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Background: Acute lung injury (ALl) is a serious inflammatory disease with clinical
manifestations of hypoxemia and respiratory failure. Presently, there is no effective
treatment of ALl Although emodin from Rheum palmatum L. exerts anti-ALl
properties, the underlying mechanisms have not been fully explored.

Purpose: This study aimed to investigate the therapeutic effect and mechanism of emodin
on LPS-induced ALI in mice.

Methods: RAW264.7 cells and zebrafish larvae were stimulated by LPS to establish
inflammatory models. The anti-inflammatory effect of emodin was assessed by ELISA, flow
cytometric analysis, and survival analysis. In vitro mechanisms were explored by using Western
blotting, luciferase assay, electrophoretic mobility shift assay (EMSA), and small interfering RNA
(siRNA) approach. The acute lung injury model in mice was established by the intratracheal
administration of LPS, and the underlying mechanisms were assessed by detecting changes in
histopathological and inflammatory markers and Western blotting in lung tissues.

Results: Emodin inhibited the inflammatory factor production and oxidative stress in
RAW264.7 cells, and prolonged the survival of zebrafish larvae after LPS stimulation.
Emodin suppressed the expression levels of phosphorylated JNK at Thr183/tyr182 and
phosphorylated Nur77 at Ser351 and c-Jun, and increased the expression level of Nur77 in
LPS-stimulated RAW264.7 cells, while these regulatory effects of emodin on Nur77/c-Jun
were counteracted by JNK activators. The overexpression of JNK dampened the emodin-

mediated increase in Nur77 luciferase activity and Nur77 expression. Moreover, the inhibitory
effect of emodin on c-Jun can be attenuated by Nur77 siRNA. Furthermore, emodin
alleviated LPS-induced ALl in mice through the regulation of the INK/Nur77/c-Jun pathway.
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Conclusions: Emodin protects against LPS-induced ALl through regulation on JNK/
Nur77/c-Jun signaling. Our results indicate the potential of emodin in the treatment of AL
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INTRODUCTION

ALl s a deadly inflammatory disease that is mainly characterized
by excessive neutrophil infiltration and pro-inflammatory
cytokines release, which further causes endothelial and
epithelial barrier disruption (Rubenfeld et al., 2005; Fanelli and
Ranieri, 2015). The existing therapeutic strategies for ALI are
respiratory support and anti-inflammatory therapies, including
the inhibition of the release of inflammatory cytokines and the
protection of the endothelial and epithelial barrier from excessive
inflammation-induced damage (Johnson and Matthay, 2010).
Despite the improvement in the diagnosis and treatment of
ALI in the past few years, the mortality of ALI remains high
(Lalu et al.,, 2014). Thus, it is urgent to explore novel therapy
strategies for ALL

Multiple signaling pathways are involved in inflammatory
responses, including MAPK, STAT3, and Nur77/c-Jun. The
MAPK pathway consists of a well-studied family of serine/
threonine protein kinases that transmit extracellular stimuli
into intracellular ROS by phosphorylation (Ha et al., 2018).
There are three subfamilies of MAPKs in mammals: ERK, p38,
and JNK. Among them, JNK is closely involved in inflammatory
responses (Mehan et al., 2011). It is reported that JNK inhibition
protected against the ALI animal models by ameliorating lung
histopathologic changes and lung edema, reducing inflammatory
cell infiltration, and inhibiting the secretion of pro-inflammatory
cytokines TNF-a and interleukin (IL-6) (Shen et al., 2017; Jin and
Jin, 2018).

Previous studies showed that LPS-induced JNK activation can
regulate Nur77 and then promote inflammation (Hongling Zhou
et al,, 2019). Nur77 (NR4A1), also known as the nerve growth
factor-induced gene B or TR3, is a member of the NR4A
subfamily that belongs to orphan nuclear receptors (To et al.,
2012). Nur77 is involved in a variety of cellular processes,
including proliferation, differentiation, apoptosis, metabolism,
and inflammation (Pearen and Muscat, 2010). Nur77 can be
induced as an early response gene by inflammatory stimuli,
including LPS, cytokines, or oxidized lipids in macrophages
(Pei et al., 2005; Maxwell and Muscat, 2006). The deficiency of
Nur77 induces macrophage differentiation toward the M1 pro-
inflammatory phenotype (Hanna et al., 2012). In an in vivo study,
the activation of Nur77 alleviated LPS-induced ALI due to the
inhibition of endothelin-1 (Jiang et al., 2016). However, the role
of Nur77 in ALI is unclear.

Traditional Chinese medicine Rheum palmatum L. (Rhubarb)
has been widely used for treating inflammatory diseases for
thousands of years in China. Previous research reported that
Rheum palmatum L. combined with routine comprehensive
treatment remarkedly decreased the mortality of patients with
acute respiratory distress syndrome by reducing the mechanical
ventilation time, ameliorating the arterial blood gas and the
cytokine levels (Yang et al, 2017). Emodin, a main effective
ingredient of Rhizoma palmatum L., has been reported to protect
against ALI animal models, which is associated with the
downregulation of the pre-B-cell colony-enhancing factor,
upregulation of aquaporin 1 and aquaporin 2, and inhibition
of NF-kB (Xiao et al., 2014; Xu et al.,, 2016; Cui et al., 2017).

Emodin Inhibits Inflammation

In this study, we first demonstrate that emodin possesses anti-
inflammatory activities in vivo and in vitro by inhibiting the JNK
pathway, and subsequently regulating Nur77/c-Jun signaling. These
findings indicate that emodin has the potential to be developed as a
novel drug to treat ALI and provide strong evidence for the crucial
role of the JNK/Nur77/c-Jun pathway in inflammation.

MATERIALS AND METHODS

Materials

Emodin was purchased from Aladdin (Shanghai, China).
Dexamethasone was obtained from Tianxin Pharmaceutical
(Guangzhou, China). The RPMI-1640 medium, Dulbecco-

modified Eagle medium, fetal bovine serum,
penicillin-streptomycin, BCA Protein Assay Kit, MTT,
LightShift™  Chemiluminescent ~EMSA  Kit, enhanced

chemiluminescence (ECL) kit, and the Opti-MEN medium were
obtained from Thermo Fisher Scientific (Waltham, USA).
SP600125 and anisomycin were pl}@rchased from Selleckchem
(Houston, USA). The Lipofectamine 2000 transfection reagent
was purchased from Invitrogen (Grand Island, USA). Antibodies
against p38, phosphor p38 (Thr180/Tyr182), JNK, p-JNK (Thr183/
Tyr185), ERK, phosphor ERK (Thr202/Tyr204), phosphor Nur77
(Ser351), c-Jun, and phosphor c-Jun (Ser73) were purchased from
Cell Signaling Technology (Danvers, USA). The antibody against
Nur77 was purchased from Abcam (Cambridge, UK). Anti-B-actin
was obtained from Boster (Wuhan, China). LPS and other reagents
were obtained from Sigma-Aldrich (St. Louis, USA). JNKI1
plasmid, mouse Mapk8 (NCBI Reference Sequence:
NM_001310453.1) with a vector of pcDNA3.1 (+), was
purchased from GenePharma (Shanghai, China).

Cell Culture

The murine macrophage cell line RAW264.7 and human renal
epithelial cell line HEK293T were obtained from American
Type Culture Collection (ATCC, Rockville, USA), and were
maintained at a humidified incubator containing 5% CO, (v/v)
at 37°C in RPMI-1640 or DMEM (Thermo Fisher Scientific,
Massachusetts, USA), respectively, supplemented with 10% (v/
v) fetal bovine serum (Thermo Fisher Scientific,
Massachusetts, USA) and 1.0% (v/v) penicillin-streptomycin
(Thermo Fisher Scientific, Massachusetts, USA).

Cell Viability Assay

The MTT assay was used to measure the cell viability as
previously described (Liu et al., 2016). Briefly, RAW264.7
cells were seeded in 96-well culture plates at a density of
6x10°> cells per well for 24 h and then treated with emodin
(0, 10, 20, 30, 40, or 50 uM) for 24 h. Then, 30 pL of 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazoliumbromide
(MTT) solution (5 mg/ml in PBS) was added to each well, and
cells were incubated for another 4 h. Next, the supernatant was
discarded, and 100 pL of DMSO was added to dissolve the
formazan crystal. The OD values were measured by using an
absorbance microplate reader (Thermo Fisher Scientific,
Massachusetts, USA) at a wavelength of 570 nm.
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Enzyme-Linked Immunosorbent Assay
RAW264.7 cells were seeded in 24-well plates at a density of

1 x 10° per well and cultured overnight. Then the cells were
pretreated with indicated concentrations of emodin (0, 30, 35,
or 40 pM) for 2 h before being stimulated with or without LPS
(100 ng/ml) for another 18 h. The concentrations of TNF-a,
IL-6 (Dakewei, Shang hai, China), MCP-1, and MIP-2 in the
supernatant were detected by using ELISA kits. The
absorbance was measured at 450nm by using an
absorbance microplate reader (Thermo Fisher Scientific,
Wastham, USA).

Flow Cytometric Analysis

RAW?264.7 cells were seeded in 24-well plates at a density of
1 x 10° per well and cultured overnight. Then the cells were
pretreated with indicated concentrations of emodin (0, 30, 35,
or 40 uM) for 2 h before being stimulated with or without LPS
(100 ng/ml) for another 18 h. DCFH-DA does not fluoresce
itself but can pass through the cell membrane freely. After
entering the cell, DCFH can be hydrolyzed by the esterase in
the cell to generate DCFH. Intracellular reactive oxygen
species can oxidize non-fluorescent DCFH to produce
fluorescent DCF. The treated RAW264.7 cells were raised
with 3.3 uM DCFH-DA (S0033, Beyotime) in a serum-free
medium for 20 min at 37°C and washed three times with PBS.
The level of ROS was estimated as the percent of DCF
fluorescence according to the negative control, which was
determined by flow cytometry (CytoFLEX, Beckman Coulter,
USA). To evaluate the level of intracellular ROS, each group
was compared with the negative group. According to the size
of FSC, the larger cells of FSC were set as the P1 region to
remove cell fragments. In the figure of fluorescence and FITC,
the boundary between positive and negative was delineated
according to the fluorescence intensity of the negative group.
The positive area was denoted as P2, and the ratio of P2 to P1
was the ROS level of each group.

Zebrafish Maintenance

The zebrafish line Tg (mpo:GFP) was provided by the Key
Laboratory of Zebrafish Modeling and Drug Screening for
Human Diseases Institute at Southern Medical University
(Guangzhou, China). Adult zebrafish were maintained in a
recirculating tank rack system with a 14 h light/10 h dark
cycle at 28°C in a certificated zebrafish facility (PENTAIR,
USA) (Junyi Zhou et al., 2019). The larvae were maintained
with a 14 h light/10 h dark cycle at 28.5°C in an incubator
(Zhicheng, Shanghai, China).

LPS-Induced Acute Inflammation in

Zebrafish Larvae

At 3days post-fertilization (dpf), the zebrafish larvae were
collected and anesthetized with 0.02% tricaine, and
subsequently microinjected with 2 nL of LPS (0.5 mg/ml) into
the yolk to induce an acute inflammatory response (Yang et al.,
2014). 1 h post-injection (hpi), the larvae were moved to a 6-well

Emodin Inhibits Inflammation

plate with emodin (0.05 uM) or dexamethasone (DEX, 5 pg/ml)
in egg water. The larvae that were yolk-microinjected with PBS
were used as the negative control. Next, the mortality of the
zebrafish was recorded within 72 hpi.

Western Blotting

After treatment, the cells were harvested and lysed with a lysis
buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 1% Triton X-100,
1mM EDTA, 1mM PMSF, 1mM Na;VO,, 1mM
dithiothreitol, and 1 mM phosphatase inhibitor) for 15 min
at 4°C, and then the lysates were centrifuged at 15,000 xg for
20 min at 4°C, and the supernatant was collected as total cell
lysates. For nuclear protein extraction, the cells were lysed with
the nucleoprotein extraction kit (Sangon, shanghai, China) as
described previously (Liu et al., 2016). Protein concentrations
were measured by the BCA Assay Kit (Thermo Fisher
Scientific, Massachusetts, USA). Proteins were separated by
10% SDS polyacrylamide gel electrophoresis (PAGE) and
transferred onto PVDF membranes (Bio-Rad, Hercules,
USA). After non-specific blocking with 5% skin milk (BD,
New Jersey, USA) dissolved in Tris-buffered saline containing
0.05% (v/v) Tween-20 (TBS-T) for 1h at room temperature
(RT), the membranes were incubated with primary antibodies
diluted in TBS-T containing 5% (v/v) BSA at 4°C overnight.
Subsequently, membranes were washed with TBS-T three
times and incubated with appropriate secondary antibodies
(1:1000) for 1 h at RT (Lu et al., 2018). Immunoreactive bands
were detected by an ECL kit by FluorChem" (ProteinSimple,
San Francisco, USA).

Small Interfering RNA Transient

Transfection

RAW?264.7 cells were cultured in 6-well plates at a density of 4 x
10° cells per well for 24 h and then transfected with a siRNA
duplexe murine Nur77 (120 nM) or negative siRNA (120 nM) by
Lipofectamine® 2000, according to the manufacturer’s
instruction. After that, the cells were treated with 40 puM
emodin for 2h before being stimulated with LPS (100 ng/ml)
for another 18 h. The transfection efficiency was detected by
fluorescein-labeled non-targeted siRNA.

Electrophoretic Mobility Shift Assay

The DNA-binding activity of c-Jun was assayed by EMSA
according to the manufacturer’s introduction. The c-Jun
sequence of biotin-labeled and wunlabeled double-stranded
oligonucleotide probe was 5'-GG GCT TGA TGA GTC AGC
CGG ACC-3’. Nuclear proteins (20 pg) were incubated with 6 pL
of DNA-binding reaction buffer (ThermoFisher Scientific,
Massachusetts, USA) in the presence of a c-Jun biotin-labeled
probe and (or) unlabeled double probe (Genepharma, shanghai,
China) for 20 min at RT. Then, the mixture was separated by
6.5% on-denaturing PAGE and then transferred onto a nylon
membrane (Merck, Darmstadt, Germany). Subsequently, the
membrane was exposed to a UVP Crosslinker (Analytic Jena,
Jena, Germany) at 12,000] cm™? twice for DNA-protein
crosslinking. The membrane was incubated with a blocking
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buffer for 15 min before being incubated with a blocking buffer
containing horseradish peroxidase-conjugated streptavidin (1:
300) for another 15 min. Having been washed with 1xwashing
buffer for 5 min, the DNA-protein complex on the membrane
was visualized by using an ECL kit by FluorChem”
(ProteinSimple, San Francisco, USA).

Plasmid Transfection and Luciferase Assay
HEK293.7T cells were co-transfected with Nur77 luciferase
reporter plasmid (Gene Pharma, Shanghai, China) and Renilla
luciferase reporter plasmid (GenePharma, Shanghai, China), in
the presence or absence of JNK expression plasmid for 16 h using
a Lipofectamine® 2000 reagent (Invitrogen, Carlsbad, USA). 16 h
after transfection, cells were treated with emodin (40 uM) for
another 8 h. After being lysed with 100 pL of 1 x passive lysis
buffer (Promega, Madison, USA) for 15 min, cells lysates (20 uL)
were subjected to a luciferase assay by using a dual-luciferase
reporter assay system (Promega, Madison, USA) according to the
manufacturer’s instruction. The luciferase activity —was
normalized for transfection efficiency by the corresponding
Renilla luciferase activity.

Mouse

5- to 6-week-old male BALB/c mice (18-22g) were obtained
from the Experimental Animals Center of Southern Medical
University (Guangzhou, China). The mice were housed in
climate-controlled quarters (22-26°C at 40-70% humidity) and
a 12 h light/12 h dark cycle with free food and water. All animal
care and experimental protocols were approved by the Ethical
Committee of Southern Medical University (No. L2018246). All
studies involving animals were in compliance with the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals.

Establishment of Acute Lung Injury Models

in BALB/c Mice

48 male BALB/c mice (18-22 g) were randomly allocated into 6
groups (n = 8 per group):

Control group: Mice were intragastrically administrated with
200 pL of saline once a day for 7 consecutive days. Then, they
were treated with 200 pL of saline intratracheally.

LPS group: Mice received an intratracheal administration of
3 mg/kg LPS once.

Emodin-20 group: Mice were intragastrically administrated
with 20 mg/kg emodin once a day for 7 consecutive days. On
the last day, mice were treated with 3 mg/kg LPS
intratracheally.

Emodin-40 group: Mice were intragastrically administrated
with 40 mg/kg emodin once a day for 7 consecutive days. On the
last day, mice were treated with 3 mg/kg LPS intratracheally.

SP600125 group: Mice were intraperitoneally injected with
30 mg/kg SP600125 once a day for 7 consecutive days. On the last
day, mice were treated with 3 mg/kg LPS intratracheally.

Anisomycin group: Mice were intraperitoneally injected with
15mg/kg anisomycin. 1h later, they were intragastrically
administrated with 40 mg/kg emodin once a day for 7

Emodin Inhibits Inflammation

consecutive days. On the last day, mice were treated with
3 mg/kg LPS intratracheally.

8h after the LPS challenge, the mice were sacrificed with
administration of 1.5% (v/v) sodium pentobarbital.
bronchoalveolar lavage fluid (BALF) samples, and lung tissues
were collected. BALF samples were used for the determination of
TNF-a and IL-6. The superior lobes of the left lung were collected
for the wet/dry ratio (W/D) analysis, while the right lobe of the
lung was fixed in 4% paraformaldehyde for a histological analysis.
The remaining lung tissues were homogenized and stored at
-80°C for protein analysis.

Lung Wet/Dry Weight Ratio Analysis

The fresh lung tissues were excised, blotted dry, and immediately
weighted to obtain the wet weight (W). These lung tissues were
dried at 60°C in a thermostatic drier (FUMA, Shanghai, China)
until the weight did not change and weighted again to obtain the
dry weight (D) (Liu et al., 2016). For the evaluation of the degree
of pulmonary edema, the W/D ratio was calculated by the
following formula: W/D x 100%.

BALF Preparation and Examination

After the sacrifice of mice, the trachea was separated and then
inserted in a plastic cannula. Subsequently, the BALF was
collected with two equals of 0.5 ml of cold PBS instilled up to
a total volume of 1.0 ml and centrifuged at 500 xg for 10 min at
4°C (Liu et al., 2016). The concentration of total protein in the
supernatant of the BALF was measured by a BCA Assay Kit.

Histological Analysis

The right lobes of lung tissues were isolated, rinsed with cold
saline, and fixed in 4% (w/v) paraformaldehyde overnight at RT.
After being dehydrated and embedded in paraffin, the lung tissues
were cut into 5 um thin sections and stained with hematoxylin
and eosin (H&E, Yuanye Biotech, Shanghai, China) (Liu et al,
2016). Tissue sections were observed by using an IX 53 light
microscope (Olympus, Tokyo, Japan).

Statistical Analysis

All data were expressed as mean + SEM. ANOVA was used to
assess differences between multiple groups by SPSS 20.0 (IBM,
Armonk, USA). Tukey’s test was used for multiple comparisons.
p < 0.05 was considered statistically significant.

RESULTS

Emodin Inhibits Inflammatory Response

and Oxidative Stress In Vitro and In Vivo

We first determined the cytotoxicity of emodin in murine
macrophage RAW264.7 cells and found that no toxic effects
were observed up to 40 uM (Supplementary Figure S1). The
chemical structure of emodin is shown in Figure 1A. We
therefore used emodin with the dosages of 30-40 uM for
further study. Then we determined whether emodin could
affect the inflammatory response and oxidative stress in LPS-
stimulated RAW264.7 cells. As shown in Figure 1B, after LPS
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FIGURE 1 | Emodin suppresses inflammatory response and oxidative stress in vitro and in vivo. (A) The chemical structure of emodin. (B) Emodin inhibits the
production of inflammatory factors TNF-q, IL-6, MCP-1, and MIP-2 in LPS-induced RAW264.7 cells. RAW264.7 cells were pretreated with emodin (30, 35, or 40 uM) for
2 hand then treated with LPS (100 ng/ml) for 18 h. The levels of TNF-a, IL-6, MCP-1, and MIP-2 in supernatant were measured by ELISA. (C) Emodin inhibits oxidative
stress in LPS-induced RAW264.7 cells. RAW264.7 cells were pretreated with emodin (30, 35, or 40 uM) for 2 h and then treated with LPS (100 ng/ml) for 18 h. The
cells were collected and the ROS production was determined by flow cytometric analysis. Data are presented as mean + SEM, n = 3. **p < 0.001 compared with the
control group, ##p < 0.001 compared with the LPS group. (D) Protective effects of emodin on zebrafish challenged by LPS. 3 dpf zebrafish larvae were yolk-
microinjected with LPS (0.5 mg/ml), and then treated with emodin (0.05 uM) or DEX (5 pg/ml). Survival of zebrafish larvae was assessed within 72 h. PBS-microinjected
zebrafish larvae were served as the negative control. Data are presented as mean = SEM. **p < 0.001 compared with the PBS group, ***p < 0.001 compared with the
LPS group.
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stimulation, the levels of inflammatory factors TNF-a, IL-6,
MCP-1, and MIP-2 in the culture medium significantly
increased, while emodin pretreatment dose-dependently
decreased the secretion of TNF-q, IL-6, MCP-1, and MIP-2.

In addition, a flow cytometric analysis was used to assay the
level of ROS. As shown in Figure 1C, the fluorescence intensity of
DCEF represents the level of intracellular ROS. LPS stimulation
significantly accelerated the ROS production compared with the
control group. Nevertheless, emodin repressed the secretion of
ROS in a dose-dependent manner.

We then determined whether emodin could protect against
LPS-induced death in zebrafish larvae. As shown in Figure 1D, all
zebrafish larvae challenged with LPS died within 72 h. However,
the survival rate of zebrafish larvae that were treated with emodin
remarkably increased, and a similar result was observed in DEX-
treated larvae.

Emodin Suppresses the Activation of JNK
Signaling in LPS-Stimulated RAW264.7

Macrophage Cells
MAPK signaling plays a crucial role in
inflammatory  molecules and

regulating
immune-related  pro-

inflammatory cytokines (Kaminska et al., 2009; Kyriakis
and Avruch, 2012). Therefore, we investigated whether
MAPK was involved in the anti-inflammatory effects of
emodin in RAW264.7 cells. As shown in Figure 2A, LPS
stimulation activated MAPK signaling by increasing the
expression levels of p-p38 (Thr180/Tyr182), p-JNK
(Thr183/Tyr185), and p-ERK (Thr202/Tyr204). Emodin
treatment dose-dependently suppressed LPS-induced JNK
phosphorylation, whereas it had no obvious effects on
p38 Thrl8U/Tyrls2 g ERy Thr202/Tyr204

We further investigated whether emodin reduced the
secretion of TNF-a and IL-6 due to JNK inhibition; a
specific JNK inhibitor, SP600125, was used to block or
abolish the expression of p-JNK, whereas anisomycin, a
selective  JNK activator, was used to upregulate the
expression level of p-JNK. Our results showed that
SP600125 and anisomycin did not influence the expression
of TNF-a and IL-6 in unstimulated RAW264.7 cells
(Supplementary Figure S2). However, SP600125 enhanced
the inhibitory effect of emodin on TNF-a and IL-6, whereas
this inhibitory effect could be counteracted by anisomycin in
LPS-stimulated RAW264.7 cells (Figures 2B,C). Taken
together, these results indicate that emodin inhibited TNF-a
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Nur77, p-c-Jun (Ser73), and c-Jun in total cell lysates were assessed using Western blotting.

FIGURE 3 | Emodin regulates the Nur77/c-Jun pathway in LPS-stimulated RAW264.7 cells by inhibiting the JNK pathway. (A) Emodin regulates the Nur77/c-Jun

pathway. RAW264.7 cells were pretreated with emodin (40 uM) for 2 h followed by exposure to LPS (100 ng/ml) for 18 h. The expression levels of p-Nur77 (Ser351),
Nur77, p-c-Jun (Ser73), and c-Jun were measured by Western blotting. (B) The functional verification of SP600125 and anisomycin. RAW264.7 cells were treated with
SP600125 (10 pM) for 22 h or anisomycin (18 nM) for 24 h. The expression levels of p-JNK (Thr183/Tyr185), JNK, p-Nur77 (Ser351), Nur77, p-c-Jun (Ser73), and

c-Junin total cell lysates were detected by Western blotting. (C) Anisomycin blocks the regulatory effects of emodin on the Nur77/c-Jun pathway. RAW264.7 cells were
pretreated with SP600125 (8 uM) for 2 h or anisomycin (18 nM) for 4 h, and then treated with emodin (40 uM) for 2 h, followed by exposure to LPS (100 ng/ml) for
another 18 h. The expression levels of p-Nur77 (Ser351), Nur77, p-c-Jun (Ser73), and c-Jun in total cell lysates were detected by Western blotting. (D) Emodin increases
the transcriptional activity of Nur77 via the JNK pathway. HEK293.7T cells were transfected with plasmid Nur77-luciferase (1.6 pg/ml) and pRL-TK (1.6 pg/ml) in the
presence or absence of JNK1 plasmid (3.2 pg/ml). After 24 h transfection, cells were treated with emodin for 8 h, and then luciferase assay was performed. Relative

#it#

luciferase activity was expressed as the ratio of firefly to Renilla luciferase. Data are presented as mean + SEM, n = 3. **p < 0.01 compared with the control group; "*"p <
0.001 compared with the emodin group. (E) Emodin increases the protein expression of Nur77 via the JNK pathway. HEK293.7T cells were transfected with JNK1
plasmid (3.2 pg/ml). After 24 h transfection, cells were treated with emodin for 8 h, and then the expression levels of p-JNK (Thr183/Tyr185), JNK, p-Nur77 (Ser351),
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and IL-6 expression by inhibiting JNK signaling in LPS-
stimulated RAW264.7 cells.

Emodin Regulates the Nur77/c-Jun
Pathway in LPS-Stimulated RAW264.7 Cells
by Inhibiting the JNK Pathway

Since the orphan nuclear receptor Nur77 was recognized as an
important regulator in inflammation, the suppression of c-Jun
was reported to inhibit inflammatory response in vitro and in
the LPS-induced ALI mice model (Lee et al., 2016; Liu et al.,
2017; Yang et al., 2018). Moreover, it has been shown that the
interaction of Nur77 and c-Jun inhibits the c-Jun promoter
activity, decreasing the expression of c-Jun involved in AP-1
transcriptional activity and endothelin-1 expression in human
umbilical vein endothelial cells (Qin et al., 2014). We further
explored the effect of emodin on Nur77 and c-Jun in LPS-
stimulated RAW264.7 cells. As shown in Figure 3A, on LPS
stimulation, Nur77 was phosphorylated at Ser351 and c-Jun
was phosphorylated at Ser73, and the expression levels of
Nur77 and c-Jun were also elevated. However, emodin dose-
dependently inhibited the phosphorylation of Nur77 and
c-Jun, upregulated the expression level of Nur77, and
downregulated the expression level of c-Jun.

To further elucidate the role of JNK in the anti-inflammatory
effects of emodin, JNK inhibitor SP600125 and activator
anisomycin were employed. First, we performed functional
verification on SP600125 and anisomycin (Figure 3B). Our
results showed that SP600125 (10 uM) could inhibit the
expression of p-JNK (Thrl83/Tyr185), and anisomycin
(18 nM) increased p-JNK expression in RAW264.7 cells.
Moreover, compared to the control group, SP600125 inhibited
the expression of p-Nur77 (Ser351), p-c-Jun (Ser73), and c-Jun,
and increased the expression of Nur77. Nevertheless, anisomycin
increased the protein expression of p-Nur77 (Ser351), p-c-Jun
(Ser73), and c-Jun, reducing the Nur77 expression. To better
explore the coordination effects of emodin and SP600125, we
chose a lower dose of SP600125 (8 uM) for follow-up research.
Similarly, as shown in Figure 3C, blockage of JNK by SP600125
enhanced the inhibitory effects of emodin on phosphor-c-Jun, the
expression levels of c-Jun, and the upregulatory effect of emodin
on Nur77 expression in LPS-stimulated RAW264.7 cells.
However, the activation of JNK by anisomycin counteracted
the regulatory effects of emodin on the Nur77/c-Jun signaling
pathway.

Moreover, in HEK293T cells, JNK overexpressed plasmid
was used to up-regulate the JNK expression (Supplementary
Figure S3), and the overexpression of JNK inhibited the Nur77
luciferase activity induced by emodin (Figure 3D). Similarly,
Western blotting results showed that JNK overexpressed
plasmid counteracted the inhibitory effects of emodin on
p-JNK (Thr183/Tyr185), p-c-Jun (Ser73), and p-Nur77
(Ser351), and the upregulatory effects of Nur77 (Figure 3E).
Taken together, these results demonstrate that the regulation
of emodin on Nur77 and c-Jun signaling is associated with JNK
inhibition.

Emodin Inhibits Inflammation

Emodin Suppresses LPS-Induced
Activation of c-Jun Through Regulation of
Nur77

It has been proven that Nur77 decreased c-Jun expression
because of inhibiting the AP-1 dependent c-Jun promoter
activity (Qin et al, 2014). To study whether Nur77 regulates
c-Jun activity in emodin-mediated anti-inflammatory activity,
Nur77 siRNA was applied to silence the expression of Nur77
(Supplementary Figure S$4), and then the expression of c-Jun was
assayed. It could be found that the inhibitory effect of emodin on
the total c-Jun expression was counteracted by Nur77 siRNA
(Figure 4A). In addition, EMSA results suggested that Nur77
siRNA counteracted the inhibitory effects of emodin on the
DNA-binding activity of c-Jun (Figure 4B). Taken together,
these results indicate that emodin suppresses the activation of
c-Jun via Nur77 signaling.

Emodin Protects Against LPS-Induced ALI
Mice Through Inhibition of the JNK
Signaling

Inflammatory response contributes to the progression of ALIL
Previous studies have shown that the inhibition of JNK signaling
could suppress inflammatory response in animal models, including
LPS-induced ALI mice (Ha et al., 2018; Fei et al., 2019). Therefore,
we verified whether emodin could alleviate ALI through the JNK
signaling pathway. As shown in Figure 5A, edema, hyperemia, and
inflammatory cell infiltration were reduced in the lung tissues in
emodin-treated ALI mice, compared with LPS-induced ALI mice. In
addition, emodin treatment decreased edematous and inflammatory
indexes, including the lung W/D ratio (Figure 5B), total protein
(Figure 5C), and the expression levels of pro-inflammatory
cytokines TNF-a (Figure 5D) and IL-6 (Figure 5E) in BALF.
Taken together, emodin at the dosage of 20 and 40 mg/kg
possesses remarkable anti-ALI effects. Similar effects were also
observed in SP600125-treated mice. However, the protective
effects of emodin were counteracted in the presence of
anisomycin (15 mg/kg). These data indicate that emodin
attenuates inflammation in ALI mice through the inhibition of
JNK signaling.

We further explored whether emodin regulates the activity of
Nur77 and c-Jun via the JNK signaling pathway in LPS-induced ALI
mice. As shown in Figure 6A, emodin treatment dose-dependently
increased the expression levels of Nur77, and decreased the levels of
phosphor-Nur77, phosphor-c-Jun, and c¢-Jun in LPS-induced ALI
mice. Similar results were also observed in the SP600125 group.
Notably, anisomycin could reduce the effects of emodin on the
Nur77/c-Jun signaling pathway, indicating that emodin regulates the
activity of the Nur77/c-Jun pathway through JNK inhibition in LPS-
induced ALI mice.

DISCUSSION

Dysregulated inflammatory response, diffuse alveolar damage,
proteinaceous edema, hyaline membranes, and even fibroplasia
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FIGURE 4 | Emodin suppresses LPS-induced activation of c-Jun through regulation of Nur77. (A) Emodin decreases the expression levels of p-c-Jun (Ser73) and
c-Jun through regulation of Nur77. RAW264.7 cells were transfected with Nur77 siRNA (120 nM) for 24 h, and then treated with emodin (40 uM) for 2 h, followed by
exposure to LPS (100 ng/ml) for another 18 h, p-c-Jun (Ser73), and c-Jun were detected by Western blotting. (B) Emodin inhibits the DNA-binding activity of c-Jun
through regulation of Nur77. The nuclear lysates were harvested and the DNA-binding activity were measured using EMSA.
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are the main pathophysiological characteristics of ALI (Matthay
et al., 2003; Elicker et al., 2016). Recent clinical strategies for ALI/
ARDS are limited to mechanical ventilation and supportive
treatments (Matthay et al, 2017). Therefore, a successful
treatment for ALI/ARDS is an urgent clinical challenge.
Emodin, an active component extracted from Rheum palmatum
L., has been shown to exert biological activities in inflammatory
and infectious diseases (Kim et al., 2008; Jia et al., 2014). In the last
few years, studies have shown that emodin could ameliorate the
lung histopathological changes in ALI models (Xiao et al., 2014; Xu
etal., 2016; Cui et al,, 2017). In this study, our results showed that
emodin exerted significant anti-inflammatory properties in vitro
and in vivo via the JNK/Nur77/c-Jun signaling pathway. In this
study, the difference in the dosage of emodin between a murine
macrophage cell line RAW264.7 and zebrafish models may be due
to the different species. To our knowledge, this is the first report of
emodin exerting the anti-ALI effects via the JNK/Nur77/c-Jun
signaling pathway.

A number of studies have proven that the MAPK signaling
pathway, including p38, JNK, and ERK, is activated in the LPS-
induced mice model of ALI (Yu et al.,, 2016; Hsieh et al.,, 2017).
Consistent with previous findings, our study showed that LPS
activated the MAPK signaling pathway by increasing the
phosphorylation of p38 at Thr180/Tyr182, JNK at Thr183/
Tyrl85, and ERK at Thr202/Tyr204 in RAW264.7 cells.
Interestingly, we found that emodin inhibited JNK
phosphorylation but had no effect on the expression of JNK, p38
phosphorylation, or ERK phosphorylation. However, previous
studies reported that emodin decreased the concanavalin
A-induced phosphorylation of p38 in RAW264.7 cells as well as
LPS-induced phosphorylation of ERK and p38 in mouse peritoneal
macrophages (Jia et al., 2014; Xue et al,, 2015). The controversial
results of emodin on the MAPK pathway might be due to the
different types of inflammation models. Moreover, we found that the

inhibitory effects of emodin on the production of TNF-a and IL-6
were exaggerated by JNK blockage, but can be counteracted by JNK
activation, which further indicated that the inhibition of the JNK
pathway contributed to emodin-mediated anti-inflammatory
activity.

Orphan nuclear receptor Nur77 plays an important role in
inflammation. Nur77 is upregulated in macrophages in response
to pro-inflammatory stimuli including LPS, TNF-a, prostaglandins,
and interferon gamma (Bonta et al,, 2006; Shao et al., 2010). Nur77
blocks macrophages toward an inflammatory phenotype through
the inhibition of inflammatory gene expression and the regulation of
chemokine (C-X3-C motif) receptor 1 (CX3CRI) expression
(Hamers et al,, 2016; Koenis et al., 2018). A study has proven
that 5-aminosalicylic acid inhibited monocrotaline-induced
inflammatory responses in pulmonary arterial hypertension rats
by increasing the Nur77 expression (Sun et al., 2017). Similarly, we
found that emodin upregulated Nur77 in LPS-stimulated
RAW264.7 macrophage cells and ALI mice. Further studies
showed that emodin increased the promoter activity of Nur77 in
LPS-stimulated RAW264.7 cells and inhibited LPS-induced
phosphorylation of Nur77 at the Ser351 site in vitro and in vivo.
However, a previous study reported that 1hour after LPS
stimulation, phosphorylation of Nur77 at the Th site increased in
RAW264.7 cells, but not the Ser site (Li et al., 2015). These different
phosphorylation sites activated by LPS might be due to the difference
of LPS stimulation time in RAW264.7 cells.

TNF-a induces Nur77 expression by activating JNK, which leads
to attenuating the death effect of TNF-a in cancer cells (Xu et al.,
2016). Moreover, studies have shown that phosphorylated Nur77
promoted cell apoptosis and inhibition of JNK suppressed the
phosphorylation of Nur77, resulting in alleviating early brain
injury after a subarachnoid hemorrhage (Dai et al, 2014). The
aforementioned studies indicated that Nur77 could regulate cell
survival via JNK signaling and therefore inhibit the inflammatory
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FIGURE 5 | Emodin inhibits LPS-induced acute lung injury (ALI) in mice via the JNK pathway. (A) SP600125 alleviates the protective effects of emodin on lung
histopathological changes in ALI mice. The lung tissues were stained with hematoxylin and eosin (H&E) (40 x). (B-E) Anisomycin counteracts the inhibitory effects of
emodin on inflammation and edema in ALI mice. At 8 h after stimulation by LPS, lung tissues were separated and then weighted to obtain the W/D ratio (B). BALF was
collected to detect the total protein concentration (C) using the BCA protein assay kit, and the levels of TNF-a (D) and IL-6 (E) in the supernatant were measured by
ELISA. Data are presented as mean + SEM, n = 8. ***p < 0.001 compared with the control group; *p < 0.05, #p < 0.01, #*#p < 0.001 compared with the LPS group; Tp <
0.05, Tp < 0.001 compared with the emodin-40 group.

response. In our study, we demonstrated that emodin exerted anti-
inflammatory effects that resulted from enhancing the promoter
activity and expression level of Nur77 as well as inhibiting the Nur77
phosphorylation via JNK signaling. Activated JNK can
phosphorylate the transcription factor c-Jun, which induces c-Jun
nuclear translocation and finally regulates the transcription of target
genes that are involved in inflammatory response (Ip and Davis,
1998; Rahman et al., 2002). We speculate that the decrease of c-Jun
leads to the reduction of the inflammatory factors TNF-a and IL-6
production. It was reported that polyphenol-rich peanut extract
reduced extracellular TNF-a protein by inhibiting c-Jun
transcription factor activity, suggesting an anti-inflammatory
effect (Catalan et al, 2012). Moreover, in vivo and in vitro
inhibition of c-Jun could reduce H5N1 influenza virus replication
and subsequent inflammatory reactions (Xie et al., 2014). Similarly,
our results showed that emodin downregulated the expression level
of ¢-Jun in LPS-treated RAW?264.7 cells and ALI models. In addition,
emodin also suppressed c-Jun phosphorylation at Ser73 in this study.

Studies have demonstrated that emodin decreased the expression of
c-Jun due to the reduction of adenosine 5'-monophosphate (AMP)-
activated protein  kinase-alpha and the inhibition of
COP9 signalosome-associated kinases, which contributed to the
anti-cancer effects of emodin (Fiillbeck et al, 2005; Tang et al,
2015). But the inhibitory effects of emodin on c-Jun expression in
inflammatory responses have not been reported so far. Furthermore,
activation of JNK counteracted the inhibitory effects of emodin on
¢-Jun, indicating that emodin repressed the activation of c-Jun via
JNK signaling in inflammatory responses. Taken together, previous
findings and our aforementioned data suggest that emodin inhibits
both Nur77 and c-Jun phosphorylation and increases Nur77
expression, suggesting that Nur77 and c-Jun may be JNK
downstream.

A previous study suggested that c-Jun combined with the
promoter of Nur77, resulting in an increase in Nur77 expression
which promotes the production of testosterone steroids (Lee et al.,
2009). Moreover, the combination of Nur77 and c-Jun inhibits the
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FIGURE 6 | (A) Emodin regulates the Nur77/c-Jun pathway through
inhibition of the JNK pathway in LPS-induced acute lung injury mice. The lung
tissues were harvested and homogenized. The expression levels of P-Nur77
(Ser351), Nur77, p-c-Jun (Ser73), and c-Jun in total lysates were
examined using Western blotting. (B) lllustration of protection provided by
emodin on LPS-induced inflammation.

expression of c-Jun, which results in a decrease of endothelin-1 in
vascular endothelial cells (Qin et al, 2014). The previously
mentioned studies suggested there was mutual regulation between
Nur77 and c-Jun. Our data also demonstrated that the blockage of
Nur77 abolished the inhibitory effects of emodin on c-Jun
expression in RAW264.7 cells. These results may be explained by
the increased Nur77 levels in the nucleus, which may increase the
chance of Nur77 binding to c-Jun, leading to a decreased c-Jun
expression. In addition, in this study, emodin also suppressed c-Jun
phosphorylation at Ser73. These findings and our results suggest that
emodin has multiple effects on c-Jun. Emodin may inhibit the
expression of c-Jun due to the binding of Nur77 to c-Jun; on the
other hand, it may inhibit c-Jun phosphorylation due to JNK
inhibition.

Recently, coronavirus disease 2019 (COVID-19), a

declared global pandemic caused by severe acute

Emodin Inhibits Inflammation

respiratory syndrome corona virus 2 (SARS-CoV-2), is
characterized by an excessive response
(Huang et al., 2020). Cytokine storms including pro-
inflammatory cytokines and chemokine response lead to
the deterioration and death of patients with COVID-19
(Ye et al,, 2020). A previous study showed that emodin
could inhibit the interaction of the SARS-CoV § protein
and angiotensin converting enzyme 2 (ACE2) (Ho et al,
2007). A recent study found that SARS-CoV-2 and SARS-
CoV had a 79.6% sequence identity and the same cell entry
receptor (ACE2) (Zhou et al., 2020). These studies indicate
that emodin may be a potential therapeutic agent to treat
COVID-19.

inflammatory

CONCLUSION

Our study shows that emodin effectively inhibits LPS-
induced inflammatory response in RAW264.7 macrophage
cells, zebrafish model, and ALI mice. Emodin suppresses LPS-
induced JNK activation, and subsequently regulates the
downstream mediators Nur77 and c-Jun, which results in
the reduction of inflammatory cytokines. Moreover, emodin
inhibits the activity of c-Jun through the upregulation of
Nur77 (Figure 6B). Therefore, the JNK/Nur77/c-Jun
pathway may be a potential target for developing therapies
for ALIL, and emodin may have the utility as an anti-
ALI agent.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by the Ethical
Committee of Southern Medical University (No. L2018246).

AUTHOR CONTRIBUTIONS

PX: Conceptualization, Methodology, Investigation, Data
curation, Formal analysis, Visualization, Writing-original draft,
Writing-review and editing. LY: Methodology, Investigation,
Data curation, Formal analysis. H-LZ: Methodology, Formal
analysis. H-HC: Writing-review and editing. Y-RZ:
Methodology, Investigation. Z-BL: Methodology, Investigation.
H-YY: Investigation. J]-MM: Investigation. Y-YC: Methodology.
CH: Investigation. CT: Investigation. J-SL: Conceptualization,
Project administration, Fund acquisition, Supervision, Writing-
review and editing. L-ZY: Project administration, Fund
acquisition, Supervision, Validation. All authors agree to be
accountable for all aspects of work, ensuring integrity and
accuracy.

Frontiers in Pharmacology | www.frontiersin.org

11

March 2022 | Volume 13 | Article 717271


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Xie et al.

FUNDING

This study was supported by the National Natural Science
Foundation of China (81730110, 81373539, and 81573671),
Guangdong Province Universities and Colleges Pear]l River
Scholar Funded Scheme (GDHVPS2018), the Program of Pearl
River Young Talents of Science and Technology in
Guangzhou, China (201710010026), and Guangdong

REFERENCES

Bonta, P. I, van Tiel, C. M., Vos, M., Pols, T. W., van Thienen, J. V., Ferreira, V.,
et al. (2006). Nuclear Receptors Nur77, Nurrl, and NOR-1 Expressed in
Atherosclerotic  Lesion Macrophages Reduce Lipid Loading and
Inflammatory Responses. Arterioscler Thromb. Vasc. Biol. 26, 2288-2294.
doi:10.1161/01.ATV.0000238346.84458.5d

Cataldn, U., Ferndndez-Castillejo, S., Anglés, N., Morell6, J. R., Yebras, M., and
Sola, R. (2012). Inhibition of the Transcription Factor C-Jun by the MAPK
Family, and Not the NF-Kb Pathway, Suggests that Peanut Extract Has Anti-
inflammatory Properties. Mol. Immunol. 52, 125-132. doi:10.1016/j.molimm.
2012.05.007

Cui, H,, Li, S., Xu, C,, Zhang, J., Sun, Z., and Chen, H. (2017). Emodin Alleviates
Severe Acute Pancreatitis-Associated Acute Lung Injury by Decreasing Pre-B-
cell colony-enhancing Factor Expression and Promoting Polymorphonuclear
Neutrophil Apoptosis. Mol. Med. Rep. 16, 5121-5128. doi:10.3892/mmr.2017.
7259

Dai, Y., Zhang, W., Zhou, X., and Shi, J. (2014). Inhibition of C-Jun N-Terminal
Kinase Ameliorates Early Brain Injury after Subarachnoid Hemorrhage
through Inhibition of a Nur77 Dependent Apoptosis Pathway. Neurochem.
Res. 39, 1603-1611. doi:10.1007/s11064-014-1355-6

Elicker, B. M., Jones, K. T, Naeger, D. M., and Frank, J. A. (2016). Imaging of Acute
Lung Injury. Radiol. Clin. North. Am. 54, 1119-1132. doi:10.1016/j.rc1.2016.
05.006

Fanelli, V., and Ranieri, V. M. (2015). Mechanisms and Clinical Consequences of
Acute Lung Injury. Ann. Am. Thorac. Soc. 12 (Suppl. 1), S3-S8. doi:10.1513/
AnnalsATS.201407-340MG

Fei, J., Fu, L., Hu, B., Chen, Y. H., Zhao, H., Xu, D. X,, et al. (2019). Obeticholic Acid
Alleviate Lipopolysaccharide-Induced Acute Lung Injury via its Anti-
inflammatory Effects in Mice. Int. Immunopharmacol 66, 177-184. doi:10.
1016/j.intimp.2018.11.005

Filllbeck, M., Huang, X., Dumdey, R., Frommel, C., Dubiel, W., and Preissner, R.
(2005). Novel Curcumin- and Emodin-Related Compounds Identified by In
Silico 2D/3D Conformer Screening Induce Apoptosis in Tumor Cells. BMC
Cancer 5, 97. doi:10.1186/1471-2407-5-97

Ha, M., Zhang, P., Li, L., and Liu, C. (2018). Triclosan Suppresses Testicular
Steroidogenesis via the miR-6321/JNK/Nur77 Cascade. Cell Physiol Biochem
50, 2029-2045. doi:10.1159/000495049

Hamers, A. A., Argmann, C., Moerland, P. D., Koenis, D. S., Marinkovi¢, G.,
Sokolovi¢, M., et al. (2016). Nur77-deficiency in Bone Marrow-Derived
Macrophages Modulates Inflammatory Responses, Extracellular Matrix
Homeostasis, Phagocytosis and Tolerance. BMC genomics 17, 162. doi:10.
1186/512864-016-2469-9

Hanna, R. N,, Shaked, L., Hubbeling, H. G, Punt, J. A,, Wu, R,, Herrley, E,, et al.
(2012). NR4Al (Nur77) Deletion Polarizes Macrophages toward an
Inflammatory Phenotype and Increases Atherosclerosis. Circ. Res. 110,
416-427. doi:10.1161/circresaha.111.253377

Ho, T. Y., Wu, S. L., Chen, J. C, Li, C. C., and Hsiang, C. Y. (2007). Emodin
Blocks the SARS Coronavirus Spike Protein and Angiotensin-Converting
Enzyme 2 Interaction. Antivir. Res 74,92-101. doi:10.1016/j.antiviral.2006.
04.014

Zhou, H., Cao, H,, Zheng, Y., Lu, Z,, Chen, Y., Liu, D., et al. (2019). Liang-Ge-San, a
Classic Traditional Chinese Medicine Formula, Attenuates Acute Inflammation
in Zebrafish and RAW 264.7 cells. J. Ethnopharmacol 249, 112427. doi:10.1016/
jjep.2019.112427

Emodin Inhibits Inflammation

National Science Funds for Distinguished Young Scholar
(2017A030306006).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2022.717271/
full#supplementary-material

Hsieh, Y. H., Deng, J. S., Pan, H. P., Liao, J. C.,, Huang, S. S., and Huang, G.J. (2017).
Sclareol Ameliorate Lipopolysaccharide-Induced Acute Lung Injury through
Inhibition of MAPK and Induction of HO-1 Signaling. Int. Immunopharmacol
44, 16-25. doi:10.1016/j.intimp.2016.12.026

Huang, C., Wang, Y., Li, X, Ren, L., Zhao, J., Hu, Y., et al. (2020). Clinical Features
of Patients Infected with 2019 Novel Coronavirus in Wuhan, China. Lancet 395,
497-506. doi:10.1016/s0140-6736(20)30183-5

Ip, Y. T, and Davis, R. J. (1998). Signal Transduction by the C-Jun N-Terminal
Kinase (JNK)--from Inflammation to Development. Curr. Opin. Cel Biol 10,
205-219. doi:10.1016/s0955-0674(98)80143-9

Jia, X., Iwanowycz, S., Wang, J., Saaoud, F., Yu, F., Wang, Y., et al. (2014). Emodin
Attenuates Systemic and Liver Inflammation in Hyperlipidemic Mice
Administrated with Lipopolysaccharides. Exp. Biol. Med. (Maywood) 239,
1025-1035. doi:10.1177/1535370214530247

Jiang, Y., Zeng, Y., Huang, X., Qin, Y., Luo, W., Xiang, S., et al. (2016). Nur77
Attenuates Endothelin-1 Expression via Downregulation of NF-Kb and P38
MAPK in A549 Cells and in an ARDS Rat Model. Am. J. Physiol. Lung Cel Mol
Physiol 311, L1023-135. doi:10.1152/ajplung.00043.2016

Jin, B., and Jin, H. (2018). Oxymatrine Attenuates Lipopolysaccharide-Induced
Acute Lung Injury by Activating the Epithelial Sodium Channel and
Suppressing the JNK Signaling Pathway. Exp. Anim. 67, 337-347. doi:10.
1538/expanim.17-0121

Johnson, E. R., and Matthay, M. A. (2010). Acute Lung Injury: Epidemiology,
Pathogenesis, and Treatment. J. Aerosol Med. Pulm. Drug Deliv. 23, 243-252.
doi:10.1089/jamp.2009.0775

Zhou, J., Gu, X, Fan, X,, Zhou, Y., Wang, H, Si, N,, et al. (2019). Anti-
inflammatory and Regulatory Effects of Huanglian Jiedu Decoction on Lipid
Homeostasis and the TLR4/MyD88 Signaling Pathway in LPS-Induced
Zebrafish. Front. Physiol. 10, 1241. doi:10.3389/fphys.2019.01241

Kaminska, B., Gozdz, A., Zawadzka, M., Ellert-Miklaszewska, A., and Lipko, M.
(2009). MAPK Signal Transduction Underlying Brain Inflammation and
Gliosis as Therapeutic Target. Anat. Rec. (Hoboken) 292, 1902-1913. doi:10.
1002/ar.21047

Kim, J. R, Oh, D. R,, Cha, M. H,, Pyo, B. S,, Rhee, J. H., Choy, H. E., et al. (2008).
Protective Effect of Polygoni Cuspidati Radix and Emodin on Vibrio Vulnificus
Cytotoxicity and Infection. J. Microbiol. 46, 737-743. doi:10.1007/s12275-008-
0232-x

Koenis, D. S., Medzikovic, L., van Loenen, P. B., van Weeghel, M., Huveneers, S.,
Vos, M., et al. (2018). Nuclear Receptor Nur77 Limits the Macrophage
Inflammatory Response through Transcriptional Reprogramming of
Mitochondrial Metabolism. Cell Rep 24, 2127. doi:10.1016/j.celrep.2018.07.065

Kyriakis, J. M., and Avruch, J. (2012). Mammalian MAPK Signal Transduction
Pathways Activated by Stress and Inflammation: a 10-year Update. Physiol. Rev.
92, 689-737. doi:10.1152/physrev.00028.2011

Lalu, M. M., Moher, D., Marshall, J., Fergusson, D., Mei, S. H., Macleod, M., et al.
(2014). Efficacy and Safety of Mesenchymal Stromal Cells in Preclinical Models
of Acute Lung Injury: a Systematic Review Protocol. Syst. Rev. 3, 48. doi:10.
1186/2046-4053-3-48

Lee, S. Y., Gong, E. Y., Hong, C. Y., Kim, K. H,, Han, J. S,, Ryu, J. C,, et al. (2009).
ROS Inhibit the Expression of Testicular Steroidogenic Enzyme Genes via the
Suppression of Nur77 Transactivation. Free Radic. Biol. Med. 47, 1591-1600.
doi:10.1016/j.freeradbiomed.2009.09.004

Lee, J. H,, Ko, H. J., Woo, E. R, Lee, S. K., Moon, B. S, Lee, C. W, et al. (2016).
Moracin M Inhibits Airway Inflammation by Interrupting the JNK/c-Jun and
NEF-Kb Pathways In Vitro and In Vivo. Eur. ]. Pharmacol. 783, 64-72. doi:10.
1016/j.ejphar.2016.04.055

Frontiers in Pharmacology | www.frontiersin.org

March 2022 | Volume 13 | Article 717271


https://www.frontiersin.org/articles/10.3389/fphar.2022.717271/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2022.717271/full#supplementary-material
https://doi.org/10.1161/01.ATV.0000238346.84458.5d
https://doi.org/10.1016/j.molimm.2012.05.007
https://doi.org/10.1016/j.molimm.2012.05.007
https://doi.org/10.3892/mmr.2017.7259
https://doi.org/10.3892/mmr.2017.7259
https://doi.org/10.1007/s11064-014-1355-6
https://doi.org/10.1016/j.rcl.2016.05.006
https://doi.org/10.1016/j.rcl.2016.05.006
https://doi.org/10.1513/AnnalsATS.201407-340MG
https://doi.org/10.1513/AnnalsATS.201407-340MG
https://doi.org/10.1016/j.intimp.2018.11.005
https://doi.org/10.1016/j.intimp.2018.11.005
https://doi.org/10.1186/1471-2407-5-97
https://doi.org/10.1159/000495049
https://doi.org/10.1186/s12864-016-2469-9
https://doi.org/10.1186/s12864-016-2469-9
https://doi.org/10.1161/circresaha.111.253377
https://doi.org/10.1016/j.antiviral.2006.04.014
https://doi.org/10.1016/j.antiviral.2006.04.014
https://doi.org/10.1016/j.jep.2019.112427
https://doi.org/10.1016/j.jep.2019.112427
https://doi.org/10.1016/j.intimp.2016.12.026
https://doi.org/10.1016/s0140-6736(20)30183-5
https://doi.org/10.1016/s0955-0674(98)80143-9
https://doi.org/10.1177/1535370214530247
https://doi.org/10.1152/ajplung.00043.2016
https://doi.org/10.1538/expanim.17-0121
https://doi.org/10.1538/expanim.17-0121
https://doi.org/10.1089/jamp.2009.0775
https://doi.org/10.3389/fphys.2019.01241
https://doi.org/10.1002/ar.21047
https://doi.org/10.1002/ar.21047
https://doi.org/10.1007/s12275-008-0232-x
https://doi.org/10.1007/s12275-008-0232-x
https://doi.org/10.1016/j.celrep.2018.07.065
https://doi.org/10.1152/physrev.00028.2011
https://doi.org/10.1186/2046-4053-3-48
https://doi.org/10.1186/2046-4053-3-48
https://doi.org/10.1016/j.freeradbiomed.2009.09.004
https://doi.org/10.1016/j.ejphar.2016.04.055
https://doi.org/10.1016/j.ejphar.2016.04.055
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Xie et al.

Li, L, Liu, Y., Chen, H. Z,, Li, F. W.,, Wu, J. F,, Zhang, H. K,, et al. (2015). Impeding
the Interaction between Nur77 and P38 Reduces LPS-Induced Inflammation.
Nat. Chem. Biol. 11, 339-346. doi:10.1038/nchembio.1788

Liu, J. S, Wei, X. D., Lu, Z. B,, Xie, P., Zhou, H. L., Chen, Y. Y., et al. (2016). Liang-
Ge-San, a Classic Traditional Chinese Medicine Formula, Protects against
Lipopolysaccharide-Induced Inflammation through Cholinergic ~Anti-
inflammatory Pathway. Oncotarget 7, 21222-21234. doi:10.18632/oncotarget.
8452

Liu, T.Y., Yang, X. Y., Zheng, L. T,, Wang, G. H., and Zhen, X. C. (2017). Activation
of Nur77 in Microglia Attenuates Proinflammatory Mediators Production and
Protects Dopaminergic Neurons from Inflammation-Induced Cell Death.
J. Neurochem. 140, 589-604. doi:10.1111/jnc.13907

Lu, Z, Xie, P, Zhang, D., Sun, P, Yang, H, Ye, J, et al. (2018). 3-
Dehydroandrographolide ~ Protects against Lipopolysaccharide-Induced
Inflammation through the Cholinergic Anti-inflammatory Pathway.
Biochem. Pharmacol. 158, 305-317. doi:10.1016/j.bcp.2018.10.034

Matthay, M. A., Zimmerman, G. A., Esmon, C., Bhattacharya, J., Coller, B.,
Doerschuk, C. M., et al. (2003). Future Research Directions in Acute Lung
Injury: Summary of a National Heart, Lung, and Blood Institute Working
Group. Am. J. Respir. Crit. Care Med. 167, 1027-1035. doi:10.1164/rccm.
200208-966WS

Matthay, M. A., McAuley, D. F., and Ware, L. B. (2017). Clinical Trials in Acute
Respiratory Distress Syndrome: Challenges and Opportunities. Lancet Respir.
Med. 5, 524-534. doi:10.1016/s2213-2600(17)30188-1

Maxwell, M. A., and Muscat, G. E. (2006). The NR4A Subgroup: Immediate Early
Response Genes with Pleiotropic Physiological Roles. Nucl. Recept Signal. 4,
€002. doi:10.1621/nrs.04002

Mehan, S., Meena, H., Sharma, D., and Sankhla, R. (2011). JNK: a Stress-Activated
Protein Kinase Therapeutic Strategies and Involvement in Alzheimer’s and
Various Neurodegenerative Abnormalities. J. Mol. Neurosci. 43, 376-390.
doi:10.1007/s12031-010-9454-6

Pearen, M. A., and Muscat, G. E. (2010). Minireview: Nuclear Hormone Receptor
4A Signaling: Implications for Metabolic Disease. Mol. Endocrinol. 24,
1891-1903. doi:10.1210/me.2010-0015

Pei, L., Castrillo, A., Chen, M., Hoffmann, A., and Tontonoz, P. (2005). Induction
of NR4A Orphan Nuclear Receptor Expression in Macrophages in Response to
Inflammatory Stimuli. J. Biol. Chem. 280, 29256-29262. doi:10.1074/jbc.
M502606200

Qin, Q., Chen, M., Yi, B,, You, X, Yang, P., and Sun, J. (2014). Orphan Nuclear
Receptor Nur77 Is a Novel Negative Regulator of Endothelin-1 Expression in
Vascular Endothelial Cells. J. Mol. Cel Cardiol 77, 20-28. doi:10.1016/j.yjmcc.
2014.09.027

Rahman, I, Gilmour, P. S., Jimenez, L. A., and MacNee, W. (2002). Oxidative Stress
and TNF-Alpha Induce Histone Acetylation and NF-kappaB/AP-1 Activation
in Alveolar Epithelial Cells: Potential Mechanism in Gene Transcription in
Lung Inflammation. Mol. Cel Biochem 234-235, 239-248. doi:10.1007/978-1-
4615-1087-1_28

Rubenfeld, G. D., Caldwell, E., Peabody, E., Weaver, J., Martin, D. P., Neff, M., et al.
(2005). Incidence and Outcomes of Acute Lung Injury. N. Engl. J. Med. 353,
1685-1693. doi:10.1056/NEJM0a050333

Shao, Q., Shen, L. H,, Hu, L. H.,, Pu, J., Qi, M. Y., Li, W. Q,, et al. (2010). Nuclear
Receptor Nur77 Suppresses Inflammatory Response Dependent on COX-2 in
Macrophages Induced by oxLDL. J. Mol. Cel Cardiol 49, 304-311. doi:10.1016/j.
yjmcc.2010.03.023

Shen, H., Wu, N., Wang, Y., Han, X, Zheng, Q., Cai, X., et al. (2017). JNK Inhibitor
SP600125 Attenuates Paraquat-Induced Acute Lung Injury: an In Vivo and In
Vitro Study. Inflammation 40, 1319-1330. doi:10.1007/s10753-017-0575-8

Sun, L. Y, Cai, Z. Y, Pu, J., Li, J., Shen, J. Y., Yang, C. D,, et al. (2017). 5-
Aminosalicylic Acid Attenuates Monocrotaline-Induced Pulmonary Arterial
Hypertension in Rats by Increasing the Expression of Nur77. Inflammation 40,
806-817. doi:10.1007/s10753-017-0525-5

Tang, Q., Zhao, S., Wu, J., Zheng, F., Yang, L., Hu, ], et al. (2015). Inhibition of
Integrin-Linked Kinase Expression by Emodin through Crosstalk of AMPKa

Emodin Inhibits Inflammation

and ERK1/2 Signaling and Reciprocal Interplay of Spl and C-Jun. Cell Signal
27, 1469-1477. doi:10.1016/j.cellsig.2015.04.005

To,S.K., Zeng, J. Z.,and Wong, A. S. (2012). Nur77: a Potential Therapeutic Target
in Cancer. Expert Opin. Ther. Targets 16, 573-585. d0i:10.1517/14728222.2012.
680958

Xiao, M., Zhu, T., Zhang, W., Wang, T., Shen, Y. C, Wan, Q. F,, et al. (2014).
Emodin Ameliorates LPS-Induced Acute Lung Injury, Involving the
Inactivation of NF-Kb in Mice. Int. J. Mol. Sci. 15, 19355-19368. doi:10.
3390/ijms151119355

Xie, J., Zhang, S., Hu, Y., Li, D., Cui, J., Xue, J., et al. (2014). Regulatory Roles of
C-Jun in H5N1 Influenza Virus Replication and Host Inflammation. Biochim.
Biophys. Acta 1842, 2479-2488. doi:10.1016/j.bbadis.2014.04.017

Xu, J., Huang, B., Wang, Y., Tong, C., Xie, P., Fan, R, et al. (2016). Emodin
Ameliorates Acute Lung Injury Induced by Severe Acute Pancreatitis
through the Up-Regulated Expressions of AQP1 and AQP5 in Lung.
Clin. Exp. Pharmacol. Physiol. 43, 1071-1079. doi:10.1111/1440-1681.
12627

Xue, J., Chen, F., Wang, J., Wu, S., Zheng, M., Zhu, H., et al. (2015). Emodin
Protects against Concanavalin A-Induced Hepatitis in Mice through Inhibiting
Activation of the P38 MAPK-NF-Kb Signaling Pathway. Cel Physiol Biochem
35, 1557-1570. doi:10.1159/000373971

Yang, L. L., Wang, G. Q., Yang, L. M., Huang, Z. B., Zhang, W. Q,, and Yu, L. Z.
(2014). Molecule  Lipopolysaccharide-Induced ~ Zebrafish
Inflammation Model: a Novel Screening Method for Anti-inflammatory
Drugs. Molecules 19, 2390-2409. doi:10.3390/molecules19022390

Yang, T. Z., Liu, Y., Liu, Y. Y., Ding, X. F., Chen, J. X., Kou, M. ], et al. (2017).
The Use of Rheum Palmatum L. In the Treatment of Acute Respiratory
Distress Syndrome: A Meta-Analysis of Randomized, Controlled Trials.
Afr. ]. Tradit Complement. Altern. Med. 14, 334-347. doi:10.21010/ajtcam.
v14i2.35

Yang, J., Huang, M., Zhou, L., He, X,, Jiang, X., Zhang, Y., et al. (2018). Cereblon
Suppresses the Lipopolysaccharide-Induced Inflammatory Response by
Promoting the Ubiquitination and Degradation of C-Jun. J. Biol. Chem. 293,
10141-10157. doi:10.1074/jbc.RA118.002246

Ye, Q., Wang, B., and Mao, J. (2020). The Pathogenesis and Treatment of the
*Cytokine Storm’ in COVID-19. J. Infect. 80, 607-613. doi:10.1016/j.jinf.2020.
03.037

Yu, X, Yu, S, Chen, L, Liu, H., Zhang, J., Ge, H. et al. (2016).
Tetrahydroberberrubine Attenuates Lipopolysaccharide-Induced Acute
Lung Injury by Down-Regulating MAPK, AKT, and NF-Kb Signaling
Pathways. Biomed. Pharmacother. 82, 489-497. doi:10.1016/j.biopha.
2016.05.025

Zhou, P, Yang, X. L., Wang, X. G,, Hu, B., Zhang, L., Zhang, W., et al. (2020). A
Pneumonia Outbreak Associated with a New Coronavirus of Probable Bat
Origin. Nature 579, 270-273. doi:10.1038/s41586-020-2012-7

Endotoxin

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Xie, Yan, Zhou, Cao, Zheng, Lu, Yang, Ma, Chen, Huo, Tian, Liu
and Yu. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org

March 2022 | Volume 13 | Article 717271


https://doi.org/10.1038/nchembio.1788
https://doi.org/10.18632/oncotarget.8452
https://doi.org/10.18632/oncotarget.8452
https://doi.org/10.1111/jnc.13907
https://doi.org/10.1016/j.bcp.2018.10.034
https://doi.org/10.1164/rccm.200208-966WS
https://doi.org/10.1164/rccm.200208-966WS
https://doi.org/10.1016/s2213-2600(17)30188-1
https://doi.org/10.1621/nrs.04002
https://doi.org/10.1007/s12031-010-9454-6
https://doi.org/10.1210/me.2010-0015
https://doi.org/10.1074/jbc.M502606200
https://doi.org/10.1074/jbc.M502606200
https://doi.org/10.1016/j.yjmcc.2014.09.027
https://doi.org/10.1016/j.yjmcc.2014.09.027
https://doi.org/10.1007/978-1-4615-1087-1_28
https://doi.org/10.1007/978-1-4615-1087-1_28
https://doi.org/10.1056/NEJMoa050333
https://doi.org/10.1016/j.yjmcc.2010.03.023
https://doi.org/10.1016/j.yjmcc.2010.03.023
https://doi.org/10.1007/s10753-017-0575-8
https://doi.org/10.1007/s10753-017-0525-5
https://doi.org/10.1016/j.cellsig.2015.04.005
https://doi.org/10.1517/14728222.2012.680958
https://doi.org/10.1517/14728222.2012.680958
https://doi.org/10.3390/ijms151119355
https://doi.org/10.3390/ijms151119355
https://doi.org/10.1016/j.bbadis.2014.04.017
https://doi.org/10.1111/1440-1681.12627
https://doi.org/10.1111/1440-1681.12627
https://doi.org/10.1159/000373971
https://doi.org/10.3390/molecules19022390
https://doi.org/10.21010/ajtcam.v14i2.35
https://doi.org/10.21010/ajtcam.v14i2.35
https://doi.org/10.1074/jbc.RA118.002246
https://doi.org/10.1016/j.jinf.2020.03.037
https://doi.org/10.1016/j.jinf.2020.03.037
https://doi.org/10.1016/j.biopha.2016.05.025
https://doi.org/10.1016/j.biopha.2016.05.025
https://doi.org/10.1038/s41586-020-2012-7
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Emodin Protects Against Lipopolysaccharide-Induced Acute Lung Injury via the JNK/Nur77/c-Jun Signaling Pathway
	Introduction
	Materials and Methods
	Materials
	Cell Culture
	Cell Viability Assay
	Enzyme-Linked Immunosorbent Assay
	Flow Cytometric Analysis
	Zebrafish Maintenance
	LPS-Induced Acute Inflammation in Zebrafish Larvae
	Western Blotting
	Small Interfering RNA Transient Transfection
	Electrophoretic Mobility Shift Assay
	Plasmid Transfection and Luciferase Assay
	Mouse
	Establishment of Acute Lung Injury Models in BALB/c Mice
	Lung Wet/Dry Weight Ratio Analysis
	BALF Preparation and Examination
	Histological Analysis
	Statistical Analysis

	Results
	Emodin Inhibits Inflammatory Response and Oxidative Stress In Vitro and In Vivo
	Emodin Suppresses the Activation of JNK Signaling in LPS-Stimulated RAW264.7 Macrophage Cells
	Emodin Regulates the Nur77/c-Jun Pathway in LPS-Stimulated RAW264.7 Cells by Inhibiting the JNK Pathway
	Emodin Suppresses LPS-Induced Activation of c-Jun Through Regulation of Nur77
	Emodin Protects Against LPS-Induced ALI Mice Through Inhibition of the JNK Signaling

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


