- 
reperfusion injury, osteoclast-related diseases, and renal 
fibrosis, by reducing oxidative stress and modifying the 
immune response of macrophages to lipopolysaccharide 
(LPS).12–14

In this study, we elaborate on the protective effects of 
OI against ALI and investigate the Nrf-2-dependent 

mechanisms that are related to the reduction of oxidative 
stress and blockage of the release of pro-inflammatory 
cytokines.

Materials and Methods
Materials
OI was purchased from MedChemExpress (Monmouth 
Junction, NJ, USA). LPS (Escherichia coli 0111: B4) 
and dimethyl sulfoxide (DMSO) were acquired from 
Sigma (St. Louis, MO, USA). The assay kits for Lactate 
dehydrogenase (LDH), superoxide dismutase (SOD), and 
malondialdehyde (MDA) were acquired from Nanjing 
Jiancheng Bioengineering Institute (Nanjing, China). 
Primary antibodies against Nrf-2, HO-1, and β-Actin 
were purchased from Abcam (Cambridge, MA, USA). 
The fluorometric intracellular ROS kit was purchased 
from Sigma (St. Louis, MO, USA). Mouse IL-1β ELISA 
Kit, Mouse IL-6 ELISA Kit, and Mouse TNF-a ELISA Kit 
were purchased from MultiSciences (Hangzhou, China).

ALI Model and OI Intervention
Male C57BL/6 mice aged 8–10-weeks-old, from HFK 
BioTechnology Co, Ltd, Beijing, China, were used for 
this study. All the animals were housed in a specific patho-
gen-free (SPF) facility. The protocol for generating ALI 
models was based on a previous study.15 Mice were ran-
domly divided into four groups: Control group, ALI 
Group, ALI + OI (50 mg/kg) group, and ALI + OI 
(100 mg/kg) group. Mice in the control group and ALI 
group were administered DMSO intraperitoneally for three 
days. In the ALI + OI group, mice were administered OI 
(50 mg/kg or 100 mg/kg) for three days.16 On the 
third day, 2 h after the treatment with OI or DMSO, the 
mice were administered LPS (5 mg/kg) intratracheally. 
After 12 h, the mice were sacrificed, and the lung samples 
and bronchoalveolar lavage fluid (BALF) were harvested 
as described in a previous study. All the animal experi-
ments were reviewed by the ethics committee of the Tongji 
Medical College of Huazhong University of Science and 
Technology and conformed to the National Institutes of 
Health Guide for Care and Use of Laboratory Animals.

Histologic Analysis
The lung tissues were fixed in 4% buffered paraformalde-
hyde for 48 h, following which they were embedded in 
paraffin and cut into 4-µm thick sections. These sections 
were then stained with hematoxylin and eosin (H&E) and 
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immunohistochemically with the anti-Gr-1 antibody. The 
lung tissue was scored according to the following four 
items: alveolar congestion; hemorrhage; infiltration or 
aggregation of neutrophils in airspace or vessel wall; and 
thickness of the alveolar wall/hyaline membrane forma-
tion. A score of 0 represented normal lungs; 1 represented 
mild lung involvement less than 25%; 2 represented mod-
erate with 25–50% lung involvement; 3 represented severe 
with 50–75% lung involvement, and 4 represented very 
severe with more than 75% lung involvement.17 The lung 
inflammatory score was measured by three blinded 
pathologists.

Collection and Analysis of 
Bronchoalveolar Lavage Fluid (BALF)
BALF was obtained by intratracheal instillation with 
0.8 mL phosphate buffered saline (PBS) thrice, following, 
which it was centrifuged at 1500 r/min at 4°C for 10 min. 
The supernatants were analyzed using the BCA kit to 
measure the total protein content of BALF, and the pel-
leted cells were counted by the cell counting plate.

Wet to Dry (W/D) Ratio of the Lung
The left lungs were excised from sacrificed mice and 
weighed to obtain the wet weight. Then, the samples 
were placed in an 80 °C drier for about 48 h to obtain 
the dry weight. From these weights, the lung W/D ratio 
was calculated.

ELISA
The levels of IL-1β, IL-6, and TNF-α in the conditioned 
medium or serum were assessed using ELISA kits, accord-
ing to the manufacturer’s protocols.

RAW264.7 Culture and Intervention
The RAW264.7 cells were purchased from the American 
Type Culture Collection (ATCC, USA). The cells were 
cultured in DMEM high sugar medium containing 10% 
fetal bovine serum (Gibco), 100 U/mL penicillin, and 
100 mg/mL streptomycin, and incubated at 37 °C with 5% 
CO2. To study the effects of OI on the inflammatory 
response of macrophages, OI (62.5µmol/L and 125µmol/ 
L) was used to pretreat the RAW264.7 cells for 3 h, 
following which the cells were exposed to LPS (1ug/mL) 
according to a previous study.18

Lactate Dehydrogenase (LDH) Activity 
Assay
The LDH activity of BALF was measured using an LDH 
activity kit, following the manufacturer’s protocols.

Malondialdehyde (MDA) Content, 
Superoxide Dismutase (SOD) Activity, 
and Glutathione (GSH) Analysis
The lung tissues were homogenized and centrifuged for 10 
min at 3000–4000 rpm. The supernatant was then col-
lected to prepare the 10% tissue homogenate, and the 
MDA, SOD, and GSH were determined using assay kits 
according to the manufacturer’s protocols.

RNA Isolation and Real-Time PCR 
(RT-PCR)
Total RNA from the lung tissues or RAW264.7 cells was 
extracted using Trizol reagent (Takara Bio, Tokyo, Japan). 
The RNA was reverse-transcribed using the RNA PCR Kit 
(Takara Bio, Tokyo, Japan). The quantitative polymerase 
chain reaction (qPCR) amplification using SYBR Green 
PCR Master Mix (Takara Bio, Tokyo, Japan) was per-
formed on an ABI PRISM 7900 Sequence Detector 
System (Applied Biosystems, Foster City, CA). Relative 
gene expression was calculated by the 2−ΔΔCt method. The 
primers used are listed in Table 1.

Western Blot Analysis
The lung or cells were extracted in RIPA buffer with 
protease inhibitor. The total proteins were quantified 
using the BCA kit (Thermo Fisher Scientific, USA). 
The proteins were separated on SDS polyacrylamide 
mini-gels and then transferred to PVDF membranes 
(Sigma-Aldrich, USA). The PVDF membranes were 
blocked in 5% skimmed milk for 1 h and incubated 
overnight with primary antibodies against β-actin 
(Rabbit, 1:10000, ab179467, Abcam), HO-1 (Rabbit, 
1:2000, ab189491, Abcam), Nrf2 (Rabbit, 1:1000, 
ab137550, Abcam), and IRG-1 (Rabbit, 1:1000, ab 
222411, Abcam) at 4°C. Then, the membranes were 
incubated with a secondary antibody (HRP-Goat anti- 
Rabbit, 1:3000, E-AB-1037, Elabscience) for 1 h at 
room temperature. An imaging system with an ECL kit 
(Bio-Rad, Hercules, CA) was used to detect the reac-
tions. The protein was quantified using AlphaEaseFC 
(AlphaInnotech, USA).
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Reactive Oxygen Species (ROS) Flow 
Cytometry
A combination of mechanical and enzymatic treatment is 
used to obtain single cell of lung tissue. Firstly, we obtain 
lung tissue homogenate through homogenizer 
(MediMachineII. Syntec). Tissue homogenate is incubated 
for 30 min at 37°C with Collagenase D(2mg/mL) and 
DNase I(80U/mL). Then those samples were filtered 
through a 70 μm nylon mesh filter.19 After centrifugation, 
the red blood cell lysis buffer is used to remove the 
remaining red blood cells. Cells from the lung tissue or 
RAW264.7 cells were stained with the Fluorometric 
Intracellular ROS Kit (Sigma, USA) for 40 min. After 
washing, the labeled cells were analyzed using the soft-
ware FACSCalibur (BD Immunocytometry Systems).

Statistical Analysis
The results of the experiment were presented as the means 
±standard deviation (SD). Unpaired Student’s t-test and 
one-way analysis of variance (ANOVA) were used to 
analyze the data. All the results were analyzed using the 
statistical program SPSS 21.0 (IBM, USA). A p-value < 
0.05 was considered to be statistically significant.

Results
OI Attenuates Acute Lung Tissue Injury 
Induced by LPS
IRG-1 can catalyze the conversion of isocitrate to itaconate on 
the mitochondrial membrane.9 We detected the expression of 
IRG-1 in mouse. The results show that IRG-1 is upregulated in 
acute lung tissue (Figure 1A and B). In order to further study 
the role of itaconate in acute lung tissue injury, we have used 
animal models to assess the role of OI in ALI. The histopathol-
ogy indicated that OI reduced the LPS-induced pulmonary 
edema, hemorrhage and inflammatory cell infiltration 
(Figure 1C). Similarly, the inflammation scores of OI 

intervention groups were lower than those of the ALI group 
(Figure 1D). The W/D ratio was used to assess the degree of 
pulmonary edema. This ratio showed a significant difference 
between OI pretreatment groups and the ALI group 
(Figure 1E). Total protein in BALF and LDH activity were 
also used as indicators to assess the severity of lung injury. 
Pretreatment with OI remarkably decreased the protein exuda-
tion and cellular damage (Figure 1F and G). These findings 
suggested that OI could alleviate acute lung tissue injury 
induced by LPS.

OI Attenuates Oxidative Stress in vivo 
and in vitro
The oxidative stress response is also involved in ALI and 
results in pulmonary fibrosis during the final stages of ALI.20 

To understand the role of OI in oxidative stress response, we 
measured the mean ROS fluorescence intensity in lung tissue 
using flow cytometry. The results indicate that the generation 
of ROS was suppressed by OI (Figure 2A). MDA is the final 
decomposition product of membrane lipid peroxidation. Its 
content reflects the intensity of oxidative stress in the organism. 
We observed that MDA content in the lung tissues of mice 
pretreated with OI was lower than the ALI group (Figure 2B). 
In the mice pretreated with 100 mg/kg OI, the levels of sub-
stances such as SOD and GSH, which act against oxidative 
stress, were higher than those in the ALI group (Figure 
2C and D). Phagocytic cells (macrophages and neutrophils) 
represent the most important source of damaging oxidants by 
releasing NADPH oxidase in the lung tissue. We evaluated the 
generation of ROS in LPS-induced macrophages in vitro. The 
proportion of ROS-positive macrophages decreased signifi-
cantly after OI pretreatment. (Figure 2E and F)

OI Suppresses Inflammatory Response via 
Interfering with Macrophages
Neutrophil accumulation is a feature of acute inflammatory 
response.21 This study demonstrated that OI significantly 

Table 1 The Primer Sequence Used in Research

Gene Forward Primer Reverse Primer

Irg-1 GTTTGGGGTCGACCAGACTT CAGGTCGAGGCCAGAAAACT
HO-1 GTGACAGAAGAGGCTAAGACCG ACAGGAAGCTGAGAGTGAGGAC

Nqo-1 TATCACCACTGGGGGTAGCG GGAGTGTGGCCAATGCTGTAA

IL-1β TCAAATCTCGCAGCAGCACATC CGTCACACACCAGCAGGTTATC
IL-6 TTCTTGGGACTGATGCTGGTG GCCATTGCACAACTCTTTTCTC

TNF-α ACCCTCACACTCACAAACCA ATAGCAAATCGGCTGACGGT

GAPDH CCTCGTCCCGTAGACAAAATG TGAGGTCAATGAAGGGGTCGT
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Figure 1 OI attenuates acute lung tissue injury induced by LPS. Mice were pretreated with OI (50 mg/kg, 100 mg/kg) or DMSO for three days by intraperitoneal injection, 
following which, LPS was injected through the trachea. The lung tissue was collected 12 h later. The expression level of Irg-1 is shown (A and B, n = 3).H&E staining and 
inflammation score are presented (C and D, n = 6), Scale bars: 200 µm. The lung W/D ratio indicates the degree of pulmonary edema (E, n =6). The total protein in BALF 
was measured using the BAC kit (F, n = 6). LDH activity in BALF is an indicator of lung injury (G, n = 6). The results are presented as means ±SD. *P < 0.05 compared with 
ALI group.
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alleviated the accumulation of neutrophils in the damaged lung 
tissue (Figure 3A) and reduced the total number of cells in 
BALF (Figure 3B). Pro-inflammatory cytokines are essential 
for the initiation and maintenance of the inflammatory 
response. In ALI patients, high levels of pro-inflammatory 

factors have been reported.22 This study revealed that OI 
inhibited the release of pro-inflammatory factors, such as IL- 
1β, IL-6, and TNF-α in mice (Figure 3C–E). We also tested the 
expression of inflammatory factors in lung tissue (Figure 3F– 
H). The accumulation of macrophages in acute lung tissue 

Figure 2 Anti-oxidative effect of OI. ROS content was detected by flow cytometry in lung tissue and the mean ROS fluorescence intensity is presented (A, n = 6). MDA 
content, SOD activity, GSH content are presented (B–D, n = 6). The RAW264.7 cells were pretreated with OI (62.5µM, 125µM), followed by LPS (1µg/mL) stimulation for 
24 h. ROS generation of LPS-induced macrophages are presented (E and F, n = 3). The results are shown as means ±SD. *P < 0.05 compared with ALI group. #P < 0.05 
compared with the group only treated by 1μg/mL LPS.
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injury has been reported.23 Macrophages can regulate the 
direction of the inflammatory response. We observed that OI 
reduced the transcription of pro-inflammatory factors (IL-1β, 

IL-6, and TNF-α) in RAW264.7 cells (Figure 4A–F). Thus, OI 
can inhibit the inflammatory response in mice and relieve acute 
lung tissue injury by interfering with macrophages.

Figure 3 OI reduces the inflammatory response in mice. Gr-1 was used to assess the degree of neutrophil infiltration by immunohistochemical staining (A, n = 6), Scale 
bars: 200 µm. The total cell counts in BALF were determined (B, n = 6). The content of IL-1β, IL-6, and TNF-α in serum was measured by ELISA (C–E, n = 6). The 
transcription of the inflammatory factor IL-1β, IL-6, and TNF-α was tested by qPCR (F–H, n = 3). The results are presented as means ±SD. *P < 0.05 compared with ALI 
group.

Drug Design, Development and Therapy 2020:14                                                                       submit your manuscript | www.dovepress.com                                                                                                                                                                                                                       

DovePress                                                                                                                       
5553

Dovepress                                                                                                                                                                 Li et al

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


OI Activates Nrf-2 Signaling Pathway to 
Suppress Oxidative Stress and 
Inflammation
Oxidative stress and inflammation play an important role in 
LPS-induced ALI. We observed that OI reduced both oxi-
dative stress and inflammation in lung tissue. This effect 
could be dependent on Nrf-2. The level of Nrf-2 was upre-
gulated in the lung tissues of rats pretreated with OI (Figure 
5A and B). After dissociating from keap1, Nrf-2 enters the 
cell nucleus to initiate transcription of the antioxidant 
genes.24 Nrf-2 target genes were detected by Real-time 
PCR and Western blot. The expression of HO-1 and Nqo- 
1 was significantly increased in the OI group (Figure 5C–E). 
Finally, we verified OI-induced Nrf-2 expression against 

LPS-induced oxidative stress and inflammation in vitro. 
The results indicated that Nrf-2 and HO-1 protein levels 
are upregulated after pretreatment with OI (Figure 5F–H). 
The RT-PCR results show that Nrf-2-target genes were also 
upregulated (Figure 5I and J). Those findings suggest that 
OI could activate Nrf-2 to suppress oxidative stress and 
inflammation (Figure 6A and B).

Discussion
The findings of our study suggest that OI can alleviate 
ALI. OI significantly reduced the content of ROS and 
increased the activity of antioxidants in lung tissue. The 
increased transcription of HO-1 also indicated that OI 
could influence antioxidant elements. Our study has 

Figure 4 OI reduces the release of inflammatory factors in vitro. The RAW264.7 cells were pretreated with OI (62.5µM, 125µM), followed by LPS (1µg/mL) stimulation. 
The level of IL-1β, IL-6, and TNF-α at 6 h was detected by qPCR (A–C, n=3). IL-1β, IL-6, and TNF-α contents in the supernatant were determined 24 h after LPS stimulation 
(D–F, n=3). The results are presented as means ±SD. #P < 0.05 compared with the group only treated by 1μg/mL LPS.
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Figure 5 OI activates Nrf-2-dependent antioxidant and anti-inflammatory effects. Nrf-2 and Nrf-2-target genes were upregulated by OI. The expression of Nrf-2, HO-1, and 
Nqo-1 in lung tissue are presented (A–E, n = 3). RAW264.7 cells were pretreated with OI (3 h), followed by stimulation with LPS (1µg/mL). The protein content of Nrf-2 
and HO-1 was measured by Western blot (F–H, n = 3), and the mRNA of HO-1 and Nqo-1 (6 h) was detected by qPCR (I and J, n = 3). The results are presented as means 
±SD. *P < 0.05 compared with ALI group. #P < 0.05 compared with the group only treated by 1μg/mL LPS.
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demonstrated that the infiltration of neutrophils and pro- 
inflammatory factors (IL-1β, IL-6, and TNF-α) in the 
serum is reduced following OI pretreatment of LPS- 
induced ALI patients. Under in vitro conditions, OI pro-
moted the transcription of antioxidant genes in RAW264.7 
and reduced the inflammatory response of RAW264.7 to 
LPS stimulation. Thus, the itaconate-dependent metabolic 
regulation is attributed to the regulation of macrophage- 
related oxidative stress and inflammatory response.

Macrophages, a type of natural immune cells, are 
indispensable for the initiation and maintenance of the 
inflammatory response and are considered to be the main 
source of ROS in lung tissue.10 Macrophages have been 
demonstrated to play a role in lung homeostasis, pulmon-
ary fibrosis, allergic asthma, and lung injury.25,26 Studies 
have also confirmed the central role of inflammatory 
macrophages in the progression of ALI.27 Activated 

macrophages can release pro-inflammatory cytokines and 
recruit neutrophils to cause ALI. They can directly damage 
lung tissue by generating cytotoxic ROS and reactive 
nitrogen species (RNS). Since macrophages represent 
a special population with high heterogeneity,28 we might 
reverse the progression of the disease by altering the 
function of macrophages.

Itaconate has been demonstrated that metabolites par-
ticipate in and regulate the phenotype and function of 
immune cells.29 Previous research has demonstrated that 
itaconate is upregulated under inflammatory conditions 
and plays an important role in inhibiting inflammation.11 

It may potentially impact multiple diseases, including 
psoriasis, multiple sclerosis, mastitis, sepsis, and organ 
ischemia/reperfusion injury.30–32 In our study, exogenous 
itaconate (4-octyl itaconate) upregulated the content of 
Nrf-2 in lung tissue. Mass spectrometry of LPS-activated 

Figure 6 The mechanism of action of itaconate/4-octyl itaconate in the alleviation of ALI. The chemical structure of itaconate and its derivative 4-octyl itaconate (A). 4-octyl 
itaconate activates antioxidant genes in the nucleus through the Nrf-2 protein. The Nrf-2 protein might reduce the production of mitochondrial ROS, as well as the release 
of inflammatory factors such as IL-1β, TNF-α, and IL-6 (B).
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bone marrow-derived macrophages (BMDMs) showed 
that endogenous itaconate targeted Keap-1 by modifying 
cysteine.9 Nrf-2 initiated the transcription of antioxidant 
genes, including HO-1, SOD, and GSH.33 The anti- 
oxidative effect of OI might be related to high Nrf-2 levels 
in the nucleus. A previous study has demonstrated using 
Chromatin Immunoprecipitation (ChIP) that Nrf-2 is 
directly bound to the promoter regions of IL-1β and IL- 
6.34 Nrf-2 reduced the production of mitochondrial ROS 
(mROS) to inhibit the hypoxia-inducible factor 1α (HIF- 
1α)/IL-1β signaling pathway by promoting the level of 
antioxidants.35 In our study, OI reduced the expression of 
the inflammatory cytokines (IL-β, IL-6, and TNF-α) that 
could aggravate ALI by increasing lung inflammation. 
A previous study suggested that OI may inhibit the activity 
of succinate dehydrogenase (SDH) and regulate the IκBζ– 
ATF3 inflammatory axis.36 The other downstream signal 
pathways of itaconate in ALI need further research.

There are some limitations to our study. Although we 
observed that the expression of IRG-1 was upregulated in 
LPS-induced lung injury, the expression and role of endo-
genous itaconate were unclear. Ren et al reported that endo-
genous IRG-1 was upregulated in viral pneumonia, and 
inhibiting the expression of IRG-1 could reduce the produc-
tion of ROS.37 The production of ROS induced by IRG-1 
could be related to the antiviral activity of IRG-1. Recent 
studies have reported that IRG-1/itaconate could resist mul-
tiple viral infections, such as SARS-CoV-2, Zika virus, and 
Herpes Simplex Virus-1 and-2, through Nrf-2 signaling.38 

The role of endogenous itaconic acid needs further research. 
Secondly, human ALI/ARDS is caused by multiple major 
and minor factors. LPS-induced lung injury models cannot 
accurately duplicate all the features of human ALI/ARDS, 
and the drug administration scheme may affect the rele-
vance of animal data to the outcomes of human studies.39

In conclusion, our work has shown that itaconate alle-
viates ALI/ARDS in mice by inhibiting oxidative stress 
and inflammation. Nrf-2 acts as a bridge in this process by 
regulating the expression of downstream antioxidant genes 
and inflammatory genes. Thus, OI may represent a novel 
method to treat ALI through the early intervention of 
macrophage-related oxidative stress and inflammatory 
response.

Conclusion
Our research demonstrated that OI could reduce oxidative 
stress and inhibit inflammation. OI may protect lung tissue 
through the activation of the antioxidant factor Nrf-2. OI 

has potential applications as a novel drug for the treatment 
of ALI.
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