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Dihydroartemisinin attenuates lipopolysaccharide-induced acute
lung injury in mice by suppressing NF-kB signaling
in an Nrf2-dependent manner
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Abstract. Acute lung injury (ALI) is a severe health issue
with significant morbidity and mortality. Artemisinin is
used for the treatment of fever and malaria in clinical
practice. Dihydroartemisinin (DHA), the major active
metabolite of artemisinin, plays a role in anti-organizational
fibrosis and anti-neuronal cell death. However, whether
DHA can attenuate ALI remains unclear. The current study
thus examined the effects of DHA on ALI and primary
macrophages. The results revealed that DHA attenuated
lipopolysaccharide (LPS)-induced pulmonary pathological
damage. DHA suppressed the LPS-induced infiltration
of inflammatory cells, the elevation of myeloperoxidase
activity, oxidative stress and the production of pro-inflam-
matory cytokines, including interleukin (IL)-1f, tumor
necrosis factor-o, and IL-6. Furthermore, DHA reduced
the LPS-induced inflammatory response by suppressing
the degradation of I-xB and the nuclear translocation of
nuclear factor k-light-chain-enhancer of activated B cells
(NF-kB)/p65 in vivo and in vitro. DHA activated the nuclear
factor-erythroid 2 related factor 2 (Nrf2) pathway, which
was suppressed by LPS treatment. The Nrf2 inhibitor,
ML385, diminished the protective effects of DHA against
LPS-induced inflammation in macrophages. On the whole,
the findings of this study demonstrate that DHA exerts
therapeutic effects against LPS-induced ALI by inhibiting
the Nrf2-mediated NF-kB activation in macrophages. The
present study also confirmed the therapeutic effects of
DHA in mice with LPS-induced ALI. Thus, these findings
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demonstrate that DHA exhibits anti-inflammatory activities
and may be a therapeutic candidate for the treatment of ALI.

Introduction

Acute lung injury (ALI) is a leading cause of acute respiratory
failure (1). ALI is characterized by extreme inflammation, the
release of pro-inflammatory cytokines, excessive neutrophil
infiltration and lung endothelial/epithelial cell injury, resulting
in edema and gas exchange deterioration (2). However,
the clinical mortality rate of the severe form of ALI, acute
respiratory distress syndrome (ARDS), remains >40.0% (1).
Therefore, more effective therapeutic strategies for ARDS are
urgently required.

Macrophages, the principal immune cells in the lungs,
produce inflammatory molecules and carry out vital func-
tions in the molecular mechanisms of ALI, such as boosting
neutrophil infiltration and triggering inflammatory reac-
tions (3). Neutrophils trigger the release of pro-inflammatory
cytokines, such as tumor necrosis factor (TNF)-a, interleukin
(IL)-1p and IL-6 (4). These pro-inflammatory cytokines
induce the production of oxidants, which are associated with
the activation of nuclear factor k-light-chain-enhancer of acti-
vated B cells (NF-kB), eventually contributing to ALI (5,6).
Accordingly, oxidative stress is increased in lipopolysaccha-
ride (LPS)-induced ALI (7). The transcription factor, nuclear
factor-erythroid 2 related factor 2 (Nrf2), plays a critical role in
protection against ALI by inducing the expression of antioxi-
dant and detoxifying enzymes and proteins (8). For example, it
has been reported that Nrf2 attenuates ALI and inflammation
by supressing Toll-like receptor (TLR)4 and Akt signaling (9).

Artemisinin is isolated from Artemisia annua, a Chinese
traditional medicinal herb. Artesunate is a water-soluble hemis-
uccinate derivative of artemisinin. Studies have reported that
artesunate inhibits ischemia-reperfusion-induced lung inflam-
mation and LPS-induced ALI (10,11). Dihydroartemisinin
(DHA), the major active metabolite of artemisinin or arte-
sunate, is an effective and widely distributed anti-malarial
drug with good absorption (12,13). DHA is more stable and
ten times more effective than artesunate (14). Recent studies
have demonstrated that DHA not only exerts an anti-malarial
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effect, but also exerts anticancer, anti-organizational fibrosis
and anti-neuronal cell death effects (15-17). However, whether
DHA can attenuate ALI and affect NF-«kB signaling activation
in macrophages remains unclear.

The present study thus hypothesized that DHA may
attenuate LPS-induced ALI and evaluated the effects of DHA
on LPS-treated macrophages to elucidate the mechanisms
through which DHA attenuates LPS-induced ALI.

Materials and methods

Ethics statement. The Ethics Committee of the Center for
Scientific Research with Animal Models at Central South
University (Changsha, China) approved the experiments,
which were performed in accordance with the guidelines of
the National Institutes of Health. Mice were anesthetized with
pentobarbital sodium (80 mg/kg, intraperitoneal injection),
and all necessary efforts were taken to minimize suffering
prior to the experiments.

Animal experiments. Male adult C57bl/6 mice were kept in
climate-controlled quarters with a 12-h light/dark cycle and
a relative humidity of 40-60%, and were provided with food
and water ad libitum at a temperature of 25°C. The mice
were housed for 1 week for environmental adaptation prior
to experimentation. The mice were randomly divided into
4 groups (weight, 20-25 g; age, 8 weeks; n=24 in each group)
as follows: i) The control group; ii) ALI group; iii) DHA
group; and iv) ALI + DHA group. The ALI model was
induced by the intratracheal injection of LPS (E. coli O111:B4;
5 mg/kg; Sigma-Aldrich; Merck KGaA) in 50 ul saline as
described in our previous studies (18,19). Mice in the control
group received saline. Mice in the DHA group received DHA
(75 mg/kg; Sigma-Aldrich; Merck KGaA) only. Mice in the
LPS + DHA group were treated with DHA (75 mg/kg) via
intragastric administration 1 h prior to LPS administration. A
total of 12 h following the LPS administration, the mice were
anesthetized by an intraperitoneal (i.p.) injection of sodium
pentobarbital (80 mg/kg) and blood was collected for further
analysis. Following the collection of lung tissue, the mice
were then sacrificed by an i.p. injection of 200 mg/kg sodium
pentobarbital.

Survival experiment. For survival analysis, another 80 mice
were randomly divided into 4 groups as follows: i) The control
group; ii) ALI group; iii) DHA group; and iv) ALI + DHA
group (n=20 in each group). The mice were treated with LPS
at a lethal dose (25 mg/kg, intratracheal) (20-23). Mice in the
DHA group received DHA (75 mg/kg; Sigma-Aldrich; Merck
KGaA) only. Mice in the LPS + DHA group were treated with
DHA (75 mg/kg) via intragastric administration 2 h following
the adminstration of LPS. The survival rate was monitored
every 6 h, as previously described (19).

Histological analysis. Lung tissue was excised and immersed
in 4% paraformaldehyde for 24 h at 4°C. Paraffin-embedded
lung tissue was sectioned at a thickness of 4 ym and was then
stained with haematoxylin and eosin (cat. no. G1120; Solarbio)
for 5 min at room temperature for pathological analysis.
According to a previous study, the severity of inflammation was
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graded between 0 and 4 as follows: 1, <25% lung involvement;
2,25-49% lung involvement; 3, 50-75% lung involvement; and
4, >75% lung involvement (24). Lung injury was scored by 3
pathologists blinded to the treatments.

Bronchoalveolar lavage fluid (BALF) acquisition and
analysis. BALF was collected by lavaging the lungs with 1 ml
PBS 3 times and was centrifuged at 800 x g for 5 min at 4°C.
Total cells, macrophages and neutrophils were counted with a
hemocytometer following Wright-Giemsa staining for 10 min
at room temperature. The cell-free supernatant of BALF
was harvested, and total protein content was determined
using a bicinchoninic acid protein assay kit (Thermo Fisher
Scientific, Inc.).

Lung wet-to-dry weight ratio. The lungs were excised from the
mice and blood was removed by blotting the tissue with filter
papers until dry. After weighing (wet weight), the lungs were
placed in an incubator at 60°C for 48 h and then weighed again
(dry weight). The wet-to-dry ratio of the lungs was calculated
to reflect edema.

Lactate dehydrogenase (LDH) activity assay. LDH activity
in BALF was determined with an LDH Cytotoxicity assay kit
(cat. no. A020; Nanjing Jiancheng Bioengineering Institute)
according to the manufacturer's protocol. The absorbance at
490 nm was measured using a microplate reader (Thermo
Fisher Scientific, Inc.).

Measurement of myeloperoxidase (MPO), malondialde-
hyde (MDA), superoxide dismutase (SOD) and glutathione
(GSH) levels. The MPO, MDA, SOD and GSH levels were
detected using the related kits (MPO: cat. no. A044; MDA:
cat. no. A003; SOD: cat. no. A0O01; GSH: cat. no. A005;
Nanjing Jiancheng Bioengineering Institute). All procedures
were performed according to the manufacturer's protocols.

Primary peritoneal macrophages. Male C57bl/6 mice
(8-week-old, n=20) were used to extract primary peritoneal
macrophages. At 3 days following the intraperitoneal injec-
tion of 3 ml 3% thioglycolate (Sigma-Aldrich; Merck KGaA),
the animals were euthanized by CO, inhalation (flow rate of
CO,, 20%) and peritoneal macrophages were harvested by
peritoneal lavage with cooled RPMI-1640 (Gibco; Thermo
Fisher Scientific, Inc.). Cells were collected by centrifugation
(room temperature, 1,200 g, 10 min) and resuspended with
culture medium. Cells were plated into 6- or 12-well plates
(1x106 cells/well) and the culture medium was discarded 2 h
later. After being allowed to rest overnight, the cells were
treated with DHA (20 M) for 1 h followed by treatment with
LPS (100 ng/ml) for a further 6 h at 37°C. To investigate the
effects of ML385 (an Nrf2 inhibitor; MedChemExpres) on
macrophages, primary macrophages were pre-treated with
ML385 (20 M) for 30 min, and the cells were then treated
with DHA (20 uM) for 1 h followed by treatment with LPS
(100 ng/ml) for a further 6 h.

Immunofluorescence. Primary peritoneal macrophages were
plated on polylysine-coated coverslips. Following fixing with
4% paraformaldehyde at 4°C and permeabilization with Triton
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X-100, macrophages were incubated overnight at 4°C with
anti-CD68 antibody (cat. no. ab125212; 1:50; Abcam) and
anti-F4/80 antibody (cat. no. ab6640; 1:50; Abcam). FITC
(cat. no. ab6717; 1:200; Abcam) and Cy3 (cat. no. ab6953;
1:200; Abcam)-conjugated secondary antibody were then
applied for 1 h at room temperature. Following nuclear staining
with DAPI (cat. no. C0065; Solarbio), the macrophages were
viewed under a fluorescence microscope (Thermo Fisher
Scientific, Inc.).

Cytokine measurements. The levels of TNF-a, IL-1f and IL-6
in mouse sera and the culture supernatants of primary peritoneal
macrophages were detected using enzyme-linked immunosor-
bent assay (ELISA) kits (TNF-a, cat. no. BMS607-3; IL-14,
cat. no. BMS6002; IL-6, cat. no. BMS603-2; Invitrogen;
Thermo Fisher Scientific, Inc.) according to the manufacturer's
instructions.

Total RNA extraction and reverse transcription-quantitative
polymerase chain reaction. Total RNA was extracted
from the lung tissue or macrophages using RNAiso reagent
(cat. no. 5301100; Takara Bio, Inc.). Total RNA (1 ug) was used
for the synthesis of cDNA using a PrimeScript RT Reagent kit
with gDNA FEraser (cat. no. RR047A; Takara Bio, Inc.). JPCRs
were run using SYBR-Green Real-time PCR Master mix
(Thermo Fisher Scientific, Inc.) on a Bio-Rad real-time PCR
system (CFX96 Touch™; Bio-Rad Laboratories, Inc.). The
amplification conditions were as follows: Pre-degeneration
at 95°C for 10 min, then 40 cycles of denaturing at 95°C for
15 sec, annealing at 60°C for 30 sec and extension at 72°C for
30 sec, and a final extension at 72°C for 5 min. Relative fold
expression levels were normalized to GAPDH and calculated
using the 22 method (25). The primer sequences were as
follows: TNF-a forward, ACAGCAAGGGACTAGCCA
GGAG and reverse, GGAGTGCCTCTTCTGCCAGT; IL-1p
forward, GGGCCTCAAAGGAAAGAATC and reverse, TAC
CAGTTGGGGAACTCTGC; IL-6 forward, CTGGGGATG
TCTGTAGCTCA and reverse, CTGTGAAGTCTCCTCTCC
GG; and B-actin forward, TCTTTGCAGCTCCTTCGTTG
and reverse, TCCTTCTGACCCATTCCCAC.

Western blot analysis. The lung tissues or cell samples
were lysed in RIPA buffer (cat. no. POO13K; Beyotime)
at 4°C for 30 min, and the total proteins were quantified
using a BCA kit (cat. no. PO010; Beyotime). Briefly, 30 ug
proteins were separated by 12% SDS-PAGE gels and trans-
ferred onto polyvinylidene difluoride membranes (EMD
Millipore). The membranes were blocked with 5% fat-free
milk for 2 h and then probed at 4°C overnight with the
following primary antibodies: Anti-phosphorylated(p)-I-xB
(1:1,000; cat. no. 2859; Cell Signaling Technology, Inc.),
anti-I-xB (1:1,000; cat. no. 4812; Cell Signaling Technology,
Inc.), anti-Nrf2 (1:1,000; cat. no. YT3189; ImmunoWay),
anti-heme oxygenase 1 (HO-1; 1:1,000; cat. no. 43966; Cell
Signaling Technology, Inc.), anti-p65 (1:1,000; cat. no. 10745;
Proteintech), anti-B-actin (1:1,000; cat. no. 4970; Cell Signaling
Technology, Inc.) and anti-p-p65 (1:1,000; cat. no. 3033; Cell
Signaling Technology, Inc). After washing with TBST 3 times,
the membranes were incubated with secondary antibodies
(1:7,500; cat. no. ab6721; Abcam) at room temperature for 1 h.
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Enhanced chemiluminescence (EMD Millipore) was used
to detect the protein content. Images were obtained using a
ChemiDoc XRS system (Bio-Rad Laboratories, Inc.).

Measurement of ROS production. The lung tissues were
homogenized and stained with 50 yuM of DCFH-DA
(cat. no. S0033; Beyotime) at 37°C in the dark for 30 min. DCF
fluorescence intensities were detected by a multi-detection
reader (Thermo Fisher Scientific, Inc.) at an excitation and
emission wavelength of 485 and 535 nm.

Statistical analysis. Data were analyzed using SPSS 19.0
software (SPSS, Inc.). All data are expressed as the
means =+ standard error of the mean. Means were compared
by two-way ANOVA followed by Tukey's post-hoc test to
assess significance. Survival analysis was carried out using the
Kaplan-Meier log-rank test. P<0.05 was considered to indicate
a statistically significant difference.

Results

DHA attenuates lung tissue injury in mice with LPS-induced
ALI. The lung tissues of the control mice were with intact
alveoli, while the lung tissues from the mice with ALI
exhibited obvious pulmonary edema, alveolar disarray and
inflammatory cell infiltration in the alveolar cavity. Following
treatment with DHA, the pathological changes induced by
LPS in the lungs were attenuated (Fig. 1A). DHA treatment
also significantly reduced the lung injury score and LDH
activity in the BALF of mice with ALI (Fig. 1B and C). LPS
significantly increased the lung wet-to-dry weight ratio and
the total protein content in BALF, and these were reduced by
DHA treatment (Fig. 1D and E), indicating that DHA attenu-
ated LPS-induced edema. In addition, it was identified that
DHA treatment significantly decreased the numbers of total
cells, macrophages and neutrophils in the BALF of mice
with LPS-induced ALI (Fig. 1F-H). It was also revealed that
DHA treatment significantly reduced MPO activity in the
lungs of mice with LPS-induced ALI (Fig. 1I). These results
indicate that DHA attenuates the lung injury induced by
LPS in mice.

DHA reduces the inflammatory response and oxidative
stress in the lungs of LPS-exposed mice. IL-13, TNF-a and
IL-6 are pro-inflammatory cytokines that are critical to the
development of ALI (26). The results of the present study
demonstrated that mice with ALI exhibited a significant
increase in the mRNA levels of IL-13, TNF-a and IL-6 in the
lungs following LPS administration; however, these effects
were significantly suppressed by DHA treatment (Fig. 2A-C).
Accordingly, DHA reduced the protein levels of IL-1p,
TNF-a and IL-6 in the serum of mice with LPS-induced
ALI (Fig. 2D-F). LPS induced a significant increase in ROS
generation and MDA content in the lungs, which was signifi-
cantly suppressed by DHA treatment (Fig. 2G and H). By
contrast, SOD activity and GSH content were decreased in
the ALI group and were partially restored by treatment with
DHA (Fig. 2I and J). These results indicate that DHA protects
against LPS-induced lung injury by reducing inflammation
and oxidative stress.
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Figure 1. DHA attenuates lung tissue injury in mice with LPS-induced ALI. Mice were treated with saline or DHA (75 mg/kg). After 1 h, mice were
administered with LPS (5 mg/kg, intratracheal) or saline for 12 h. (A) Lung histopathological changes were detected by hematoxylin and eosin staining (scale
bar, 100 gm) and (B) lung inflammation was scored (n=4-7). (C) LDH activity in BALF was determined to assess lung tissue damage (n=4-7). (D) Lung
wet-to-dry ratio and (E) total protein in BALF were measured to determine lung edema (n=6-9). The numbers of (F) total cells, (G) macrophages and
(H) neutrophils in BALF were determined (n=5-7). (I) MPO activity in lung tissue was determined (n=6-8). Data are expressed as the means + standard error
of the mean. "P<0.05, “P<0.01, “"P<0.001. DHA, dihydroartemisinin; LPS, lipopolysaccharide; ALI, acute lung injury; BALF, bronchoalveolar lavage fluid;
MPO, myeloperoxidase; LDH, lactate dehydrogenase.

DHA inhibits inflammatory cytokine release and oxidative ~ TNF-a and IL-6 mRNA expression levels in primary macro-
stress induced by LPS in primary macrophages. Treatment  phages and protein levels in the culture supernatant, which
with DHA (20 uM) suppressed the increase in the IL-1, were induced by LPS (100 ng/ml) (Fig. 3A-G). Furthermore,
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Figure 2. DHA reduces the inflammatory response and oxidative stress in the lungs of LPS-administered mice. Mice were treated with saline or DHA
(75 mg/kg). After 1 h, mice were treated with LPS (5 mg/kg, intratracheal) or saline for 12 h. (A) IL-1f, (B) TNF-o and (C) IL-6 mRNA levels in the lungs were
determined by RT-qPCR (n=6, 7). (D) IL-1p, (E) TNF-a, and (F) IL-6 protein levels in the serum were determined by ELISA (n=4-6). (G) ROS production,
(H) MDA content, (I) SOD activity and (J) GSH content in lung tissue were determined (n=6-8). Data are expressed as the means + standard error of the mean.
“P<0.05, “P<0.01, “"P<0.001. DHA, dihydroartemisinin; LPS, lipopolysaccharide; ROS, reactive oxygen species; MDA, malondialdehyde; SOD, superoxide
dismutase; GSH, glutathione; RT-qPCR, reverse transcription-quantitative polymerase chain reaction.

ROS generation and MDA levels were increased in the
macrophages treated with LPS, whereas these responses were
significantly suppressed by DHA (Fig. 3H and I). In addi-
tion, DHA treatment partially restored the decreased SOD
activity and GSH content in macrophages exposed to LPS
(Fig. 3] and K). Collectively, these findings suggest that DHA
reduces the LPS-induced inflammatory response and oxida-
tive stress in primary macrophages.

Inhibition of the NF-kB pathway by DHA is dependent on
Nrf2 in primary macrophages. DHA inhibited I-«B degrada-
tion and reduced the increase in p-p65 expression induced
by LPS in the lung tissue of mice and primary macrophages
(Fig. 4A-D). As shown in Fig. 4E and F, DHA activated Nrf2
and HO-1, which were suppressed by LPS in lung tissue and
macrophages. To determine the role of Nrf2 in the protective

effects of DHA, Nrf2 was blocked in primary macrophages
using the Nrf2 inhibitor, ML385. It was identified that the
inhibition of NF-kB/p65 translocation by DHA was markedly
diminished by ML385 treatment (Fig. 4G). Furthermore, the
LPS-induced increase in ROS production, and in the IL-1f3 and
TNF-a mRNA levels was not suppressed by DHA in primary
macrophages pre-treated with ML385 (Fig. 4H-J). These
results indicate that Nrf2 is vital for the protective effects of
DHA against LPS-induced ALI.

Therapeutic effect of DHA on LPS-induced ALI mice.
Clinically, pharmacotherapy does not commence until there
is an approved diagnosis of ALI. In this study, the therapeutic
effects of DHA on mice with ALI were subsequently examined.
It was identified that treatment with DHA 2 h post-exposure
to LPS significantly improved the survival rate of mice with
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Figure 3. DHA inhibits pro-inflammatory cytokine release and oxidative stress induced by LPS in primary macrophages. LPS (100 ng/ml)-treated primary
macrophages were treated with DHA (20 uM) for 6 h. (A) Representative images of immunofluorescence analyses performed on primary macrophages
using anti-CD68 (green) and anti-F4/80 (red) antibodies. The mRNA expression levels of (B) IL-1f, (C) TNF-a and (D) IL-6 in primary macrophages
were determined (n=4-6). (E) IL-1p, (F) TNF-a and (G) IL-6 protein levels in the culture supernatant of primary macrophages were determined (n=4-6).
(H) ROS production, (I) MDA content, (J) SOD activity and (K) GSH content in primary macrophages were determined (n=4-6). Data are expressed as the
means =+ standard error of the mean. “P<0.05, “P<0.01, "“P<0.001. DHA, dihydroartemisinin; LPS, lipopolysaccharide; ROS, reactive oxygen species; MDA,

malondialdehyde; SOD, superoxide dismutase; GSH, glutathione.

LPS-induced ALI (Fig. 5). This result suggests a therapeutic
effect of DHA against ALI in mice.

Discussion

Arteminsinin and its derivative, artesunate, have been
reported to exert protective effects against lung inflamma-
tion (10,11), which indicates the potential use of arteminsinin
and its derivative in therapy. As a more effective agent than
artesunate, DHA has been reported to exert anti-inflam-
matory and anti-fibrotic effects against bleomycin-induced

pulmonary fibrosis in rats (27). The present study first
reported that DHA attenuated lung tissue injury in a murine
model of LPS-induced ALI and suppressed macrophage
activation induced by LPS. Notably, it was identified that
treatment with DHA 2 h post-exposure to LPS significantly
improved the survival rate of LPS-exposed mice, indicating
a therapeutic effect of DHA against ALI. Mechanistically,
it was determined that the DHA-mediated suppression of
inflammatory injury was dependent on Nrf2. The present
findings suggest the use of DHA as a potential therapeutic
agent for patients with ALI in the future.
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Figure 4. Inhibition of the NF-xB pathway by DHA is dependent on Nrf2 in primary macrophages. Mice were treated with saline or DHA (75 mg/kg). After
1 h, mice were treated with LPS (5 mg/kg, intratracheal) or saline for 12 h. (A and B) p-I-xB and p-p65 protein levels in lung tissue were determined (n=4).
LPS (100 ng/ml)-treated primary macrophages were treated with DHA (20 #M) for 6 h. (C and D) p-I-xB and p-p65 protein levels in primary macrophages
were determined (n=3). (E) Nrf2 protein level in lung tissue was determined (n=4). (F) Nrf2 and HO-1 protein levels in primary macrophages were determined
(n=4-6). (G) Nuclear p65 protein level in primary macrophages following ML385 treatment was determined (n=5 or 6). (H) ROS production in primary macro-
phages after ML385 treatment was determined (n=5 or 6). The mRNA expression levels of (I) IL-1p and (J) TNF-a in primary macrophages after ML385
treatment were determined (n=4-6). Data are expressed as the means + standard error of the mean. "P<0.05, “"P<0.01, ““P<0.001. DHA, dihydroartemisinin;
LPS, lipopolysaccharide; ROS, reactive oxygen species; Nrf2, nuclear factor-erythroid 2 related factor 2; p-phosphorylated; HO-1, heme oxygenase 1.

Nrf2 plays a critical role in the regulation of oxida- in the cytoplasm. When cells are sensitized to ROS, Nrf2 is
tive stress, which is the key pathogenic mechanism of released from the complex and translocates to the nucleus,
ALI (28-30). Generally, Nrf2 exists as a complex with Keapl = promoting the expression of antioxidants, such as HO-1


https://www.spandidos-publications.com/10.3892/ijmm.2019.4387
https://www.spandidos-publications.com/10.3892/ijmm.2019.4387

2220

100 - it

ol
< 60+
S
S 40d =*- Control
a = =- DHA

20_ —I—AL] .

++~+ ALI+DHA | P=0.0205
0 ' )

0 12 24 36 48 60 72 84
Hours post-LPS administration

Figure 5. Therapeutic effects of DHA on ALI mice induced by LPS. DHA
(75 mg/kg) was administered to mice 2 h after the injection of LPS (25 mg/kg,
intratracheal) or saline. The mortality was monitored every 6 h (n=20 each
group). At 84 h following the injection of LPS, the control group and DHA
group were left with 20 mice. The LPS group had no mice left, while the
ALI + DHA group had 7 mice left. Control group vs. LPS group, P<0.0001.
ALI group vs. ALI + DHA group, P=0.0205<0.05. DHA, dihydroartemisinin;
ALI, acute lung injury; LPS, lipopolysaccharide.

and SOD (31). A deficiency in Nrf2 results in severe lung
injury induced by ischemia-reperfusion or LPS (9,32). The
present study also demonstrated that Nrf2 expression was
downregulated in the lungs of mice with ALI. Furthermore,
DHA increased the expression of downstream Nrf2, SOD
and HO-1, indicating the activation of Nrf2. Additionally,
inhibition of Nrf2 abolished the protective effects of DHA,
indicating a role of Nrf2 in the therapeutic effects of DHA.
The Nrf2/ARE signaling pathway also regulates the expres-
sion of anti-inflammatory genes and inhibits the progression
of inflammation (33). Nrf2 negatively regulates LPS-induced
NF-«B signaling activation (29). The present study demon-
strated that Nrf2 blockade markedly diminished the inhibition
of NF-«B/p65 translocation induced by DHA in macrophages,
which indicated that DHA inhibits the NF-xB pathway in a
Nrf2-dependent manner in macrophages.

The NF-«B pathway is a key target for the development
of anti-inflammatory agents (34). Numerous natural prod-
ucts have been screened for anti-inflammatory activities by
inhibiting NF-xB (35-37). Artemisinin significantly inhibits
NF-«kB activation by suppressing the phosphorylation and
degradation of I-xBa and p65 nuclear translocation (38).
Artesunate has been reported to suppress LPS-induced
TLR4 expression and NF-xB activation in lung tissue and
to upregulate Nrf2 and HO-1 expression in lung tissue
in vivo (11). However, whether DHA can affect the activation
of NF-xB and the underlying mechanisms in macrophages
remain unclear. The present study first reported that DHA
significantly mitigated NF-kB pathway activation in the
lungs of ALI mice and in primary macrophages exposed to
LPS. It has also been reported that DHA inhibits the NF-kB
pathway in rat chondrocytes (39) and tumor cell inva-
sion (40). While the exact mechanisms remain unclear, the
present study provides a novel mechanism through which
DHA inhibits the NF-xB pathway by activating Nrf2. This
indicates that DHA is a potential anti-inflammatory and
anti-oxidative agent.

HUANG et al: DHA ATTENUATES LPS-INDUCED ALI

Macrophages are the principal immune cells of inflamma-
tory molecules in pulmonary tissue and exert a vital function
in the molecular mechanisms of ALI, triggering inflammation
reactions and boosting the infiltration of neutrophils (3). There
is increasing evidence to suggest that macrophages, which
act as the first line of defense in the lungs, are key factors in
the pathogenesis of ALI (41). The depletion of macrophages
has been found to mitigate lung injury significantly at 4 h
following the administration LPS in mice by attenuating
neutrophilic alveolitis and reducing pro-inflammatory cyto-
kines (42). Under the LPS challenge, the pro-inflammatory
M1 alveolar macrophages are mainly derived from the bone
marrow. Those alveolar macrophages are the triggers of the
uncontrolled inflammatory response during ALI. However, it
is hard to harvest a sufficient amount of alveolar macrophages
from healthy mice to conduct an experiment. In this study, the
primary peritoneal macrophages were recruited to the peri-
toneal cavity by 3% thioglycolate. Thus, these macrophages
are also derived from bone marrow. Notably, the adoptive
transfer of peritoneal macrophages into the lungs results in the
expression of certain alveolar macrophage-specific genes (43).
In some studies, primary peritoneal macrophages are used to
investigate the role of macrophages in lungs (19,44-46). The
present study focused on the role of DHA in the LPS-challenged
inflammatory response in macrophages in vitro. It was found
that DHA inhibited inflammatory cytokine release and
oxidative stress induced by LPS in primary peritoneal macro-
phages. Collectively, we hypothesized that primary murine
peritoneal macrophages share, at least partly, the response to
LPS-challenge with alveolar macrophages.

The limitations of the present were the following: First,
only the protective effects of DHA against LPS-induced
ALI in mice were examined. To further clarify the effects of
DHA on ALI, the protective effects of DHA in other models
of ALI should also be investigated. Second, the mechanisms
underlying the suppression of ALI by DHA are not completely
clear. In addition to the NF-kB pathway, the effects of DHA
on the activation of the NLRP3 inflammasome should be
examined, which is a vital mechanism underlying the uncon-
trolled inflammation during ALI (47). Artesunate has been
identified to alleviate renal ischemia-reperfusion-induced
lung inflammation by attenuating the activation of NLRP3
inflammasome (10).

In conclusion, this study demonstrates that DHA exerts
protective and therapeutic effects against LPS-induced ALI by
inhibiting the NF-kB signaling pathway in a Nrf2-dependent
manner. The present findings provide further evidence that
DHA may be a valuable therapeutic candidate for use in the
treatment of ALL
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