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1456467176 alleviates gouty
arthritis by allosterically
modulating P2X7R to inhibit
NLRP3 inflammasome activation

Xiaoling Li, Yiming Liu, Chengyu Luo and Jinhui Tao*

Department of Rheumatology and Immunology, The First Affiliated Hospital of USTC, Division of Life
Sciences and Medicine, University of Science and Technology of China, Hefei, China

NLRP3 inflammasome activation is a central process in initiating gout flares. The
unique conformational rearrangement of the P2X7 receptor (P2X7R) upon ATP
binding is critical for the activation of the NLRP3 inflammasome. However,
studies on allosteric modulation of P2X7R in gout treatment are limited. Here,
we aimed to investigate the therapeutic implications of targeting P2X7R in gout
by designing a P2X7R allosteric inhibitor and validating the inhibitory function on
NLRP3 inflammasome activation. Through virtual screening, we identified
71456467176  (N-{3-[(2-aminoethyl) sulfamoyl] phenyl}-2-methyl-3-[3-
(trifluoromethyl) phenyl] propanamide hydrochloride) bound to the drug-
binding pocket as a potential antagonist of P2X7R. In functional assays, ATP-
or BzATP-induced P2X7R function was assessed in vitro in HEK-293T cells
overexpressing hP2X7R (dye uptake assay) and macrophages (IL-1p release
assay). Z1456467176 exhibited a stable and significant P2X7R inhibitory effect.
Importantly, in MSU crystal-induced gout, the presence and involvement of ATP
were confirmed. 21456467176 blocked ATP-induced activation of the NLRP3-
caspase-1-1L-1p pathway and exerted promising effects in reducing gouty joint
inflammation in rats. In addition, molecular docking and molecular dynamics
simulation studies showed that the P27XR protein conformation was
remodeled by 71456467176 binding. Collectively, our results provide a
potent P2X7R allosteric inhibitor that facilitates the remission of MSU crystal-
induced gout inflammation by inhibiting NLRP3 inflammasome activation,
suggesting that allosteric inhibition of P2X7R represents a new direction in
gout treatment.

KEYWORDS

gout, P2X7 receptor, allosteric regulation, nod-like receptor protein 3, interleukin-
lbeta

Introduction

Gout is a common cyclical, recurrent and transient “autoinflammatory” disease in
adults, characterized by rapidly developing monoarticular synovitis of peripheral
joints, manifesting as joint redness, swelling, pain, and restricted movement (Dalbeth
et al,, 2019). For the occurrence of gout flares, monosodium urate (MSU) crystal-
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induced nod-like receptor protein 3 (NLRP3) inflammasome
activation is the central link in initiating the inflammatory
response (Martinon et al., 2006). However, this is not sufficient
to explain the absence of gout flares in individuals with MSU
crystal deposition (Carr et al., 2016; Petsch et al., 2016; Zhu
et al., 2017). In addition to MSU crystals, it has been shown
that metabolic substances in the body, including adenosine
triphosphate (ATP), cholesterol, and glucose, contribute to the
activation of the NLRP3 inflammasome (Di Virgilio et al.,
2017; Hughes and O’Neill, 2018).

Purinergic receptor P2X7 (P2X7R) is an ATP-gated ion
channel receptor that regulates NLRP3 inflammasome
activation by inducing intracellular and extracellular ion flux
(Murakami et al., 2012; Gong et al, 2018). The association
between human P2X7R (hP2X7R) gene polymorphisms and
gout susceptibility was confirmed in our previous study (Tao
etal,, 2017). In addition, colchicine, a traditional gout therapeutic
agent, has been reported to exert anti-inflammatory effects by
inhibiting P2X7R activation-induced pore formation (Marques-
da-Silva et al, 2011), suggesting that P2X7R would be an
attractive therapeutic target for gout. The P2X7R protein is a
trimeric complex with each P2X7 subunit consisting of an
extracellular ligand-binding region, two transmembrane
structural domains (TM), and intracellular N and C termini
(Karasawa and Kawate, 2016). As an allosteric protein, a
comparison of the structures in the closed and open states of
P2X7R shows that the upper body domain remains relatively
quiescent (Jiang et al., 2013). However, ATP binding brings about
a narrowing of the turrets and a widening of the lower body
domain (Karasawa and Kawate, 2016), and P2X7R antagonist
binding precludes these constrictions, efficiently blocking
receptor activation (Jiang et al., 2013). This conformational
rearrangement is required for P2X7R channel opening
(Karasawa and Kawate, 2016; McCarthy et al., 2019), which is
essential for NLRP3 inflaimmasome activation. Therefore,
allosteric modulation of P2X7R may be an effective strategy to
block NLRP3 inflammasome activation for the treatment of gout.

Although the involvement of ATP-P2X7R in the
pathogenesis of gout is gradually being recognized, the
evaluation of P2X7R for the treatment of gout is still limited.
In the present study, we demonstrated that allosteric regulation
of P2X7R to inhibit the NLRP3 inflammasome effectively
alleviates gout inflammation, providing theoretical and data
support for P2X7R as a therapeutic target for gout.

Materials and methods

71456467176

Docking studies were performed using the Glide module of
Schrodinger software to initiate virtual screening of P2X7R
antagonists in a commercial compound library (TSBiochem,
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China). The crystal of PDB number 5ulx was identified as the
docking model. A small-molecule 71456467176 (N-{3-[(2-
phenyl}-2-methyl-3-[3-
(trifluoromethyl) phenyl] propanamide hydrochloride) was

aminoethyl) sulfamoyl]
obtained that binds to the drug antagonist pocket. The purity
of the compound was verified by mass spectrometry to be over
90% (Supplementary Data).

Dye uptake assay

HEK-293T cells were maintained in DMEM (Thermo
11965118) supplemented with 10% fetal bovine serum (FBS,
HyClone SV30087.03) and incubated at 37°C under a 5% CO,
atmosphere for 24h (2 x 10°cells/ml). Transfection was
performed with a lentivirus overexpressing hP2X7R (Hanheng
Biotechnology Co (China)) or empty lentivirus in the presence of
polybrene. On the following day, Z1456467176 (10 uM) or
equivalent amounts of DMSO were incubated with HEK-293T
cells overexpressing hP2X7R for 30 min. Cells were suspended in
0.5 ml of HEPES buffered medium followed by the addition of
25 uM ethidium bromide (EB, Sigma 1,239-45-8) and 1 mM ATP
(Sigma A6559). Cells were collected using a CytoFLEX flow
cytometer, counting 1,000 cells each time. The average
fluorescence intensity of each sample was read using
CytExpert. The ICs, value of Z1456467176 (concentrations
ranging from 1nM to 100uM) was obtained from
concentration-response curves for the EB uptake assay
(Supplementary Figure S1).

Cell culture and stimulation

THP-1 cells (2 x 10°cells/ml) were cultured in RPMI
1640 medium (HyClone AG29775810) containing 10% FBS
and stimulated overnight with 100 ng/ml phorbol 12-myristate
13-acetate (PMA, Sigma P1585) to obtain THP-1-derived
macrophages. Bone marrow cells were isolated and collected
from bilateral femurs and tibiae of 6-week-old C57BL/6]J mice.
Mouse bone marrow-derived macrophages (BMDMs) were
obtained by culturing for 1 week in DMEM (2 x 10° cells/ml)
supplemented with 10% FBS, 20% 1929 cell supernatant, and
penicillin/streptomycin. Peripheral blood mononuclear cells
(PBMCs) from stable gout patients were isolated with
lymphocyte isolate and erythrocyte lysate (Haoyang LTS1077,
NH4CL 2009) and inoculated in RPMI 1640 medium (2 x
10° cells/ml) and cultured overnight. The supernatant was
removed the next day to obtain crude extracted macrophages.

The above cells were then activated with 50 ng/ml LPS
(Invitrogen LPS-EK) for 3 h. Furthermore, Z1456467176 at
different concentrations was incubated for 30 min before
100 uM  BzATP (Sigma B6396) treatment for 15-20 min
10 uM pyroptosis inhibitor (VX-765, MCE HY-13205) was
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incubated for 30 min before 100 ug/ml MSU crystal treatment for
4h. MSU crystals were obtained by dissolving uric acid (2 g,
Sigma U0881) in 500 ml of double-distilled water containing
NaOH (0.01 M) at 70°C, and the pH was maintained at 8.9. The
solution was filtered through a 0.22uM filter and stored
overnight at room temperature with continuous stirring. After
centrifugation, the supernatant was discarded, and the precipitate
was obtained and dried. The crystals were autoclaved and
resuspended in sterile PBS (Chen et al., 2019).

ELISA

ELISA was performed to measure IL-1p, IL-6, and TNF-a
levels in cell culture supernatants and IL-1p levels in rat serum
according to the manufacturer’s instructions (NOVUS Biological
VALI101, VAL102, VAL105; Multi Sciences A301BH10152). Rat
liver and kidney functions were detected by Jian Cheng C0009-2-
1, C0010-2-1, CO11-2-1, and C013-2-1 kits (China).

Quantitative PCR

qPCR was performed to detect the gene expression of IL-1
and Actf in the peripheral whole blood cells of rats. Samples were
processed with a total RNA extraction kit (Solarbio R4161-02)
and a cDNA synthesis kit (BIOER BSB40M1) according to the
manufacturer’s instructions. QPCR was conducted using SYBR
Green PCR Master Mix (Muma A4004M). The primer sequences
for the rat IL-1f3 gene were F-seq (5'-3"): TGGCAACTGTCC
CTGAACTC and R-seq (5'-3"): AAGGGCTTGGAAGCAATC
CTTA. The primer sequences for the rat Actff gene were F-seq
(5'-3"):  ACCCGCCACCAGTTCGC (5'-3"):
CACGATGGAGGGGAAGACG.

and R-seq

Western blotting

Western blotting was performed to detect protein levels
in PBMC lysates from gout patients and in joint grinds from
rat gout models. Segmented constant voltage was chosen for
electrophoresis, and the concentrated gel was run at a
constant voltage of 80V. After running out of the
concentrated gel, the voltage was increased to 120 V until
bromophenol blue reached the bottom of the gel. The
membrane was rotated at a constant flow of 200 mA in an
ice bath and then blocked with 5% skim milk powder for 1 h.
The membrane was incubated overnight at 4°C with the
following primary antibodies: IL-1p (CST D3A3Z, 1:
1,000), caspase-1 (CST D7F10, 1:1,000), NLRP3 (CST
D4D8T, 1:1,000), N-GSDMD (Abcam Ab215203, 1:1,000)
and P-actin (CST 8H10D10, 1:1,000). HRP, goat anti-rabbit
IgG, and goat anti-mouse IgG (Abbkine A21020, A21010, 1:
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5,000) were incubated for 1 h at room temperature and then
developed.

Monosodium urate crystal-induced gouty
arthritis in rats

Sprague-Dawley (SD) male rats weighing 200g were
purchased from the Laboratory Animal Center of the First
Hospital of USTC and housed in a clean environment free of
pathogens. A rat model of gout was established according to the
classical modeling method (Coderre method (Coderre and Wall,
1987)) and randomly divided into four groups. Each group was
treated as follows: 1) Rats in the control group were injected with
100 pl of sterile saline in the right ankle joint cavity. 2) Rats in the
MSU group were injected with 100 ul of MSU crystal suspension
(0.1 g/ml) in the right ankle joint cavity. 3) Rats in the MSU +
ATP group were injected intraperitoneally with 500 ul of ATP
solution (10 mM; Solarbio A8270) 30 min before intra-articular
injection of MSU crystal suspension. 4) Rats in the MSU +
71456467176 group were injected intraperitoneally with 500 pl
of 71456467176 solution (40 mg/kg) 30 min before intra-
articular injection of MSU crystal suspension. The clinical
inflammatory manifestations of rats were evaluated by
measuring the ankle joint circumference and calculating the
joint swelling index. Rat ankle joint swelling index = (treated
circumference - initial circumference)/initial circumference. Rat
ankle joints were obtained from each group and tissue
homogenates were prepared according to the manufacturer’s
instructions. The activity of myeloperoxidase (MPO, Jiancheng
A044-1-1) was assayed as a quantitative assay for tissue
neutrophil infiltration.

LDH and ATP assay

Serum was collected from gout model rats as well as from
patients with acute phase gout and normal population. LDH
levels were quantified using the LDH Cytotoxicity Assay Kit
(Jian Cheng A020-2) according to the manufacturer’s
instructions. Patients with acute-phase gout were defined as
positive joint redness, swelling, and pressure pain in the
metatarsophalangeal or ankle or knee joint; elevated joint
skin temperature; history of hyperuricemia or gout; and
duration of this joint symptom for 2 days and less. The
people in the control group were age- and sex-matched to
the gout group and had no local or systemic inflammatory
symptoms.

ATP (%) values in cell cultures of PBMCs from rats with
MSU crystal-induced gouty arthritis and patients with stable gout
stimulated with MSU crystals (100 pg/ml) were determined using
a luminescent ATP assay kit (Abcam ab113849) according to the
manufacturer’s instructions.
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Magnetic resonance imaging

Rats were anesthetized with intraperitoneal injection of
chloral hydrate (0.3 ml/100 g, Maclean C804539) in a gouty
arthritis model, and magnetic resonance imaging (MRI)
examination was performed after the rats had decreased
muscle strength and stabilized respiration. MRI of the ankle
joint was performed using a 3.0T MR scanner (GE Discover
750 W) and an eight-channel mouse coil (Medciol MS80-3T)
with the following sequence parameters: T2 FLAIR; TE: 101/
Ef; TR: 3,800 ms; EC:1/1 50 Hz; slice thickness: 2 mm; FoV =
12*12 cm; matrix size = 256*256.

Immunohistochemistry

The isolated rat ankles were fixed in tissue fixative
(containing 10% neutral formalin) for 24 h, and subsequently
placed in decalcification solution (containing formalin and
EDTA) with shaking for 4-6weeks to ensure adequate
decalcification. The endpoint of decalcification is indeed
considered smooth penetration of the needle through the
entire bone tissue. After the washing, dehydration, and
decalcification steps, the ankle tissue was fixed in paraffin and
sectioned for HE staining. Cell count quantification was
performed using ImageJ software (NIH).

Molecular dynamics analysis and
molecular docking

The trimeric conformation of 5ulx was used as the target
protein. Molecular docking was performed using AutoDock
4.2 software. The structure of 21456467176 was downloaded
from the database (https://pubchem.ncbi.nlm.nih.gov), and
Chem3D16 was applied for structure optimization. Global
docking was used, with the docking box wrapping the entire
5ulx protein and other parameters kept as default. Molecular
dynamics simulations of 100 ns were performed, and the
binding free energy of the protein and ligand was calculated
using g mmpbsa. The conformation with the lowest energy
in the molecular docking results was selected as the initial
structure for molecular dynamics. Molecular dynamics (MD)
simulations were performed using Gromacs 2019.4 software
at constant temperature and pressure as well as periodic
boundary conditions. The Amber99sb-ildn force field,
TIP3P water model, was applied. The force field
parameters for small molecules were generated by the
acpype.py script in AmberTools. During the MD
hydrogen  bonds
LINCS
integration step of 2 fs. The electrostatic interactions were
calculated using the particle-mesh Ewald (PME) method

simulations, the involved  were

constrained using the algorithm  with an

Frontiers in Pharmacology

10.3389/fphar.2022.979939

with the cutoff value set to 1.2nm. The nonbonded
interaction cutoff value was set to 10 A. The simulation
temperature was controlled to 300 K using the V-rescale
temperature coupling method, and the NVT and NPT
equilibrium simulations were performed at 300K for
100 ps. Finally, 100 ns of finished MD simulations were
performed for the protein and protein-ligand complex
systems, and the pure protein system was used as a
control group for the experiments. The GROMACS
embedded program and PyMOL 2.4 were used to visualize
the simulation results.

Ethics

Our protocols for the collection and processing of animal
and human samples were approved by the Animal Ethics
Committee (2021-N(A)-041) and Medical Research Ethics
Committee(2021 KY No.162) of the First Hospital of the
University of Science and Technology of China (Anhui
Provincial Hospital), respectively. All persons gave their
informed consent before their inclusion in the study.

Statistical analyses

Data were analyzed using IBM SPSS Statistics for Windows,
version 17.0 (IBM). Quantitative data were tested for normality.
Independent sample ¢ tests and one-way analysis of variance
(ANOVA) were used to compare differences between two groups
and multiple groups, respectively. Significant differences revealed
by one-way ANOVA were validated by Dunnett’s ¢ test.
Statistical significance was set at p < 0.05. All bar graphs were
plotted using GraphPad Prism 8.0 software (GraphPad
Software).

Results

21456467176 inhibits ATP-induced P2X7R
pore formation

P2X7R is an ATP-gated channel receptor. Pore formation
upon sustained stimulation of ATP allows the influx of
extracellular macromolecules. To investigate the inhibitory
effect of 71456467176 on ATP-induced P2X7R pore
formation, we constructed a lentivirus overexpressing
hP2X7R to transfect HEK-293T cells. ATP-induced uptake
of EB by HEK-293T cells was assayed in the presence or
absence of Z1456467176. Flow cytometric analysis showed
that the uptake of EB by HEK-293T cells overexpressing
hP2X7R was significantly increased upon ATP stimulation,
whereas 21456467176 treatment inhibited the uptake of EB by
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71456467176 inhibits ATP-induced P2X7R pore formation. (A) Representative flow diagram of EB uptake by HEK-293T cells overexpressing

hP2X7R inresponse to ATP. The red Q1-UR region reflects double-positive staining for EB and hP2X7R. FACS analysis of the intracellular fluorescence
intensity (B) and mean value analysis of quantified intracellular fluorescence intensity (C). Data are presented as the means + S.E.M.s. Statistics were
analyzed using Dunnett’s t-test. ***p < 0.001.
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FIGURE. 2

71456467176 inhibits BzZATP-induced IL-1p secretion in macrophages. ELISA of IL-1p in supernatants from LPS (50 ng/ml)-primed THP-1 cells
(A) and BMDMs (B) treated with various doses of 21456467176 (1/10/50/100 pM) for 30 min and then stimulated with BzATP (100 pM). (C) Chemical
structure of Z1456467176. Data are presented as means + S.E.M. Statistics were analyzed using Dunnett’s t-test. n = 3. **p < 0.01; ***p < 0.001.
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of gout patients treated with 21456467176 (10, 50 pM) for 30 min and stimulated with BzATP (100 uM). (B—D) ELISA of IL-1p, TNF-a, and IL-6 in
culture supernatants from LPS-primed PBMCs of gout patients treated with 21456467176 for 30 min and stimulated with BzATP. Data are presented
as the means + S.E.M.s. Statistics were analyzed using Dunnett's t test. n = 3. ***p < 0.001.

the cells (Figure 1). This finding indicates that 21456467176
(EB uptake ICs(: 3.416 pM) was able to inhibit ATP-induced
P2X7R pore formation, exhibiting a potential P2X7R
inhibitory effect.

71456467176 inhibits BzZATP-induced IL-
1B secretion in macrophages

P2X7R has attracted widespread interest as a therapeutic
target for gout, as it mediates IL-1p release in response toATP.
The release of biologically active IL-1P in gout requires two
steps: initiation and activation, a biological process that
occurs mainly in macrophages. We next investigated the
effect of 71456467176 on P2X7R activation-induced IL-1f
release in an in vitro macrophage system including THP-1
cells and BMDMs. BzATP is a synthetic ATP analog that acts
only on P2XIR and P2X7R in the P2XR family and
exhibits a more potent and specific induction of P2X7R
activation than ATP (Gicquel et al, 2017). Thus, BzATP
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was used to stimulate P2X7R activation in macrophages. As
shown in Figure 2, we observed that in LPS-primed THP-1
cells and BMDMs, 71456467176 was able to inhibit BZATP-
induced IL-1p secretion in a dose-dependent manner to
varying degrees, suggesting that it functions as a P2X7R
antagonist.

With the validation of effectiveness in inhibiting P2X7R
pore formation and IL-1$ secretion in macrophages of
different species in vitro, 21456467176 was identified as a
P2X7R antagonist that inhibits ATP- or BzATP-induced
P2X7R activation.

71456467176 inhibits P2X7R-NLRP3-1L-1p
pathway activation in vitro

To provide a basis for Z1456467176 in the treatment of
gout, we evaluated the inhibitory effect of 21456467176 on the
P2X7R-NLRP3-IL-1B pathway in cultures of PBMCs of gout
patients. First, we investigated whether 21456467176 affected
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P2X7R-induced NLRP3 inflammasome activation in gout.
As expected, western blot results showed that BzATP-
induced expression of NLRP3, caspase-1 and IL-1B was
inhibited in the presence of Z1456467176 (Figure 3A).
Since IL-1P secretion is mainly mediated by activated
NLRP3 inflammasome, we then examined inflammasome-
dependent IL-1fp secretion in culture supernatants of
PBMCs from gout patients. The results showed that
71456467176 inhibited BzATP-induced IL-1p secretion
in cell culture in a dose-dependent
manner, whereas NLRP3 inflammasome-independent TNEF-
a and IL-6 levels were unaffected (Figures 3B-D). In
addition, we excluded the effect of Z1456467176 on LPS-

inflammasome

supernatants

primed and nigericin-induced NLRP3
activation (Supplementary Figure S2). Taken together,
these data suggest that Z1456467176 blocks the NLRP3-IL-
1B pathway by inhibiting BzZATP-induced P2X7R activation in

gout patients in vitro.
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71456467176 alleviates gouty arthritis in
rats

To investigate the therapeutic effect of 21456467176 on gout
in vivo, we first evaluated inflammatory manifestations in a
traditional gout model rat. In this model, MSU crystals were
injected into the ankle joint cavity of rats to construct gouty
arthritis (Coderre and Wall, 1987). Interestingly, ATP did not
seem to be involved in this process. However, elevated levels of
ATP were detected in the cell cultures of PBMCs from MSU
crystal-induced gout rats (Figure 4A). Similarly, the effect of
MSU crystal stimulation on ATP release was also observed in cell
cultures of PBMCs from gout patients (Figure 4B). These data
suggest that MSU crystal stimulation promotes ATP production
in gout.

Pyroptosis-induced cell membrane rupture is the main
mechanism for the rapid release of cellular contents. To
determine whether MSU crystal-induced ATP is released by
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71456467176 alleviates gouty arthritis in rats. The rat model of gout was divided into four groups: the control group, MSU group, MSU + ATP
group, and MSU + 71456467176 group. (A) Representative diagram of the right ankle joint of rats. (B,C) Ankle joint circumference and joint swelling
index of the four groups of rats. Data are presented as the means + S.E.M.s. Statistics were analyzed using the independent samples t test or Dunnett’s

ttest. n = 4. ***p < 0.001.

pyroptosis, the levels of pyroptotic markers in gout were
tested. The results showed that extracellular IL-13 and LDH
release were increased and intracellular caspase-1 and
N-GSDMD expressions were up-regulated after MSU crystal
stimulation (Figures 4C-F). Collectively, these data suggest
that MSU crystal stimulation promotes ATP production,
which is released extracellularly through pyroptosis to
the
involvement of ATP signaling in MSU crystal-induced gout
pathogenesis.

Based on this, we established a rat model of MSU crystal-
induced gout to validate the therapeutic effect of
71456467176 on ATP-P2X7R-associated gout. As expected,
in the MSU crystal-induced gout rat model, ATP treatment
exacerbated the inflammatory manifestations of arthritis,

function as a signaling molecule, confirming

while intraperitoneal injection of Z1456467176 attenuated
the 5). to the clinical
manifestations, ankle MRI showed that ATP exacerbated
MSU crystal-induced inflammation in the soft tissues of the

symptoms  (Figure Similar
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rat ankle joint, while Z1456467176 attenuated it (Figure 6A).
In addition, histopathology of the ankle joint showed
increased inflammatory cell infiltration in the synovial
tissue of the ankle joint of rats in the MSU group
compared to the control group. ATP injection exacerbated
the MSU crystal-induced inflammatory cell infiltration, while
71456467176 treatment attenuated it (Figures 6B-D). These
results suggest that 21456467176 effectively relieves MSU-
induced gouty joint inflammation.

71456467176 inhibits
NLRP3 inflammasome activation in rat
model of gout

To further elucidate the
71456467176 alleviates gout inflammation, we examined the

mechanism by  which

expression of the NLRP3 inflammasome pathway in rats.
Consistent with the clinical presentation, ATP treatment
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71456467176 alleviates gouty arthritis in rats. (A) Representative MRl images of the right ankle joint of rats. The white portion reflects the degree

of inflammatory edema. (B) Representative images of pathological H&E staining of the right ankle joint of rats (x200). The white arrow points to
inflammatory cell infiltration in the synovial tissue of the ankle joint. (C) Equal-sized areas were taken from each group in (B) for quantification of
inflammatory cells. (D) MPO activity of ankle joint homogenates. Data are presented as the means + S.E.M.s. Statistics were analyzed using the
independent samples t test or Dunnett’s t test. *p < 0.05; **p < 0.01; ***p < 0.001.

resulted in an upregulation of IL-1p levels following MSU crystal
stimulation in rats, which was inhibited by Z1456467176 (Figures
7A,B). Western blot results of rat joints showed that NLRP3,
caspase-1, and IL-1P expression were upregulated by MSU
crystal  stimulation.  Intraperitoneal injection of ATP
exacerbated and Z1456467176 inhibited MSU crystal-induced
activation of the NLRP3 inflammasome pathway (Figure 7C).
Based on the release of extracellular ATP after MSU crystal
stimulation, these data suggest that 71456467176 effectively
alleviates the symptoms of gouty arthritis by acting on
P2X7R  to inhibit ~ATP-induced the
NLRP3 inflammasome.

activation  of
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To further evaluate the safety of Z1456467176 treatment in
vivo, we next examined the liver and kidney function levels of
rats in each group. The results showed no significant
impairment of liver and kidney function in rats treated
with Z1456467176 compared to other groups (Table 1).

The binding of Z1456467176 rearranges
the P2X7R protein conformation

Molecular dynamics simulation was performed to analyze
the binding of the protein (P2X7R)-ligand (Z1456467176),
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71456467176 inhibits NLRP3 inflammasome activation in rat model of gout. (A) ELISA of serum IL-1f levels in the four groups. (B) gPCR of IL-18
gene levels in the peripheral whole blood cells of rats in each group. (C) WB of NLRP3, p20, and IL-1p expression in the joints and surrounding synovial
tissues of rats in each group. Data are presented as the means + S.E.M.s. Statistics were analyzed using Dunnett's t test. n = 4. *p < 0.05; **p < 0.01.

TABLE 1 Biochemical parameters of rats in gout model.

Biochemical index Control group MSU group
AST (U/L) 1552 £ 1.89 24.41 £ 7.50
ALT (U/L) 19.99 + 6.34 32.86 + 1039
Bun (mmol/L) 140 + 0.17 1.26 £ 0.44

Cr (umol/L) 28.33 + 10.07 34.86 + 29.03

MSU + MSU + p Value
ATP group 71456467176 group

17.79 + 7.21 2042 + 9.07 >0.05
2647 +10.28 28.81 + 6.48 >0.05

1.33 + 022 216 + 1.69 >0.05
212 +9.99 3435 + 13.86 >0.05

p value represents the comparison of MSU + 71456467176 group and other groups in each index.

AST, aspartate transaminase; ALT, alanine transaminase; Bun, blood urea nitrogen; Cr, creatinine.

providing data on receptor and ligand affinity. During the
100 ns kinetic simulations, the RMSD values of the protein—
ligand systems were kept in equilibrium, with mean values of
0.3664 + 0.0137 nm and 0.3413 + 0.016 nm, respectively,
suggesting that the systems reached stability (Figure 8A). The
radius of gyration (Rg) values of the protein—ligand system
were larger than those of the pure protein system throughout
the simulation time (Figure 8B), suggesting that the system
swelled due to local conformational changes after ligand
binding. The solvent accessible surface area (SASA) of the
protein after ligand binding was reduced in the 80-100 ns
equilibrium period compared to the protein, 463.3 + 4.7 and
472.4
contact area of hydrophobic amino acid residues in the

+

5.9, respectively, probably due to the reduced

ligand-binding region with the solvent (Figure 8C). During
the equilibrium period, the mean values of hydrogen bond
formation between protein and protein—ligand were 1968 +
23.5 and 1947 + 25.5, respectively, indicating the presence of
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more hydrogen bonds between water molecules and protein
(Figure 8D).

To determine whether 21456467176 binding resulted in
structural rearrangement of the P2X7R protein, we compared
the secondary structures of the P2X7R protein and protein—
ligand. The results showed that the open region at the upper
end and the TM region at the lower end of P2X7R expanded
outwards after ligand binding compared with the pure protein,
leading to a change in secondary structure (Figure 9), which
was consistent with the change in Rg value. Specifically,
Figure 9E shows the conformational transition of the
secondary structure after protein—ligand binding from a-
helix loop. This that the binding of
71456467176 significantly changed the conformation of the
P2X7R protein.

On this basis, we further analyzed the protein—ligand binding

to indicated

data. The total binding free energy of the protein—ligand is
-60.493 kJ/mol, of which the van der Waal energy is
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-196.508 kJ/mol; the electrostatic energy is -56.783 kJ/mol; the
polar solvation energy is 214.035 kJ/mol; and the SASA energy is
-21.236 kJ/mol. The binding free energy of the two shows that the
van der Waals force and the electrostatic force are dominant,
which is beneficial to the combination. The contribution of
amino acid residues at different positions to the binding free
energy was obtained by decomposing the binding free energy
(Supplementary Table S1).

Protein—ligand binding pattern analysis showed that the
pi-cation electrostatic interaction exists between the amino
groups of Arg316 (C), Asnl100 (A), Asn100 (B), Asn100 (C)
and the ligand, and the interaction distance is 5.0 A, 4.7 A,
4.8 A, 5.5A. In addition, there is an pi-anion electrostatic
interaction between the F atom of the ligand and Phel02 (A)
with a distance of 5.2 A. Pi-alkyl hydrophobic interactions
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exist between Val61 (B), Ile319 (A), Leu320 (B) and the ligand,
with distances of 4.0A, 6.0A, and 3.6 A, respectively.
Hydrogen bonds are formed between Asnl100 (A) and the
ligand at distances of 1.8 A and 2.0 A, respectively (Figure 10).

Discussion

In this study, we identified a potent P2X7R antagonist
through virtual screening and functional validation. In vivo
and in vitro studies, 21456467176 inhibited ATP- or BZATP-
induced P2X7R activation to block the NLRP3-caspase-1-IL-
1B pathway, alleviating the clinical manifestations of gouty
arthritis and confirming P2X7R as an effective therapeutic
target. Importantly, we herein found that the binding of
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FIGURE. 9
The conformational difference between P2X7R and P2X7R-ligand. The diagram on the left shows conformational differences between the pure

protein (P2X7R, blue) and the protein—ligand (21456467176, cyan). The green and red boxes indicate the approximate locations of the domains
shown in (A—C) and (D-F), respectively. (A—C) The conformation of the open region at the upper end of P2X7R. (D—F) The conformation of the
helical region of P2X7R.

71456467176 induces a conformational change in the P2X7R
protein, suggesting that allosteric inhibition of P2X7R is a
promising strategy for gout treatment.

In the past, several competitive and noncompetitive antagonists
against P2X7R have been developed. Oxidized ATP is an irreversible
competitive P2X7R antagonist but simultaneously exhibits
nonspecific modulation of NF-kB signaling pathway expression
(Di  Virgilio, 2003). Notably, our study showed that
71456467176 specifically inhibited P2X7R-mediated IL-1P release
without affecting IL-6 and TNF-a expression. BBG is a conventional
P2X7R antagonist but also affects P2X4R (North, 2002), which is
functionally similar to P2X7R (Kanellopoulos et al., 2021), implying
a nonselective inhibitory function on P2XRs. Despite the functional
similarity, the two receptors are structurally different, with the drug-
binding pocket of P2X4R being narrower than that of P2X7R
(Sluyter, 2017). Therefore, the antagonists screened by molecular
docking based on the P2X7R drug-binding pocket theoretically have
higher specificity. In addition, the selectivity of BBG for hP2X7R is
lower than that for rats, leading to a limited clinical application
(Jiang et al., 2000). KN-62 is an isoquinoline derivative that inhibits
human and mouse P2X7R activation, but evidence of inhibition in
rats is lacking (Humphreys et al., 1998). Furthermore, KN-62 acts as
a complete antagonist to ATP stimulation yet exerts a partial
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antagonistic effect on the stimulation of the P2X7R-specific
agonist BZATP (Humphreys et al, 1998). In the present study,
we determined that 21456467176 responded to different species and
exerted effective inhibition of both ATP- and BzATP-induced
P2X7R activation.

Currently, we have witnessed the clinical application of several
P2X7R antagonists. However, the expected therapeutic effect has
not been achieved in the treatment of inflammation-associated
diseases (Keystone et al, 2012; Stock et al, 2012; Eser et al.,
2015), suggesting that a better understanding of the mechanisms
involved in P2X7R-mediated disease pathogenesis is warranted.
Gout is characterized by an inflammatory response caused by the
deposition of MSU crystals in the joints, cartilage, and surrounding
synovial tissue. Gout flares are usually accompanied by triggers
including exercise, alcohol intake, overeating, and late nights.
Collating these triggers we found that they all cause fluctuations
in ATP levels in the body (Lowell and Spiegelman, 2000; Sauer et al.,
2000; Mashimo et al., 2015; Alghannam et al., 2021), which points to
the possibility that ATP is an important predisposing factor for the
development of gout. In this study, we demonstrate that stimulation
of MSU crystals induces an increase in ATP production, which is
released extracellularly through pyroptosis. Extracellular ATP is a
signaling molecule that acts on P2X7R to activate the NLRP3-
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FIGURE. 10

caspase-1-IL-1B signaling pathway, aggravating MSU crystal-
induced gout pathogenesis. Therefore, these results suggest that
ATP-P2X7R is involved in the pathogenesis of gout, which is
corroborated by a study of P2X7R gene polymorphisms and
gout susceptibility (Gong and Chen, 2015; Tao et al, 2017).
Functionally enhanced P2X7R gene polymorphisms in gout
patients imply a more sensitive ATP response in these
populations, as evidenced by the rapid opening function of
P2X7R channels and the massive release of IL-13 (Sorge et al.,
2012; Jindrichova et al., 2015). As illustrated by Jiang (Jiang et al,,
2013), NS-SNPs characterization of specific residues in P2X7R
reveals unique molecular mechanisms that determine differences
in P2X7R function, providing new insights into disease
P2X7R is a trimeric

mechanisms. protein and  the
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Protein—ligand binding pattern. (A) Protein—ligand binding site. (B) Interacting amino acid residues and interaction force; the red dotted line
represents the electrostatic force, the yellow dotted line represents the hydrogen bond, and the blue dotted line represents the hydrophobic force.
Ligand (21456467176, blue) and P2X7R residues (green) are represented as stick models.
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conformational changes induced by ATP binding contribute to
channel formation (Karasawa and Kawate, 2016). Therefore,
screening for allosteric inhibitors that block this process from
occurring is a promising direction for gout. The results of
molecular docking and kinetic analyses show a greater structural
difference in the secondary structure after protein-Z1456467176
binding compared to the pure protein system, exhibiting an
outward expansion of the open region at the upper end of
P2X7R and the TM region at the lower end. Notably, the
closure of the turret located at the upper end of the protein
during P2X7R activation is a characteristic conformational
change after ATP binding (Karasawa and Kawate, 2016). Thus,
structural remodeling leading to the restriction of P2X7R protein
response to ATP is responsible for the therapeutic effect of
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Schematic diagram of the mechanism of 21456467176 in the treatment of MSU crystal-induced acute gouty arthritis. MSU crystal stimulation
promotes ATP production, which is released through caspase-1-dependent pyroptosis. The interaction of extracellular ATP with P2X7R alters the
structure of the protein and induces ion flow. Together with MSU crystals, it activates the NLRP3 inflammasome and promotes the release of
sufficient IL-1f to trigger the gout inflammatory response. 71456467176 inhibits ATP-induced channel opening and P2X7R-NLPR3-IL-1p
pathway activation by remodeling the structure of P2X7R protein. Thus, acute gouty arthritis induced by MSU crystals was relieved.

71456467176 in gout. A growing understanding of the structure—
function relationship of P2X7R will facilitate continued efforts to
optimize the treatment of gout disease.

71456467176 achieved significant therapeutic effects in
gout rats in vivo, although it did not completely inhibit
BzATP-induced IL-1B secretion in vitro. IL-1P is the main
proinflammatory cytokine in initiating gout; however, the IL-
1B-mediated inflammatory response is also critical in
resolving infections to some extent, contributing to the
body’s timely response to danger and self-recovery. In
tissue recovery after injury, low levels of IL-1 and TNF-a
promote wound healing by increasing growth factor
1994). In influenza-induced
tissue damage, IL-1p and TNF-a are induced to be

production (Brauchle et al,

expressed in type II alveolar epithelial cells and contribute
to alveolar regeneration by acting directly on alveolar
epithelial cells via surface receptors and NF-kB signaling
pathways (Katsura et al.,, 2019). In addition, mice deficient
in IL-1p have been found to have an increased incidence of
cysts exposed to UV light, which was shown to be associated
with a reduction in skin inflammation (Kulkarni et al., 2017).
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Thus, the release of moderate amounts of IL-1f following the
action of the danger signal ATP in gout contributes to the
induction of self-resolution of inflammation in the organism.
Similarly, P2X7R has a physiological function to maintain the
body’s metabolic balance, and excessive inhibition interferes
with normal physiological functions. Studies have found that
deficiency or inhibition of P2X7R results in impaired
pancreatic P-cell function, imbalance in fat distribution,
decreased systemic energy expenditure and fatty acid
oxidation, and increased metabolic syndrome (Glas et al,
2009; Beaucage et al, 2018).
Therefore, moderate rather than complete inhibition of

2014; Giacovazzo et al.,

P2X7R function contributes to the timely response of
the immune system and is more appropriate for disease
treatment.

In conclusion, the study identified a potential P2X7R
antagonist, 21456467176, that can inhibit ATP-induced NLRP3-
caspase-1-IL-1B pathway activation by allosterically modulating
P2X7R, effectively alleviating MSU crystal-induced gouty joint
inflammation in rats (Figure 11). These data provide direct
experimental evidence for the involvement of P2X7R in gout
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pathogenesis, establishing that allosteric inhibition of P2X7R is an
effective strategy for gout treatment.
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Macrophages work with monocytes and dendritic cells to form a monocyte
immune system, which constitutes a powerful cornerstone of the immune
system with their powerful antigen presentation and phagocytosis.
Macrophages play an essential role in infection, inflammation, tumors and
other pathological conditions, but these cells also have non-immune
functions, such as regulating lipid metabolism and maintaining homeostasis.
Propofol is a commonly used intravenous anesthetic in the clinic. Propofol has
sedative, hypnotic, anti-inflammatory and anti-oxidation effects, and it
participates in the body's immunity. The regulation of propofol on immune
cells, especially macrophages, has a profound effect on the occurrence and
development of human diseases. We summarized the effects of propofol on
macrophage migration, recruitment, differentiation, polarization, and
pyroptosis, and the regulation of these propofol-regulated macrophage
functions in inflammation, infection, tumor, and organ reperfusion injury.
The influence of propofol on pathology and prognosis via macrophage
regulation is also discussed. A better understanding of the effects of
propofol on macrophage activation and function in human diseases will
provide a new strategy for the application of clinical narcotic drugs and the
treatment of diseases.

KEYWORDS

macrophage, propofol, inflammation, tissue repair, tumor

1 Introduction

Propofol (2,6-diisopropylphenol) is a gamma-aminobutyric acid (GABA) receptor agonist
and an intravenous anesthetic that is commonly used in the clinic. It is often used in the
induction and maintenance of anesthesia. Propofol induction is rapid and stable with almost
no excitation and a low incidence of postoperative nausea and vomiting (PONV) (Gao et al,,
2020). Based on these advantages, propofol is suitable for sedation and anesthesia in most
types of surgery. Propofol also regulates the inflammatory response (Ma et al,, 2013; Li et al,,
2015) and exerts antioxidant effects (Tanaka et al., 2010). Increasing evidence has shown that
the use of propofol also affects the development of tumors and has long-term implications for
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patient outcomes (Zhang et al., 2014; Cata et al., 2020). Increasing
attention has been given to its possible mechanism. Propofol reduces
the phagocytic activity of neutrophils in innate immunity and
inhibits the release of pro-inflammatory cytokines, such as
interleukin-6 (IL-6) and tumor necrosis factor-a (TNF-a), from
peripheral blood mononuclear cells (Visvabharathy and Freitag,
2017). The regulation of propofol on the function of immune cells,
including lymphocytes, neutrophils, natural killer (NK) cells and
macrophages, and the potential mechanisms have been the focus of
research in recent years.

Macrophages originate from progenitor cells in the bone
marrow and enter the bloodstream, where monocytes migrate to
tissues and differentiate into macrophages during inflammation
or cancer (Gordon and Martinez, 2010). Macrophages are highly
plastic immune cells that are involved in regulating the
inflammatory response, secreting cytokines, removing cell
fragments, killing pathogens, and maintaining tissue

(Varol et 2015).

Macrophages play an important role in the development of

development and homeostasis al.,
inflammatory diseases, including diabetes (Meshkani and
Vakili, 2016), infection (Kotani et al., 2001), atherosclerosis
(Moore et al., 2013), reperfusion injury (Sousa et al., 2021),
and cancer (Vitale et al, 2019; Wu et al,, 2020). Depending
on the local environment, macrophages differentiate into a
variety of phenotypes and secrete a variety of inflammatory
cytokines,  which
inflammatory agents. Increasing evidence shows that the

act as pro-inflammatory or anti-
inflammatory or anti-inflammatory response involved in
macrophages is also regulated by perioperative anesthetics,
which in turn affects the development and treatment of the
disease. Dexmedetomidine and propofol inhibit the expression of
lipopolysaccharide (LPS)-stimulated high mobility group box 1
(HMGBI1) in macrophages (Chang et al., 2013; Jia et al., 2017).
The volatile anesthetic sevoflurane modulates macrophage
recruitment, polarization, differentiation, apoptosis and
pyroptosis by regulating the caspase-1, reactive oxygen species
(ROS), forkhead box O1 (FoxOl), p21, and glycogen synthase
kinase-3 (GSK-3p)/nuclear factor-E2-related factor 2 (Nrf2)
pathways, which are involved in local immunity and tumor
growth (Jin et al, 2013; Fu et al, 2020; Sztwiertnia et al.,
2020; Cai et al, 202la). Opioids, such as morphine, also
inhibit the phagocytosis of macrophages and are associated
with the reduction of macrophage colony-stimulating factor-
induced proliferation and differentiation (Sacerdote et al., 2003).
Remifentanil increases osteoclasts by enhancing migration and
cell fusion of bone marrow-derived macrophages (BMMs) (Jeon
et al,, 2018). Therefore, the activation, polarization and function
of macrophages are regulated by a variety of anesthetics during
the perioperative period, especially propofol. Notably, increasing
attention has been given to the prominent anti-inflammatory
effect of propofol and its regulation of macrophage function,
which reduce inflammation and reperfusion injury and improve

tumor prognosis.
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Therefore, a better understanding of the regulation of
macrophage activation and function mediated by anesthetics
and its consequent effects on the immune system and disease
development will provide new strategies for clinical perioperative
anesthetics and disease treatment. In this review, we summarize
the effects of propofol on macrophage activation, including
migration, recruitment, differentiation, polarization, and
pyroptosis. Moreover, based on recent preclinical and clinical
studies, the function of these propofol-related macrophages in
local inflammation, infection, tumor, and tissue repair was
highlighted. This review will enrich the theoretical basis of the
research of anesthetics in human disease development and

treatment.

2 Macrophage activation and
function

Macrophages are one of the most important parts of the
mononuclear phagocyte system (van Furth et al., 1972). There
are two distinct origins of macrophages in tissues. Most
macrophages in healthy tissues are established before birth.
The other origin is associated with pathology, homeostasis,
and tissue inflammation, where macrophages develop from
tissue-infiltrating monocytes in adulthood (Varol et al., 2015).
The CD115* mouse monocyte subsets are divided into Ly6C"
monocytes and Ly6C'®" monocytes (Ingersoll et al., 2010). The
primary function of Ly6C"" cells appears to involve surveying
vascular endothelial integrity and involvement in early
inflammation and tissue repair responses. In contrast, Ly6C™
monocytes in mice and CD14" monocytes in humans serve as
precursors to tissue macrophages derived from monocytes and
are recruited to pathological changes, such as tumors and
inflammation, to exert pro-inflammatory and antibacterial
activities (Auffray et al., 2007; Carlin et al.,, 2013). Under the
stimulation of the microenvironment and cytokines, Ly6C™ cells
enter damaged tissues and differentiate into macrophages to
reduce inflammation and promote tissue repair by stimulating
angiogenesis, suppressing neutrophil aggregation and removing
cellular debris (Varol et al., 2015). Depending on the difference in
anatomical locations and functional phenotypes, tissue-resident
macrophages are divided into microglia, osteoclasts, alveolar
macrophages, and Kupffer cells (Davies et al., 2013).

The activation and polarization of macrophages is always
the
inflammatory or tumor environments. Macrophages generally

influenced by surrounding microenvironments in
polarized into two subtypes, the classically activated type (M1)
and the alternating activated type (M2). M1 macrophages are
generally induced by Thl-type cytokines, such as interferon-y
(IFN-y) and TNF-a, or recognized by bacterial LPS. These
produce of
proinflammatory cytokines, such as TNF-a, IL-1B, IL-6 and

macrophages and secrete higher levels

cyclooxygenase 2 (COX-2). Therefore, M1 macrophages have
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The activation and function of macrophages. Ly6C™ monocytes in the blood enter the damaged tissue and differentiate into macrophages.
Macrophages recruited by inflammation or tumors are stimulated by Thl or Th2 cytokines to differentiate into two activated types: the classical
activated type (M1) and the alternating activated type (M2). Activated macrophages express high levels of CD80, CD68, and MHC I/Il. Macrophages
phagocytize pathogens and cell fragments, recognize specific antigens, and transmit signals to T cells for antigen presentation. Macrophages
participate in immune regulation by regulating the secretion of cytokines and chemokines. The explosion-shaped graphic represents propofol,
suggesting that it may be involved in the signaling pathways and cellular processes of macrophages.

strong antigenic presentation, antimicrobial and antitumor
activities, which also mediate ROS-induced tissue injury and
promote The
Th2 cytokines IL-4 and IL-13 induce the activation of
M2 macrophages and further induce the production of

tissue regeneration or wound healing.

different surface receptors and effector molecules, such as IL-
10 and TGF-B. M2 macrophages have a strong phagocytic
capacity and remove debris and apoptotic cells, promote
tissue repair and wound healing, and promote angiogenesis
and fibrosis (Shapouri-Moghaddam et al., 2018; Wu et al,
2020). The exposure of M2 macrophages to M1 signals or the
exposure of M1 macrophages to M2 signals induced the
repolarization or rearrangement of differentiated macrophages.
Therefore, the function of macrophages is usually depend on
their polarization state.

As shown in Figure 1, the functional characteristics of
the

microenvironment and cytokines. Macrophages play a role in

macrophages are related to changes in tissue
immune surveillance via several receptors, including scavenger
receptors, cytokine receptors, adhesion molecules, nuclear
hormones and pattern recognition receptors, such as Toll-like
receptors (TLRs) and Nod-like receptors (Varol et al., 2015).
Activated macrophages highly express antigen-presenting
molecules on the surface, such as CD80, CD68 and MHC
class | and Il molecules. As important antigen-presenting cells
(APCs), macrophages play the role of antigen presentation by

recognizing and phagocytizing pathogens and stimulating T cells
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(Wynn et al, 2013). During inflammation or infection,
macrophage apoptosis is another strategy used by the host to
limit infection and defend against pathogens, and it is an
important process in the development of diseases associated
with reduced pathogen activity. Macrophage apoptosis is
associated with a reduction in lesion size in arteriosclerosis
(Shapouri-Moghaddam et al., 2018). If the pathogen inhibits
macrophage

apoptosis necrosis,

presentation by macrophages may be impaired, and immune

and promotes antigen
escape may occur (Moraco and Kornfeld, 2014). Macrophages
are involved in the induction of adhesion molecules, pro-
angiogenic factors, matrix metalloproteinase (MMP), nuclear
factor-kappa B (NF-kB) and signal transducers and activators
of transcription-1 (STAT1) via the regulation of interleukins
(Wu et al., 2020). In conclusion, as a non-specific immune cell,
macrophages exert phagocytic properties to directly engulf and
break down cancer cells, antigens, senescent damaged cells and
bacteria. Macrophages can take up and process antigens and
deliver information to T lymphocytes. In addition, the ability to
secrete bio-active mediators makes macrophages important cells
involved in the inflammatory response.

3 Macrophages and anesthetic

A variety of anesthetics participate in macrophage activation,
polarization, and functional regulation. Although the effects of
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some anesthetics are controversial, it is well known that they
influence the development and prognosis of disease by regulating
macrophages.

In vivo animal models constructed with toxins and tumors
showed that anesthetics and techniques had different effects on
the progression of inflammation and tumor prognosis by
regulating macrophage activation and function. Clinical
histological studies showed that the distribution of multiple
immune cells, especially macrophages, had the potential to
predict prognosis and treatment in inflammatory sites and
tumor tissues. Tissue damage and the use of opioids may
activate neuroglia, and the early activation of microglia and
macrophages after surgery or exposure to remifentanil may be
related to the immune response to injury (Romero et al.,, 2013).
Peroxisome proliferator-activated receptor gamma (PPARYy)
negatively regulated macrophage activation. Dexmedetomidine
also promotes the M2 activity of macrophages via the PPARy/
STAT3 pathway and inhibits the pro-inflammatory innate
the (Zhou et 2020).
Dexmedetomidine also modulates the activation of Kupffer

immune activation in liver al.,
cells by activating alpha 2-adrenergic receptors (a2B-ARs),
which transforms them into anti-inflammatory phenotypes
and promotes liver regeneration (Yue et al., 2022).

Receptors, signaling pathways and transcription factors also
influence macrophage polarization. Sevoflurane pretreatment
promotes the formation of an anti-inflammatory phenotype in
microglia/macrophages by up-regulating the phosphorylation of
GSK-3p and Nrf2 nuclear transposition,
neuroprotective effect on middle cerebral artery occlusion
(MCAO) (Cai et al, 2021a). However, sevoflurane inhibits

FoxOl, regulates p21 and increases the expression of TNF-a,

and it has a

monocyte chemotactic protein-1 (MCP-1) and IL-6, which may
increase the polarization of M1 macrophages, induce a central
nervous system (CNS) inflammatory response, and lead to
cognitive impairment (Fu et al, 2020). This pathway suggests
that inhaled anesthetics have different effects on prognosis via
regulation of the process of M1-type polarization of macrophages
due to different pathological conditions. Recent studies showed that
electroacupuncture also prevented weight gain by regulating the
inflammatory response in obese adipose tissue and promoting the
polarization of M2 macrophages (Wang et al., 2021).

The volatile anesthetics isoflurane and sevoflurane inhibit
macrophage phagocytosis. Sevoflurane binds directly to the Ras-
like small GTPase RAP1 and inhibits its activity. Isoflurane may
interact with molecules in the RAP1 cascades by inhibiting
macrophage-1 antigen (Zha et al,, 2019). Notably, another study
demonstrated that sevoflurane upregulated inducible nitric oxide
synthase (iNOS), inhibited the NF-«xB pathway, enhanced the LPS-
stimulated phagocytosis of macrophages on bacteria, and improved
the bactericidal and anti-inflammatory mechanisms of endotoxemia
(Gerber et al, 2019). This difference may be due to the different
physical and chemical properties of macrophages under different
stimuli and the multiple pathways of volatile anesthetic regulation of
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macrophages. Opioid analgesics also promoted macrophage
apoptosis and reduced the expression of toll-like receptor 4
(TLR4) on macrophages (Franchi et al, 2012; Kim, 2018; Lin
et al,, 2021). Another intravenous anesthetic, ketamine, also had
a significant effect on macrophage function. Nowak W et al. showed
that ketamine promoted macrophage differentiation into
M2 subtypes by modulating the N-methyl-D-aspartate receptor
(NMDAR) and mammalian target of rapamycin (mTOR). Its
prominent anti-inflammatory properties are important for the
other
inflammatory diseases (Nowak et al,, 2019). Ketamine mediates

prognosis of patients with major depression and
the function of macrophages by decreasing the mitochondrial
membrane potential and downregulating the activation of LPS-
induced macrophages by regulating signaling pathways and
transcription factors (Liu et al,, 2012). However, the regulation of
macrophages by anesthetics is not always beneficial to the body in
disease progression. The use of sevoflurane is associated with
reduced Tumor-associated macrophages (TAMs) and tumor
growth in some cancer models (Sztwiertnia et al., 2020).

4 Propofol regulation of macrophage
activation and function

Propofol, often referred to as “milk of anesthesia”, is an
effective intravenous anesthetic. From the 1970s, James Baird
Glen at British Chemical Industries promoted the use of propofol
as a new and safe intravenous anesthetic, which was approved in
the United Kingdom in 1987 and in the United States in 1989
(Walsh, 2018). Propofol can be used for induction and
maintenance of general anesthesia and to enhance sedation in
The
pathophysiological functions of propofol mainly include

mechanically  ventilated patients. common
inhibition of blood pressure and respiration, followed by
immune system and nervous system abnormalities, and some
gastrointestinal reactions, etc., which are related to the dose of
propofol (Sahinovic et al., 2018). However, compared with other
anesthetics, propofol induces anesthesia rapidly and steadily, and
the probability of the above pathological effects is also lower
(Eleveld et al., 2018). Therefore, propofol is one of the most
widely used anesthetics in clinical practice.

The mechanism of action of propofol is related to the
the

membrane. Extensive experiments have shown that inhibitory

interaction of specific structures on postsynaptic
central GABAergic neurotransmission is the key to mediating the
pharmacological effects of propofol (Trapani et al., 2000; Saraghi
et al,, 2013). GABA is an important inhibitory neurotransmitter
in the central nervous system, and its effects are produced by
selective interaction of GABA receptors (GABAA and GABAB)
that are widely distributed in immune cells such as neutrophils,
monocytes and macrophages (Bhat et al., 2010). Therefore, in
addition to anesthesia, propofol also has non-anesthetic effects

such as analgesia, organ protection, immunity, and anti-
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Propofol regulation in macrophage phagocytosis, pyroptosis and production of inflammatory cytokines. High-dose propofol activates pro-
caspase-1via NLRP3 and AIM2 inflammasomes via the inflammasome adaptor ASC. Propofol-induced mitochondrial ROS may trigger the activation
of NLRP3. The clinical dose of propofol inhibits pyroptosis by activating STRT1. Propofol inhibits pressure effects on macrophage phagocytosis by
activating the GABAA receptor and inhibiting p130cas. Propofol reduces microglial production of MFG-E8 and inhibits cellular phagocytosis
using the MFG-E8-dependent SRC-AMPK pathway. Propofol inhibits the ROS-mediated AKT and NF-kB pathways. Propofol also inhibits MAPK/ERK,
the upstream regulator of NF-xB. Dissociated NK-kB is transferred to the cytoplasm and further induces the release of HMGB1, which inhibits the
production of pro-inflammatory factors. Propofol inhibits the release of inflammatory factors via apoM in an HNF-a- and Fox2-dependent manner.
Through the expression of INcRNA LOC286367, the expression of ABCAL inhibits the release of pro-inflammatory factors, and the inhibitory effect of
propofol on LPS-activated TLR4 may be related to its down-regulation of miR-155 expression. Propofol also inhibits the expression of HIF-1a and
GLUT1, which results in a decrease in ATP cytosolic accumulation and lactic acid accumulation. By regulating these signaling pathways and related
molecules, propofol may play an anti-inflammatory role by inhibiting the secretion of inflammatory factors.

oxidation. Increasing attention has been given to propofol
because of its outstanding anti-inflammatory and anti-
oxidation characteristics. Immune cells targeted by propofol
include lymphocytes, neutrophils, NK cells, and macrophages
(Ji et al., 2011; Ulbrich et al., 2016; Lim et al., 2018).
Macrophages widely express GABA receptors and have a
mechanism for GABA catabolism (Bhat et al.,, 2010). Sanders
et al. detected mRNAs encoding GABAA receptor al, a2, a3,
B2 and y2 subunits in mouse macrophages (Sanders et al., 2013).
Several studies have demonstrated the role of GABA receptors in
the development of macrophage-associated diseases. Januzi’s
team found that the expression levels of a2-type GABAA
receptors were down-regulated and up-regulated respectively,
during the activation of the M1 and M2 alveolar macrophage in
mice (Januzi et al., 2018). For myocardial macrophages, GABAA
receptors exacerbate myocardial hypertrophy and fibrosis by
activating the AKT/mTOR signaling pathway and increasing
the MHCII""/MHCII™" ratio in Ly6C'" macrophage subsets
(Buetal., 2021). GABA transporter (GAT) 2 deficiency promotes
the intracellular accumulation of hypoxanthine, which not only
blocks the formation of the NLRP3-ASC-caspase-1 complex, but
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also enhances the expression of oxidative phosphorylation
related genes, affecting the production of IL-1f (Xia et al,
2021).
regulation

In summary, GABA signaling is involved in the
of affecting
macrophage activation and function, which indicated that

immune responses mainly by
macrophages, are key cells involved in propofol regulation of
the inflammatory response and tumor immunity. Indeed,
propofol affects the biological behavior of macrophages by
affecting signaling pathways, gene expression, and related
mediators (Figure 2). Propofol has long-term effects on
inflammatory disease and tumor prognosis by regulating
recruitment, differentiation,

macrophage polarization,

pyroptosis and functions.

4.1 Regulation of macrophage migration
and recruitment

Tissue-resident macrophages release a variety of pro-
facilitate and
in monocytes. and

circulation
Monocytes

inflammatory  mediators  to

macrophage recruitment
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macrophages migrate to the site of inflammatory injury to
eliminate inflammatory signals and promote wound healing
(Shapouri-Moghaddam et al, 2018).
the of
macrophages, as represented by an increased expression of IL-

and tissue repair

Intraoperative hyperoxia leads to aggregation
8. IL-8 and TNF-a are effective chemokines involved in the
regulation of propofol on macrophages (Jia et al., 2017).

The integrity of mitochondrial function is the key to
maintaining the chemotaxis, migration and phagocytosis of
macrophages. Clinically relevant concentrations of propofol
(3 and 30 um) may inhibit macrophage function by inhibiting
mitochondrial membrane potential and adenosine triphosphate
(ATP) synthesis rather than exert direct cytotoxicity (Chen et al.,
2003). Wu et al. also found that propofol reduced macrophage
ATP biosynthesis and migration by inhibiting mitochondrial
(Wu et 2005). Mitochondrial

dysfunction may be a key cause of propofol-induced

membrane potential al.,
immunosuppression of macrophages. Therefore, the inhibitory
effect of propofol on macrophage migration and recruitment
may be a new target in the treatment of macrophage-associated
inflammatory diseases and tumors.

4.2 Regulation of macrophage
differentiation and polarization

Macrophages migrate to the site of local injury and infection,
which results in local and systemic acute and chronic
activity,
cytotoxicity are enhanced, which contribute to initiating repair

inflammation. ~ Phagocytosis, antibacterial and
and resolving inflammation and tumor cells. Although propofol
does not affect the recruitment of blood monocytes into the
kidney in Staphylococcus aureus infection, it may prevent
monocytes from differentiating
expanding the inflammatory
(Visvabharathy and Freitag, 2017).
Propofol affects epigenetic pathways, such as long noncoding
RNAs (IncRNAs), microRNAs (miRNAs),

acetylation, and it modulates genetic signaling pathways,

into macrophages and

abscesses in the kidney

and histone

including hypoxia, ROS, NF-kB, mitogen-activated protein
kinase (MAPK), and Nrf2. Notably, propofol also affects
the  degree  of
immunosuppression (Jawan et al., 2008; Ferrando et al., 2013;
Ma et al., 2018; Gao et al., 2021). MiRNAs regulate genes at the
transcriptional level and induce gene silencing, which play an

tumor immune function and

important role in many aspects of macrophage biology, including
influencing macrophage biology and pathological conditions.
Propofol regulates the number and biological activity of
macrophages by regulating miRNAs at the transcriptional
level. MiR-142-3p exerts antitumor effects by regulating the
differentiation of macrophages. However, propofol exerts
antitumor activity by regulating the expression of miR-142-3p
in macrophage-derived microvesicles (Zhang et al., 2014).
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Effects of propofol on macrophage polarization. Invasive
surgery may cause M1 macrophage polarization and related
complications. Propofol inhibits the expression of IL-6 and IL-1p
by activating the GABAA receptor to induce

Nrf2 accumulation in the cytoplasm and its translocation into the
nucleus, which prevents the inflammatory response during the
polarization of human macrophages. Propofol treatment
stimulated PPARy activation in the rl/R model and enhanced
PPARy-mediated STAT3, decreased iNOs mRNA of the M1 target
gene, increased Mrcl and Argl mRNA expression of the M2 target
gene, and promoted M2 polarization in macrophages.

Current studies show that propofol exposure to human
monocytic leukemia THP-1 cells induces Nrf2 cytoplasmic
accumulation and nuclear translocation by activating GABAA
receptors, which inhibits the inflammatory response during the
polarization of M1 macrophages and down-regulates the
expression of IL-6 and IL-1P. However, it did not affect the
function of M2 macrophages or change the gene expression of
M2 markers [e.g., IL-10, transforming growth factor-(TGF-) B,
and CD206]. The reason may be that propofol does not alter the
anti-inflammatory or tissue repair functions of M2 macrophages
(Kochiyama et al., 2019). However, a recent study suggested that
propofol improved renal ischemia-reperfusion injury by
inducing the expression of the M2 polarization marker via the
PPARy/STAT3 pathway (Liu et al., 2021b). The pathways and
effect of propofol on the polarization of macrophages are shown
in Figure 3. This result suggests that the degree of macrophage
differentiation or the underlying state of the disease influences
the effect of propofol on the classification and polarization of
macrophages. Under pathological conditions, propofol may
modulate the polarization of macrophages in different
directions, which is influenced by local inflammatory signaling
pathways, cytokines secreted by immune cells and the
microenvironment. However, there are few studies on the role
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of propofol in the polarization of macrophages, and its effect on
the polarization of macrophages and its mechanism must be
further studied.

4.3 Reqgulation of macrophage pyroptosis

Propofol inhibited macrophage phagocytosis, chemotaxis,
and oxidative burst in the model of propofol infusion
syndrome (PRIS) (Wheeler et al., 2011; Hsing et al., 2012; Sun
et al., 2019), but the mechanism of this immune disorder is not
clear. Exposure of macrophages to propofol may inhibit
phagocytosis and apoptosis. Pyroptosis is a specific form of
apoptosis that is involved in immune regulation and is caused
by inflammatory bodies. Mitochondrial dysfunction induced
specific activation of NLRP3-ASC inflammatory corpuscles,
and propofol significantly induced mitochondrial dysfunction.
High-dose propofol induced mitochondrial apoptosis and
caspase-1-dependent pyroptosis in macrophages. Propofol-
induced pyroptosis triggers macrophage death and mediates
the release of IL-1B and IL-18 (Sun et al.,, 2019). However, Liu
et al. found that a clinical dose of propofol inhibited the
activation of IL-1p and IL-18 in rat alveolar macrophages or
lung tissue and inhibited the activation of inflammatory bodies
and pyroptosis by up-regulating sirtuin-1 (STRT1) in the lung,
which attenuated acute lung injury caused by renal reperfusion
injury (Liu et al., 2020). These results suggest that the regulatory
effect of propofol on the focal death of macrophages may depend
on the administration dose and pathological state of the body.
Therefore, elucidating the mechanism of propofol-induced
macrophage pyroptosis will further deepen our understanding
of propofol-induced immune dysfunction.

4.4 Propofol regulation of macrophage
function

Although macrophages effectively control infection, remove
necrotic tissue and promote tissue repair and wound healing,
they also cause tissue damage and pathological changes during
infection and inflammatory disease. ~Several studies
demonstrated that propofol participated in the regulation of
macrophage function, regulated the energy metabolism of
macrophages during inflammation and infection, altered the
activated state of macrophages, and induced phagocytosis. As
important immune cells, macrophages are not independent of
their functional properties and effects on health or disease but are
multidirectional and interconnected with each other. The effect
of propofol on the function of macrophages has a significant
impact on disease progression. We discuss the effects of propofol
on human disease by regulating macrophages for inflammation,
infection, and tumor and tissue repair. The potential anti-

inflammatory effect of propofol on the disease of different
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organs or cells by mediating macrophages is summarized in
Figure 4.

4.4.1 Inflammation

Mononuclear phagocytes are the host’s first line of defense
against infection and inflammation and play a vital role in wound
repair. The mechanism of propofol on inflammation is not clear.
However, propofol also inhibits macrophage function and
reduces pro-inflammatory cytokine release under certain
conditions (Chen et al., 2005). Propofol alleviates pulmonary
inflammation in a respiratory distress model (Haitsma et al.,
2009) and reduces endotoxin inflammation by inhibiting the
production of ROS and downstream protein kinase B (AKT)/
inhibitor of kB kinase (IKK B)/NF-«B signaling (Hsing et al.,
2011). It also inhibits the activation of Kupffer cells and regulates
the expression of NF-kB and P65 protein to alleviate LPS-
induced inflammation and liver cell damage (Sung et al., 2005;
Li et al, 2015; Li et al., 2016). Propofol inhibited acute local
inflammation in the carrageenan-induced air pouch infection
model by reducing the secretion of proinflammatory cytokines
(TNF-a and IL-6) and neutrophil chemokines in intra-pouch
secretion (Inada and Kamibayashi, 2021). However, propofol
does not affect LPS-induced NO and TNF-a in mixed glial cells
(Shibakawa et al., 2005), which suggests that the effect of propofol
on inflammation may be related to the differentiation and
expression pattern of macrophages.

LPS is an ingredient in the outer membrane of Gram-
negative bacteria, and the activation of nuclear transcription
factor NF-kB and activator protein-1 (AP-1) by TLR-4 on the
surface of macrophages induced the release of a large number of
inflammatory and cytokines, including IL-6, IL-8, and TNF-a (Jia
etal,, 2017). The inhibitory effect of propofol at clinically relevant
concentrations on LPS-activated TNF-a may be related to the
inhibition of NF-kB and TLR-4 expression (Wu et al.,, 2009). In
conclusion, the anti-inflammatory and anti-oxidative effects of
propofol are primarily mediated by its regulation of the
biosynthesis of cytokines (e.g., TNF-a, TNF-f, IL-1, IL-6, and
IL-10).

Propofol also inhibited nicotinamide adenine dinucleotide
phosphate  (NADPH)
cytokine production. Long-chain non-coding
RNALOC286367 is involved in propofol-induced inhibition of
IL-6, TNF-a and IL-1( expression in THP-1 cells (Ma et al,
2018). In vitro experiments and many clinical studies observed

oxidase-mediated  proinflammatory

the positive effect of propofol on the reduction of inflammation.
Previous clinical trials demonstrated that the inhaled anesthetic
and intravenous anesthetic propofol had a positive effect on
proinflammatory cytokine gene expression. A clinical study
compared gene expression changes in alveolar macrophages
during general anesthesia with propofol and isoflurane. The
gene expression of IL-8 and IFN-y increased after 4h of
propofol anesthesia. IL-8 is an effective chemokine, and high
expression of the IL-8 gene and intraoperative hyperoxia
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FIGURE 4

The functions of propofol-regulated macrophages in different diseases. Propofol suppresses the expression of STRT1 by inhibiting IL-1p and IL-
18 in rat alveolar macrophages or lung tissue, which inhibits cell pyroptosis and attenuates ALl induced by rl/R. Propofol inhibits the activation of
caspase-3 and the apoptosis of hepatocytes and alleviates LPS-induced liver dysfunction. During H/R, the inhibitory effect may be induced by the
increase in [Ca2*]i in Kupffer cells. Propofol also inhibits the TLR/NF-KB pathway via microRNA, reduces the release of inflammatory factors, and
protects the intestinal mucosal barrier of colorectal cancer. Propofol partially protects microglia by downregulating TLR4 and inducing inactivation
of GSK-3B, which inhibits the release of inflammatory factors and reduces LPS-induced neuroinflammation (NI). Neuroprotection after brain trauma
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(BT) may result from propofol reducing the expression of two key components of NADPH oxidase, P22phox and gp91phox.

exposure stimulate macrophage aggregation and enhance
alveolar macrophage antibacterial and immune responses
(Kotani et al., 2000). The anti-inflammatory effect of propofol
in THP-1 cells may be mediated by apolipoprotein M (apoM) in a
manner dependent on hepatocyte nuclear factor- (HNF-)1a (Ma
et al., 2013). Prostaglandins are abundant in areas of trauma and
inflammation. Prostaglandins are produced by COX and specific
prostaglandin  synthetase.  Prostaglandin  synthesis  in
macrophages primarily involves prostaglandin E2 (PGE,) and
thromboxane (TX) A, (Smith et al.,, 2000; Inada et al., 2010).
PGE,
anesthesia, possibly because it inhibits the expression of
CDI11A, CD18, CD54 and other adhesion molecules (Kotani
et al,, 2001). Propofol inhibits the production of PGE, in human

peripheral blood mononuclear cells (Kambara et al., 2009) and

reduces alveolar macrophage aggregation during

peritoneal macrophages (Inada et al., 2010) by inhibiting COX-2
activity and promotes the production of IFN-y by other immune
cells, such as NK cells, to regulate inflammation and immune

function.

4.4.2 Infection

Perioperative infections, such as surgical site infections and
pneumonia, significantly increase mortality and economic
burden. Although some in vitro studies showed that propofol
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decreased the secretion of proinflammatory cytokines and had an
active anti-inflammatory effect, it may have a negative effect on
the regulation of immune cells in a model of microbial infection.
Lavanya. V et al. demonstrated that short-term exposure to
propofol also significantly increased host susceptibility to
microbial infection (Visvabharathy et al, 2015). Propofol is
commonly used to sedate and anesthetize intensive care unit
(ICU) patients, and Staphylococcus aureus infection is a common
of
hospitalization or

nosocomial infection in  long-term
ICU patients (Pofahl et 2011).
Staphylococcus aureus infection causes skin infection, severe

complication
al.,
sepsis and  other clinical-pathological  changes, and
macrophages play an important role in the control of these
infections. Previous studies showed that propofol inhibited a
variety of functions of macrophages, including chemotaxis,
phagocytosis, and ROS production. When Staphylococcus
aureus-infected RAW264.7 cells were exposed to propofol, IL-
1P secretion and ROS levels were significantly decreased, which
increased bacterial survival, but propofol did not affect the
expression of IL-13° mRNA (Chen et al, 2018). This
inhibitory effect on the phagocytosis of RAW264.7 cells was
also mediated by lipofundin in propofol (Chen et al., 2020).
However, previous studies showed that propofol reduced the

LPS-induced levels of IL-1B, IL-6, TNF-a mRNA, and
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corresponding proteins at the pre-translation level (Chen et al.,
2005). Propofol did not reduce the in vitro phagocytosis of E. coli
by macrophages (Zha et al., 2019). This difference may be due to
the different regulatory mechanisms of stimulating and
found that
propofol anesthesia significantly increased the bacterial burden

proinflammatory cytokines. In vivo studies
and renal pathology in mice infected with Staphylococcus aureus.
This effect may be due to a reduction in the number of mature
phagocytes in the kidney and increased dissemination of bacteria
in the kidney tissue (Visvabharathy and Freitag, 2017). The effect
of propofol on the phagocytic bacterial microbiome of
macrophages strongly correlated with the type of infecting
pathogen.

Mitochondria are important energy-producing organelles
that participate in the activation of macrophages. Therefore,
the integrity of mitochondrial function is the key to
maintaining the chemotaxis, migration and phagocytosis of
macrophages. Clinically relevant concentrations of propofol
inhibit
decreasing mitochondrial membrane and ATP synthesis rather
than direct cytotoxicity (Chen et al., 2003). Cellular ATP levels
significantly correlated with macrophage function in mice with

(3 and 30pm) may macrophage function by

polymicrobial sepsis (Ayala and Chaudry, 1996; Chen et al,
2003). Propofol also significantly reduced the production of ATP
in THP-1 cells by inhibiting LPS-induced Hypoxia inducible
factor (HIF)-1 activation and the expression of the pyruvate
dehydrogenase (PDH) kinase 1 (PDK-1) glycolytic process
(Tanaka et al, 2010). Energy depletion of macrophages also
reduces their ability to kill bacteria, which increases the risk of
infection.

Studies showed that inflammation or edema increased tissue
pressure, and the increase in extracellular pressure activated
macrophage phagocytosis. Propofol inhibits the phagocytosis
of pressure-stimulated macrophages via the GABAA receptor
and p130cas phosphorylation dysregulation (Shiratsuchi et al.,
2009). Propofol increases macrophage phagocytosis by inhibiting
pl30cas phosphorylation and reverses stress-stimulated
macrophage phagocytosis mediated by GABAA receptors.
Clinical studies are limited, but the incidence of postoperative
pneumonia and surgical incision infection is lower with general
intravenous anesthesia than volatile anesthetics in abdominal
and rectal surgery (Von Dossow et al., 2007; Koo et al., 2016). It is
a future target to develop new intravenous anesthetics that do not

inhibit immune targets.

4.4.3 Tumor development

Surgery remains one of the most effective methods to treat
solid tumors. Perioperative stress and the use of anesthetics may
affect the entire process of tumor development. The surgical
stress response is characterized by immunosuppression, systemic
inflammatory response, and excessive production of reactive
has
antioxidative effects, and it participates in inflammatory

oxygen species. Propofol anti-inflammatory  and
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responses by immune-related cells and the

subsequent production of cytokines. It is generally accepted

regulating

that propofol accelerates apoptosis, promotes autophagy of
cancer cells, affects the serum microenvironment, inhibits the
proliferation and migration of tumor cells, and improves the
malignant potential of tumors (Jaura et al., 2014; Xu et al., 2020).
Lymphocytes provide direct cytotoxicity to tumor cells, and
monocytes and macrophages combine directly to kill tumors
and enhance endogenous immunity via antigen presentation,
these
immunotherapy in the future (Anderson et al, 2021).

which  makes cells a new approach to tumor
Propofol reduced the production of vascular endothelial
growth factor (VEGF) and calmodulin-dependent kinase II
(CaMK II) by inhibiting NMDAR, which blocks extracellular
signal-regulated kinase (ERK)/protein kinase B (AKT) signaling
and ultimately reduces the malignant potential of pancreatic
cancer (Chen et al., 2017). Compared to inhalation anesthesia,
propofol reduced the viability of serum-cultured cells, inhibited
the invasion of cancer cells, and increased cancer cell death
(Kirkegaard et al., 2017). However, other studies demonstrated
that the use of propofol promoted cancer cell proliferation and
invasion, which increased the risk of tumor recurrence and
metastasis (Zhang et al., 2012; Liu et al,, 2021a). In summary,
a large number of laboratory and clinical studies concluded that
propofol inhibited the development of cancer in the body, but
only a few results suggest that propofol promotes the progression
of certain cancers. This difference may depend largely on the type
and biological behavior of the tumor cells. The effect of propofol
on tumor cells depends greatly on the effect of propofol on
various immune cells in the tumor microenvironment (TME),
especially macrophages.

Mutations caused by DNA damage are important markers of
cancer. In vitro experiments showed that propofol at 25 pg/ml
caused DNA damage in RAW264.7 cells and inhibited the
mRNA expression of repair-related genes, such as DNA-
dependent serine/threonine protein kinase (DNA-Pk), breast
cancer gene 1  (BRCAL),  O° methylguanine-DNA
methyltransferase (MGMT), and P50 (Wu et al, 2013).
Another study showed that an overdose of propofol induced
GSK-3-mediated apoptosis of lysosomes/mitochondria in
macrophages (Hsing et al, 2012). The growth of malignant
tumors is related to an increase in M2 cells in the TME
(Najafi et al, 2019). M2 cells play a key role in tumor
immune escape (Tan et al., 2018). Cytokines released by
tumor cells regulate the expression of genes related to
The
metastasis of cancer cells may be due to the interaction with

M2 angiogenesis and participate in angiogenesis.
M2 cells in the TME. M2 cells release granular proteins, which act
as TNF receptor inhibitors by inhibiting TNF-a binding to its
receptors. TNF-a is generally released by M1 cells. As a result, the
TME has a high degree of control over inflammation and tumor
development. The inhibitory effect of propofol on COX-2 may

also affect tumor progression because PGE, may promote tumor
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progression by inducing bone marrow-derived suppressor cells
in the TME (Sinha et al., 2007). Hypoxia significantly enhanced
the pre-tumoral function of major histocompatibility complex-
(MHC-)IT" M2-like TAMs by altering gene expression profiling
rather than directly affecting TAM differentiation, which resulted
in intra-tumoral heterogeneity of TAMs (Laoui et al,, 2014).
Under the influence of hypoxia, TAMs easily form an
angiogenesis phenotype, which is involved in metabolism,
angiogenesis and metastasis. HIF-la is a key transcription
factor regulating hypoxia-inducible gene expression. Hypoxia-
directed TAMs promote angiogenesis by directly upregulating
angiogenic molecules, such as VEGF-A, and angiogenic
regulators, such as MMP7 (Henze and Mazzone, 2016).
According to previous reports, propofol may inhibit the
translation of HIF-1 protein via mRNA in THP-1 cells and its
antioxidant activity, inhibit the accumulation of HIF-1a protein
in LPS-induced macrophages (Tanaka et al., 2010). The role of
macrophages and their polarization in propofol-induced tumor
development has not been well studied, but the mechanism
remains to be studied.

Propofol effectively inhibits the growth of hepatocellular
carcinoma in vivo and stimulates the migration of miR-142-
3p from macrophages to hepatocellular carcinoma (HCC) cells
in vitro by down-regulating Ras-related C3 botulinum toxin
substrate 1 (RAC1) and inhibiting the migration and
proliferation of HCC cells (Zhang et al., 2014). Propofol also
inhibits the activation of the TLR/NF-«B pathway by inhibiting
the expression of miR-155, which reduces the release of
inflammatory cytokines, protects the intestinal mucosal barrier
and effectively inhibits bacterial translocation (Gao et al., 2021).

4.4.4 Tissue repair

Notably, many clinical and preclinical studies showed that
propofol reduced ischemic damage to vital organs, such as the
heart (Nederlof et al., 2017), brain (Sousa et al., 2021), kidney (Liu
etal, 2021b), and lung (Sousa et al., 2021). Propofol reduced CD45"
and increased vascular cell adhesion molecule (VCAM)-1 in the
ischemic stroke model, but it did not protect the brain or lung in
experimental acute ischemic stroke. Propofol showed no reduction
in IL-6 and IL-1f levels in alveolar macrophages and endothelial
cells in this model (Sousa et al., 2021). During organ reperfusion,
activation of the endothelium promotes the adhesion and infiltration
of immune cells, such as lymphocytes, macrophages, dendritic cells,
and neutrophils. The protective effect of propofol on reperfusion
organs and tissue repair may be mediated by inhibiting the release of
inflammatory mediators, such as TNF-a, IL-6 and IL-1P. Activated
macrophages, lymphocytes
inflammatory mediators that trigger inflammation and lead to

neutrophils  and release  pro-
dysfunction and tissue damage (Kezi¢ et al,, 2017). Peroxisome
proliferator-activated receptor (PPAR)-y is a member of the nuclear
receptor PPAR subfamily and is widely expressed in many tissues
(Singh et al,, 2019). PPARYy also plays an important role in organ

ischemia-reperfusion injury.
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Propofol induced the infiltration of macrophages from the
pro-inflammatory M1 phenotype to the anti-inflammatory
M2 phenotype in a rat model of renal ischemia-reperfusion
injury (rl/R). The M1 to M2 phenotypes of macrophages were
reduced after reperfusion (Liu et al., 2021b), which accelerated
the healing of ischemic tissue and promoted the formation of new
blood vessels. Propofol may also reduce rl/R-induced acute lung
injury (ALI) via the up-regulation of sirtuin (STRT)-1 in the lung,
and 1l/R stimulation may activate focal proteins caspase-1,
nucleotide oligomerization domain (NOD)-like receptor pyrin
domain-containing 3 (NLRP3), apoptosis-associated speck-like
protein containing a CARD (ASC), IL-1P and IL-18 in the lung,
but the expression of STRT1 mRNA and protein were decreased
(Liuetal., 2020). STRTI is an alveolar macrophage inhibitor, and
NLRP3 recognizes elevated levels of inflammatory proteins in
inflammatory bodies. It is an important stimulus for rl/R to
induce ALI (Liu et al., 2018). The protective effect of propofol on
organ ischemia-reperfusion and tissue repair may be based on its
inhibition of macrophage-involved inflammatory responses and
regulation of mitochondrial function.

Propofol attenuates the activation of Kupffer cells during
hypoxia-reoxygenation and decreases the expression of TNF-a
mRNA by inhibiting [Ca*']i, which attenuates the injury (Sung
et al., 2005). The production of TNF-a in Kupffer cells also
decreased the activity of caspase-3 and the apoptosis of
hepatocytes to alleviate LPS-induced tissue injury and liver
dysfunction (Li et al, 2016). Microglia are the resident
macrophages of the CNS, and propofol may affect microglia
phagocytosis of cell debris. Milk fat globule epidermal growth
factor 8 (MFG-E8) is an important regulator of microglial
Cai inhibited
microglial phagocytosis via the AMP-activated protein kinase
(AMPK) and Src signaling pathways regulated by MFG-E8 (Cai
et al, 2021b). The activation and proliferation of microglia are

phagocytosis. et al. found that propofol

typical inflammatory responses to traumatic brain injury (TBI).
Several studies suggested that propofol had neuroprotective
effects on TBI, which may be due to its inhibitory effect on
microglial NADPH oxidase and reduced inflammatory response
because of the increased intracranial pressure (Yu et al., 2011;
Luo et al,, 2013). These findings support a role for propofol in
improving brain damage and promoting cognitive recovery after
injury by reducing microglial activation and associated
neurotoxicity.

4.4.5 Other diseases

Obesity is a metabolic disorder associated with chronic
inflammation throughout the body, and adipose tissue is rich in
immune cells, including macrophages. An increase in adipose tissue
induces chemokine and proinflammatory cytokine (TNF-a, IL-6, Il-
12) secretion by monocytes and increases the production and
activation of ROS. The resident macrophages in adipose tissue
are more likely to differentiate into the pro-inflammatory
M1 phenotype (Yu et al, 2011). Propofol may have different
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TABLE 1 Regulation of propofol on macrophage activation and function.

Macrophage cell

types

Murine RAW264.7

Peritoneal
macrophages (PMs)

Human THP-1-cell

Propofol dose and
time period

50 uM, 16/24 h, in vitro

30 uM, 1/6/4 h, in vitro

25/50 pmol, 16 h, in vitro

25/50 mmol/ml, 2 h,
in vitro

50 uM, 24 h, in vitro
<50 uM, 6/12/18/24 h,
in vitro

6 ug/ml, 5 h, in vitro

1/5 pg, 24 h, in vitro; 20/
50 mg/kg, ¢.h. 3w, in vivo

25-200 pg/ml, 24/48/
72 h, in vitro

10 mg/kg, 4 h, in vivo

10 pg/ml, 0.5 h, in vitro

25 ug/ml, 24 h, in vitro;
10 mg/kg/h, 6 h, in vivo

100 uM, 30 h, in vitro;
10 mg/kg + 5 mg/kg/h,
23 h, in vivo

50 uM, 18 h, in vitro;
18.75 mg/kg, in vivo

7.5/15/30 uM, 24 h

5 mg/kg, 0.5 h, in vivo

1-5 uM, 18 h, in vitro

2.5-20 pg/ml, 30 min,
in vitro

50 uM, 24 h, in vitro

50 uM, 24 h, in vitro

50/100 uM, 4 h, in vitro

Model/Stimuli

None

None

LPS
LPS

LPS

LPS

S. aureus

HCC Model

None

CRC mice

LPS

overdose propofol

rl/R

listeria monocytogenes
(LM) or LPS

LPS

LPS

None

20 mmHg pressure

LPS

LPS

LPS

Function in
macrophages

|chemotactic
|migration
Timmunosuppression
Imigration

loxidant production
|phagocytosis
linflammation

linflammation

linflammation
|oxidative
linflammation
loxidative
|phagocytosis
Tantitumor

|HCC cell invasion
TDNA damage

Tintestinal barrier

linflammation

loxidative

Tapoptosis

TM2 polarization

IMI polarization
Lrenal I/R injury
lrecruitment
lactivity

Ttissue damage

Thost susceptibility
Timmune modulation
limmunosuppression
Tanti-tumor immunity
linflammation
loxidant

IMI polarization

|phagocytosis

linflammation

linflammation

lglucose metabolism

10.3389/fphar.2022.964771

Related genes

|mitochondrial membrane
potential; ATP

| mitochondrial membrane
potential; ATP; INF-y; ROS

|HMGB; IL-6; IL-8; TNF-a
|HMGB1; NF-kB

INO/iNOS; TNF-o; IL-1p;
IL-6

|INF-kB; TLR4; TNF-a

LIL -1B; ROS
TmiR-142-3p
|RAC1

|DNA-PK; MGMT; BRCA1;
p53; MDC1

|miR-155 NLRP3; TLR4; NF-
kB; MPO; TNF; IL-6; IL-1B

11IL-10

|ROS; AKT/IKKB/NF-kB;
TLR4; NO/iNOg; TNF-a; IL-
6; IL-10

1GSK-3p
1Akt Mcl

TPPAR-y; STATS3; IL-10;
ArglmRNA; mrcImRNA
1iNOg; TNF-q; IL-6;
CXCL-10

TIL-1B; IL-6; TNF-o; CCL2;
CXCLI; IL-10

|COX activity; PGE2; IL-12
TTNF-a

1 Akt; NF-xB
INO/iNOg

TGABAA; nuclear
translocation of Nrf2

JIL-6; TL-1B
1GABAA; P130cas

|RNALOC286267; IL-6;
TNF-o; TF-y

TABCA1
TAPOM; HIF-1a
|TNF-a; IL-1p; IL-6; iNOg

|HIF-1a; ATP; LDHA; PDK-
1; GLUT1

|VEGF; ENO-1

Reference

Wu et al. (2005)

Chen et al. (2003)

Jia et al. (2017)
Wang et al. (2015)

Chen et al. (2005)

Wu et al. (2009)

Chen et al. (2020)
Zhang et al. (2014)

Wu et al. (2013)

Gao et al. (2021)

Hsing et al. (2011)

Hsing et al. (2012)

Liu et al. (2021b)

Visvabharathy et al. (2015)

Inada et al. (2010)

Hsing et al. (2011)

Kochiyama et al. (2019)

Shiratsuchi et al. (2009)

Ma et al. (2018)

Ma et al. (2013)

Tanaka et al. (2010)
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TABLE 1 (Continued) Regulation of propofol on macrophage activation and function.

Macrophage cell  Propofol dose and Model/Stimuli
types time period
Rat alveolar 50/100 uM, 24 h, in vitro  1l/R

macrophages

Mice bone marrow- 50 uM, 18 h, in vitro; listeria monocytogenes

derived macrophages 18.75 mg/kg, in vivo (LM) or LPS
(BMDMs)

25/50 uM, 24 h, in vitro LPS

300/600 uM, 30 min/3/ None

6 h, in vitro

Human alveolar
macrophages

1.5-2 mg/kg, in vivo 100% O, + 30% O,

Human peripheral LPS
blood mononuclear

cells (PBMCs)

0-60 uM, 18 h, in vitro

Rat Kupffer cell 0.5/5 ug/mg, 5 h, in vitro  hypoxia-reoxygenation

BV-2 microglia cells 30 uM, 4 h, in vitro LPS

12.5/25/50/100 uM, 4 h,
in vitro

None

25 ug/ml, 24 h, in vitro;
10 mg/kg/h, 6 h, in vivo

overdose propofol

12.5-200 uM, 24 h, TBI, LPS

in vitro

Human microglia 2.5-2 mg/ml, 2/24 h,

in vitro

15/30 mmHg pressure

immune effects in obese patients than normal-weight patients. A
clinical trial that compared general anesthesia with sevoflurane and
propofol in the regulation of immune function in patients
undergoing laparoscopic weight loss surgery found that propofol
differentiated macrophages adipose the
M2 phenotype (de Sousa et al, 2019). An animal model
demonstrated that propofol and lipid excipients had different

from tissue  to

immunomodulatory effects in obesity, and the active components
in propofol increased the expression of IL-10 and M2 phenotypes in
macrophages from adipose tissue. Propofol and its active
components increased IL-6 expression in obese animals (Heil
et al, 2021). With the increase in the obese population,
the regulation
macrophages in obese patients will be helpful for proposing an

understanding immune of propofol on
anesthesia management program.

Increased expression of glucose transporter 1 (GLUT1) on the
surface of macrophages in adipose tissue suggests that GLUT1 is
associated with inflammation in vivo. Propofol also regulated the

metabolism of macrophages, which regulates the metabolism of

Frontiers in Pharmacology

Function in Related genes Reference
macrophages

|pyroptosis INLRPS; IL-1f; IL-18 Liu et al. (2020)

lacute lung injury TSTRT1

|recruitment TIL-1p; IL-6; TNF-o; CCL2; Visvabharathy et al. (2015)
lactivity CXCL1; IL-10

Ttissue damage

Thost susceptibility

linflammation |ROS; NADPH; GLUT1 Zeng et al. (2021)
loxidative
Tpyroptosis TNLRP 3-ASC; caspase- Sun et al. (2019)

1; ROS

IL-1B; TL-18
Tphagocytosis TIL-1p; IL-8; IFN-y; TNF-a Kotani et al. (2000)
Tmicrobicidal
limmunosuppression 1COX-2 activity Kambara et al. (2009)

TKupffer cell activation

|PGE2; iNO/NOS; TNF-a
IL-10; TXB2

1[Ca®" Ji; TNF-a Sung et al. (2005)

Lcell injury

|neuroinflammation |TLR4; GSK-3f; IL-1; TNE-  Gui et al. (2012)
o; IL-10

|phagocytosis |IMFG-E8; AMPK; Src Cai et al. (2021b)

Tapoptosis TGSK-38 Hsing et al. (2012)
LAkt; Mcl

Tneuroprotective [iNOg, NO; TNF-q; IL-1p; Luo et al. (2013)

Imicroglia activation

|phagocytosis

ROS; NADPH oxidase; Iba-1

|TNF-o; IL-1f; NO Yu et al. (2011)

proliferation

32

activated macrophages by inhibiting the overexpression of ROS and
decreasing the expression of GLUT1 (Heil et al, 2021).
Arteriosclerosis is a type of inflammatory vascular disease, and
the regulation of propofol has a positive effect on arteriosclerosis
formation. The expression of connexin 43 (Cx43) in arterial
endothelial cells or monocytes induces monocytes to migrate and
adhere to the arterial intima then transform into macrophage foam
cells, which is a pathological marker for arteriosclerosis. Propofol
up-regulates the expression of Cx43 in mononuclear cells and
inhibits activation of the PI3K/AKT/NF-«B signaling pathway,
which affects cell adhesion and arteriosclerosis formation (Ji
et al,, 2019).

5 Conclusion and outlook

Propofol is widely used in clinical anesthesia. In addition to its
sedative and hypnotic effects as an intravenous anesthetic, its
characteristics in inflammation, infection, tumor, and tissue
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injury have attracted much attention in recent years. Macrophages
are important immune cells that are involved in inflammation,
infection, arteriosclerosis, organ damage and many other diseases.
The effect of macrophage activation and polarization on the
development of tumors and inflammatory diseases has become a
research hotspot. Although some studies demonstrated the effects of
propofol on various biological behaviors of macrophages, the
mechanisms of propofol regulation of macrophage function are
not fully understood. This review focused on the effects and
mechanisms of perioperative anesthetics, especially propofol, on
the activity and function of macrophages and explored the role of
propofol-regulated macrophages in disease progression.

As shown in Table 1 and Figure 2, propofol regulates the role of
macrophages in inflammation, infection, tumor, and organ
reperfusion injury in cellular and molecular levels. Propofol
affects the differentiation and polarization of macrophages in the
microenvironment, which leads to different disease outcomes.
Propofol inhibits the production of proinflammatory cytokines,
which may help to alleviate inflammatory disease and reduce
tissue damage. Moreover, it also affects the metabolic activity of
macrophages and changes the functional characteristics of
macrophages under the original stimulation to make the disease
develop to the advantage or disadvantage of the body. The
mechanism regulating macrophage function of propofol involves
many molecules such as receptors, signaling pathways, epigenetics,
and transcription factors. For example, GABAA receptor and
TLR4 on the surface of macrophages are the directly or
indirectly targets of propofol. Activation of the GABAA receptor
pathway, on the one hand, induces the accumulation and nuclear
translocation of Nrf2 in the cytoplasm, thereby inhibiting the
M1 polarization of macrophages, and ultimately inhibits the
secretion of pro-inflammatory cytokines; on the other hand, it
inhibits  p130cas  phosphorylation and further Inhibits
phagocytosis of macrophages in response to stress. On the
contrary, the expression level of TLR4 is inhibited by propofol,
which in turn affects the activation of its downstream NF-kB
inflammatory signaling pathway to regulate the immune
response. The other involved inflammation-related signaling
include MAPK, Foxa2, HNF-a, and AKT. Furthermore, the
scorch death pathway NLRP3/ASC/Caspasel pathway is critical
for propofol-induced macrophage pyroptosis. At the epigenetic and
transcription factor levels, the expression of some noncoding RNA is
regulated by propofol, such as IncRNA LOC286367 and miR-155.
However, the mechanism of propofol regulation of transcription and
translation and the induction of apoptosis of macrophage-related
cytokines at the gene level are not clear and needs further study. Of
course, with the deepening of research, the mechanism by which
propofol regulates the activation and function of macrophages will
become more and more clear, along with the discovery of more
regulatory molecules or pathways. In particular, the role of GABA
receptors in propofol-regulated macrophages and downstream
signaling pathways need to be further investigated. After all,
GABA receptor activation has been implicated not only in
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macrophage phagocytosis, secretion  of

inflammatory cytokines, but also in macrophage recruitment,

polarization  and

antimicrobial responses and autophagy activation, which is
mediated by Ca®’, AKT/mTOR, or autophagy-related genes
(ATGs) (Kim et al., 2018; Jiang et al., 2019; Bu et al,, 2021).
However, propofol-mediated inflammatory diseases and
tumors are mostly based on cellular or animal models, but few
clinical studies have been conducted in patients. In addition,
there are also few studies on the role of propofol in
One
direction of tumor-targeted immunity is the seeking of

macrophage-associated tumor immunity. new
new targets using macrophages to phagocytize tumor cells.
the of

differentiation, proliferation, polarization, apoptosis and

Understanding mechanism macrophage
phagocytosis is helpful to guide the use of perioperative
anesthetics, improve the prognosis and improve the quality
of  life of

immunosuppression is a well-recognized view. Whether

patients. Surgical stress-induced
the use of propofol inhibits the migration and proliferation
of tumor cells by affecting the M1/M2 polarization of
the of

improve long-term

resistance
the
prognosis of tumors requires clarification in the future. To

macrophages and inhibiting drug

chemotherapeutic agents to
provide a theoretical basis for the development of tumor
immunotherapy and related targeted drugs, it is necessary to
deepen our understanding of propofol tumor-associated
The establishment of
clinical retrospective investigations will help clarify the

macrophages. clinical trials or
accuracy of the study. When propofol is used for general
anesthesia and ICU sedation, the effect of propofol on
immune cells and oxidative reactions should be considered.

Therefore, more research is needed to elucidate the potential
effects of propofol on tumor and inflammation-related disease
outcomes by modulating macrophage differentiation and
polarization. More clinical studies are needed to confirm the
association  between  perioperative  propofol-regulated
macrophages and patient morbidity and develop anesthetics

with less suppression of immune cell function.
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Glossary

ATG autophagy-related gene

ALI acute lung injury

APCs antigen presenting cells

apoM apolipoprotein M

AMPK AMP-activated protein kinase

ASC apoptosis-associated speck-like protein containing a CARD
ATP adenosine triphosphate

BMMS bone marrow-derived macrophages
BRCAL breast cancer gene 1(BRCA1)
CaMK II calmodulin-dependent kinase II
CNS central nervous system

COX cyclooxygenase

CX43 connexin 43

DNA-Pk DNA-dependent serine/threonine
protein kinase

ERK extracellular signal-regulated kinase
FoxO1 forkhead box O1

GABA gamma-aminobutyric acid
GATs GABA transporters

GLUT1 glucose transporter 1

GSK-3p glycogen synthase kinase-3
HCC hepatocellular carcinoma

HIFE-1 Hypoxia inducible factor-1
HMGBI1 High mobility group box 1
HNF hepatocyte nuclear factor

ICU intensive care unit

IFN-y interferon-y

IL interleukin

iNOs nitric oxide synthase

IncRNAs long noncoding RNAs

LPS lipopolysaccharide

MAPK mitogen-activated protein kinase

MCAO middle cerebral artery occlusion
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Mcl-1 myeloid cell leukemia 1

MCP-1 chemotactic protein-1

MFG-E8 milk fat globule epidermal growth factor 8
MGMT O6-methylguanine-DNA methyltransferase
MHC histocompatibility complex

miRNAs microRNAs

MMP matrix metalloproteinase

mTOR mammalian target of rapamycin

NF-kB nuclear factor-kappa B

NK natural killer

NLRP3 nucleotide oligomerization domain (NOD)-like receptor
pyrin domain-containing 3

NMDAR N-methyl-D-aspartate receptor

Nrf2 nuclear factor-E2-related factor 2

PDK-1 pyruvate dehydrogenase (PDH) kinase 1
PGE2 prostaglandin E2

PI3K phosphatidylinositol 3 kinase

PONYV post-operative nausea and vomiting
PPARYy peroxisome proliferator-activated receptor gamma
PRIS propofol infusion syndrome

RACI1 ras-related C3 botulinum toxin substrate 1
rl/R renal ischemia-reperfusion injury

ROS reactive oxygen species

STAT signal transducers and activators of transcriptions
STRT1 sirtuin-1

TAMs Tumor-associated macrophage

TBI traumatic brain injury

TLRs Toll-like receptors

TME tumor microenvironment

TNF-a tumor necrosis factors -a

TXA2 thromboxane A2

VCAM-1 vascular cell adhesion molecule-1
VEGEF vascular endothelial growth factor

a2B-ARs alpha 2-adrenergic receptors
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Chronic inflammation is associated with various chronic diseases, including
cardiovascular disease, neurodegenerative disease, and cancer, which severely
affect the health and quality of life of people. Oxidative stress induced by
unbalanced production and elimination of reactive oxygen species (ROS) is one
of the essential risk factors for chronic inflammation. Recent studies, including
the studies of mushrooms, which have received considerable attention, report
that the antioxidant effects of natural compounds have more advantages than
synthetic antioxidants. Mushrooms have been consumed by humans as
precious nourishment for 3,000 years, and so far, more than 350 types have
been identified in China. Mushrooms are rich in polysaccharides, peptides,
polyphenols, alkaloids, and terpenoids and are associated with several healthy
biological functions, especially antioxidant properties. As such, the extracts
purified from mushrooms could activate the expression of antioxidant enzymes
through the Keapl/Nrf2/ARE pathway to neutralize excessive ROS and inhibit
ROS-induced chronic inflammation through the NF-xB pathway. Recently, the
antioxidant properties of mushrooms have been successfully applied to treating
cardiovascular disease (CAD), neurodegenerative diseases, diabetes mellitus,
and cancer. The present review summarizes the antioxidant properties and the
mechanism of compounds purified from mushrooms, emphasizing the
oxidative stress regulation of mushrooms to fight against chronic inflammation.

KEYWORDS

chronic diseases, natural compounds, edible fungi, antioxidants, molecular
mechanisms

Introduction

Mushrooms have been extensively cultivated in China using artificial techniques due to
their high yield, desirable taste, and widespread consumption and application as a medicinal
resource (Huang and Nie, 2015). Recently, various compounds have been isolated from
mushrooms, such as polysaccharides, alkaloids, peptides, terpenoids, and polyphenols
(Homer and Sperry, 2017; Zhou et al., 2020; Kuang et al., 2021; Leong et al., 2021; Zhang
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et al., 2021). Mushroom extracts can resist free radicals, reduce the
activities of pro-inflammatory factors, and relieve chronic
inflammation, which are valuable natural antioxidants with the
advantages of safety, nontoxic, and easy to obtain (Hu et al., 2021).
Some studies have also demonstrated the therapeutic potential of
(CAD),
neurodegenerative diseases, and cancer (Klupp et al, 2015; Jin
et al, 2016; Chun et al, 2021). This review discusses the
mechanisms underlying the effect of oxidative stress on chronic

mushroom  extract for cardiovascular  disease

inflammation and summarizes the antioxidant properties of
compounds purified from mushrooms. The anti-inflammatory
effects of these compounds on CAD, neurodegenerative diseases,
diabetes mellitus, and cancer provide potential treatment measures
for chronic inflammation caused by oxidative stress.

Chronic inflammation and oxidative
stress

Predisposing factors of oxidative stress

The predisposing factors, including diet, exercise, chemicals,
radiation, and drugs, can increase reactive oxygen species (ROS)
production and disrupt the antioxidant system, inducing
oxidative stress (Klaunig et al., 2011; Quindry et al., 2016; Tan
et al, 2018; Tan and Norhaizan, 2019). Similarly, eating habits,
including refined carbohydrates, high-fat, and high-animal
protein diets, can increase oxidative stress through the nuclear
factor-kappa B (NF-kB) signaling pathways (Tan et al., 2018).
High sugar intake can produce advanced glycation end products
to promote oxidation and activate the protein phosphatase 2 A
and NF-«B pathways, inducing oxidative stress in mitochondria
(Man et al.,, 2020). Regular and moderate exercise has also been
proven to inhibit ROS production, while high intensity and long-
term exercise might induce oxidative stress in the skeletal muscle
cells, causing muscle contractile dysfunction (Powers and
Jackson, 2008; Thirupathi et al.,, 2020). A previous study has
reported that the exposure of cells to metals and metal oxide
nanoparticles induces oxidative stress, thereby damaging the
deoxyribonucleic acids (DNAs), proteins, and lipids (Tee
et al., 2016). For instance, aluminum accumulation could
impair the oxidative function of mitochondria, especially in
the brain, which is explicitly sensitive to oxidative stress and
is one of the causes of neurodegenerative diseases (Kumar and
Gill, 2014). Similarly, continuous exposure to ionizing radiation
induces excessive production of hydroxyl radicals through water
oxidation or secondary partially ROS formation (Klaunig et al.,
2011). Drugs, including gentamicin and bleomycin, could
produce free radicals during degeneration and metabolism
(Pizzino et al,, 2017). Additionally, the potential predisposing
factors, including unhealthy living habits, exposure to harmful
substances, and certain drugs, could induce oxidative stress and
damage the cellular components through different mechanisms.
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Mechanism of oxidative stress

In mitochondria, most oxygen is utilized for aerobic respiration
and energy release, with ROS being produced as a byproduct
(Cadenas and Davies, 2000). Mitochondria convert glucose to
adenosine triphosphate (ATP) through the tricarboxylic acid cycle
and oxidative phosphorylation by using nicotinamide adenine
dinucleotide (NADH) and reduced flavin adenosine dinucleotide
(FADH2) produced in the cytoplasmic matrix (Ryoo and Kwak,
2018). In the oxidative phosphorylation process, NADH and
FADH?2 efficiently reduce oxygen and release energy through the
electron transport chain (ETC) (Bhatti et al., 2017). However, a small
quantity of oxygen is still reduced prematurely by electrons,
producing superoxide anion (O,"), a relatively stable intermediate,
which can generate hydrogen peroxide (H,0,) by disproportionation
reaction, or hydroxyl radicals (OH) by the Haber-Weiss and Fenton
reaction (Figure 1) (Sinha et al., 2013).

Under physiological conditions, ROS can be removed by the
antioxidant enzymes, including superoxide dismutase (SOD),
catalase  (CAT), glutathione peroxidase (GSH-PX), and
peroxiredoxin/thioredoxin (Prx/Trx) (Griendling et al, 2021).
SOD consists of manganese superoxide dismutase (MnSOD)
located in the mitochondrial matrix and cuprum/zinc superoxide
dismutase (Cu/ZnSOD) in the membrane gap, which can dismutate
the O,—produced by ETC into H,O, (Peoples et al,, 2019). The
GSH-PX and Prx/Trx systems of the cytoplasmic matrix could
reduce H,0,, while nicotinamide adenine dinucleotide phosphate
(NADPH) maintains the reducing power of these two antioxidant
systems (Nolfi-Donegan et al., 2020). Meanwhile, NADH/NADPH
oxidase serves as an intracellular ROS source, especially in the
vascular tissues and cardiomyocytes (Elahi et al, 2009). The
persistence of ROS damages the somatic cells, including the
cardiac muscle cells and nerve cells, while the antioxidant
properties of the compounds in mushrooms neutralize the ROS
(Chun et al., 2021).

Mechanism of oxidative stress in chronic
inflammation

The persistence of inflammatory factors causing tissue

damage, such as trauma, chemical erosion, microbial
infection, and autoimmune reaction, significantly contributes
to chronic inflammation (Medzhitov, 2008; Leuti et al., 2020).
When inflammation occurs, oxygen uptake by the white blood
cells and mast cells in the inflammatory area increases, leading to
“respiratory burst,” which enhances ROS production and release
(Reuter et al.,, 2010). It is reported that low density lipoprotein
(LDL) can be oxidized by ROS and phagocytosed by
the
inflammatory factors and inducing inflammatory responses
mediated by the NF-«B signal pathway (Zuo et al., 2019). The

expression of phagocytic NADPH oxidase relying on NF-kB

macrophages, thereby improving release of pro-
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FIGURE 1
Mechanism of oxidative stress.

could produce ROS and increase the bactericidal activity of
macrophages through the Toll-like receptors, including Toll-
like receptor 1 (TLR1), TLR2, and TLR4 (West et al, 2011).
However, excessive intracellular ROS stimulate the expression of
NE-«B by activating the p38 signaling pathway and regulating the
liberation of pro-inflammatory factors, including tumor necrosis
factor-a (TNF-a), inducible nitric oxide synthase (iNOS), and
cyclooxygenase-2 (COX-2) (Xi et al., 2020). Additionally, ROS
could stimulate the expression of TLR4 and trigger an
inflammatory response in the lungs by activating the NF-«xB
pathway (Mishra et al., 2018). Oxidative stress can induce
chronic inflammation, while the inflammatory response can
improve ROS release, primarily mediated through the NF-«xB
signal pathway (Figure 2).

Antioxidant effects and mechanisms
?f compounds purified from edible
ungi

Extraction of compounds from edible
fungi

Mushrooms are rich in polysaccharides, peptides,
polyphenols, and other compounds beneficial to human
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health. Hence, mushrooms have been widely recognized as
functional food resources and are being used for developing
drugs and nutrients (Alves et al, 2012). In recent years,
mushroom-derived polysaccharides have gained considerable
attention due to their antioxidant, antibacterial, anti-tumor,
and immunomodulatory effects (Wang et al., 2017). Most of
the polysaccharides from mushrooms are water-soluble and can
be extracted frequently by water extraction using heating,
ultrasound, and microwave techniques (Leong et al., 2021).
According to modern technology, water extraction has some
disadvantages, such as long extraction time, low efficiency,
and risk of biopolymer degradation. As such, the subcritical
pressurized hot water extraction technology and deep
eutectic solvent extraction technology have emerged as
potential approaches to achieving efficient water extraction
(Rodrigues Barbosa et al, 2020). Extracting mushroom-
derived bioactive peptides is mostly dependent on the
proteolytic action of exogenous enzymes and microbial
fermentation technology (Zhou et al., 2020). Traditionally,
microwave-assisted and ultrasound-assisted methods were
used to extract the phenolic compounds (Petrovic et al,
2014). Different extraction methods may influence the
antioxidant effects of different compounds in mushrooms,
thus helping to select the appropriate extraction method to
inhibit chronic inflammation by eliminating ROS.
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ROS promote pro-inflammatory factors release through the NF-KB pathway.

Polysaccharide

Polysaccharide, the most widely studied compound in
than
10 monosaccharides linked with glycosidic bonds of polymeric

mushrooms, is primarily composed of more
sugar polymer carbohydrates (Supplementary Figure.S1) (Leong
et al, 2021). The hydrogen ion on the sugar chain of
polysaccharides can directly bind to OH and break down into
harmless products (Lu et al., 2020). Polysaccharides can inhibit
oxidative stress by improving the activities of antioxidant
enzymes, including SOD, CAT, and GSH-PX, or chelate with
metal ions, essential for ROS production (Huang et al., 2017).
The antioxidant effect of polysaccharides is mainly mediated
through the activation of the Keapl/Nrf2/ARE pathway to
achieve the expression of downstream antioxidant enzymes
(Figure 3A) (Chen et al, 2021). Nuclear factor erythroid-2
(Nrf2) is the major regulatory element of the antioxidant
system in vivo, which can detach from the binding site of

Kelch-like ECH-associated protein 1 (Keapl) in the cytoplasm

Frontiers in Pharmacology

42

after being stimulated and transferred to the nucleus to bind with
2019).
Polysaccharides have been reported to regulate oxidative stress

the anti-oxidant response element (ARE) (Liao et al,

by upregulating the expression of phosphatidylinositol 3-kinase
(P13K) and phosphorylation of protein kinase B (AKT) (Yun
et al., 2020).

Poria cocos polysaccharide could eliminate O,—and OH,
while carboxymethylated pachymaran could promote the
expression of SOD to achieve an antioxidant effect (Li et al.,
2019). Lepista nuda polysaccharides extracted through water
extraction and alcohol precipitation method could chelate iron
ions and scavenge O,—and 1,1-diphenyl-2-picrylhydrazyl free
(DPPH) radicals and in a concentration-dependent manner (Shu
et al,, 2019). A water-soluble polysaccharide isolated from the
alkaline extract of Entoloma lividoalbum could eliminate OH
through the hydrogen atom donation ability of its hydroxyl
group (Maity et al., 2014). In a previous study, the ultrasonic-
assisted extraction of Flammulina velutipes polysaccharide

showed stronger scavenging ability of DPPH, OH, and
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(A) Mushroom polysaccharides activate the Keapl/Nrf2/ARE pathway by upregulating the expression of P13K and AKT. (B) Mushroom peptides
activate the Nrf2 pathway by downregulating the Keapl gene and upregulating the Nrf2 gene expression. (C) Polyphenols directly promote the

dissociation of Keapl and Nrf2.

O,—than hot water extraction, with Dbetter inflammation
2019). the
polysaccharide purified for the first time from the floral

inhibitory ability (Chen et al, For instance,
mushrooms cultivated in Huangshan could scavenge 79.46%
DPPH free radical and 74.18% OH at 5 mg/ml (Wang et al,
2015). A new polysaccharide AAP-3-1 isolated from the fruit
body of Auricularia auricula could inhibit ROS production,
reduce malondialdehyde content, and increase the activities of

SOD, GSH-PX, and CAT (Qian et al., 2020).

Peptides

Peptides are composed of three or more amino acid molecules
linked by peptide bonds, which can be easily absorbed by the intestine
and pose excellent physiological characteristics than proteins
(Erdmann et al,
hydrophobic amino acid residues

and
could
significantly increase the antioxidant activity, thereby inducing
hydrogen atoms (Fontoura et al, 2019; Yang et al, 2020).
Peptides can activate the Nrf2 pathway by downregulating the
Keapl gene and upregulating the Nrf2 gene expression to achieve

2008). The aromatic amino acids
in the peptides
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antioxidant effects (Figure 3B) (Liu et al,, 2021). Mushrooms are the
primary sources of natural active peptides with significant potency,
high tissue affinity, low toxicity, and high stability (Zhou et al., 2020).
An analysis of the GSH levels in various mushroom species showed
that the GSH content of Maitake was higher than most fruits and
vegetables, indicating that mushrooms could be an indispensable
source of GSH in the daily diet (Kalaras et al., 2017). In a previous
study, Matsutake derived peptide WFNNAGP significantly inhibited
glucan sulfate-induced oxidative stress in mice by scavenging OH
and promoting the SOD activity, thereby preventing colon
inflammation (Li et al, 2021a). Low molecular weight peptides
decomposed from the protein hydrolysates of Agaricus bisporus
by enzymatic processes are abundant in negatively charged amino
acids, which can be applied to neutralize free radicals to resist
oxidative stress (Kimatu et al., 2017).

Polyphenol
Polyphenols consisting of at least one aromatic ring with

hydroxyl functional groups, including flavonoids, phenolic acids,
stilbenes, and lignans, are the natural antioxidants in plant foods

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.974794

Xia et al.

(Kozarski et al., 2015). Polyphenols can provide electrons or
hydrogen atoms to neutralize free radicals or chelate with metal
ions to reduce the rate of Fenton reaction (Figure 3C) (Cheng
etal,, 2017). Agaricus brasiliensis mushroom containing phenolic
compounds, such as gallic acid, serum acid, and pyrogallol, could
inhibit ROS production by tert-butyl hydrogen peroxide
stimulated macrophages (Navegantes-Lima et al, 2020). A
novel polyphenol isolated from Phellinus linteus hispolon and
its derivatives has been reported to have a strong free radical
scavenging ability (Sarfraz et al., 2020). In a previous study, the
release of phenolic compounds in agaricus bisporus, cantharellus
cibarius, and lentinula edodes was determined by the simulating
human gastrointestinal digestion method. The results indicated
that lentinus edodes released the most phenolic acids, confirming
that the phenolic compounds in lentinus edodes might easily
improve the antioxidant capacity of the human body through
consumption (Kala et al., 2021). Meanwhile, the flavonoids
purified from Flammulina velutipes significantly increased the
glutathione level, and the SOD activity of PC12 cells efficiently
inhibited intracellular ROS accumulation (Hu et al., 2016). The
phenolic compounds in the water extract of lentinus edobes and
methanol extract of volvariella volvacea showed a higher
hydrogen-providing ability to scavenge the DPPH radicals
(Stajic et al., 2013).

Proteins, terpenoids, arene, and lipids

Polysaccharides, polypeptides, and polyphenols are the
major antioxidant compounds in mushrooms, while other
compounds, including proteins, terpenes, arene, and lipids,
tend to have antioxidant properties (Kuang et al, 2021). A
novel protein from edible fungi could effectively remove OH
and DPPH in vitro, while promoting the apoptosis of breast
cancer cells through anti-tumor activity (Zhang et al., 2014).
Terpenoids isolated and identified from Sanghuangporus
sanghuang could scavenge DPPH and 2,2-Azinobis-(3-
(ABTS)
however, their antioxidant activity is significantly inferior to

ethylbenzthiazoline-6-sulphonate) free  radicals;
the polysaccharides and phenolic compounds (Zhang et al,
2021). P-terphenyl compounds isolated from mushroom
through

effective DPPH scavenging capacity, which can be enhanced

Boletopsis  leucomelas chromatography possess
with heating (Sakemi et al., 2021). 2,5-diarylcyclopentenone
derivatives from Paxillus involutus possess clearing abilities of
DPPH,-OH, and O,—(Lv et al., 2021). Mushrooms are rich in
fatty acids, much higher than in beef and pork, which might
contribute to their antioxidant ability to fight against
mitochondrial dysfunction (Fontes et al, 2019; Sande et al,
2019).

The antioxidant properties of compounds purified from
mushrooms are affected by species, the extracted parts, and
purification methods. Accumulating researchers have studied
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the polysaccharides, peptides, and phenolic compounds

comprehensively, while studies focusing on protein,
terpenoids, arene, and fatty acids are limited. The antioxidant
effects of different compounds in mushrooms are presented in

Table 1.

Applications of mushroom-derived
compounds on chronic inflammatory
diseases

Cardiovascular disease

Endothelial cells act as the barrier between the blood and
blood vessel wall, mediating the synthesis and release of a series
of active substances (Miller, 2020). Oxidative stress associated
with increased ROS production and reduced nitric oxide (NO)
availability in the blood vessels and myocardium could induce
endothelial
proinflammatory,

dysfunction, including impaired vasodilation,

and thrombogenic, a risk factor for
cardiovascular disease (Zhao et al., 2021). Endothelial-derived
NO is the primary vasodilator and can react with increased ROS
to form toxic peroxynitrite (ONOO-) (Meng et al, 2021).
Meanwhile, ROS can induce the uncoupling of endothelial
NO synthase (eNOS), a vital enzyme for NO production (Wu
et al, 2014). The mushroom-derived compounds exert
antioxidant effects through the Nrf2 pathway to effectively
treat chronic cardiovascular diseases caused by endothelial
disorders (Cheng et al., 2017; Shen et al., 2019) (Figure 4A).
Ergothioneine is highly abundant in mushrooms and has the
ability to scour ROS and chelate the metal cations. This
phenomenon of ergothioneine could effectively regulate
endovascular inflammation caused by endothelial dysfunction
and reduce the release of pro-inflammatory factors, including
interleukin-6 (IL-6), IL-1B, and TNF-a (Lam-Sidun et al., 2021).
The water-soluble polysaccharide FC isolated from wild
mushroom agaricus bitorquis could inhibit the NADPH
oxidase activity, which might be used to treat myocardial
infarction, hypertension, and atherosclerosis caused by
excessive ROS (Jiao et al, 2019). In a previous study, the
vasodilatation of phellinus linteus extracts was found in the
rat mesenteric artery, which might induce the antioxidant and
anti-inflammatory effects of polysaccharides, peptides, and
terpenoids in the mycelium (Cai et al, 2019; Kwon et al.,

20205 Zuo et al., 2021).

Neurodegenerative disease

Neurodegenerative diseases are characterized by the
degeneration and loss of neurons in the brain and spinal cord,
including Parkinson’s disease (PD), Alzheimer’s disease (AD),
and Huntington’s disease (Djajadikerta et al., 2020). Lipids in the
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TABLE 1 Antioxidant effects of compounds purified from mushrooms.

Mushrooms

Lepista nuda
Entoloma lividoalbum
Flammulina velutipes

Floral mushroom
Auricularia auricula
Oyster mushroom
Pleurotus ostreatus
Pleurotus djamor
Pleurotus eryngii
Hohenbuehelia serotina
Maitake
Matsutake
Agaricus bisporus
Schizophyllum commune
Ophiocordyceps sinensis
Hericium erinaceus
Agaricus blazei
Pleurotus eryngii
Sanghuangporus sanghuang
Flammulina velutipes
Phlebopus portentosus
Phellinus linteus

Flammulina velutipes

Boletus edulis and Cantharellus
cibarius

Sanghuangporus baumii
Boletopsis leucomelas
T. terrestris and T. vialis
Hericium erinaceum
Pholiota nameko
Sanghuangporus sanghuang

Paxillus involutus

Agaricomycetes
Agaricus bisporus
Lactarius salmonicolor
Ramaria flava

Chaga

Porodaedalea chrysoloma
Orange coral mushroom
Cynomorium coccineum
Entoloma lividoalbum
Flammulina velutipes
Pleurotus ostreatus

Agaricus brasiliensis

Frontiers in Pharmacology

Compounds

Polysaccharide
Polysaccharide
Polysaccharide
Polysaccharide
Polysaccharide
Polysaccharide
Polysaccharide
Polysaccharide
Polysaccharide
Polysaccharide
Peptide
Peptide
Peptide
Peptide
Peptide
Peptide
Peptide
Peptide
Polyphenol
Polyphenol
Polyphenol
Polyphenol
Polyphenol

Polyphenol

Polyphenol
P-terphenyl compound
P-terphenyl compound

Sterol
Protein
Terpenoid

2,5-
diarylcyclopentenone

Extract
Extract
Extract
Extract

Extract

Extract
Extract
Extract
Extract
Extract
Extract

Extract

Name

LNP
ELPS
FVPs
FMPS
AAP-3-1
Extract
Extract
Extract
PERP
NTHSP-A1
Glutathione
WENNAGP
MPI
Extract
COP
Extract
ABp
PEMP
Extract
FFVP
Extract
Hispolon
FVF

Extract

Extract
Extract
Extract
Extract
PNAP
Extract

Extract

Extract
Extract
Extract
Extract

Extract

Extract
Extract
Extract
Extract
Extract
Extract

Extract

Antioxidant effects

Scavenge DPPH and O,

Eliminate -OH

Scavenge DPPH, -OH, and O,

Scavenge DPPH and -OH

Increase the activities of SOD, GSH-PX, and CAT
Improve the antioxidant status during ageing

Protect against oxidative damage induced by H,O,
Scavenge DPPH and -OH

Scavenge reactive radicals and improve the antioxidant status
Scavenging abilities of ABTS radical and -OH radical
Antioxidant property

Scavenge -OH and promote the SOD activity
Neutralize free radicals to resist oxidative stress

Free radical scavenging activity

Scavenge DPPH radical and chelate heavy metal ions
ABTS, DPPH and NO radical scavenging activities
Change the contents of T-AOC, MDA, CAT, and ROS
Scavenge DPPH, -OH, and O, radicals

Good cellular antioxidant activities

Inhibit the secretion of NO and ROS

DPPH scavenging activity and ferric reducing antioxidant power
Strong free radical scavenging ability

Increase glutathione level and SOD activity and inhibit the
accumulation of intracellular ROS

The aqueous extract showed the strongest antioxidant activity

Scavenge -OH, DPPH, and ABTS

Effective DPPH scavenging capacity

Prevent VEGF-induced production of ROS and malondialdehyde
Cellular antioxidant activity

Scavenge -OH and DPPH

Scavenge DPPH and ABTS free radicals

Clearing abilities of DPPH, -OH, and O,-

Significantly increase the activities of SOD, CAT and GSH-Px
Enhance the activities of antioxidant enzymes

Show the most potent radical scavenging activity

High DPPH and -OH radical-scavenging activities

Scavenging activity against the ABTS radical cation and DPPH
radical.

Possess considerable antioxidant effect

Good free radical scavenges and reduce capacities

ORAC-PYR assay gives the highest antioxidant value in both cases
Possess hydroxyl and superoxide radical-scavenging activities
High DPPH radical scavenging activity

High DPPH and hydrogen peroxide scavenging potential

Protect against sepsis by alleviating oxidative and inflammatory
response
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brain play a vital role in the function of neurons, which are
vulnerable to being attacked by ROS and produce lipid
peroxidation to form malondialdehyde (MDA), inducing
reduced membrane fluidity and neuron degeneration (Singh
et al, 2019). Meanwhile, the damaged neurons activate
microglia and astrocytes to release the pro-inflammatory
cytokines and ROS, further exacerbating neurodegeneration
(Fischer and Maier, 2015). ROS produced by oxidative stress
could damage and mutate the mitochondrial DNA, increasing
oxidative decomposition of dopamine as the pathogenesis of
neurodegenerative diseases and the accumulation of abnormal
protein, such as amyloid beta (Ap) in AD (Figure 4B) (Lin and
Beal, 2006). Antioxidants in mushrooms could directly neutralize
ROS or activate the Nrf2/ARE signaling pathway to induce the
competence of antioxidant enzymes (Elfawy and Das, 2019).
Ethanol extracts from hericium erinaceus could alleviate the
mitochondrial damage caused by H,0, and activate antioxidant
enzymes to treat hippocampal neurons’ injury in mice (Kushairi
et al, 2019). The polysaccharide peptides and vitamins in
coriolus versicolor could significantly reduce the proportion of
GSH and oxidized glutathione (GSSG) in the plasma to relieve
the systemic oxidative stress state and nerve injury of patients
(Scuto et al,, 2019). Meroterpenoids from Albatrellus yasudae
have been found to inhibit AP aggregation, which might be a
therapeutic and health care product for AD (Masuda et al., 2021).
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Polyphenols, polysaccharides, and triterpenes in Amauroderma
rugosum could reduce oxidative stress and 6-hydroxydopamine-
induced mitochondria dysfunction in the PCI2 cells (Li et al,
2021b).

Diabetes mellitus

The occurrence of diabetes mellitus is related to the
dysfunction of islet 8 cells and insulin resistance, in which
oxidative stress plays a vital role in regulating multiple
signaling pathways (Zhang et al, 2020). Excessive ROS
can activate the NF-xB, JNK/SAPK, and p38 MAPK
pathways by activating TLR and inducing the dysfunction
of islet B cells (Yaribeygi et al, 2020). A persistent
ROS production
through the binding of advanced glycation end products

hyperglycemic environment induces
(AGE) to peroxisome proliferators activated receptors
(PPAR) (Deng et al, 2021). Additionally, excessive
production of AGE increases the of
inflammatory mediators through the NF-kB pathway
(Karam et al, 2017). The inflammatory factor TNF-a

activates the intracellular signaling factor IKK( that

expression

affects insulin production through the NF-kB signaling
pathway (Wellen and Hotamisligil, 2005; Rohm et al., 2022).
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Polysaccharides isolated from Inonotus obliquus are the
potential to treat type 2 diabetes by directly removing ROS or
mediating lipid peroxidation (Lu et al., 2021). Terpenoids from
Antrodia camphorata could significantly inhibit the binding of
AGE to PPAR and reduce blood glucose levels, thus inhibiting
ROS production and promoting insulin secretion (Kuang et al.,
2021). Alkali-soluble polysaccharides from Amillariella mellea
could improve pancreatic B-cell dysfunction caused by oxidative
stress, thereby improving insulin sensitivity and reducing insulin
resistance (Yang et al., 2019). As food supplements, P. Ostreatus
and L. Subnudus have been shown to increase the activity of
antioxidant enzymes and non-enzymatic antioxidants, inducing

memory loss in diabetic rats (Agunloye and Oboh, 2021).

Cancer

ROS can induce chronic inflaimmation, and the continuous
inflammatory environment and oxidative stress might damage the
adjacent epithelial cells and stromal cells, inducing cancer (Reuter
et al, 2010). Additionally, ROS induces the proliferation of cancer
cells and promotes tumor growth by activating the MAPK pathway
(Moloney and Cotter, 2018). Tumor cell metastasis depends on the
epithelial-mesenchymal transformation process, in which ROS
activates the proteins, including P -catenin, e-cadherin, and matrix
metalloproteinases (MMP), through the Wnt/p -catenin signaling
pathway (Sosa et al.,, 2013).

Termitomyces Clypeatus significantly inhibited the tumor
volume and number of ascites carcinoma mice by inhibiting lipid
peroxidation and increasing the levels of GSH, SOD, and CAT
(Mondal et al., 2016). The extracts from Lactarius deliciosus and
Coprinus comatus inhibited the activity of MMP produced by
oxidative stress and induced apoptosis in gliomas associated with
G1 or G2/M phase cell cycle stagnation (Nowakowski et al.,
2021). Natural antioxidants isolated from Thelephora Ganbajun
by ultrasonic-assisted technology exhibited anti-proliferation
effects on the liver and lung cancer cells (Xu et al., 2016).
Antrodia
apoptosis in

and
of
extracellular signal kinase (ERK) signaling, which has been
reported to mediate ROS due to the double-sided effects of
antioxidants on cancer cells (Dastmalchi et al, 2020; Yang
et al.,, 2021).
The compounds purified from mushrooms might possess

salmonea induces protective autophagy

colon cancer cells through cascades

promising applications in preventing and treating cardiovascular
diseases, neurodegenerative diseases, and cancer by regulating
oxidative stress and chronic inflammation.

Discussion

Excessive ROS increases the release of pro-inflammatory
factors, thereby promoting ROS production, which is the
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reason for oxidative stress-induced chronic

primary
inflammation. Chronic inflammation can lead to organic
diseases in different tissues and organs over time. Chronic
inflammation in the blood vessels can affect the vascular
endothelial relaxation function and form atherosclerosis, the
root cause of coronary atherosclerotic heart disease (Golia
et al, 2014). It is reported that chronic inflammatory response
persists in the neurodegeneration of AD and is considered an
important factor in accelerating the progression (Gasiorowski
et al., 2018). In chronic inflammation, ROS can damage DNA
and cause biological macromolecule dysfunction, such as proteins
and lipids, inducing antioxidant dysfunction and a vicious cycle of
oxidative stress, a risk factor for cancer (Murata, 2018). In recent
years, antioxidants have attracted much attention due to their
oxidative stress combating ability to inhibit chronic inflammation.
Natural compounds are more easily recognized and absorbed by the
body than synthetic antioxidants, with no toxic side effects (Liu,
2022). Chinese herbs,
berberine, and curcumin have also been proven to have

including Astragalus membranaceus,
antioxidant properties (Kocaadam and Sanlier, 2017; Liu et al,
2017; Song et al., 2020). The separation and purification process
of Chinese herbs extract is complicated, implying that purity can
affect its application. Meanwhile, improper usage might lead to
toxicoses (Hu et al, 2005; Liu et al, 2018). In contrast,
mushrooms are widely distributed, easy to process, and can
provide various nutrients with simple treatments (Ahmad et al,
2021). Additionally, mushrooms are well absorbed by the human
body with no harm as the natural antioxidant (Fontes et al., 2019).

Mushrooms possess many biological and pharmacological
characteristics, which are already applied in nutrition, health
care, and medical treatment (Venturella et al., 2021). Therefore,
studies pay more attention to mushroom-derived polysaccharides
than other compounds, as the purification method is mature and
the biological activity is stable and diverse (Muszynska et al., 2018).
Mushroom polysaccharides mainly contain p-glucan chains, which
have been proven to have antioxidant effects (Maity et al., 2021).
The hydrogen ions of mushroom polysaccharides could inhibit
oxidative stress by neutralizing ROS and enhance antioxidant effects
through chemical modification, including carboxymethylation and
sulphuration (Huang and Nie, 2015; Lu et al., 2020). The extraction
method significantly affected the antioxidant activity of the
compound. Water extraction of Lepista nuda polysaccharides
showed better scavenging ability of free radicals than ethanol
extraction (Shu et al, 2019). The same compound had different
scavenging abilities for different free radicals. For instance,
Sanghuang could scavenge 68% -OH and 57% O,—at 1 mg/ml,
indicating that the scavenging ability of most compounds in the
mushrooms is concentration-dependent (Zuo et al, 2021).
Mushrooms are a promising source of natural antioxidants,
ergothioneine, and glutathione, with the highest content in the
mushroom cap of yellow oyster (Kalaras et al., 2017). However,
more research on different species of natural compounds purified
from mushrooms should be conducted to broaden their application.
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In conclusion, the compounds in mushrooms could inhibit
oxidative stress and chronic inflammation by neutralizing
excessive ROS or activating antioxidant enzymes through the
Nrf2 signaling pathway and have been applied to cardiovascular
disease, neurodegenerative disease, and cancer.
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A Corrigendum on
Compounds purified from edible fungi fight against chronic
inflammation through oxidative stress regulation

by Xia Y, Wang D, Li J, Chen M, Wang D, Jiang Z and Liu B (2022). Front. Pharmacol. 13:974794.
doi: 10.3389/fphar.2022.974794

In the published article, the reference for “Recently, various compounds have been
isolated from mushrooms, such as polysaccharides, alkaloids, peptides, terpenoids, and
polyphenols (Leong et al., 2021)” was incorrectly written as (Leong et al., 2021). It should
be (Homer and Sperry, 2017; Zhou et al., 2020; Kuang et al., 2021; Leong et al., 2021;
Zhang et al.,, 2021).

In the published article, there was an error in Table 1 as published. The references of
Table 1 were incorrect due to our carelessness in proof section. The corrected Table 1 and
its caption (Table 1 Antioxidant effects of compounds purified from mushrooms) appear
below.

The authors apologize for this error and state that this does not change the scientific
conclusions of the article in any way. The original article has been updated.
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Xia et al.

TABLE 1 Antioxidant effects of compounds purified from mushrooms.

10.3389/fphar.2022.1081523

Mushrooms Compounds Name Antioxidant effects References
Lepista nuda Polysaccharide LNP Scavenge DPPH and O, Shu et al. (2019)
Entoloma lividoalbum Polysaccharide ELPS Eliminate -OH Maity et al. (2015)
Flammulina velutipes Polysaccharide FVPs Scavenge DPPH, -OH, and O, Chen et al. (2019)
Floral mushroom Polysaccharide FMPS Scavenge DPPH and -OH Wang et al. (2015)
Auricularia auricula Polysaccharide AAP-3-1 Increase the activities of SOD, GSH-PX, and CAT Qian et al. (2020)
Oyster mushroom Polysaccharide Extract Improve the antioxidant status during ageing Jayakumar et al. (2007)
Pleurotus ostreatus Polysaccharide Extract Protect against oxidative damage induced by H,O, Barbosa et al. (2020)
Pleurotus djamor Polysaccharide Extract Scavenge DPPH and -OH Maity et al. (2021)
Pleurotus eryngii Polysaccharide PERP Scavenge reactive radicals and improve the antioxidant status Zhang et al. (2021a)
Hohenbuehelia serotina Polysaccharide NTHSP-A1 | Scavenging abilities of ABTS radical and -OH radical Li et al. (2017b)
Maitake Peptide Glutathione | Antioxidant property Kalaras et al. (2017)
Matsutake Peptide WENNAGP | Scavenge -OH and promote the SOD activity Li et al. (2021)
Agaricus bisporus Peptide MPI Neutralize free radicals to resist oxidative stress Kimatu et al. (2017)
Schizophyllum commune Peptide Extract Free radical scavenging activity Wongaem et al. (2021)
Ophiocordyceps sinensis Peptide COP Scavenge DPPH radical and chelate heavy metal ions Mishra et al. (2019)
Hericium erinaceus Peptide Extract ABTS, DPPH and NO radical scavenging activities Sangtitanu et al. (2020)
Agaricus blazei Peptide ABp Change the contents of T-AOC, MDA, CAT, and ROS Feng et al. (2021)
Pleurotus eryngii Peptide PEMP Scavenge DPPH, -OH, and O, radicals Sun et al. (2017)
Sanghuangporus sanghuang Polyphenol Extract Good cellular antioxidant activities Zhang et al. (2021b)
Flammulina velutipes Polyphenol FFVP Inhibit the secretion of NO and ROS Ma et al. (2021)
Phlebopus portentosus Polyphenol Extract DPPH scavenging activity and ferric reducing antioxidant power Kumla et al. (2021)
Phellinus linteus Polyphenol Hispolon Strong free radical scavenging ability Sarfraz et al. (2020)
Flammulina velutipes Polyphenol FVF Increase glutathione level and SOD activity and inhibit the Hu et al. (2016)
accumulation of intracellular ROS
Boletus edulis and Cantharellus Polyphenol Extract The aqueous extract showed the strongest antioxidant activity Fogarasi et al. (2021)
cibarius
Sanghuangporus baumii Polyphenol Extract Scavenge -OH, DPPH, and ABTS Zheng et al. (2021)
Boletopsis leucomelas P-terphenyl compound Extract Effective DPPH scavenging capacity Sakemi et al. (2021)
T. terrestris and T. vialis P-terphenyl compound Extract Prevent VEGF-induced production of ROS and malondialdehyde = Sonowal et al. (2018)
Hericium erinaceum Sterol Extract Cellular antioxidant activity Li et al. (2017a)
Pholiota nameko Protein PNAP Scavenge -OH and DPPH Zhang et al. (2014)
Sanghuangporus sanghuang Terpenoid Extract Scavenge DPPH and ABTS free radicals Zhang et al. (2021b)
Paxillus involutus 2,5- Extract Clearing abilities of DPPH, -OH, and O, Lv et al. (2021)
diarylcyclopentenone
Agaricomycetes Extract Extract Significantly increase the activities of SOD, CAT and GSH-Px Zhang et al. (2019)
Agaricus bisporus Extract Extract Enhance the activities of antioxidant enzymes Liu et al. (2013a)
Lactarius salmonicolor Extract Extract Show the most potent radical scavenging activity Athanasakis et al. (2013)
Ramaria flava Extract Extract High DPPH and -OH radical-scavenging activities Liu et al. (2013b)
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TABLE 1 (Continued) Antioxidant effects of compounds purified from mushrooms.

Mushrooms Compounds Antioxidant effects References
Chaga Extract Extract Scavenging activity against the ABTS radical cation and DPPH Lee et al. (2007)
radical.
Porodaedalea chrysoloma Extract Extract Possess considerable antioxidant effect Sarkozy et al. (2020)
Orange coral mushroom Extract Extract Good free radical scavenges and reduce capacities Aprotosoaie et al. (2017)
Cynomorium coccineum Extract Extract ORAC-PYR assay gives the highest antioxidant value in both Zucca et al. (2013)
cases
Entoloma lividoalbum Extract Extract Possess hydroxyl and superoxide radical-scavenging activities Maity et al. (2014)
Flammulina velutipes Extract Extract High DPPH radical scavenging activity Bao et al. (2008)
Pleurotus ostreatus Extract Extract High DPPH and hydrogen peroxide scavenging potential Udeh et al. (2021)
Agaricus brasiliensis Extract Extract Protect against sepsis by alleviating oxidative and inflammatory =~ Navegantes-Lima et al.
response (2020)

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
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Alcoholic abuse and obesity are the most common lifestyle implications of
chronic liver injury, and always act synergistically to increase the risk of
mortality. Periplaneta americana has a long history of being applied in
medicine, including wound healing, antitumor, antibacterial, antiviral,
antifibrotic, and cardiomyocyte-protecting. Ganlong capsule (GLC), a natural
prescription drug extracted from Periplaneta americana, has been widely used
in HBV-related symptoms. However, the anti-steatohepatitis efficacy and
mechanisms of GLC have not yet been characterized. Here, we found the
protective effect of GLC on the development of hepatic steatosis, oxidative
stress, and inflammation in vivo under alcohol exposure combined with a high-
fat and high-cholesterol diet (HFHC). Consistently, GLC exhibited a
hepatoprotective property by preventing hepatocytes from oxidative stress
injury and lipid accumulation in vitro. In addition, it exerted an anti-
inflammation characteristic by reducing macrophage recruitment and
decreasing the expression of pro-inflammatory genes in vivo and in vitro.
Mechanically, GLC serum, isolated from GLC-treated mice, reduced
extracellular high-mobility group box 1 (HMGB1) of dying hepatocytes; and
suppressed subsequent M1 polarization of macrophages in the co-culture
system. Furthermore, GLC serum inhibited inflammatory response via
suppressing the HMGBL1 release and blocking the downstream TLR4/NF-kB
pathway. Collectively, GLC alleviates steatohepatitis induced by alcohol
consumption and obesity through inhibition of the HMGB1-mediated
inflammatory cascade. GLC might be a therapeutic candidate for the
treatment of steatohepatitis developed by alcohol abuse and metabolic
disorders.

KEYWORDS

steatohepatitis, alcohol consumption, obesity, periplaneta americana extractions
(PAEs), high-mobility group box1 (HMGB1)
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Introduction

Chronic liver disease (CLD) is one of the leading causes of
death worldwide; around 844 million people suffer from CLD
resulting in approximately two million deaths per year (Byass,
2014). At present, obesity and alcohol consumption are the
two main causes of CLD (Ntandja Wandji., et al., 2020),
promoting the development of alcoholic liver disease
(ALD) and non-alcoholic fatty liver disease (NAFLD),
respectively. While one of the two factors is always
predominant, there is considerable evidence indicating that
hazardous alcohol use and obesity-associated metabolic
disorders act synergistically to aggravate the progression of
fatty liver disease (Aberg., et al., 2020).

The spectrum of liver injury in ALD and NAFLD is quite
similar, ranging from steatosis, and steatohepatitis to fibrosis,
cirrhosis, and hepatocellular carcinoma (HCC) (MacSween and
Burt, 1986; Matteoni., et al., 1999). However, although obesity is
an essential contributor to NAFLD, less than 5% of NAFLD
patients will ever develop a complicated liver disease
(Tsukamoto., et al., 2009). Similarly, even though a strong
dose-response relationship between alcohol intake and liver
cirrhosis mortality in the ALD population, only 6.26%-10.7%
of heavy drinkers develop cirrhosis during their lifetime
(Roerecke., et al., 2019). The fact has led to a hypothesis that
excessive intake of alcohol or calories is the first hit to induce
hepatic steatosis, the early stage of ALD or NAFLD. The second
hit is required in the progress of steatohepatitis and cirrhosis
(Tsukamoto, Machida, Dynnyk and Mkrtchyan, 2009). Indeed,
numerous studies have pointed out that alcohol and obesity
synergistically increase the development of hepatic fibrosis and
cirrhosis. The result of a French study showed that being
overweight (defined as a BM1 >

and >27 in men) for at least 10 years was independently

25kg/m®> in women

associated with the risk of steatosis, alcoholic hepatitis and
cirrhosis (Raynard., et al., 2002).

Although a severe liver injury caused by alcohol abuse
combined with obesity, the treatment for such a complicated
liver disease remains unsatisfactory. Alcohol abstinence,
nutrition intervention and controlling body weight are crucial
for patients with ALD and NAFLD. However, only a minority of
patients with NAFLD achieve weight loss and some regular
drinkers still consume alcohol despite medical advice. Thus,
pharmacological interventions may be needed. Corticosteroids
are the only validated treatment for ALD in the subgroup of
patients with severe alcoholic hepatitis (Louvet., et al., 2018).
Although various pharmacological approaches aiming to
alleviate NAFLD-NASH are currently being examined at
different phases of clinical trials (Negi., et al., 2022); no drug
is approved by Food and drug administration (FDA) for the
treatment of NAFLD.

Periplaneta Americana, the American cockroach, has a long
history of application for the treatment of various injuries
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(Wang., et al, 2011; Zhu., et al, 2018). Over the past few
identified of
Periplaneta Americana (PAEs) have tissue repair (Yang., et al.,
2015), antitumor (Zhao., et al., 2017), antibacterial (Ma et al.,
2018), antifungal (Yun et al., 2017), antifibrotic, antiosteoporotic,

years, considerable studies have extracts

cardiomyocyte-protecting, and immunity-enhancing efficacy
(Zou et al,, 2020). However, PAEs have not been explored in
clinical applications as a result of the difficulty in purifying the
active constituents and the unclear molecular mechanisms. There
are only a few representative clinical PAEs prescriptions such as

» o«

“Kangfuxin solution”, “Xinmailong injection”, and “Ganlong
capsule (GLC)” that have been approved to use in clinical
treatment until recent years. Particularly, GLC has been
widely used in the treatment of chronic hepatitis B in China.
The main ingredients of GLC are sticky sugar amino acid, which
was identified as the property of immunological regulation and
hepatoprotective (Lv, 2017). Sun analyzed the component of
The

immunological test in normal mice showed the polysaccharide

water-soluble  polysaccharides from  cockroaches.
of cockroaches could significantly increase the phagocytic
percentage and index of macrophages (Sun et al., 2022). It has
been reported that GLC showed a protective effect on chronic
liver injury induced by alcohol (Zhang,, et al., 2013). However, it
remains unclear whether GLC could inhibit steatohepatitis
progress driven by both alcohol and obesity.

Here, in this study, we explored the possible protective
mechanisms of GLC on liver injury and the progression of
steatohepatitis in a mouse model with alcoholics plus a high-

fat high-cholesterol diet (EHED).

Material and methods
Chemicals and reagents

Ganlong capsule was purchased from Kunming SINOWAY
Natural Pharmaceuticals Co., Ltd (21062101). Palmitic acid was
purchased from Sorabio Science and Technology Co., Ltd
(Beijing, China).

Animals and treatments

Male C57BL/6] mice (5-8 weeks old, SPF grade), weighing
20 + 2 g, were purchased from Zhejiang Vital River Laboratory
Animal Technology Co., Ltd (Zhejiang, China) and Guangzhou
Ruige Biological Technology Co., Ltd (Guangzhou, China)
respectively. The animal welfare practices and animal
experimental protocols were strictly consistent with the Guide
for the Care and Use of Laboratory Animals, all experimental
procedure was officially approved by The Animal Ethics
Committee of Jinan University. Animals were maintained in a

controlled environment with a temperature of 20°C-26°C and
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GLC alleviates steatohepatitis induced by EHFD diet. (A) Schematic of the liver injury mouse model induced by EHFD diet. (B) Representative
images of the mouse liver and H&E staining with EHFD treatment. Scale bars, 50 um. (C) The final body weight and (D) liver index of EHFD mice (n =
8 for each group). (E) Serum ALT and (F) AST levels of EHFD mice with or without GLC treatment **P < 0.01 vs. the EHFD mice with the treatment of

saline; ***P < 0.001 vs. the EHFD mice with the treatment of saline.

relative humidity of 40-70% under a 12-h light/dark cycle, with
standard food and water ad libitum.

Mice were randomly assigned to the following groups: 1) the
control group, which received a standard chow diet (5% fat w/w);
2) the EHFD group, which received a high-fat high-cholesterol
diet (containing 17% fat and supplemented with 1.25%
cholesterol and 0.5% cholate) which was obtained from
Trophic Animal Feed High-tech Co. Ltd (China), with ad
libitum access to alcohol in drinking water with increasing
concentrations of alcohol (1% v/v of alcohol for the first
2 days, 2% from day 3 to day 7, 4% for the second week, and
5% for another 6 weeks); 3) the EHFD + Low group, based on
EHFD group, mice were gavaged with 60 mg/kg BW GLC
solution per day for 8 weeks; 4) the EHFD + High, based on
EHFD group, mice were gavaged with 120 mg/kg BW GLC
solution per day for 8 weeks. The control, EHFD mice were
given saline at equivalent volumes as the treatment group. The
schematic of the animal experiment was shown in Figure 1A. The
mice were euthanized at the age of 14 weeks after fasting for 16 h,
and the serum and liver tissue were harvested for subsequent

measurement.

Collection of GLC serum

To determine the preventive effect of GLC on liver injury,
some normal mice were given GLC treatment with a standard
dose according to the clinical use for the patient. GLC-treated
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group mice were gavaged with GLC (90 mg/kg, twice per day) for
7 days. The control mice were given the same volume of normal
0.9% saline. After 2h of the last gavage, the mice serum was
collected and heat-inactivated at 56°C for 30min, then stored at
-20°C for the subsequent experiment (Qin et al, 2021; Zhang,
2021).

Cell culture and treatments

NCTC1469 and J774A.1 cell line was obtained from the
Procell Life Science & Technology Co., Ltd (Wuhan, China) and
Newgainbio Co., Ltd (Wuxi, China), and cultured in DMEM
supplemented with 10% fetal bovine serum and 1% penicillin
streptomycin at 37°C in a 5% CO, humidified atmosphere. We
collected portal vein serum from normal male C57BL/6] mice
(Ctrl serum) and only GLC gavage-treated male C57BL/6] mice
(GLC serum) at a dose of 90 mg/kg BW for 2 h. NCTC1469 cells
were treated with GLC serum or other agents when they were
50-60% confluence. GLC serum was added 6h before the
treatment of ethanol or palmitic acid.

Co-culture of hepatocytes and
macrophages

NCTC1469 cell lines were seeded in 12-well plates, and

different concentrations of GLC serum or Ctrl serum
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dissolved in serum-free media were pretreated for 6 h when they
were 50%-60% confluence. Ethanol (400 mM) was added to the
culture medium 6 h later. The supernatant was collected as a
condition medium for the macrophages. J774A.1 cell lines were
seeded in a 12-well plate at a density of 5 x 10°/well for 24 h, then
treated with condition medium at 1:2 dilution in serum-free
media for 24 h. Cells were collected for subsequent experiments.

Biochemical analysis

The

aminotransferase

serum biochemical markers, including alanine
(ALT) #GM1102) aspartate
aminotransferase (AST) (Servicebo, #GM1103) triglyceride
(TG) (Servicebio, #GM1114) and total cholesterol (TC)
#GM1113) TG Biotech,

levels measured with a biochemical

(Servicebo,

(Servicebio,
#D799796)
autoanalyzer (Rayto, Shenzhen, China). The activity of High-

hepatic (Sangon

were

mobility group boxl (HMGBI1) in cell supernatant was
determined by kits (Elabscience Biotechnology Co., Ltd,
Wuhan, China) (Mei mian, #MM-44107M1), and the tissue
IL-1p (Proteintech, = #KE10003), CCL2  (Proteintech,
#KE10006) were according to the
manufactures’ instructions.

levels examined

Reactive oxygen species (ROS) analysis

Optimal cutting temperature (OCT)-embedded tissues were
fixed in 4% paraformaldehyde. Tissue sections were incubated
with either dihydroethidium (DHE, 5 uM, APExBio, #C3807) or
2',7'-dichlorodihydrofluorescein ~ diacetate (DCFDA, 5 uM,
Beyotime, #S0033S) for 30min at 37°C in a humidified
chamber protected from light. Images were acquired by
fluorescence microscopy (Germany, Leica).

Quantitative real-time polymerase chain
reaction (QRT-PCR) analysis

Total RNA was isolated by using Trizol reagent (Accurate
Biology, Changsha, China) according to the manufacturer’s
specifications. cDNA was reverse-transcribed using the RT-
PCR system. Real-time PCR was performed by mixing cDNA
with primers and SYBR Green qPCR Master Mix (APExBIO,
Houston, United States). The sequences of the primers were as
follows: Actb (forward: 5'-GTGACGTTGACATCCGTAAAGA-
3, reverse: 5'-GCCGGACTCATCGTACTCC)-3', Cd36
(forward: 5'-GACTGGGACCATTGGTGATGA-3’; reverse: 5'-
AAGGCCATCTCTACCATGCC-3'), Fabpl (forward: 5'-TGG

TCCGCAATGAGTTCACCCT-3’; reverse: 5-CCAGCTTGA
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CGACTGCCTTGACTT-3'), Fasn (forward: 5'-CTGCGGAAA
5'-GGTTCGGAATGCTAT

CTTCAGGAAATG-3; reverse:
CCAGG-3"), Scdl(forward: 5'-TCTTCCTTATCATTGCCA
ACACCA-3’; reverse: 5-GCGTTGAGCACCAGAGTGTAT

CG-3'), Ppary (forward: 5'-ATTCTGGCCCACCAACTTCGG-
3% reverse: 5'-TGGAAGCCTGATGCTTTATCCCCA-3'), Ppara
(forward: 5'-TATTCGGCTGAAGCTGGTGTAC-3’; reverse: 5'-
CTGGCATTTGTTCCGGTTCT-3'), Cptla (forward: 5'-AGG
ACCCTGAGGCATCTATT-3’; reverse: 5'-ATGACCTCCTGG
CATTCTCC-3"), Gss (forward: 5-TGTGCCCTTTTACCC
TCTTCCT-3’; reverse: 5'-TCTTTGGAGTGTGGGAATGGA-
3", Gsr (forward: 5'-AGCCGCCTGAACACCATCTA-3;
reverse:  5'-GATGTGTGGAGCGGTAAACTTTT-3'), Gpx3
(forward: 5'-GCTTGGTCATTCTGGGCTTC-3’; reverse: 5'-
CCCACCTGGTCGAACATACT-3"), Sodl (forward: 5'-TTG
GCCGTACAATGGTGGT-3; reverse: 5'-CGCAATCCCAAT
CACTCCAC-3"), Sod2 (forward: 5'- GGTGGCGTTGAGATT
GTTCA-3’; reverse: 5'- CCCAGACCTGCCTTACGACTAT-3'),
Cat (forward: 5'-TCACCCACGATATCACCAGA-3’; reverse:
5/-AGC TGA GCC TGA CTC TCC AG-3'), Cyp2el (forward:
5'-ACAGAGACCACCAGCACAAC-3’; reverse: 5'-ATTCAT
CCTGTCTCGGACTGC-3"), II-1B (forward: 5'-CACTACAGG
CTCCGAGATGAACAAC-3%; reverse: 5'-TGTCGTTGCTTG
GTTCTCCTTGTAC-3'), 16 (forward: 5-TACCACTTCACA
AGTCGGAGGC-3’; reverse: 5-CTGCAAGTGCATCATCGT
TGTTC-3"), Tnfa (forward: 5'-CTGAACTTCGGGGTGATC
GG-3’; reverse: 5-GGCTTGTCACTCGAATTTTGAGA-3'),
Ccl2 (forward: 5'-CCACAACCACCTCAAGCACT-3’; reverse:
5'-TAAGGCATCACAGTCCGAGTC-3").

Histopathology assessment

Liver tissues were sectioned and mounted on glass slides then
stained with H&E and immunohistochemistry of F4/80 (Abcam,
#111101), iNOS (Abcam, #15323), Ly6G (Abcam, #238132), CD86
(CST, #19589). Each sample was observed at a x400 magnification
of microscopic field. The liver cryostat section (Germany, Leica)
(5um) was stained with Oil red O staining. Images were
photographed under a microscope (Germany, Leica). Image Pro
Plus 6.0 was used to measure the staining Area.

Nile red staining

Nile red staining was used to specifically stain the
intracellular fat. The cells were fixed and stained with Nile red
(100 ng/ml) (APExBio, #B8209) in PBS for 30 min. After being
washed thrice with PBS, the cells were examined under a
fluorescent microscope (Germany, Leica). Image Pro Plus
6.0 was used to measure the positive staining cells.
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Western blot analysis

Liver tissues were lysed in RIPA lysis buffer (Beyotime) with
1 mM PMSE. An equal amount of protein was separated by SDS-
PAGE and transferred to the PVDF membrane. The membranes
were washed, blocked and incubated with specific primary anti-
rabbit antibodies against CYP2E1 (Proteintech, #19937-1-AP),
GAPDH (Cell signaling Technology, #2118S), pNF-kB p65
(Wanleibio, #WL02169), NF-kB p65 (Wanleibio, #WL01273b),
TLR4 (PTMBIO, #PTM-5192).

Dataset analysis

The cDNA microarray data (GEO database: GSE28619) were
used for relevant analysis.

Statistic analysis

The data were presented as the means + standard deviation
(SD). The statistical significance of the difference was analyzed by
Student’s t test. p < 0.05 was regulated as statistically significant.
In this study, the statistical analyses were performed using
GraphPad Prism eight software.

Results

GLC alleviates steatohepatitis induced by
EHFD diet

The picture (Figure 1A) is the schematic of the liver injury
mouse model induced by EHFD. H&E staining showed that
GLC treatment ameliorated inflammatory necrosis and
hepatic  steatosis with a dose-dependent tendency
(Figure 1B). In addition, GLC exerts a hepatic protective
character by decreasing the final body weight (Figure 1C)
and liver index (Figure 1D) as well as the serum level of ALT
(Figure 1E) and AST (Figure 1F). We also developed a mouse
model with alcohol alone to identify the effect of GLC on the
chronic liver injury of ALD mice. (Supplementary Figure
S1A). The results indicated that the mouse liver injury
characterized by hepatocytes vacuolar and ballooning
by GLC

(Supplementary Figure S1B). Moreover, the final body

degeneration was  alleviated treatment.
weight of ALD mice was decreased while the other was
increased with the treatment of GLC (Supplementary
Figure S1C). The liver index of ALD was decreased by the
administration of GLC (Supplementary Figure S1D). And the
serum level of ALT (Supplementary Figure S1E) and AST
(Supplementary Figure SI1F) was downregulated by GLC

administration. Moreover, the lipid accumulation of ALD
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mice with GLC treatment declined (Supplementary Figures
S1G, H). It also showed a declining trend in hepatic and serum
TG levels, as well as TC levels in the treatment group
(Supplementary Figures S1I, J, K).

GLC alleviates lipid accumulation by
regulating lipogenesis in vivo and in vitro

To further investigate the impact of GLC on hepatic steatosis,
we analyzed the lipid accumulation of the model mice and
therapy groups. The Oil red O staining demonstrated that
GLC treatment improved a remarkable accumulation of lipid
droplets induced by the EHFD diet. (Figures 2A, B). Consistently,
hepatic and serum TG, as well as TC levels, were significantly
decreased in GLC-treated mice (Figures 2C-E). Moreover, GLC
treatment strikingly decreased the mRNA levels of fatty acid
uptake-related and synthesis-related genes (Cd36, Fabpl, Fasn,
Scdl, and Ppary) (Figure 2F). Additionally, the mRNA levels of
B-oxidation genes (Cptla) were notably increased in GLC-
to EHFD mice 2F).
Considering the complexity of the component in traditional

treated mice compared (Figure
Chinese medicine, GLC-containing serum (GLC serum) and
control serum (Ctrl serum) from normal mice was prepared
for further study. The main steps were illustrated in the flow chart
(Figure 2G). The GLC serum and Ctrl serum were collected for
the subsequent experiment in vitro. Palmitic acid (PA) induced
NCTC1469 cells were applied to study if the different
concentrations of GLC serum could improve hepatocytes
steatosis. Nile red staining demonstrated GLC serum exerted a
dose-dependent decreasing trend of lipid droplets in hepatocytes
induced by PA (Figures 2H, I, Supplementary Figure S2A).
Consist with the results in vivo, GLC serum also declined the
mRNA expression levels of genes related to lipogenesis while
promoting mRNA expression of genes associated with fatty acid
B-oxidation in the PA-induced NCTC1469 cells with different
concentrations of GLC serum (Figure 2], Supplementary Figure
S2B). Compared with the vehicle group, Ctrl serum (PA + 10N)
also downregulated the expression of genes related to lipid
accumulation. The results may be attributed to the protective
characteristics of the serum. Wang identified that inactive serum
is better for cell growth, and different concentrations of serum
had various efficacy for cell culturing (Wang et al., 2018). In our
study, GLC serum performed a better effect on decreasing lipid
accumulation than Ctrl serum.

GLC attenuates hepatotoxicity via
inhibiting oxidative stress injury of
hepatocytes

Histological analysis revealed that GLC effectively reduces
reactive oxygen species (ROS) levels in the mouse model of
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FIGURE 2

GLC alleviates lipid accummulatlon by regulating lipogenesis in vivo and in vitro. (A) Representative images of Oil red O Staining of the frozen

liver sections. Scale bars, 50 pm. (B) The statistics of Oil red O-positive areas. (C) Serum TG and (D) TC levels in EHFD mice. (E) Hepatic TG levels in
EHFD mice. (F) Quanttative PCR analysis of the hepatic mMRNA levels of genes related to fatty acid metabolism in mice from the indicated groups
Gene expression was nomalized to actin beta (Actb) mRNA levels (n = 8 for each groups). (G) The flow chart of drug-containing serum
preparation, the GLC-containing serum group are shown in table. (H) Representative images of nile red staining of hepatocytes Induced by EtOH and

palmitic acid (PA) with the treatment of GLC-containing serum. Scale bars, 50 um. (I) The statistics of nile red(+)

cells. (J) Quantitative PCR analysis of

the mRNA levels of genes related to fatty acid metabolsm in hepatocytes induced by PA with different concentrations of GLC-containing serum. *P <

0.05; **P < 0.01; ***P < 0.001.
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FIGURE 3

GLC attenuates hepatotoxicity via inhibiting oxidative stress injury of hepatocytes. (A) Fluorescence analysis of ROS using DCFDA and DHE dyes

in mouse liver sections. Scale bars, 100 pm. (B) Statistics of DCFDA and (C) DHE positive areas. (D) Quantitative PCR analysis of hepatic mRNA levels
of genes related to oxidative stress injury. (E) Expression of CYP2E1 and GAPDH were examined by western blotting. GAPDH as a loading control (n =
2 for each group). (F) Relative intensity of CYP2EL. (G) NCTC1469 cells were treated with different concentrations of EtOH (0-1000 mM) for

24 h or 48 h. (H) NCTC1469 cells were pretreated with different concentrations of GLC serum for 1 h followed by administrationwith EtOH
(400 mM). The cell death was analyzed by CCK-8. **P < 0.01 vs. NCTC1469 cells induced by ethanol with treatment of 10% Ctrl serum; ***P < 0.001
vs. NCTC1469 cells induced by ethanol with treatment of 10% Ctrl serum. (I) Quantitative PCR analysis of NCTC1469 cells mRNA levels of genes
related to oxidative stress injury. The data were obtained from three dependent experiments per group. **P < 0.01 vs. NCTC1469 cells treated with
EtOH; ***P < 0.001 vs. NCTC1469 cells treated with EtOH.

EHFD (Figures 3A-C). Effects of GLC on mRNA levels of hepatic expression of antioxidant genes mentioned above was potently
antioxidant genes (Gss, Gsr, Gpx3, Sodl, and Cat) were also less than those in the GLC treatment group (Figure 3D).
investigated. The quantitative PCR analysis indicated that the CYP2El was reported as a major contributor to ROS
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FIGURE 4
GLC suppresses macrophage infiltration and pro-inflammatory cytokines expression in vivo. (A) H&E staining and IHC staining of F4/80, iINOS of
mouse liver sections. Scale bars, 50 um. (B) Liver activity score, IHC score of F4/80 and iNOS of mouse liver sections. (C) IL-1p and CCL2 levels in liver
tissue of EHFD mice with or without treatment of GLC (n = 8 for each group).

generation and played a pivotal role in ethanol-induced fatty liver
and oxidative stress (Lu and Cedeerbaum, 2008; Lu et al., 2010;
Yang et al,, 2012). The results identified that the increase of
CYP2EI in the EHFD group was significantly reduced with GLC
administration (Figures 3E, F). To further confirm the
hepatoprotective property of GLC, we also used GLC serum
to pretreat NCTC1469 cells before EtOH exposure. We found
that EtOH dose-dependently increased NCTC1469 cell death
(Figure 3G), while GLC serum could effectively inhibit EtOH-
induced cell death in 3%GLC serum (P < 0.0001) (Figure 3H).
According to the results, we then performed 3%GLC serum for
further study. Quantitative PCR analysis also depicted that
ethanol-induced reduction of gene expression related to the
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antioxidant enzyme was strongly inhibited by GLC serum.
These data suggest that GLC serum increased the activity of
antioxidant defenses. Furthermore, GLC also exerted a similar
effect on injured hepatocytes induced by both EtOH and PA
(Supplementary Figure S3).

GLC suppresses macrophages infiltration
and pro-inflammatory cytokines
expression in vivo

To investigate inflammatory response in EHFD model
mice, H&E staining of liver sections was performed to

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.995523

Xiao et al. 10.3389/fphar.2022.995523
A EHFD
Saline Low High
%
Q
o
o
=
b =
B . c
2120 [1Saline 210_ [ HMGB1-High
8 Low B s x [ HMGB1-Low
£ o : 5 9 )
o S 81 _ix
= g - I%I =
o a
g 40 X6 Q
g ® =
g 5
= 0 o4 T - T T
© CD86 CXCL9  CXCL10 TLR4
o
D Etnanol or E E 3.5{ NCTC1469
(o2}
GLE Serum cM Groups Hepatocytes Macrophages = =
m 3.0
Gi#1 Control Ctrl CM (29
B T
Hepatocytes G#2 EtOH (400mM) |  EtOH CM = 25
(NCTC1469) (J774A.1) g
cis EtOH + 3G EtOH + 3G g
3%GLC + 7%Ctrl) oM g 20
serum - Control EtOH
B EtOH + 3G
F P J774A1
(=) —
Bl
=
- 8 75
< I}
Q =2
5 50
o
& 25
o
£ 0
X OG# G#2 WmG#3
G c
.% J774A1 — G#1 G#2 mm G#3 fullo]
831
& ok
2 2 —— b
P4 *
né _E
=
ERIEN | [
20
4 I-1B8 16 Tnfa Ccl2
FIGURE 5

GLC blocks M1 polarization by decreasing HMGBLI released by hepatocytes. (A) Immunofluorescence staining of HMGB | in mouse liver tissues. Scale

bars, 50 um. (B) Statistics of cytoplasmic HMGBL1 positive cells of IF staining sections (C) Dataset (GEO database- GSE28619) of patients with alcoholic
hepatitis were analyzed. Expression levels of M1 related markers (CD86, CXCL9, CXCL1 0 and TLR4) in HMGB1-High group and HMGB1-Low group. (D)
Schematic flow chart of co-culture system. NCTC1469 cells induced by EtOH with or without treatment of GLC serum. Supemetant was collected for
ELISA and culturing macrophages. The treatment of NCTC1469 cells was displayed in table (E) Supernatant HMGBL levels of NCTC1469 cells induced by
EtOH. **P < 0.01 vs. the NCTC1469 cells with EtOH treatment. (F) Representative INOS immunofluorescence staining and statistics of macrophages treated
with condition medium (CM) of NCTC1469 cells. Scale bars, 50 pm. (G) Quantitative PCR analysis of J774A.1 cell cocultured with NCTCI469 cells. The data
were obtained from three dependent experiments per group. *P < 0.05 vs. G#1, ***P < 0.001 vs. G#1.

compare inflammatory lesions between the model group and
the therapy group. As shown in the images (Figure 4A), GLC
treatment markedly attenuated inflammatory cell infiltration
and hepatocyte necrosis. Ly6G immunohistochemistry (IHC)
staining analysis indicated that GLC decreased neutrophil
infiltration of EHFD mice (Supplementary Figure S4A).
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Furthermore, IHC staining of F4/80, iNOS, and
CD86 identified that GLC decreased M1 macrophage
infiltration (Figure 4A, Supplementary Figure S4A). The
results of liver activity score and IHC score of F4/80,
iNOS, and CD86 are also consistent with the outcome
mentioned above (Figure 4B, Supplementary Figure S4B).
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Correspondently, we subsequently found that expression of
IL-1p and CCL2 were significantly reduced with the
treatment of GLC in EHFD model mice (Figure 4C).

GLC blocks macrophage M1 polarization
via decreasing HMGBL1 released by
hepatocytes

HMGBI is recognized as a prototypical DAMP, which was
identified to be released by necrotic and apoptotic cells
(Scaffidi et al., 2002; Bell et al, 2006). Particularly,
HMGBI is also well known to play a key role in NAFLD,
ALD and drug-induced liver injury (DILI) (Khambu et al,
2019). Therefore, we speculated that HMGBI may act as a
mediator of inflammatory response in an early stage of
steatohepatitis induced by alcohol consumption and
obesity. Consistently, in our study, the translocation of
HMGBI1 the the

extracellular hepatocytes was significantly lower in the

from nucleus to cytoplasm and
treatment group compared to the EHFD model group
(Figures 5A, B). In addition, the ELISA analysis of the
supernatant of NCTC1469 cells induced by EtOH indicated
that the expression level of HMGBI1 was declined with GLC
serum treatment (Figure 5E). Apart from that, by using Gene
Expression Omnibus (GEO) database (GSE28619), we found
that the high expression of HMGB1 was positively related to
the M1-related markers (CD86, CXCL9, CXCL10, TLR4) of
5C) with
steatohepatitis (AH), which indicated a closed relationship
between HMGBI
macrophages in the development of steatohepatitis. To
further study whether it is HMGBI released by damaged

hepatocytes promotes the M1 polarization of macrophages,

macrophages (Figure in patients alcoholic

expression and M1 polarization of

a co-culture system was performed to identify the effect of
GLC on the interaction between injured hepatocytes and
5D).
immunofluorescence (IF) analysis showed a significant

macrophages (Figure Surprisingly,
reduction of iNOS-positive macrophages when co-cultured
with GLC serum-treated hepatocytes induced by ethanol
(Figure 5F). Correspondently, the mRNA expression of
genes related to M1 markers (II-1f, Il6, Tnfa, Ccl2) was
dramatically downregulated in macrophages co-cultured
with  GLC 5G).

Interestingly, we found that GLC not only protected the

serum-treated hepatocytes (Figure
hepatocytes from oxidative stress and steatosis but also
inhibited the M1 polarization of macrophages triggered by
LPS. IF staining demonstrated a decrease of iNOS-positive
macrophages induced by LPS with the treatment of GLC
serum (Supplementary Figure S5A, B). Similar results were
detected in PA-treated macrophages. GLC serum reduced
iNOS-positive with ~ PA
(Supplementary Figure S5D, E). Particularly, western blot

macrophages treatment
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analysis suggested GLC serum alleviates the increase of
HMGBI1, TLR4, pNF-KB (Supplementary Figure S5F, G).
Saturated fatty acids could polarize macrophages to an M1-
predominant phenotype (Luo et al., 2017), the results of our
study identified that PA promoted M1 polarization of
macrophages, and GLC serum could suppress the activation
of macrophages and block the HMGB1-modulated TLR4/NE-
kB pathway. The detection illustrated that GLC exerted a
multi-target efficacy in the progression of steatohepatitis.
We need a further study to explore the bioactive chemicals
of GLC serum and its underlying mechanism of inhibiting the
inflammatory response.

GLC ameliorates the progression of
steatohepatitis via the HMGB1-mediated
TLR4/NF-xB pathway

TLR4 is one of the most prevalent and well-studied
HMGBI1 extracellular receptors (Khambu et al, 2019). The
activation of TLR4 initiates a signaling cascade, and stimulates
the downstream molecule like NF-kB, inducing the production of
pro-inflammatory cytokines (Sung et al., 2013). In our study,
western blot analysis demonstrated that GLC reduced the
expression of TLR4 and phosphorylated NF-kB in the GLC
treatment group compared with the EHFD model group
(Figures 6A,B). In the progression of steatohepatitis, alcoholics
and HFHC diet cause liver damage by the byproducts of ethanol
and lipid metabolism, including ROS. GLC could protect
hepatocytes from oxidative stress and steatosis, and reduce
HMGBI1 levels, which blocks activation of
macrophages via TLR4/NF-kB,
inflammatory cytokines was decreased to alleviate progression
of steatohepatitis (Figure 6C).

extracellular

and the expression of

Discussion

Excess alcohol consumption and obesity promote the
development of steatohepatitis, cirrhosis, and hepatocellular
carcinoma (Hart et al., 2010; Naveau et al., 1997; Ruhl and
2005; Diehl, 2004).
underlying the interaction of fat and alcohol in the

Everhart, However, the mechanisms
progression of steatohepatitis are still unclear, and there is
lacking effective treatment for such a complex liver disease.
Periplaneta Americana is a common source of animal
medicine with a long history of use in traditional Chinese
medicine. Over the past two decades, PAEs have been tested
for the promotion of gastric and duodenal ulcer healing (Lu et al.,
2019), treatment of hepatic fibrosis (Zeng et al., 2019), inhibition
of tumor growth (Zhao et al, 2017), and stimulation of skin
wound healing. Many researchers are actively engaged in the
analysis and identification of ingredients of PAEs and have made
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FIGURE 6

GLC ameliorates progression of steatohepatitis via HMGB1-mediated TLR4/NF-KB pathway (A) Western blot analysis of indicated proteins
expression. (B) The relative intensity of indicated proteins expression. The data were obtained from three dependent experiments per group. (C)
Process of GLC inhibiting HMGB1-mediated macrophage activation by TLR4/NF-KB in the progression of steatohepatitis. Alcoholics and free fatty
acids cause oxidative stress injury and lipid accumulation of hepatocytes. The dying/dead hepatocytes release DAMPs - HMGBL to the
extracellular. HMGB1 combined with TLR4 of macrophages to activate the inflammatory response through the NF-KB pathway, which aggravated
the hepatocyte injury. GLC exerts hepatoprotective properties by reducing lipid accumulation and oxidative stress. It decreases the HMGBL in
extracellular and blocks TLR4/NF-KB mediated inflammatory cytokines expression of macrophages.

some progress. It has been reported that PAEs contain
polysaccharides, peptides, nucleosides, polyols, steroids,
terpenes, alkaloids, flavonoids, and isocoumarins. Therefore,
PAEs may have multiple targets and biochemical properties.
GLC is a kind of crude PAEs, the main biologically active
ingredients are sticky sugar amino acid, which was identified
as the efficacy of hepatoprotective and immunological regulation
(Lv, 2017). Thus, we developed a mouse model of liver injury
induced by alcoholics combined with HFHC diet to explore the
effect of GLC on steatohepatitis.

GLC is a kind of crude PAEs, PAEs contain polysaccharides,
peptides, nucleosides, polyols, steroids, terpenes, alkaloids,
flavonoids, and isocoumarins. It has been reported that PAEs
could decrease the hepatic TG levels and upregulate the
expression of antioxidative enzymes including SOD and GSH
in the mouse model of acute liver injury (Zeng et al, 2019).

Frontiers in Pharmacology

Consistently, our results showed that GLC exerts a protective
effect on oxidative stress injury of hepatocytes by increasing the
expression of antioxidant genes (Gss, Gsr, Sod, and Cat) and
reducing lipid accumulation via modulating genes related to lipid
metabolism (Cd36, Fabpl, Fasn, Scdl, Ppary, Ppara, and Cptle).
The results suggested that GLC could regulate the oxidative
balance and lipid metabolism. In addition, the decrease of
HMGBI1 of the supernatant of EtOH-induced hepatocytes
with the treatment of GLC serum also identified the positive
function of GLC in alleviating liver injury. Furthermore, our
results also demonstrated that GLC could ameliorate liver
inflammation by reducing inflammatory cytokines expression
of macrophages in vivo.

Mechanically, Our study confirmed that GLC blocked the
translocation of HMGBI in the liver tissue of EHFD model
mice, and downregulated the expression of TLR4 and NF-«B.
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HMGBI is the prototypical DAMP that could act as telltales of
danger by eliciting an early immune response. HMGBI plays a
critical role in initiating and maintaining a chronic inflammatory
state in the liver tissue, promoting the progression of steatosis to
NASH(Khambu et al, 2019). Similarly, in the rodent model of ALD,
alcohol intake elevated  the of HMGBI,
nucleocytoplasmic shutting, and secretion from the hepatocyte.

expression

The ROS generated during ethanol metabolism appears to
regulate HMGBI release. Therefore, the treatment of antioxidants
in ALD prevented HMGBI release (Ge et al., 2014). Despite several
detrimental factors that can stimulate inflammatory response
through diverse pathways mediated by HMGBI, the most
important one of the pathways is characterized by the activation
of NF-kB. Our results are consistent with the previous study that the
inhibition of HMGBI1 blocks the TLR4/NF-kB mediated
inflammatory response (Tao et al, 2022). Our study indicated
that GLC may play an important role in the inhibition of this
positive feedback from multiple targets, which is a complicated
process that needs further study.

In conclusion, this study suggests that GLC protects the
liver against oxidative stress, lipid accumulation, and
inflammatory response induced by the EHFD diet. Indeed,
GLC suppresses the process of liver injury from hepatic
by blocking
response through the HMGBI-directed pathway. However,

steatosis to  steatohepatitis inflammatory
we have not figured out the underlying mechanisms of GLC
inhibiting the steatosis and oxidative stress of hepatocytes
exposed to ethanol and free fatty acid. The precise
composition of GLC serum also needs to be identified in the
following research. Although the model in this study was
established based on the pathogenesis of ALD with obesity,

it could not completely mirror the truly human disease.
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Chronic pancreatitis (CP) is a precancerous illness linked to pancreatic ductal
adenocarcinoma (PDAC), although the evolutionary mechanism is uncertain.
CP is distinguished by severe fibrosis caused by the activation of pancreatic
stellate cells (PSCs). The current clinical therapeutic protocol for CP lacks
specific therapeutic medicines for the prevention and suppression of
inflammation and fibrosis aggravating in CP. More research on specifically
targeting PSCs would help facilitate the development of novel therapies for
pancreatic fibrosis. Notably, using natural compounds from medicinal plants as
new antifibrotic agents has become a focus of recent research and is widely
employed as an alternative and complementary approach. Our goal was to shed
light on the role of PSCs in the development of CP and provide a focused update
on the new potential therapeutic strategies against PSCs in CP models. Future
studies can refer to these possible strategies for drug design, bioavailability,
pharmacokinetics, and other issues to obtain better clinical outcomes for
treating CP.

KEYWORDS

CP, PSCs, natural compounds, pancreatic fibrosis, anti-fibrotic drug

Introduction

CP is characterized by inflammation, fibrosis, and loss of acinar and islet cells, which
may present as abdominal pain, steatorrhea, pancreatic exocrine and endocrine
insufficiency, and imaging-detectable pancreatic damage (Beyer et al., 2020). CP has a
poorly known pathogenesis. Nonetheless, there appears to be a consistent sequence of an
initial shock with damage, followed by recovery via fibrosis and regeneration. Recurrent
oxidative stress or inflammation are fundamental causes of persistent pancreatic injury,
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causing irreversible changes in pancreatic structure and function
and eventually leading to the onset of CP (Ren et al., 2020).

Pathogenesis of chronic pancreatitis differs based on
underlying etiology, genetic background, and environmental
exposures. Alcohol, the most prevalent cause of CP, may
induce damage via toxic alcohol metabolites, overexpression
of numerous genes related to cell death, direct stimulation of
PSCs (resulting in fibrosis), and other mechanisms (Setiawan
et al,, 2017). Abnormal stromal/desmoplastic response is the
hallmark histological feature of CP, which is attributed mainly to
the activation of PSCs. Targeting PSCs may be a viable treatment
strategy for CP (Kandikattu et al.,, 2020).

Currently, there are still few clinically available therapeutic
agents for CP. Recently, some preclinical research into PSCs has
been conducted, which will aid in creating innovative
therapeutics for CP. In addition, natural chemicals derived
from medicinal plants have great potential as antifibrotic
drugs for the treatment of CP and deserve more in-depth
studies in vivo and in vitro (Calfio et al., 2020).

This paper focuses on research targeting PSCs in CP models
and reviews in detail the antifibrotic capabilities of several
potential drugs for treating CP.

Pancreatic stellate cells

Nearly a century after Karl von Kupffer’s discovery of hepatic
stellate cells (HSCs) in 1876, Wateri’s group first detected similar
cells (later termed PSCs) in the pancreas (Watari et al., 1982). Tt
was not until 1998 that two milestone studies detailed the
isolation and culture procedures of PSCs in vitro, allowing
researchers to examine them in health and disease (Apte
et al., 1998; Bachem et al,, 1998). Since then, a slew of new
research has been conducted in this area, and PSCs have become
widely recognized as the primary source of the stromal/
desmoplastic response that is characteristic of pancreatic
cancer and CP (Apte and Wilson, 2004; Apte and Wilson,
2012; Pang et al., 2017).

PSCs have two phenotypes: quiescent (qPSCs) and activated
(aPSCs). Under normal physiological conditions, qPSCs can be
found in the peri-acinar or interlobular areas and comprise
around 4% of the pancreatic cells (Apte et al., 1998; Bachem
et al,, 1998). qPSCs play a role in vitamin A storage, immunity,
and the preservation of the normal structure in the pancreas
(Allam et al., 2017). qPSCs have many typical features, such as
abundant perinuclear molecular markers
(cytoglobin and adipophilin),
proliferate, migrate and synthesize ECM (Apte et al, 2013;

lipid droplets,

and a low capacity to
Nielsen et al., 2017). Several factors can contribute to the
activation process of qPSCs, such as smoking, alcohol intake,
oxidative stress, hypoxia, etc. (Fu et al., 2018). In diseases like
PDAC or CP, qPSCs get continuously activated and transform
into aPSCs (Apte et al., 1999; Bynigeri et al., 2017). aPSCs show a
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FIGURE 1

The activation process of PSCs in CP. The crosstalk among
acinar cells, inflammatory cells, and stellate cells allows for the
continued activation of PSCs and the progression of pancreatic
fibrosis.

myofibroblast-like phenotype: positive staining of a-smooth
muscle actin (aSMA), loss of lipid droplets, increased
production of cytokines and ECM (collagens, hyaluronic acid,
fibronectin, etc.), and elevated ability to migrate, proliferate
(Apte et al., 1999; Bynigeri et al, 2017). We have previously
given a detailed overview of PDAC-associated PSCs, and the
following will focus on their role in CP and targeted strategies
(Wu et al., 2020).

Pancreatic stellate cells in the
development of chronic pancreatitis

PSCs are special pancreatic resident cells that provide critical
functions in both normal and abnormal pancreata. PSCs
activation is a crucial step in the fibrogenic process of the
pancreas (Bynigeri et al., 2017; Beyer et al,, 2020). Multiple
stimuli (ethanol, hyperglycemia, oxidative stress, cytokines,
chemokines, etc.) can activate PSCs, causing them to release
an abundance of ECM and hence promote the severe interlobular
and intralobular desmoplastic reaction. Increased pancreatic
fibrosis can lead to impaired exocrine and endocrine function
of the pancreas. In early CP, damaged acinar cells stimulate
major inflammatory cells (macrophages, granulocytes, and
lymphocytes) that subsequently release large amounts of
cytokines, such as interleukin (IL)-1/-4/-6/-8, tumor necrosis
factor-alpha (TNF-a), transforming growth factor-beta 1 (TGF-
B1), platelet-derived growth factor (PDGF), etc. (Jin et al., 20205
Kandikattu et al., 2020; Zheng et al., 2021). These molecules then
stimulate PSCs, while PSCs can also secrete cytokines and
continue to activate themselves through an autocrine pathway.
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TABLE 1 Potential antifibrotic drugs in the treatment of CP.

Dasatinib inhibited the growth and activation of PSCs by inhibiting various TKs and MAPK cascades (Zeng et al.,,

Olaparib showed antifibrotic effects in cerulein-induced CP (El-Hamoly et al.,, 2021).
Imatinib reduced ECM deposition and PSCs’ activation while inhibiting the TGF-$1/Smad pathway (Bansod

EGCG prevented fibrosis by decreasing PSCs’ activation through the antioxidative effect (Asaumi et al., 2006).
Emodin showed an antifibrotic effect on pancreatic fibrosis (Lin et al., 2015).

Curcumin decreased the activation markers of PSCs (Lin et al., 2015).

SSd decreased fibrosis by inhibiting the autophagy of PSCs via PI3K/Akt/mTOR signaling (Cui et al., 2019).
NLPR3 siRNA reduced the activation markers of PSCs (aSMA, collagen I, Fibronectin) (Li et al., 2021b).
Activated YAP enhanced PSCs proliferation, and YAP siRNA decreased the activation of PSCs and fibrosis in CP

Metformin reduced the cytokines released from cancer cells and inhibited the activation of PSCs in paracrine
Rhein inhibited fibrosis by decreasing the immunoreactivity of fibrotic activators and reducing fibronectin (Tsang
Resveratrol suppressed ROS/miR-21-mediated activation and glycolysis in PSCs, inhibiting tumor invasion and

DHA alleviated liver fibrosis by triggering HSCs ferroptosis in an autophagy-dependent way (Shen et al., 2022).

Drugs Diseases  Main results
Dasatinib CP

2019).
Olaparib CP
Imatinib Cp

et al., 2021).
EGCG Cp
Emodin CPp
Curcumin CP
Saikosaponin d (SSd) CP
NLPR3 siRNA CP
YAP siRNA CP

(Spanehl et al., 2022).
Metformin PDAC

under co-culture (Duan et al., 2017).
Rhein PDAC

and Bian, 2015).
Resveratrol PDAC

migration (Yan et al., 2018).
DHA Liver fibrosis
EA Liver fibrosis

Angelica sinensis polysaccharide (ASP)

Liver fibrosis

EA exerted its antifibrotic effects by inducing FPN-dependent ferroptosis of HSCs by disrupting the formation of
SNARE complexes (Li et al.,, 2022).

ASP effectively alleviates chronic liver fibrosis by inhibiting HSCs activation through the IL-22/STAT3 pathway

(Wang et al., 2020a).

Dendrobium officinale Liver fibrosis

Polysaccharide (DOP)
(Wang et al., 2020b).

Celastrol Liver fibrosis

(Luo et al., 2022).

The continuous stimulation of PSCs disrupts the synthesis-
degradation balance of the ECM, ultimately leading to ECM
deposition and fibrosis in the pancreas (Jin et al, 2020;
Kandikattu et al, 2020; Zheng et al., 2021). Figure 1 is a
schematic representation of the activation of PSCs in CP.
Several investigations on the mechanisms have been
undertaken. Wu et al. indicated that TGF-Ppl induced the
activation of the nuclear factor kappa B (NF-«kB) pathway in
PSCs through modulating phospho-transforming growth factor
beta-activated kinase 1 (p-TAK1), and this pathway might be a
target for treating CP (Wu et al., 2021). Li et al. (2021a) showed
that nicotine facilitated pancreatic fibrosis by inducing the
activation of PSCs through Janus kinase 2/signal transducer
and activator of transcription 3 (JAK2/STAT3) signaling
pathway in rats, revealing the mechanism of smoking on CP.
Lee et al. (2015) demonstrated that the cumulative effects of
ethanol and cigarette components could activate PSCs in
alcoholic smokers, accelerating the evolution of pancreatic
fibrosis. Another study showed that the JAK/STAT pathway
was essential for the proliferation and activation of PSCs and
that inhibition of this pathway reduced caerulein-induced CP in
vivo (Komar et al., 2017). Recently, Yang et al. indicated that very
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DOP maintained intestinal homeostasis by enhancing tight junctions between intestinal cells and reducing
apoptosis, thereby inhibiting activation of the LPS-TLR4-NF-«B signaling pathway to protect against liver fibrosis

Celastrol exerted anti-fibrotic effects by promoting ROS production and inducing ferroptosis in activated HSCs

low-density lipoprotein receptor (VLDLR)-enhanced lipoprotein
metabolism in PSCs increased fibrosis and that IL-33 played an
essential role in this process in CP (Yang et al., 2022).

All these findings indicate that PSCs’ activation plays a
crucial role in the development of CP, making PSCs a
promising therapeutic target for CP.

Drugs for the treatment of chronic
pancreatitis by targeting pancreatic
stellate cells

Even though the area of PSCs is still in its infancy, scientists
have made significant efforts and proposed different strategies to
target PSCs for treating CP. Recent research has indicated that
siRNAs and small molecule kinase inhibitors can treat CP by
targeting PSCs (Pezzilli et al., 2011; Tan et al., 2019; Mohanavelu
et al., 2021). In addition, studies have shown that natural
compounds from plants are widely used as complementary
and alternative medications to treat diseases and extend life
spans (Lin et al, 2015). Such drugs have promising clinical
applications in the prevention and treatment of CP. The
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following is a discussion of the current status of several potential
drugs and their possible mechanisms in treating CP.

Since morphological, functional, and gene expression
investigations revealed considerable similarities between PSCs
and HSCs, research on HSCs will be very informative (Erkan
etal,, 2012; Paulo et al., 2013). In addition, considering that PSCs
derived from PDAC and CP have much in common in causing
pancreatic fibrosis, some drugs of potential research value will
also be listed here. Table 1 provides a summary of the existing
antifibrotic strategies.

siRNA

siRNAs represent a form of posttranscriptional gene
silencing and have emerged as a fundamental and extensive
regulator of gene expression. The most recent technology of
high-throughput sequencing allows the analysis of siRNA
abundance and expression profile in specific organs, tissues,
and cells more and more precisely, allowing for the
investigation of the roles of miRNAs and siRNAs (Fowler
et al, 2018). mRNA transcripts of altered genes in genetic
disorders and tumors are typical siRNA targets (Nambudiri
and Widlund, 2013). Several studies have shown that the
involvement of siRNAs in the expression of certain genes,
which in turn influence the onset and progression of chronic
pancreatitis, has potential therapeutic value (Charo et al., 2013).
For instance, recent studies showed that the NACHT, LRR, and
PYD domains-containing protein 3 (NLRP3) inflammatory
bodies were directly involved in PSCs’ activation in vivo and
in vitro. NLPR3 siRNA decreased the activation markers of PSCs
(aSMA, collagen I, fibronectin) expression (Li et al., 2021b).
Another study indicated that activated yes-associated protein
(YAP) enhanced PSCs proliferation and knockdown of YAP by
siRNA decreased the activation of PSCs and fibrosis in the CP
animal model (Spanehl et al., 2022). However, these studies are
still in the laboratory stage and must be further validated in
clinical trials.

Artemisinin and its derivatives

Artemisinin was identified as an isolated phytochemical
derived from the Artemisia annua in 1972 (White et al,
2015). Several chemical derivatives have been developed to
increase artemisinin’s water and oil solubility without
compromising its therapeutic effect. Artemisinin was first used
by the ancient Chinese to treat “fever,” commonly thought of as
malaria (Miller and Su, 2011). This substance and its derivatives
are still vital in treating malaria today.

Recent studies have also identified these chemicals’ role in
treating different diseases, including inflammation, infection,

cancer, and fibrosis (Efferth, 2006; Lai et al., 2013; Kim et al,,
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2015; Shi et al, 2015). Our preliminary research found that
dihydroartemisinin (DHA) reduced liver fibrosis via inducing
ferroptosis in HSCs (Shen et al., 2022). However, artemisinin and
its derivatives have not been reported in pancreatic fibrosis in CP,
which is a potential hot spot for future research.

Vitamin A/D derivatives

In CP, vitamin A derivatives were reported to induce
significant apoptosis, inhibit proliferation, and suppress ECM
production of PSCs in vitro, indicating the potential of Vitamin A
derivatives in reducing pancreatic fibrosis in CP (Xiao et al,
2015). However, the application of Vitamin A and its derivatives
has been little studied in CP research. Therefore its use in
targeting PSCs in PDAC is of a reference value. Previous
research has demonstrated that Vitamin A analogs can inhibit
the activation of PSCs in PDAC (Chronopoulos et al., 2016).
ATRA (a Vitamin A analog) was found to reprise the quiescent
state of PSCs in KPC mice (Froeling et al., 2011). All these studies
show that Vitamin A analogs have potential research and clinical
translational value in treating CP-related fibrosis.

A high prevalence of Vitamin D (VD) deficiency in CP
patients is associated with the risk and prognosis of CP
(Klapdor et al., 2012; Joker-Jensen et al., 2020). VD serves
several biological roles in the body and has been extensively
studied in inflammatory illnesses. VD and its derivatives have
been found to inhibit PSCs’ activation and decrease ECM
deposition, therefore relieving pancreatic fibrosis. Several
investigations have shown that VD analogs may reprise the
quiescence of PSCs and reduce fibrosis in CP and PDAC
(Sherman et al,, 2014; Wallbaum et al.,, 2018). These findings
imply that VD might be an effective antifibrotic treatment for CP.
More high-quality research and clinical trials are necessary to
validate the anti-fibrosis function of VD in CP.

Small molecule kinase inhibitors

the of
pharmacological study due to their crucial function in cellular

Kinases have been subject contemporary
signal transmission (Wu et al,, 2015). Previous research has
shown that fibromodulin (FMOD) is increased in CP and is
an essential downstream mediator of oxidative stress. The
extracellular signal-regulated kinases (ERK) and c¢-Jun
N-terminal kinases (JNK) inhibitors can decrease FMOD,
(An et 2020).

Dasatinib, an inhibitor of several tyrosine kinases (TKs), was

thereby decreasing PSCs’ activation al,,
shown to have possible anti-fibrosis effects on CP and decrease
pancreatic fibrosis and macrophage infiltration (Zeng et al,
2019). Olaparib, a peroxisome proliferator-activated receptor
gamma (PARP) inhibitor, was reported to have antifibrotic

effects in cerulein-induced CP (El-Hamoly et al, 2021).

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1042651

Wu et al.

Imatinib, an inhibitor of discoidin domain receptor 1 (DDR1)
and DDR2, can reduce ECM deposition and PSCs’ activation
while inhibiting the TGF-B1/Smad pathway (Bansod et al., 2021).
Small molecule kinase inhibitors are one of the current research
hotspots and have promising applications in the treatment of CP.

Resveratrol

Resveratrol is a polyphenolic stilbene in significant
concentrations in grape, raspberry, blueberry, and peanut
species (Rauf et al, 2018). Resveratrol has been shown to
induce apoptosis of CP cells and alleviate fibrosis by
promoting caspase-3 activation (Zhou et al, 2011). Previous
studies have shown that resveratrol can suppress intracellular
reactive oxygen species (ROS) and boost PSCs’ activation and
glycolytic metabolism by suppressing miR-21 expression (Yan
et al., 2018). Resveratrol inhibited ROS-induced activation of
PSCs by decreasing miR-21 expression and raising the
phosphatase and tensin homolog deleted on Chromosome 10
(PTEN) (Yan et al, 2018). Another study reported that
resveratrol could inhibit the activation markers of PSCs
(aSMA, collagen I, and fibronectin) by downregulating NF-kB
signaling (Lin et al., 2015).

Rhein

Rhein, the active component of rhubarb, is used extensively
in treatment because of its anti-inflammatory, anti-angiogenic
and anticancer characteristics (Xian et al., 2020; Li et al., 2021c¢).
Rhein was reported to attenuate PSCs’ activation and suppress
sonic hedgehog (SHH)/glioma-associated oncogene homolog 1
(GLI1) signaling in pancreatic fibrosis (T'sang et al., 2013). Rhein
able to aSMA, Fibronectin,
metalloproteinases (MMPs) in cultured PSCs via modulating
the SHH pathway (Tsang et al., 2013; Tsang and Bian, 2015).
Studies have shown that down-regulation of NF-kB and

was suppress and matrix

STATS3 signaling pathways may be the potential mechanism
of Rhein’s anti-fibrosis and anti-tumor effects (Lin et al., 2015).
Epigallocatechin gallate

(EGCG),
compound in green tea, was reported to have antioxidant,

Epigallocatechin gallate the main phenolic
anti-inflammatory, and anticancer functions (Lee et al., 2014;
Hosseini and Ghorbani, 2015). Polyphenols in green tea can
prevent fibrosis by decreasing the activation of PSCs (Asaumi
et al., 2006). Masamune et al. indicated that EGCG could reduce
the ability of PSCs to proliferate and migrate (Masamune et al.,
2005). In vitro experiments showed that EGCG pretreatment
could inhibit the ethanol-induced activation of PSCs (Asaumi
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et al., 2007). Ethanol was known to increase the protein

expression of aSMA, activate TGF-f1, and induce
p38 mitogen-activated protein kinase (MAPK)
phosphorylation.  After EGCG treatment, p38 MAPK

phosphorylation was eliminated, and the activation process of
PSCs was inhibited (Asaumi et al., 2006).

Metformin

Metformin has gained widespread use in treating type II
diabetes. (Bailey, 2017). Studies have shown that metformin
exerts anticancer effects by regulating inflammatory responses
(Vancura et al,, 2018). Previous studies have indicated that
metformin significantly reduces the expression of aSMA and
collagen and inhibits PSCs proliferation by upregulating
phosphorylation-AMP-activated protein kinase (p-AMPK)
expression (Duan et al., 2017).

Emodin

Emodin, a natural anthraquinone derivative in some herbs,
was reported to have anti-inflammation, anti-angiogenesis, anti-
dyslipidemia, and anticancer functions (Gaman et al, 2018;
Semwal et al, 2021). According to the literature, after
4mmol/l emodin treatment, emodin downregulated the
expression of several fibrosis markers (aSMA, fibronectin, and
collagen I), thereby reducing the cell viability of primary PSCs
(Lin et al., 2015). Table 1 lists the drugs that may be explored in

CP treatment.

Discussion

Multiple investigations have established that PSCs play a
critical role in CP. All the above treatments have been reported to
prevent the activation of PSCs in CP and the resulting fibrosis.
These studies have also revealed the molecular mechanisms of
the various drugs.

We address several drugs with antifibrotic effects that
may serve as innovative antifibrotic treatments for PSCs in
CP. Notably, phytochemicals should be encouraged for
further in-depth research due to their cheap, non-toxic
nature and sound therapeutic effects on PSCs in CP. Based
on preclinical studies, given their potential as new antifibrotic
drugs, it is important to consider drug delivery and low
bioavailability. Recently, applications of nanoparticle
systems have emerged in clinical practice related to drug
delivery (Poilil Surendran et al., 2017; Sharma et al., 2017).
We are confident that there will be relevant studies to test and
validate these hypotheses and find new solutions for treating
CP in the future.
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Apart from these, some other promising options, such as
ferroptosis inducers, have not been studied in CP. In recent
years, ferroptosis has become a new hotspot to describe the
regulatory form of cell death. Ferroptosis is closely related to
tumors, degenerative diseases, ischemia-reperfusion injury,
and cardiovascular diseases (Wei et al., 2020). Previous
research showed that tripartite motif-containing protein 26
(TRIM26), a ferroptosis inducer, promoted ferroptosis in
HSCs to inhibit liver fibrosis, which indicated that
ferroptosis inducers might be potential anti-fibrosis agents
(Zhuetal., 2021). Ellagic acid (EA), a natural product, exerted
its antifibrotic effects by inducing ferroportin (FPN)-
dependent ferroptosis of HSCs by disrupting the formation
of SNARE complexes in liver fibrosis (Li et al., 2022). Luo et al.
indicated that celastrol demonstrated anti-fibrotic effects on
activated HSCs via boosting ROS generation and triggering
ferroptosis (Luo et al., 2022). Our published paper has also
revealed that DHA alleviates liver fibrosis by inducing
ferroptosis in HSCs. We uncovered the possible mechanism
of DHA against hepatic fibrosis and demonstrated that
ferroptosis might be a novel method to remove activated
HSCs (Zhang et al, 2021). Although these medications
have not been investigated for CP fibrosis, their scientific
value and clinical application possibilities in CP are
promising.

However, drug research in CP still faces many challenges.
When testing new treatments, it is vital to choose models that
replicate the realities of CP in humans as closely as possible.
There is still a long way to go in the development of new CP
models. Besides, it is essential to note that the treatment
modalities in these experimental models were performed at
the same time as or before the induction of CP, which does
not fully reflect the actual clinical situation. Therefore, the next
major step is to construct phase I and subsequent trials for
human CP so that the laboratory outcomes may be transferred to
the bedside.
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Epigenetic regulation plays a critical role in the development, progression, and
treatment of tumors. The most common chemical modification of mMRNA,
called m®A, is essential for controlling mRNA stability, splicing, and
translation. Methyltransferase-like 3 (METTL3) is an important m6A
methyltransferase. The mechanism of action of METTL3 in esophageal
squamous cell carcinoma (ESCC) remains unclear. In this investigation, we
sought to clarify the function and clinical importance of METTL3 in ESCC and
investigate its underlying mechanisms. We discovered that METTL3 has a
significant proliferative effect in ESCC cells by using lentiviral construction of
stable cell lines overexpressing METTL3 (METTL3-OE) and knocking down
METTL3 (sh-METTL3). To create a xenograft tumor model, we inoculated
KYSE510 cells subcutaneously into BALB/c nude mice and discovered that
sh-METTL3 inhibited the tumorigenicity of esophageal cancer KYSE510 cells in
the nude mouse tumor model. MeRIP-seq and RNA-seq analysis revealed
IFIT2 to be a METTL3 target gene. The findings revealed that
METTL3 regulates IFIT2 and thus influences malignant biological behaviors
such as proliferation, migration, and invasion of ESCC, as well as the immune
microenvironment of tumors.

KEYWORDS

squamous cell carcinoma, N6-methyladenosine modification, METTL3, IFIT2, immune
infiltration

Introduction

Esophageal cancer is the seventh most common malignant disease worldwide and
the sixth leading cause of cancer-related mortality. Global cancer statistics for
2020 suggest 544,000 deaths and 604,000 new cases (Sung et al., 2021). One of the
most aggressive tumors, squamous cell carcinoma, makes up 90% of metastatic
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esophageal cancers (Liu et al, 2017). Despite notable
improvements in the treatment of lung, breast, and other
cancers over the past ten years, the number of people with
esophageal cancer has remained stable (Lagergren et al,
2017). Surgery, radiation therapy, and chemotherapy are all
effective treatments for esophageal cancer, but their long-term
prognosis is still poor (Wang et al., 2018). In an effort to
improve the prognosis and overall survival rate of the disease,
we are actively exploring the pathogenesis of esophageal
cancer.

Genetic abnormalities are what initiates and fuels the
development of cancer, and tumorigenesis is

greatly
influenced by epigenetic pathways (Dawson and
Kouzarides, 2012). Epigenetic modifications can alter gene
expression without changing the base sequence (Toh et al,
2017). RNA modification widely affects the structure, function
and stability of RNA and has been a research hotspot in recent
years (Barbieri and Kouzarides, 2020). mRNA is a crucial step
in the process of interpreting genetic information since it is
the main molecular connection between DNA and protein
(Delaveau et al., 2016). One-third of all mammalian mRNAs
have an average of 3-5 m°A modifications, which is the most
common type of posttranscriptional modification in mRNA
(Jiang et al., 2021). This modification has the potential to
influence RNA stability, splicing, transport, and localization,
and various diseases are influenced by its activity (Zhao et al.,
2017). They are intently related to the regulation of current
therapeutic approaches and may additionally supply new
options for the fine cure of illness (Ma and Ji, 2020).

m®A modification is a dynamic and reversible process
achieved by “writer” methylesterase, “eraser” demethylase
and “reader” methyl recognition protein (Ping et al., 2014;
Wang et al., 2016). METTL3, the major catalytic component
of the methyltransferase complex, recognizes a conserved
sequence of RNA 5'-RRACU-3’ (R = A or G) (Dominissini
2012). METTL3 is
posttranscriptional regulation. Abnormal expression alters
the fate of m°A transcripts (He and He, 2021). Loss of

METTL3 results in a dramatic drop in m°A levels and

et al, mainly involved in

effects on other molecules (Koh et al., 2019a). Researchers
have found that METTL3 is highly expressed in lung
adenocarcinomas, while METTL3-silenced cells proliferate
and migrate much less than those that are not silenced (Lin
etal., 2016). In contrast, METTL3 regulates tumor growth by
cooperating with YTHDF2 to modify tumor-associated
neutrophils (TANSs) infiltration and performs a key tumor
suppressor role in papillary thyroid carcinoma (He et al.,
2021). It appears that METTL3 plays a dual role, which may
be related to the tumor’s primary site of development, the
cellular microenvironment, upstream and downstream
regulatory elements, and resistance mechanisms.

The host immune system has an important influence on
all aspects of tumor cell

proliferation, epithelial

Frontiers in Pharmacology

78

10.3389/fphar.2022.1002565

mesenchymal transition, invasion, and metastasis (Liu
et al., 2021). m°A modification also affects the tumor
immune microenvironment (Ma et al., 2021). Inhibition of
METTL3 enhances the response to immunotherapy in
Through T-cell
activation, depletion, and infiltration mediated by PD-LI,

colorectal cancer and melanoma.
METTL3 improves antitumor immunity in breast cancer
both in vitro and in vivo (Wan et al., 2022). METTL3-
has

significantly improve the capacity of tumor-infiltrating

mediated m°A  modification been shown to
myeloid cells to suppress the immune system and facilitate
tumor immune evasion (Xiong et al., 2022). However, it is
still unclear how METTL3 contributes to esophageal cancer
and what its exact mechanism is. We also investigated
whether METTL3’s role in esophageal cancer is immune-
related.

In this study, we demonstrate that METTL3 regulates
esophageal cancer proliferation, invasion, and immunity via
the downstream target IFIT2.

Materials and methods

Esophageal cancer specimens and cell
lines

Eleven samples from esophageal cancer patients who
underwent surgery were obtained from the West Hospital
of the First Affiliated Hospital of Chinese University of
The Ethics
Committee of the University of Science and Technology of

Science and Technology. Biomedical
China conducted every experiment for this study. The
clinicopathological details of every participant who gave
their written consent are listed in Supplementary Table
S1. HEEC and KYSE150, KYSE510, KYSE30, KYSE140,
KYSE410, and KYSE450 cell lines were obtained from the
China Cell Resource Center (Shanghai, China). The cells
were cultured in RPMI 1640 (Gibco) supplemented with 10%

fetal bovine serum (PAN) and 1% penicillin—streptomycin.

RNA extraction and quantitative RT-PCR
analysis

Total RNA was extracted from tissues and cells using
TRIzol reagent (Vazyme). A total of 1000 ng of total RNA
was reverse transcribed to obtain ¢DNA using the
HiScript®II 1st Strand cDNA Synthesis Kit (Vazyme). The
relative mRNA expression was calculated using the 2744
method. TagMan probe quantitative PCR was used to locate
the target gene’s expression, and ACTB was used as an
internal control. All qPCR primer sequences are presented

in Supplementary Table S2.
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Western blot

Lysis buffer was used to lyse esophageal tissue and cells.
After boiling the proteins for 10 min in a metal bath, the
SDS—PAGE
Biotechnology) was used to separate the samples, which

proteins  were  denatured. (Beyotime
were then transferred to PVDF membranes (Millipore).
Then, the cells were blocked with 5% nonfat milk for an
hour. The primary antibody (1:2000) was placed on the
membrane overnight in a 4° refrigerator, and then the
secondary antibody (1:5000) was applied to the membrane
for 1 h at room temperature. The signal band was exposed to
ECL luminescence solution (Thermo). Proteintech provided
all the antibodies used in this article. Detailed information on

full-length gels is provided in Supplementary Figures S7-S15.

Plasmid and lentiviral transfection

The cells were seeded into 24-well plates, the cell density
was increased to 30%, lentiviral infection (MOI = 3) was
carried out, and puromycin was used to screen stable cell
lines for overexpression and knockdown. Construction,
sequencing, packaging, concentration, and purification were
performed on the lentiviral plasmid containing the target
gene. Virus titer determination was entrusted to Shanghai
Hanheng Company. METTL3-OE (NM_019852.5) and IFIT2-
OE (NM_001547.5). The IFIT2 gene was silenced using small
interfering RNAs (siRNAs), all of which were produced by
2000, plasmids
containing the transgene and a packaging plasmid were
cotransfected into KYSE510 and KYSE30 cells (Invitrogen,
USA). The sh-RNA and siRNA sequences are listed in
Supplementary Table S2.

GenePharma. By wusing Lipofectamine

CCK-8 assay

The proliferation assay was carried out in a 96-well plate
with 3000 cells per well. After 0, 24, 48 and 72 h, 10 uL of
CCK-8 solution (Bimake) was added to every well and then
incubated for 2 h. The absorbance (OD) of each well at 450 nm
was detected by an enzyme labeling instrument, and the cell
viability was calculated.

Colony formation assay

In six-well plates, 300 or 400 cells were seeded per well and then
cultured for two weeks in medium containing 10% FBS. After that,
4% paraformaldehyde was added for fixation for 15 min, followed by
0.1% crystal violet staining for 15 min. The staining solution was
discarded, and the cells were air-dried and counted.
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Wound healing assays

Once the density reached 100% in twelve-well plates, the
cells were scraped vertically from top to bottom with a 10 uL
sterile pipette tip. Serum-free medium was added after
washing 3 times with precooled PBS. Pictures were taken
at 0h and 24 h. Analysis of area measurements for wound
healing experiments using Image] software.

Transwell assay

Transwell chambers were covered with Matrigel (BD) for
invasion assays, while those without Matrigel were used for
migration assays. Differently treated cells (5 x 10* for the
migration assay and 1 x 10° for the invasion assay) were
loaded into 8 um diameter 24-well transwells (Corning) and
cultured without serum. In the lower compartment, 600 pL of
medium containing 20% serum was added. Nonmigrating
cells were scraped off after 24 h, and noninvasive cells were
removed after 48 h. Migrating and invasive cells were fixed
with 4% paraformaldehyde for 30 min. After staining with 1%
crystal violet solution for 30 min, the cells in the upper
chamber were wiped clean with a cotton swab, counted,
and photographed.

Flow cytometry

After being collected and resuspended in binding buffer,
the cells underwent an incubation period of 5 min at room
temperature with fluorescently labeled APC and PI (Annexin
V-APC/PI apoptosis kit).

Quantification of RNA m®A modification

To each well, 200 ng-300 ng of RNA extracted from cells,
capture antibody, detection antibody, enhancer solution,
chromogenic reagent solution, and stop solution was
added and incubated in the dark for 5-15 min. The optical
density value (OD) (450) of the standard was detected by a
microplate reader at 450 nm and used to calculate the relative
mC°A content (m°A%) of the RNA to be tested. EpiQuik M°A
RNA methylation quantitative kit (P9005; Epigentek).

RNA-sequencing, RNA-seq
The RNA library construction kit was used to build the
library after the RNA had been quantified, and all operations

were carried out in accordance with the instructions. Second-
generation sequencing was carried out by Ribo after the
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library was checked, double end sequenced, and used in a
sequencer.

Model of xenotransplantation

ESCC tumor xenograft model establishment in 4-week-old
male nude mice. Mice were subcutaneously injected with 1 x
107 cells resuspended in 100 pL PBS containing Matrigel (1:1).
Every four days, the tumor volume was measured with
calipers. The volume is calculated as 1/2xlengthxwidth
squared. One month after injection, the mice were
euthanized. The weight and images of subcutaneous tumors
were taken. The mouse tumors were embedded and fixed
before being stained with HE on dewaxed sections. THC
staining of Ki67 revealed the proliferation index. TUNEL
was used to detect apoptotic cells. All animal research
procedures were carried out under a program approved by
the Animal Laboratory Center of University of Science and

Technology of China.

Immunohistochemistry

Dewaxed and hydrated paraffin sections were incubated with
the primary antibodies Ki67 (1:200), METTL3 (1:500) and IFIT2 (1:
500) overnight at 4°C before being incubated with the secondary
antibody for two hours at room temperature. The antigen was then
repaired and titrated with a blocking endogenous peroxidase
blocker.

For 7 pairs of cancer and paracancerous tissue samples, the
H-Score method was used to analyze them by Image]’s IHC
Profiler software (Varghese et al., 2014). The result obtained was
scored as 0 (negative), 1+ (low positive), 2+ (positive) and 3+
(high positive). For IHC staining of METTL3, an IHC
score >2 was defined as high METTL3 expression, and an
IHC score <2 was defined as low METTL3 expression.
Ki67 was detected in animal specimens, and the positive area
of Ki67 was counted by Image].

Bioinformatics analysis

The Gene Expression Profiling Interactive Analysis (GEPIA)
database was used to analyze the total expression level of
METTL3 in ESCC and normal esophageal epithelial samples. The
TCGA dataset was used to download the TRNA-sequencing
expression profiles for ESCC along with the associated clinical
data. Based on the prognostic data of esophageal cancer patients
and METTL3 and IFIT2 expression data, a prognostic model was
constructed using the LASSO Cox regression model (R package
“glmnet”). The risk score was calculated by normalizing the
TCGA expression data (R package “scale” function) with the
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following formula: Risk Score = (X: regression coefficient; Y: gene
expression level), and the ROC prognostic assessment curve was
constructed based on the risk score.

ROC curve analysis by muti_cox. R package and pROC
package. The pathways that were enriched by GSEA. TIMER
is a convenient method for analyzing immune infiltrates in
TCGA tumors. Multigene correlation was visualized using the
R programming language’s pheatmap package.

Statistical analysis

The experimental results were analyzed using GraphPad Prism
9.0 statistical software. The data are at least the average of three
experimental data points, and the ¢ test was used to compare groups
and analyze differences between them (*p < 0.05, **p < 0.01, **p <
0.001, ***p < 0.0001).

Results

METTL3 is upregulated in esophageal
squamous cell carcinoma

We gathered 11 pairs of clinical samples from esophageal cancer
and paracancerous tissue. Following the extraction of RNA and
protein from 4 pairs, it was discovered that the levels of
METTL3 mRNA and protein expression in tumor tissues were
higher than those in adjacent tissues (Figures 1A,B). This is in line
with the TCGA database’s findings that esophageal cancer tumor
tissues exhibit high levels of METTL3 expression (Figure 1C). Seven
esophageal cancer cell lines expressed METLLS3 at levels higher than
those of human esophageal epithelial cells (HEECs) (Figure 1D). After
that, immunohistochemistry was used to examine seven pairs of
clinical specimens that had been fixed, dehydrated, and paraffin-
embedded, and the results revealed that METTL3 expression was
higher than that of adjacent tumors (Figure 1E). Collectively, these
results clearly demonstrated that METTL3 is highly expressed in
esophageal cancer patients.

High METTL3 expression is associated
with ESCC proliferation, apoptosis,
migration and invasion

We constructed stable cells using lentiviral METTL3 expression
constructs. As shown, the results indicated that not only the
METTL3 expression of this protein but also the expression at the
mRNA level was increased (Figure 2A). The results from CCK-8 and

colony experiments revealed that overexpressing
METTL3 significantly increased the ability of KYSE510 and
KYSE30 cells to proliferate. Likewise, flow cytometry

measurements were employed to evaluate the apoptotic capacity
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of cells. These results confirmed that METTL3 overexpression
notably decreased the percentage of apoptotic cells (Figure 2B-D).
Wound-healing assays showed that METTL3-overexpressing cells
had a markedly increased wound closure area at 24 h (Figure 2E). To
similarly reflect the effect of METTL3 on cell invasion, transwell
invasion and migration assays were performed. The results implied
that METTL3 overexpression promoted cell migration and invasion
(Figure 2F). In the detection of associated apoptosis proteins,
BCL2 and cyclin D1 protein levels were upregulated in the
METTL3-OE group. At the same time, overexpressing
METTL3 inhibited the expression of Caspase3. Moreover, we
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noted that the expression of EMT-related proteins varied, with
MMP19 and Vimentin showing increased expression, while
E-cadherin showed diminished expression (Figure 2G).

Low METTL3 expression is associated with
proliferation, apoptosis, migration and
invasion in ESCC cells

We performed the
METTL3 knockdown.

assay utilizing shRNA lenticular
The results confirmed that the
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METTL3 is upregulated in esophageal squamous cell carcinoma (A,B). gPCR and WB were used to measure METTL3 expression in 4 pairs of
ESCC tissues and corresponding adjacent tissues. (C). METTL3 expression levels in the TCGA database.

(D). METTL3 was expressed in seven ESCC cell lines and HEEC cells. (E). Representative image of immunohistochemical staining by METTL3 in 100-
fold (scaled bar = 100 ym) and 400-fold (scaled bar = 20 um) magnified ESCC tissues and paired normal tissues in human samples (above).
Immunohistochemical expression of METTL3 in ESCC tumor tissue and paired paracancerous tissues (PT) was quantitatively analyzed using ImageJ
Profiler software (n = 7). n.s, no statistical significance, ***p < 0.001, ****p < 0.0001.
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High METTL3 expression is associated with proliferation, apoptosis, migration and invasion in ESCC cells (A). METTL3 mRNA and protein levels were
drastically elevated following lentiviral transfection of KYSE510 and KYSE30 cells. (B). The CCK-8 assay assessed the proliferation ability of METTL3-
overexpressing KYSE510 and KYSE30 cells. (C). Flow cytometric analysis was conducted to assess apoptosis in KYSE510 METTL3-overexpressing cells.
(D). The clonality of KYSE510 and KYSE30 cells was measured by the plate clone. (E). The wound scratch test and (F). Transwell migration and invasion
assays were conducted to examine the migratory and invasion capacities of KYSE510 and KYSE30 cells overexpressing METTL3. (G). Expression of E-cadherin,
MMP19 and Vimentin proteins was detected via western transfer in METTL3-overexpressing cells. The protein levels of Bcl2, Caspase 3 and Cyclin D1 were
detected by western blotting in METTL3-overexpressing cells. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Low METTL3 expression is associated with proliferation, apoptosis, migration and invasion in ESCC cells (A). The mRNA and protein levels of
METTL3 were drastically decreased following lentiviral transfection of KYSE510 and KYSE30 cells. (B). The CCK-8 assay assessed the proliferation
ability of METTL3-knockdown cells. (C). Flow cytometric analysis was conducted to assess apoptosis in KYSE510 METTL3-knockdown cells. (D). The
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assays were conducted to examine the migratory and invasion capacities of METTL3 knockdown cells. (G). Expression of E-cadherin and MMP19
proteins was detected via western transfer in METTL3-knockdown cells. The protein levels of Bcl2, Caspase 3 and Cyclin D1 were detected by

western blotting in METTL3-knockdown cells. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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MeRIP-seq analysis of the effect of overexpression on the methylation of target genes (A). The m°A RNA methylation assay revealed the m°A
content in KYSE510 cells with METTL3 (B). Peak distribution in CDS, 5'UTR and 3'UTR regions (The abscissa is the CDS, 5'UTR, and 3'UTR regions, and
the ordinate is the distribution ratio of the peaks corresponding to the positions of each region). (C). The predominant consensus motif GGAC was
detected in m6A-seq. (D). Statistical results of the regional distribution of the difference peak. (E). The volcano plot shows the distribution of
differential genes. (F). The results of GO biological process enrichment. (G). The results of KEGG pathways analysis. (H). m°A peaks were enriched
from mC®A RIP-seq data. (I). Effects of METTL3 overexpression or knockdown on IFIT2 mRNA and protein expression in KYSE510 and KYSE30 cells.

*p < 0.05, **p < 0.01, ****p < 0.0001.

expression of this protein at the mRNA level as well as at
METTL3 was reduced (Figure 3A). The viability and
proliferation of «cells were markedly reduced by
METTL3 knockdown, as tested through CCK8 and colony
sh-METTL3 significantly
promoted apoptosis (Figures 3B-D). We further explored

formation assays. In contrast,
the invasive and migratory abilities of the cells. The scratch
healing ability of the sh-METTL3 group was slowed
(Figure 3E). The low expression of METTL3 in the
invasion assay reduced the number of invading cells,
which was consistent with the results of the migration
assay (Figure 3F). The apoptosis and expression of EMT-
related proteins after METTL3 knockdown were opposite to
those after METTL3 overexpression (Figure 3G).
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MeRIP-seq analysis of the effect of
overexpression on the methylation of
target genes

We detected the m°A contents of the total mRNA in
METTL3-silenced KYSE510 cells. As
METTLS3 silencing dramatically decreased the m°A content in
KYSE510 cells (Figure 4A). Taking the sample as the unit to
annotate the peaks of the sample and counting and annotating

expected,

the annotation results, the results show that the m°A peaks are
abundant in coding sequences (CDS), especially near stop codons
in the 3'UTR of mRNA (Figure 4B). The RMBase database
determined that the consensus motif for the genes with m°A
modification is U/AGGAC (p = 2.3e-022), which is the common
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FIGURE 5

IFIT2 overexpression inhibited ESCC cell proliferation and invasion (A, B). To evaluate the effectiveness of the IFIT2 overexpression lentivirus,
gRT—PCR was used to detect mRNA levels, and western blot analyses were used to detect protein levels. (C). A CCK-8 assay was used to evaluate the
proliferation ability of KYSE510 and KYSE30 cells after IFIT2 overexpression. (D). Cell proliferation capabilities were identified through colony
formation tests in transfected KYSE510 and KYSE30 cells. (E). The wound healing assay reduced the KYSE510 and KYSE30 cell ability to migrate.

(F). Transwell assays were used to analyze transfected cell migration and invasion. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

KYSE510 KYSE30

feature among the genes with m°A methylation (Figure 4C). The
main distribution area of the difference peak was in the exon
(37.6%), intron (20.25%), 3'UTR (21.09%) and stop codon
(19.28%). Only a small portion (1.78%) was distributed in the
5'UTR (Figure 4D). The significantly differentially expressed
genes between samples can be further selected by the fold
difference and significance level. Notably, 70 transcripts were
upregulated, and 36 transcripts were downregulated in the RNA-
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seq and MeRIP-seq data (Figure 4E and Supplementary Figure
S1). We took the intersection of the downregulated peak after
overexpression of METTL3 and the upregulated peak after
interference with METTL3 and then enriched the GO and
KEGG functions of the intersected genes. GO analyses showed
that immune system processes were significantly enriched.
KECG has been shown to be associated with
signaling pathways, including the Toll-like, T-cell and B-cell

immune
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Effect of IFIT2 siRNA on ESCC cell proliferation, migration, and invasion (A, B). To evaluate the effectiveness of si-IFIT2, gRT-PCR was used to
detect mRNA levels, and western blot analyses were used to detect protein levels. (C). A CCK-8 assay was used to evaluate the proliferation ability of
KYSE510 and KYSE30 cells after si-IFIT2. (D). Cell proliferation capabilities were identified through colony formation tests in transfected KYSE510 and
KYSE30 cells. (E). The healing experience reduced the KYSE510 and KYSE30 cell ability to migrate. (F). Transwell assays were used to analyze
transfected cell migration and invasion. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

receptor signaling pathways. Moreover, genes were also
4F,G
Supplementary Figures S2, S3). Among these genes, we chose

significantly enriched in apoptosis (Figures and

and verified the gene that was most strongly associated using
gRT-PCR and WB. We thus detected the m°A abundance on
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IFIT2 mRNA transcripts in KYSE30 and KYSE150 cells by
m®A-seq, and the results showed that m°A methylation was
enriched in the exon and 3'UTR regions of IFIT2 with a
clustered distribution (Figure 4H). We then characterized the
expression relationship of IFIT2 with METTL3 in esophageal
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cancer cells. Notably, IFIT2 mRNA and protein expression were IFIT2 ove rexpression inhibited ESCC cell
both significantly downregulated by METTL3 overexpression in proliferation and invasion

KYSE510 cells (Figure 4I), whereas IFIT2 mRNA and protein

expression were upregulated by METTL3 knockdown in The IFIT2 transfection efficiency was confirmed to be
KYSE510 cells (Figure 4I). increased at both the mRNA and protein levels (Figure 5A,
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B). Next, we verified the function of downstream target genes of
IFIT2. The results of CCK-8 and cloning experiments showed
that IFIT2 overexpression attenuated the proliferation of
esophageal cancer cells (Figures 5C,D). IFIT2 overexpression

Frontiers in Pharmacology

prevented cell migration, according to scratch experiments
(Figure 5E). It was determined whether IFIT2 in cells affected
cell invasion and migration using a transwell assay. These cells
displayed less cell migration and invasion (Figure 5F).
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Effect of IFIT2 siRNA on ESCC cell
proliferation, migration, and invasion

The transfection efficiency of si-IFIT2 was confirmed at both
the protein and mRNA levels (Figures 6A,B). siRNA-TFIT2-
transfected KYSE510 and KYSE30 cells significantly enhanced
cell proliferation, as shown by CCK8 and colony formation
(Figures 6C,D). In comparison to control and
siRNA, the
migration assays showed that siRNA transfection significantly

assays

untransfected scratch  wound healing and
accelerated cell migration and facilitated wound healing and

increased the number of cell invasions (Figures 6E,F).

METTL3 reverses the biological effects of
IFIT2 on ESCC proliferation, invasion, and
metastasis

To further investigate the relationship between METTL3 and
IFIT2 in the tumorigenesis of esophageal cancer, we knocked

down IFIT2 in KYSE150 cells, accompanied by
METTL3 knockdown. In siRNA-IFIT2-transfected cells,
IFIT2 mRNA levels were decreased 6.5-fold, whereas

IFIT2 expression was increased 12-fold in METTL3-silenced
KYSE150 cells. IFIT2 expression in METLL3-silenced
KYSE150 cells transfected with the si-IFIT2 vector (sh-
METTL3+si-IFIT2) 3-fold.
Meanwhile, we confirmed that si-IFIT2 partially rescued
METTL3 mRNA and protein upregulation in sh-METTL3
cells (Figure 7A). In fact, the reduction in KYSE510 cell
proliferation following METTL3 knockdown was rescued by

increased  approximately

ectopic expression of IFIT2, as shown by CCK-8 and colony
formation assays (Figures 7B,C). The expression of IFIT2 during
wound healing partially rescued sh-METTLS3 cells in the wound
healing area (Figure 7D). In vitro cell migration and invasion
assays, si-IFIT2 effectively restored the mechanical properties of
METTL3 knockdown cells (Figure 7E).

In vivo experimental validations in mice

We investigated the effect of METTL3 on tumorigenicity in
vivo using a xenograft model of sh-METTL3 KYSE510 cells. Mice
were inoculated subcutaneously with KYSE510 sh-NC and sh-
METTL3 cells, and tumor size were measured every 4 days.
Thirty-five days after tumor cell injection, subcutaneous tumor
tissue was dissected, and tumor weight and volume were
measured (Figure 8A). The tumor growth rate in the
experimental group was substantially inhibited, and the tumor
volume was significantly reduced (Figures 8B,C). By extracting
RNA and proteins from mouse tumors, METTL3 was effectively
silenced in the sh-METTL3 group (Figure 8D). After TUNEL
staining, the range of TUNEL-positive cells improved in sh-
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METTL3 tumor tissue sections, consistent with the tumor size
results (Figure 8E). Under the light microscope with HE staining
in the transplanted tumor tissue, the nuclear volume of the tumor
cells increased, as did the nuclear-cytoplasmic ratio. Meanwhile,
immunohistochemistry that METTL3 was
successfully knocked out. METTL3 and IFIT2 were negatively
correlated with immunohistochemistry (Figure 8F). In addition,

also  showed

the proliferation marker Ki67 was noticeably lower in sh-
METTLS3 cells than in sh-NC cells, according to THC staining
of the resected tumor tissue. Image] software statistics showed
that the positive area of Ki67 in the sh-NC group was higher than
that in the sh-METTL3 group (Figure 8G).

METTL3 and IFIT2 are associated with
prognostic immune infiltration

When we used TCGA pancancer data to analyze the
expression levels of the model’s key genes, METTL3 and
IFIT2 were
expression levels in regular and tumor tissues (Figure 9A).
We developed a prognostic model using the genes
METLL3 and IFIT2. According to the median risk score,
ESCC cancer patients were divided into two groups: low-
risk and high-risk (Figure 9B). Kaplan—Meier (K-M) analysis
was utilized to explore the prognostic value of scores

observed to have extensively different

(Supplementary Figure S4). ROC curve analysis showed
that the risk model constructed by the expression and
prognosis of IFIT2 and METTL3 in esophageal cancer
patients was closely related to the prognosis survival of
more than 3years (AUC = 0.77) (Figure 9C). In TCGA
esophageal cancer samples, IFIT2 gene expression and
pathway enrichment were correlated by GSEA enrichment
analysis. The findings demonstrate that IFIT2 expression is
linked to the suppression of the oxidative phosphorylation
pathway in tissues from esophageal cancer (Figure 9D). The
tumor immune microenvironment is associated with the
prognostic survival of patients. Therefore, we investigated
the correlation of METTL3 and IFIT2 expression with
immune cells in esophageal cancer. The findings of the
TIMER  database that the of
METTL3 was appreciably correlated with the diploma of
infiltration of B cells (p = 3.41e-03) and macrophages (p =

showed expression

3.96e-04). IFIT2 was significantly inversely correlated with
tumor purity (p = 9.77e-05), B cells (p = 9.68e-03), CD4"
T cells (p = 7.10e-04), macrophages (p = 2.20e-03) and
6.34e-03) (Figure 9E). We performed
multigene correlation analysis using the R package
pheatmap, and METTL3 and IFIT2 showed a negative
correlation. METLL3 was significantly correlated with CD8*
T cells and uncharacterized cells (p < 0.01). IFIT2 was
correlated with CD8" T cells and uncharacterized cells (p <
0.05) (Figure 9F).

neutrophils (p =
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METTL3 and IFIT2 are associated with prognostic immune infiltration (A). Pancancer analysis of METTL3 and IFIT2 expression across cancers
from TCGA. (B). The expression profiles that correspond to the distributions of prognostic signature-based risk scores. Low-risk patients are
represented by green dots, while high-risk patients are represented by red dots. (C). The ROC curve for evaluating the prediction efficiency of the
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macrophages, and dendritic cells in ESCC. (F). A heatmap of the correlation between METTL3, IFIT2 and immune score.

Discussion proliferation and tumor development (Cui et al, 2021). In a
prior study, our team discovered that ESCC had significantly

Studies have shown that proteins related to m°A modification higher FTO levels, which in conjunction with ERBB2 controlled

are dysregulated and carcinogenic in esophageal cancer. Wang W ESCC tumorigenesis and metastasis (Zhao et al., 2022). Li J
found that METTL3 expression was significantly elevated in showed that in the pathophysiology of ESCC, ALKBHS5 acts as a
esophageal squamous cell carcinoma and was associated with tumor suppressor (Li et al., 2021). Due to advances in biological
poor patient prognosis (Han et al., 2021; Wang et al., 2021). FTO technologies such as high-throughput sequencing and the
demethylase overexpression enhances esophageal cancer cell discovery of abnormal expression of METTL3, ALKBH5, and
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FTO, the role of m°A methylation in ESCC has gradually been
revealed (Zhang et al., 2021). The insidious onset of ESCC is
primarily responsible for the patients’ poor prognosis, and by the
time of diagnosis, the majority had advanced to the middle and
late stages of lymphatic metastasis. As a result, to find reliable
prognostic biomarkers and therapeutic targets, it is imperative to
research the molecular pathogenesis of esophageal cancer.
METTL3 is the most important methylase of m°A. In recent
years, it has become clear that METTL3 is aberrantly expressed in
gastric (Yue et al., 2019), breast (Pan et al., 2021), prostate (Chen
et al,, 2021) and non-small cell lung cancers (Xue et al., 2021),
which raises the possibility that METTL3 could be a useful
diagnostic marker and therapeutic target (Zeng et al., 2020).
Our study shows that METTL3, a protein highly expressed in
esophageal cancer tissues, can promote the proliferation,
invasion and metastasis of esophageal cancer both in vitro
and in vivo. These results are consistent with previously
reported results. Although the trend of m°A modification
levels is constant, it may have different effects by controlling
different target genes, and the impact on tumor prognosis may be
different (Li et al., 2019). In this study, we mainly found that
METTLS3 affects the occurrence and development of ESCC by
regulating the target IFIT2.
METTL3 was recently reported to regulate IFIT2 expression

downstream Interestingly,
in a m°A-YTHDF2-dependent manner in cholangiocarcinoma
(Xu et al., 2022). However, the difference is that their findings
were in bile duct cancer. Because of the clear differences between
the pathogenesis of ESCC and ICC, the distribution of m°A
modifications in various tissue types varies widely. Whether it
has the same effect is still controversial.

IFIT is a family of tetrapeptide repeat genes induced by
interferon. It is commonly studied for its antiviral properties,
known as an interferon-stimulated gene, and is located on the
human chromosome (Pidugu et al., 2019). IFIT2 can be induced
by viral infection, interferon or other pathogen-associated molecular
pattern recognition and is involved in inhibiting viral replication and
governing apoptosis and antitumor activity (Liu et al, 2011).
IFIT2 may be crucial in controlling the inflammatory tumor
environment during metastasis in OSCC, which results in
(Lai et al, 2022). Koh et al. found that low
IFIT2 expression in triple-negative breast cancer patients

cachexia

increases the risk of recurrence (Koh et al., 2019b). In particular,
overexpression of IFIT2 promotes tumor cell death (Mbofung et al.,
2017). IFIT2 balances pro- and antiapoptotic Bcl-2 family proteins
to alter mitochondrial membrane permeability and cause apoptosis
(Tait and Green, 2010; Stawowczyk et al., 2011). In colorectal cancer,
IFIT2 expression is induced by IRF1, and Wnt/B-catenin signaling,
which has antiapoptotic properties, inhibits it (Ohsugi et al., 2019).

In our study, a significant amount of METTL3 was detected in
tissues from esophageal cancer patients compared to adjacent
tissues. The METTL3 downstream target gene IFIT2 was
identified in esophageal cancer cells using MeRIP-seq. In vitro
rescue assays showed that IFIT2 could rescue the biological
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function of METTL3 elimination. In vivo research on mouse
tumors using immunohistochemistry revealed a negative
correlation between METTL3 and IFIT2. Furthermore, from
the tail vein, we injected 1 x 10° sh-METTL3 cells. The sh-NC
group had liver metastases after two months (Supplementary
Figure S5). Mouse lung metastases did not appear as obvious
nodules (Supplementary Figure S6); this is likely because
KYSE510 is a moderately aggressive cell type. When the
calibration curve and ROC curve were examined, we also
created a prognostic risk model using METTL3 and IFIT2 that
performed well at predicting prognosis. Additionally, the immune
response during the development of esophageal cancer may be
mediated by METTL3 and IFIT2, which would explain why
patients with esophageal cancer have a poor prognosis. These
findings offer a solid foundation for future immunotherapy.

Conclusion

In conclusion, IFIT2 and METTL3 may serve as targets for
immunotherapy in addition to being potential pathogenic factors
in esophageal cancer development. METTL3 and IFIT2, which
may serve as prognostic or diagnostic indicators for esophageal
cancer, also offer fresh evidence in favor of immunotherapy and
customized treatment for ESCC patients. To assess the
therapeutic potential of METTL3-regulated IFIT2 more fully
in ESCC, a more thorough study with a larger sample size
and multicenter clinical study should be conducted.
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Background: Phellinus igniarius (P. igniarius) is a valuable medicinal and edible
fungus with various biological activities such as anti-inflammation,
antioxidation, and immune regulation. In this study, we explored the effects
of P. igniarius on a gout model in vitro.

Methods: The DPPH, ABTS, and FRAP methods were combined to determine
and compare the antioxidant activities of wild P. igniarius total polyphenols
(WPP) and cultivated P. igniarius total polyphenols (CPP) in vitro.
Spectrophotometry was used to compare the inhibitory effect of WPP and
CPP on xanthine oxidase (XO) activity to evaluate anti-hyperuricemia activity
in vitro. HUVECs were stimulated with monosodium urate (MSU) crystals for
24 h to establish an acute gouty inflammation model in vitro. The protective
effects were compared by measuring cell viability; the contents of ICAM-1, IL-
1B, IL-6 and VCAM-1; the protein expressions of TLR4 and NLRP3; reactive
oxygen species production; and the nuclear translocation of NF-xB p65.
UHPLC-QE-MS technology was used to explore the potential metabolic
mechanism of P. igniarius against gout.

Results: WPP and CPP had strong antioxidant capacity, and the antioxidant
capacity of CPP was similar to that of WPP. In a comparative experiment of
xanthine oxidase activity inhibition by WPP and CPP, the ICsq values were
88.19 pug/mland 108.0 ug/ml, respectively. At a dose of 40 ug/ml, WPP and CPP
significantly improved the decrease in cell viability induced by monosodium
urate (150 yg/ml) and inhibited the increase in inflammatory factors such as
ICAM-1, IL-1B, IL-6, and VCAM-1. The increase in TLR4 and NLRP3 protein
expression induced by MSU crystals in HUVECs was also significantly inhibited
by total polyphenols from wild and cultivated P. igniarius. In addition, both
significantly improved MSU-induced ROS overproduction and NF-«xB
p65 nuclear translocation. WPP and CPP may primarily be involved in
phenylalanine metabolism and lysophosphatidylcholine metabolism in their
role in the treatment of gout.

Conclusion: CPP and WPP both showed good antioxidant activity and xanthine
oxidase inhibitory activity and had good therapeutic effects on the gout model
in vitro. Furthermore, this study indicated that cultivated P. igniarius had a
protective effect similar to that of wild P. igniarius, which would be expected to
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improve the shortage of wild P. igniarius and promote the development of the
cultivated P. igniarius industry and product development.

KEYWORDS

medicinal fungus Phellinus igniarius, anti-gout, metabolic mechanism, TLR4, NF-kB,

NLRP3 inflammasome

Introduction

Gout is a clinically common metabolic disease, which is a
major problem impacting human health (Stack et al., 2019; Ashiq
etal,, 2021). Gout is a disorder of purine metabolism in the body,
leading to high concentrations of uric acid in the blood and
deposition of sodium urate crystals in the joints, which induces
an inflammatory response that manifests as the pathogenesis of
gouty arthritis as the main disease, affecting the quality of life of
patients (Ghaemi-Oskouie and Shi, 2011; Singh and Gaffo, 2020;
Yin et al., 2020).

An
(hyperuricemia, >7.0 mg/dl) manifests as inflammation

increase in  serum  urate concentrations
induced by the deposition of MSU crystals in cartilage,
synovial bursa, tendons, or soft tissues (Garcia et al,
2016). MSU crystals are known to activate TLR4, a key
the

TLR4 expression further activates and phosphorylates NF-

factor in initiation of neuroinflammation, and
kB (Zeng, 2019). NF-kB, a downstream target protein of
TLR4 (Yin et al.,, 2021), is activated to promote the release
of a range of inflammatory factors (Guo et al., 2020), such as
TNF-a, IL-6 (Fan, 2017), IL-1PB and others (Borstad et al,,
2004). Normally, IkBa and NF-xB exist in the cytoplasm as an
inactive dimer. After phosphorylation of IkBa by IxkB kinase,
phosphorylated NF-kB translocates from the cytoplasm to
the nucleus, thus inducing transcriptional activation of
NLRP3 inflammatory vesicles and increased expression of
NLRP3

reactive oxygen species (ROS) during activation, but the

inflammatory factors. inflammasomes produce
sources of these ROS and the mechanism by which
NLRP3 participates in their production have not been
clarified.

Given the intensity of the inflammatory reactions that
attack,
anti-inflammatory  drugs

colchicines and
(NSAIDs)

appropriate first-line drugs for this phase. However, oral

characterize an acute oral

nonsteroidal are
colchicines and NSAIDs have adverse effects such as severe
gastrointestinal reactions and toxicity (Borstad et al., 2004;
Sabina et al., 2011). Therefore, the need to identify new anti-
inflammatory treatments for gouty arthritis has stimulated
many recent studies to focus on natural products (Ahmad
et al., 2008) such as herbs (An et al, 2010), as people
urgently need anti-gout drugs.

P. igniarius, a well-known mushroom belonging to the
family Polyporaceae, is distributed in many East Asian
countries such as China, Korea, and Japan (Mao, 2000;
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Dong et al, 2019) and is commonly referred to as
“Sanghuang” in China (Dong et al, 2019). Its main
components include polysaccharides, flavonoids,
polyphenols, steroids, and organic acids, and it therefore has
good anti-inflammatory, antioxidant and antitumor activities
(Ding et al., 2016; Wang et al., 2018; Gu et al., 2019; Luan et al.,
2022). Many studies have shown that it has good anti-uric acid
activity, but the specific mechanism has not been clarified (Liu
et al,, 2019; Xing et al., 2021).

In conclusion, we hypothesize that P. igniarius may down-
regulate MSU crystal-induced gout-related inflammatory
factor expression in HUVECs through mediating the TLR4/
NEF-kB/NLRP3 signaling pathway. In this study, MSU was
used to induce HUVECs to produce an acute gouty
inflammation model in vitro to study the anti-inflammatory
effects of wild and cultivated P. igniarius and further
explore the specific mechanism of its inhibitory effect
through enzyme kinetics and metabolomics studies. In
addition, the medicinal value of wild P. igniarius is high,
but the supply is insufficient and therefore the price is high,
which has limited the development and utilization of P.
igniarius as a medicinal fungal resource. Fortunately,
artificial cultivation is effective. However, there are few
comparative studies on wild and cultivated P. igniarius.
Another purpose of this study was to compare and evaluate
the efficacy of wild P. igniarius and cultivated P. igniarius in
the treatment of hyperuricemia and gouty arthritis and
to promote its industrial

development and product

development.

Materials and methods
Plant material

The Zhejiang Qiandao Lake Sangdu Edible Fungus
Professional Cooperative sold us wild P. igniarius samples
China). The Phellinus that
artificially cultivated was a strain known as “Zhehuang No. 1,”

(Hangzhou, igniarius was
which was also supplied by Zhejiang Qiandao Lake Sangdu
Edible Fungus Professional Cooperative. The Horticulture
Institute of Zhejiang Academy of Agricultural Sciences and
the Institute of Edible Fungi of Shanghai Academy of
Agricultural Sciences both recognized it as Phellinus igniarius.
All samples were kept in a dim setting with constant humidity

and temperature.
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Preparation of polyphenols from P.
igniarius

Response surface approach was used to identify the ideal
conditions for the extraction and purification of polyphenols
from P. igniarius by referring to the polyphenol concentrations
and adhering to scientific standards and environmental
protection protocols. In particular, the P. igniarius dried fruit
body was crushed and put through a 40-mesh filter. The powder
was extracted with 16-fold 70% ethanol for 2 h at 80°C in the dark
after being steeped in 70% ethanol for 30 min. Under the same
circumstances, the residue was removed once more. An ethanol
extract of both wild and cultivated P. igniarius was produced by
combining these two filtrates and removing the solvent under
negative pressure at 60°C without light. After that, the crude
extract solution was adsorbed by an HP20 macroporous resin,
contaminants were cleaned up with 10% ethanol using five times
the volume of the solution, and then the solution was eluted with
40% ethanol using five times the volume of the solution. The
eluates were gathered, pooled, and then turned into a powder by
freeze-drying. WPP and CPP were created in succession, stored
at -20°C, and kept in the dark. The amount of total polyphenols
was calculated using the Folin-Ciocalteu technique.

Comparison of total antioxidant
capacity between WPP and CPP
in vitro

Determination of total antioxidant
capacity by the DPPH method

Aliquots of 2.5, 5, 10, 20, 40 and 80 pg/ml Vc, WPP or CPP
133.3 ul were added to a 200ul DPPH working solution
(Jiancheng, Nanjing, China). As a control, 2.5, 5, 10, 20,
40 and 80 ug/ml Ve, WPP or CPP 133.3 ul were added to
200 puL 80% ethanol. The blank tube contained 200 pl of 80%
ethanol and 300yl of the DPPH working solution. The
absorbance (A) was measured at 517 nm after mixing and
incubation at room temperature for 30 min. The DPPH free
radical clearance rate (%) = [1- (Asample~ Acontrol)/Aplank] X 100%.
The ICs, value was calculated using a logistic regression curve.

Determination of total antioxidant
capacity by the FRAP method

Aliquots of 2.5, 5, 10, 20, 40 and 80 pug/ml V¢, WPP or CPP
5 pl were added to 180ul of FRAP working solution
(Jiancheng, Nanjing, China) with four wells each. Distilled
water was added to three wells as a blank control. A standard
curve was drawn with FeSO, as the standard. Absorbance (A)
was determined at 593 nm after incubation at 37°C for 5 min.
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The absorbance measured for each sample was compared with
the standard curve, and the concentration equivalent to the
FeSO, standard solution was used to represent the antioxidant
capacity. The FRAP was used to compare the total antioxidant
capacity of the sample and the positive control: 1 unit FRAP =
0.5 mM FeSO,. The smaller the FRAP, the higher the total
antioxidant capacity.

Determination of total antioxidant
capacity by the ABTS method

Aliquots of 2.5, 5, 10, 20, 40 and 80 pug/ml Vc, WPP or CPP
10 l, and 20 pl enzyme application solution were added to 170 ul
of ABTS working solution (Jiancheng, Nanjing, China) with four
wells each. Distilled water was added to three wells as a blank
control. A standard curve was drawn with Trolox as the standard.
The absorbance (A) at 405 nm was determined after incubation
at ambient temperature for 6 min. The absorbance measured for
each sample was compared with the standard curve, and the
concentration equivalent to the Trolox standard solution was
used to represent the antioxidant capacity. The total antioxidant
capacity of the tested samples and the positive control were
compared by ABTS, with 1 unit ABTS = 0.5 mM Trolox. The
smaller the ABTS, the higher the total antioxidant capacity.

Comparison of inhibition of XO activity
in vitro between WPP and CPP

Four groups were established: a blank control group, a
positive control group, the WPP group and the CPP
group. The WPP group and the CPP group were treated with
a drug solution at different concentrations, with four wells per
concentration. PBS was added to the blank group, and an
allopurinol solution was added to the positive control group
at different
concentration. The XO solution (Yuanye, Shanghai, China)

concentrations, with four wells for each
was added to the wells of each group, and incubated at 37°C
with an enzyme label. The XA solution (Yuanye, Shanghai,
China) was then added to each well, and the absorbance (A)
was measured immediately at 295 nm and read every 1 min. The
change value was recorded for 6 min, and the XO inhibition rate
(IR) and half-maximum inhibitory concentration (ICs,) were

calculated.

" (%) ) |:< dA/dt) blank_ < dA/dt)sample:| / < dA/dt >blank < 100%

1

The reaction time was chosen based on variations in
dA the
absorbance difference from the time the reaction started

absorbance, and in this formula, represents
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and when it finished. The IR was calculated from the average
values of the four wells. The IC5, value was calculated using a

logistic regression curve.

Cell culture and treatment

HUVECs (Bogoo Biological Technology, Shanghai, China)
were grown in DMEM (Gibco, United States) culture medium
containing 10% FBS (Siji Green, Zhejiang, China), 100 units/ml
penicillin, and streptomycin at 37°C in a humidified atmosphere
with 5% CO,. The cells in the logarithmic phase were subcultured
and tested.

MTT assay

MTT was used to detect cellular activity. The HUVEC
monolayers were digested with pancreatin (Solarbio, Beijing,
China), and then the HUVECs were plated in a 96-well plate
and allowed to attach overnight. Next, the HUVECs were treated
with different concentrations of MSU (Yuanye, Shanghai,
China), WPP and CPP. The supernatant was discarded after
incubation for 24 h, and 20 pl of MTT solution was added. The
supernatant was discarded after incubation for 4 h, and 150 pl of
DMSO was added with oscillation for 10 min. The OD was
measured at 490 nm:

Cell Viability (%) = (ODurug = ODcontrol ) / (ODblank

- ODcontml) x 100% (2)

Determination of ICAM-1, VCAM-1, IL-1p
and IL-6 in cell culture medium by ELISA

HUVECs were plated in a 6-well plate and allowed to attach
overnight before they were treated with different concentrations
of WPP or CPP and MSU for 24 h. The culture medium of each
group was then extracted. The levels of ICAM-1, VCAM-1, IL-1p
and IL-6 in the cell culture medium were determined with an
ELISA kit (Mlbio, Shanghai, China).

Western blot analysis

The cells were lysed in ice-cold RIPA buffer, and cell
lysates were clarified by centrifugation, diluted in 2x SDS
loading buffer, resolved by SDS—PAGE and transferred onto
PVDF, which was subsequently blocked with 5% skimmed
milk. The membranes were then incubated overnight at 4°C
with primary antibodies followed by incubation with
antibodies. ~ The

horseradish ~ peroxidase-conjugated
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immunoreactive protein bands were visualized with an
(ECL) kit (New Cell &
Molecular Biotech, Suzhou, China).

enhanced chemiluminescence

DCFH-DA fluorescent probe assay

The cell culture medium was withdrawn, the DCFH-DA
was diluted with PBS (Biosharp, Anhui, China), and the cells
were then given two PBS washes. The cells were then added to
the diluted DCFH-DA solution, and they were incubated at
37°C. To completely eliminate any DCFH-DA that did not
reach the cells, PBS was applied three times to the cells.
Following the addition of PBS, the
observed, captured on camera, and its average optical

fluorescence was

density was measured and quantitatively analyzed using
Image] software. The excitation and emission wavelengths
were 485 nm and 528 nm, respectively.

Immunofluorescence assay

The cell culture medium was discarded, PBS (Biosharp,
Anhui, China) was used to wash the cells three times, a 4%
paraformaldehyde solution (Solarbio, Beijing, China) was
added to fix the cells, the fixative was removed, and an
immunostaining blocking solution was added at room
temperature. The primary antibody was incubated overnight
at 4°C, and goat anti-rabbit IgG H&L (Alexa Fluor” 488) was
diluted at 37 °C. A blocking solution (including DAPI) was
added. The cells
microscope.

were observed under a fluorescence

UHPLC-QE-MS for cell
metabolomics analysis

Cell sample preparation

The cells in each group were removed from the culture
medium, quickly washed with precooled PBS solution,
digested with trypsin, and then added to the culture
medium. The medium was gently shaken to stop digestion
of the infiltrated cells. With rapid counting, 1 x 107 cells per
bottle were taken as samples (i.e., 1 unit), quickly placed in a
precooled 5 unit quencher containing 60% methanol
(Macklin, Shanghai, China) and 8.5g/L
bicarbonate, adjusted to pH 7.4 with 12 M hydrochloric
acid, and placed in a slightly oscillating centrifuge tube for

ammonium

10 s. The mixture was allowed to cool at -20°C, centrifuged at
4°C and 1,000 x g for 1 min, and then the supernatant was
removed, and the cells were placed in liquid nitrogen for 30 s
and preserved at -80°C.
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Metabolite extraction

For lyophilization, the materials were moved to a 2 ml EP
tube. 200 L of water were then added to the samples. The
samples were vortexed for 30 s before being frozen with liquid
nitrogen and thawed three times. The samples were sonicated
in an ice-water bath for 10 min. The protein concentration
was assessed using 50 pl of homogenate. The leftover amount
was then mixed with 600 L of acetonitrile:methanol (1:1) and
put to a2 ml EP tube. The samples were vortexed for 30 s, then
incubated at -40°C for 1 h, and then centrifuged for 15 min at
4°C at 12000 (RCF = 13800g, R = 8.6cm) rpm. The
supernatant was transferred to an EP tube in an amount of
660 L, and it was dried in a vacuum concentrator. After drying,
a proportionate amount of acetonitrile, methanol, and water
(2:2:1) with an internally labeled standard mixture was added.
The samples were vortexed for 30 s before being sonicated for
10 min in an ice-water bath. The materials were then
centrifuged for 15 min at 4°C at 12000 (RCF = 13800 g, R =
8.6 cm) rpm. A new glass vial was used to transfer the resultant
supernatant for analysis. An equivalent quantity of the
supernatant was mixed to create the quality control (QC)
sample.

LC-MS/MS analysis

A UHPLC system (Vanquish, Thermo Fisher Scientific)
with a UPLC BEH Amide column (2.1 mm 100 mm, 1.7 m)
connected to a Q Exactive HFX mass spectrometer was used to
perform the LC-MS/MS analysis (Orbitrap MS, Thermo).
25 mmol/L each of ammonium acetate and ammonia
hydroxide in water (pH = 9.75) (A) and acetonitrile made
up the mobile phase (B). The injection volume was 2 L, and the
autosampler’s temperature was 4°C. Because it can acquire
MS/MS spectra in information-dependent acquisition (IDA)
mode under the control of the acquisition software, the QE
HFX mass spectrometer was chosen (Xcalibur, Thermo). The
acquisition program constantly assesses the complete scan MS
spectrum in this mode. The following parameters were
adjusted for the ESI source: spray voltage of 3.6kV
(positive) or -3.2 kV, sheath gas flow rate of 30 arb, aux
gas flow rate of 25 arb, capillary temperature of 350°C, full MS
resolution of 60000, MS/MS resolution of 7,500, collision
energy of 10/30/60 in NCE mode (negative).

Data annotation, multivariate statistical
analysis and metabolic pathway analysis

The raw data was programmatically converted to the

mzXML format and then ordered to perform metabolic
annotations. This information included peak detection,
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extraction, alignment, and integration. For logarithmic
conversion and centralized formatting, the final datasets
were entered into the SIMCA V15.0.2 software program
(Sartorius Stedim Data Analytics AB, Umea, Sweden).
(PCA)

projections to latent structures-discriminate analysis (OPLS-

Principal component analysis and orthogonal
DA) were carried out in succession to depict group separation
and identify significantly altered metabolites. The OPLS-DA
was used to calculate the VIP value, or variable importance in
the projection.

For the purposes of the following study, metabolites
between the two groups that had P 0.05 (Student’s t test)
and VIP >1 were regarded as differential metabolites.
Utilizing volcano plots, the up- and downregulation of
various metabolites was demonstrated. To identify the key
with the highest the
metabolites were subjected to pathway
the KEGG database

(http://www.metaboanalyst.ca/),

metabolic pathways correlation,
differential
enrichment analysis and
MetaboAnalyst which

further revealed the related metabolic mechanism of wild

using

and cultivated Phellinus igniarius in the treatment of
hyperuricacidemia.

LC-MS/MS data

The original data of HPLC chromatogram has been
uploaded to the public database “MetaboLights”, and the
original data can be downloaded according to the database
number MTBLS5795.

Statistical analysis

GraphPad Prism V8.0.2 software was used for statistical
analysis and data visualization. Multiple comparisons between
groups were performed using a one-way ANOVA or two-way
ANOVA. The data are expressed as the mean * standard
deviation (SD), and a p < 0.05 was considered statistically
significant.

Results

The total antioxidant capacity of CPP is
similar to that of WPP

With vitamin C (Vc) as the positive control, the total
antioxidant capacities of WPP and CPP were detected using
the DPPH, FRAP and ABTS methods. As shown in Figure 1,
1A, the ICs, values of V¢, WPP and CPP for DPPH radical
scavenging were 9.994 ug/ml, 12.28 pg/ml and 21.00 pg/ml,
respectively. The FRAP values (Figure 1B) of V¢, WPP and
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CPP were 47.83 ug/ml, 98.75ug/ml and 116.97 ug/ml,
respectively. The ABTS values (Figure 1C) of V¢, WPP and
CPP were 39.69 ug/ml, 40.44 ug/ml and 44.40 ug/ml,
respectively. In conclusion, WPP and CPP have a strong
total antioxidant capacity, and the total antioxidant

capacity of CPP is similar to that of WPP.

The inhibitory effect of CPP on XO activity
was similar to that of WPP

As shown in Figure 1D, with allopurinol (8 pg/ml) as the
control, WPP and CPP significantly inhibited XO activity and
showed dose-dependent tolerance within a certain concentration
range. The XO inhibition of both in the dose range of 50-800 pg/
ml was statistically significant (p < 0.001). The ICs, values of
WPP and CPP for the inhibition of XO activity were 88.19 ug/ml
and 108.0 pg/ml, respectively. The ability of CPP to inhibit XO
activity was similar to that of WPP.
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WPP and CPP attenuated the decrease in
cellviability and cell cytotoxicity caused by
MSU in HUVCECs

To evaluate the toxicity of MSU, WPP and CPP, HUVECs
were treated with different concentrations of MSU (0-500 pg/
ml), WPP or CPP (0-800 pg/ml for both) for 24 h, and cell
viability was evaluated by the MTT assay. As shown in Figure 2,
2A, MSU concentrations above 150 ug/ml had an extremely
significant inhibitory effect on cell viability. WPP and CPP
had no significant cytotoxic effect on cells below 200 ug/ml
(Figure 2B) and 100 pg/ml (Figure 2C), respectively. We chose
these concentrations for the following experiments. To evaluate
the protective effects of WPP and CPP on MSU-induced cell
death, HUVECs were treated with MSU and WPP or CPP for
24h. At a concentration of 40 ug/ml, both WPP and CPP
reduced the loss of cell viability induced by MSU (Figures
2D,E). In summary, WPP and CPP at a dose of 40 ug/ml
were selected for subsequent studies on efficacy and mechanism.
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HUVEC injury, ***p < 0.001 vs. the control group, n = 6 (E).

WPP and CPP can reduce the production
of inflammatory factors in an acute gouty
inflammation model in vitro

As shown in Figure 3, compared with the control group,
the ICAM-1 (p < 0.05), VCAM-1 (p < 0.05), IL-1f (p < 0.01)
and IL-6 (p < 0.01) contents in the model group were
that MSU
inflammatory injury in HUVECs. Compared with the
model group, the ICAM-1 (p < 0.05), VCAM-1 (p < 0.01),
IL-1p (p < 0.001) and IL-6 (p < 0.001) contents were
significantly decreased after treatment with 40 ug/ml WPP
and MSU. The ICAM-1 (p < 0.05), VCAM-1 (p < 0.01), IL-1p
(p <0.01) and IL-6 (p < 0.01) contents were also significantly
decreased after treatment with 40 ug/ml CPP and MSU. The

significantly increased, suggesting induces
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results indicated that both WPP and CPP could alleviate
MSU-induced inflammatory injury by downregulating the
expression of ICAM-1, VCAM-1, IL-1p and IL-6.

WPP and CPP can reduce the expression
of TLR4 and NLRP3

As shown in Figure 4, compared with the control group, the
protein expressions of TLR4 (p < 0.05) and NLRP3 (p < 0.01) in
the model group were significantly increased, indicating that the
NLRP3 inflammatory corpuscle pathway recognized and
mediated by TLR4 was activated. After the 40 ugml WPP
treatment, the protein expressions of TLR4 (p < 0.05) and
NLRP3 (p < 0.01) were significantly decreased. At 40 pg/ml,
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CPP also significantly downregulated the protein expression of
TLR4 (p < 0.05) and NLRP3 (p < 0.001).

WPP and CPP can inhibit ROS

As shown in Figures 5A,B, compared with the control
group, the ROS content in the model group was significantly
increased after MSU stimulation (p < 0.001), indicating that
the intracellular oxidative stress response was activated.
Compared with the model group, 40 ug/ml WPP or CPP
cotreated with MSU for 24 h significantly inhibited ROS
production (p < 0.001), indicating that oxidative stress
injury was alleviated and inhibited. Therefore, WPP and
CPP can alleviate MSU-induced oxidative stress injury by
inhibiting ROS generation.

WPP and CPP inhibited NF-kB activation

In the control group, NF-kB p65 was mainly expressed in
the cytoplasm, and there was no obvious nuclear entry, as
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fluorescent nuclear division was clearly observed. After MSU
stimulation, the nuclear translocation of NF-kB p65 in the
model group was significantly increased, there was no
by

fluorescence, and the nuclear green fluorescence intensity

obvious  nuclear-cytoplasmic  division  indicated
was significantly enhanced, indicating that the NF-kB
pathway was activated and had triggered downstream
inflammatory reactions. Compared with the model group,
the nuclear translocation of NF-kB p65 was significantly
improved after treatment with 40 ug/ml WPP or CPP and
MSU for 24 h, and fluorescent nuclear division was
enhanced. The above results showed (Figure 5C) that WPP
and CPP could inhibit activation of the NF-kB pathway by
inhibiting NF-xB p65 translocation into the nucleus, thereby

alleviating the inflammatory response induced by MSU.

UHPLC-QE-MS for cell metabolomics
analysis

PCA was used to evaluate the treatment of gout with WPP
(40 g/ml) and CPP (40 g/ml) to the control group and the
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Western blotting was used to detect the effect of WPP and CPP on the protein expression of TLR4 and NLRP3 (A), and ImageJ was used to
measure the gray value of the protein bands (B,C), *p < 0.05, **p < 0.01 vs. the control group; *p < 0.05, *#p < 0.01, #*#p < 0.001 vs. the model group;

n=3.

model group to determine changes in the metabolic spectrum.
According to the PCA score (Figure 6), there were some
differences between the metabolite spectra of the four
groups in ESI+ and ESI. Additionally, the OPLS-DA
diagram (Figures 7A-C) demonstrated that there may be a
substantial difference between the control group, model
group, WPP group, and CPP
group. Since the database contains more data about
chemicals in ESI + than in ESI-, differential metabolites

treatment treatment

between the groups were screened using a p < 0.05
(Student’s t test) and a VIP >1 in ESI+. Specifically, there
were 90 upregulated metabolites and 16 downregulated
metabolites between the control group and the model
group (Figure 7D), 25 downregulated metabolites between
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the model group and the WPP treatment group (Figure 7E),
and upregulated metabolites between the model group and the
CPP treatment group (Figure 7F).

Finally, according to the topological analysis, the method of
determining the path affects the value (In p) generated in the flow
analysis. Therefore, the topological analysis method determines a
higher level of metabolic path and is displayed in the bubble
diagram. The results (Figure 8) showed that the biosynthesis of
glycerophosphate, thiamine, pantothenic acid and coenzyme a
may lead to the production and development of uric acid. These
altered metabolites were discovered to play a major role in the
effects of the treatment on gout, specifically in the phenylalanine
metabolism of WPP the
metabolism of CPP.

and lysophosphatidylcholine
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Principal component analysis (PCA) score plot of the control group, model group, WPP-treated group (40 pg/ml) and CPP-treated group
(40 pg/ml) in the negative ion mode (NEG) (A) and positive ion mode (POS) (B) (n = 6).

Discussion

P. igniarius is a traditional Chinese herbal medicine that has a
long history of application in China. In modern times, it has
gradually become the focus of attention in China and abroad
because of its outstanding regulation of immunity and its
antitumor and antioxidant activities. A series of studies have
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shown that P. igniarius has antiviral (H Dogan et al., 2018), anti-
inflammatory (Nakayama et al., 2014), antioxidant (Kottgen
et al, 2013), antineoplastic (Li et 2015), and
immunoregulatory (Li et al, 2015) pharmacological effects,
whereas documentation of the anti-uric acid activity of P.
igniarius is still rare. This study focused on oxidative stress,
NEF-kB signal transduction and NLRP3 inflammation to study

al.,
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Orthogonal projections for the latent structures-discriminate analysis (OPLS-DA) score plot and volcano plot between the control group,
model group, WPP-treated group (40 pg/ml), and CPP-treated group (40 pg/ml) in the positive ion mode (POS) (n = 6). OPLS-DA score plots
between the control group and model group (A), model group and WPP-treated group (40 pg/ml) (B), and model group and CPP-treated group
(40 pg/ml) (C). The volcano plots between the control group and model group (D), model group and WPP-treated group (40 pg/ml) (E), and
model group and CPP-treated group (40 pg/ml) (F) are also shown above. The X-axis and Y-axis represent the log2-fold change and —log p value,
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Metabolic pathway bubble plots of the control group and
model group (A), the model group and WPP-treated group (40 pg/
ml) (B), and the model group and CPP-treated group (40 pg/ml)
(C). The X-axis and Y-axis represent the impact and —ln p
values, respectively.

Frontiers in Pharmacology

| | i
H 1 :
O ! ! ! ~In P-value

6

106

10.3389/fphar.2022.1011406

the molecular mechanism of P. igniarius on gout-related
inflammation caused by MSU crystals in HUVECs. We have
proven that P. igniarius is an effective oxidative scavenger that
plays a key role in regulating the NF-kB pathway and
NLRP3 inflammatory bodies through ROS generation during
MSU crystal-induced inflammation.

However, the shortage of wild P. igniarius resources and the
high market prices have indirectly limited the in-depth study of
the medicinal value of P. igniarius and restricted the development
and application of P. igniarius. Therefore, artificial cultivation is
an important way to efficiently obtain fruiting bodies of P.
igniarius, and research on the cultivation of P. igniarius will
effectively alleviate this situation. Our research team has analyzed
and studied the main active components of wild and cultivated P.
igniarius, and the results showed that wild and cultivated samples
were similar in composition (Li et al., 2021). Therefore, we used
wild and cultivated P. igniarius to prepare WPP and CPP,
respectively, to study their efficacy and mechanism in vitro.

ROS are crucial bioactive mediators that act as second
messengers in signal transduction during the pathogenesis of
MSU crystal-induced inflammation (Cheng et al, 2015; Choe
et al, 2015). Inhibition of ROS production is an important
indicator that can be used to evaluate the anti-inflammatory
effect of drugs and can demonstrate the antioxidant capacity of
drugs (Ren et al,, 2020). The antioxidant capacity of known drugs
can be determined by the DPPH, FRAP and ABTS methods. In
293 cells derived from the human embryonic kidney, ascorbic acid
(Vc), which has antioxidant characteristics and functions as a
powerful ROS scavenger, inhibits the production of ROS (Ozgen
et al., 2006); Vc was used as a positive control. This study showed
that the total polyphenol extracts (WPP and CPP) from P. igniarius
had good antioxidant capacity, which could theoretically effectively
inhibit the production of ROS and have certain anti-inflammatory
effects. This study also demonstrated that the total polyphenol
content in the prepared WPP and CPP was high.

XO is an enzyme that produces uric acid in the body.
Evolutionarily, primates lack uric acid oxidase, and thus they
are prone to hyperuricemia and gout (Zulueta et al., 2009;
Neogi, 2010). Therefore, XO is the target of therapeutic drugs
for hyperuricemia and gout (Nishino, 1994; Hille, 1996).
Allopurinol is a commonly used drug in clinical practice
for the treatment of gout (Elion, 1966). In this study, WPP
and CPP showed similar XO inhibitory effects in a
concentration-dependent manner. This suggests that P.
igniarius may be a potential XO inhibitor.

The main pathological trait of gout is endothelial activation
brought on by IL-1 and IL-6 while inducing ICAM-1 expression,
which increases the influx of neutrophils into the joint fluid and
the subsequent influx of monocytes. Following activation,
monocytes and neutrophils actively phagocytose MSU crystals,
which sets off inflammatory reactions (Cronstein and Terkeltaub,
2006; Shi et al., 2013; Han et al., 2021). In this study, the ELISA
experiment showed that WPP and CPP can inhibit the
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FIGURE 9
The hypothetical mechanism of P. igniarius in HUVECs.

expression of IL-1pB, IL-6, ICAM-1 and VCAM-1 to inhibit the 1) in HUVECs through activating the NF-xB pathway and
phagocytosis of MSUs. The expression of the inflammasome producing ROS. P. igniarius reduced the production of ROS

(TLR4 and NLRP3) is associated with acute gout inflammation and NF-kB activation, which in turn prevented the activation of
(Kim et al.,, 2016; Zhang et al., 2022), which was determined by inflammasomes (Figure 9).
western blot, and WPP and CPP inhibited the expression of Metabolomics has made significant advances in helping to
TLT4 and NLRP3. Thus, P. igniarius further inhibited the understand the pathogenesis of many metabolic diseases, which
occurrence of acute gout inflammation. This study proves that has proven the validity of metabolite profiling (Shan et al., 2021).
P. igniarius is an effective drug for gout. Moreover, WPP and Various methods have been conducted to explore effective
CPP have similar effects at the same concentration. This suggests treatments for hyperuricemia such as magnetic resonance
that high-priced WPP can be replaced with low-priced CPP. spectroscopy and liquid and gas chromatography-tandem
The NF-kB signaling pathway is an important signaling mass spectrometry (Wang et al, 2020). Therefore,
pathway regulating inflammation in vivo. Its activation is metabolomics based on UHPLC-QE-MS, which is suitable for
determined by the nuclear entry of NF-kB p65. the simultaneous and systemic analysis of multiple metabolite
Immunofluorescence results showed that WPP and CPP could fingerprinting, was employed to generate metabolite profiles of
inhibit NF-kB p65 entry into the nucleus and alleviate the cells to characterize the metabolic changes related to
inflammatory response induced by MSU, which is consistent hyperuricemia and wuncover the underlying metabolic
with our previous conclusion. mechanism of the therapeutic effects of WPP and CPP on
In conclusion, we can speculate on the mechanism of P. gout. In our study, it was found that the in vitro model of
igniarius. MSU crystals induce inflammasome maturation and MSU-induced gouty arthritis in HUVECs was mainly related to
inflammatory factor secretion (IL-1, IL-6, ICAM-1, and VCAM- lysophosphatidylcholine  metabolism and  phenylalanine
Frontiers in Pharmacology frontiersin.org

107


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1011406

Zhou et al.

metabolism. Studies have shown that lysophosphatidylcholine
(lysoPC) is the end product of glycerophospholipid metabolism.
Abnormal levels of lysoPC can lead to lipid peroxidation damage
and inflammation (van der Veen et al, 2017). From the
biomarkers found in metabolomics, the expression level of
lysoPC in the model group was upregulated, whereas lysoPC
in the WPP and CPP groups was downregulated. Therefore,
WPP and CPP may treat gouty arthritis by affecting the
metabolism of lysoPC. However, phenylpyruvate, a dimethyl
compound, is a product of phenylalanine metabolism, and
several studies have reported that hyperuricemia and gout are
related to phenylalanine metabolism (Liu et al., 2012; Jiang et al.,
2017). Phenylpyruvate can further generate phenylacetaldehyde,
which generates phenylacetaldehyde-CoA, which is related to
pantothenate and CoA biosynthesis through acetyl-CoA (Wu
etal, 2018). According to our research results, the expression of
L-phenylalanine in the model group was upregulated, whereas
those in the WPP and CPP groups were downregulated.

Conclusion

In conclusion, we showed that both wild and cultivated P.
igniarius have anti-gout arthritis properties; their similar active
ingredients and pharmacological properties are anticipated to
encourage the development and use of cultivated P. igniarius to
fill the void left by wild P. igniarius. In the future, we’ll
concentrate on the targets and pathways involved in P.
igniarius’s treatment of gout (Dalbeth et al., 2016).
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Glossary

DPPH 2,2-diphenyl-1-(2,4,6-trinitrophenyl) hydrazyl stable free
radical assay

ABTS 2,2-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid
assay

FRAP Ferric Reducing/Antioxidant Power assay
IR Inhibition rate

WPP Wild P. igniarius total polyphenols
CPP Cultivated P. igniarius total polyphenols
XO Xanthine Oxidase

MSU Monosodium urate

ICAM-1 Intercellular adhesion molecule-1
IL-1p Interleukin-1f

IL-6 Interleukin-6

TNF-a Tumour necrosis factor

VCAM-1 Vascular cell adhesion molecular-1
TLR4 Toll like receptor 4

NLRP3 NOD-like receptor thermal protein domain associated
protein 3

ROS Reaction oxygen species

NF-kB p65 Nuclear factor-kB p65

NF-kB Nuclear factor-«xB

IxBa Nuclear factor-kB inhibitor protein
NSAIDs Nonsteroidal anti-inflammatory drugs
Vc Ascorbic acid

lysoPC Lysophosphatidylcholine

ICso Half-maximum inhibitory concentration

DMSO Dimethyl sulfoxide
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OD Optical density

DCFH-DA dichloro-dihydro-fluorescein diacetate

LC-MS/MS Liquid chromatography-tandem mass spectrometric
IDA Information-dependent acquisition

PCA Principal component analysis

OPLS-DA Orthogonal projections to latent structures-
discriminate analysis

SD Standard deviation

V¢ Vitamin C

XO Xanthaxanthin oxidase

PVDF Polyvinylidene fluoride
ECL Enhanced chemiluminescence
QC Quality control

UHPLC-QE-MS Ultra-high-performance liquid
chromatography/Q Exactive HF-X Hybrid Quadrupole-
Orbitrap Mass

IDA Information-dependent acquisition
PCA Principal component analysis

OPLS-DA Orthogonal projections to latent structures-
discriminate analysis

VIP Variable importance in the projection
ANOVA Analysis of variance

MTT Methyl thiazole tetrazolium

PCA Principal component analysis

ELISA Enzyme-linked immunosorbent assay
POS Positive ion mode

NEG Negative ion mode
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Blockade of prostaglandin
E2 receptor 4 ameliorates
peritoneal dialysis-associated
peritoneal fibrosis
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'Department of Nephrology, Shunde Hospital, Southern Medical University (The First People’s Hospital

of Shunde), Foshan, China, ?Nanjing Key Laboratory of Pediatrics, Children’s Hospital of Nanjing
Medical University, Nanjing, China

Inflammatory responses in the peritoneum contribute to peritoneal dialysis
(PD)-associated peritoneal fibrosis. Results of our previous study showed that
increased microsomal prostaglandin E synthase-1-mediated production of
prostaglandin E2 (PGE2) contributed to peritoneal fibrosis. However, the role
of its downstream receptor in the progression of peritoneal fibrosis has not
been established. Here, we examined the role of PGE2 receptor 4 (EP4) in the
development of peritoneal fibrosis. EP4 was significantly upregulated in
peritoneal tissues of PD patients with ultrafiltration failure, along with the
presence of an enhanced inflammatory response. In vitro experiments
showed that exposure to high glucose concentrations enhanced
EP4 expression in rat peritoneal mesothelial cells (RPMCs). High-
glucose—induced expression of inflammatory cytokines (monocyte
chemoattractant protein-1, tumour necrosis factor a, and interleukin 1p) was
significantly reduced in RPMCs treated with ONO-AE3-208, an EP4 receptor
antagonist. ONO-AE3-208 also significantly decreased the expression of
extracellular matrix proteins induced by high glucose concentrations.
Furthermore, ONO-AE3-208 blunted activation of the NLR family pyrin
domain containing 3 (NLRP3) inflammasome and phosphorylation of nuclear
factor kappa B (NF-«B) (p-p65). To further investigate the functional role of EP4,
ONO-AE3-208 was administrated for 4 weeks in a rat model of PD, the results
of which showed that ONO-AE3-208 inhibited peritoneal fibrosis and improved
peritoneal dysfunction. Additionally, inflammatory cytokines in the peritoneum
of PD rats treated with ONO-AE3-208 were downregulated, in line with
inhibition of the NLRP3 inflammasome and NF-kB phosphorylation. In
conclusion, an EP4 antagonist reduced the development of peritoneal
fibrosis,  possibly by  suppressing  NLRP3  infllmmasome-  and
p-p65-mediated inflammatory responses. Our findings suggest that an
EP4 antagonist may be therapeutically beneficial for PD-associated
peritoneal fibrosis.
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Introduction

Peritoneal dialysis (PD) is a well-established treatment
option for patients with end-stage renal disease (ESRD). After
continuous exposure to high-glucose PD fluid, histologic changes
occur in the peritoneum, presenting as loss of the mesothelial
monolayer, increased deposition of extracellular matrix, and
angiogenesis (Zhou et al, 2016). Long-term infusion of
bioincompatible PD fluid can lead to peritoneal fibrosis,
eventually resulting in discontinuation of PD therapy
(Fusshoeller, 2008; Morelle et al, 2015). Currently, no
effective therapies are available to prevent the development of
peritoneal fibrosis in clinical practice. Thus, there is an urgent
need to develop a specific and effective therapy to prevent the
development and progression of peritoneal fibrosis.

Several studies have demonstrated that chronic sterile
inflammation induced by PD solutions with a high glucose
content is involved in the pathogenesis of peritoneal fibrosis
(Lai et al., 2007; Rosengren et al., 2013). Peritoneal injury caused
by PD fluid leads to activation of nuclear factor kappa B (NF-kB);
promotes the release of proinflammatory cytokines, including
interleukin-6 (IL-6), IL-1p, tumour necrosis factor-a (TNF-a),
(MCP-1);
increases the synthesis of extracellular matrix protein (Liu
et al,, 2015; Chu et al, 2017). Additionally, our recent study
showed that microsomal prostaglandin E synthase-1 (mPGES-1),

and monocyte chemoattractant protein-1 and

a catalytic enzyme for the production of prostaglandin E2
(PGE2), was induced in peritoneal mesothelial cells treated
with high levels of glucose. We also found that mPGES-1
increased the synthesis of extracellular matrix proteins by
activating the NLR family pyrin domain containing 3
(NLRP3) inflammasome (Luo et al, 2021). These findings
suggest that targeting mPGES-1 may attenuate the progression
of peritoneal fibrosis; however, the use of mPGES-1 inhibitors in
clinical practice is limited because they also inhibit physiologic
functions of PGE2.

Results from previous research and our recent study showed
that PGE2 secretion was significantly elevated in peritoneal
mesothelial cells treated with high levels of glucose (Sitter
et al., 1998; Liu et al., 2007; Luo et al., 2021). PGE2 exerts its
pharmacologic activity via four receptor subtypes: EP1, EP2, EP3,
and EP4. EP1 regulates intracellular Ca®" concentration,
EP3 inhibits the intracellular increase in cyclic adenosine
(cAMP) EP2,
EP4 increase intracellular levels of cAMP, and EP4 is involved

3',5"-monophosphate concentration, and
in the phosphatidylinositol 3-kinase signal pathway by regulating
NEF-xB (Tang et al., 2012; Sheppe et al., 2018). Recent studies have
shown that PGE2 participates in inflammation by acting on the
EP4 receptor. For example, PGE2 stimulated the EP4 receptor to

promote a chronic inflammatory response in a rat model of
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rheumatoid arthritis (Chen et al, 2010). Furthermore,
PGE2 facilitated T helper type 1 (TH1) cell differentiation and
amplified TH17 cell expansion in vitro, and administration of an
EP4 antagonist in an animal model of experimental autoimmune
encephalomyelitis decreased the accumulation of THI and
THI17 cells and suppressed disease progression (Yao et al.,
2009). the role of EP4
inflammatory process during PD-associated peritoneal fibrosis

However, in modulating the
remains unclear.

In this study, we examined EP4 expression in the peritoneum
of PD patients with ultrafiltration failure (UFF) and rat
peritoneal mesothelial cells (RPMCs) stimulated with high
concentrations of glucose. Additionally, we evaluated the
effects of ONO-AE3-208, a highly selective and potent
functional EP4 receptor antagonist, on pathologic changes
We also
determined the mechanisms by which EP4 receptor inhibition

associated with fibrosis in vitro and in vivo.

reduces the progression of peritoneal fibrosis.

Materials and methods
Reagents

ONO-AE3-208 was purchased from Cayman Chemistry
(Michigan, United States). We obtained 4.25% PD fluid from
Baxter Healthcare (Guangzhou, China). The sources for the
primary and secondary antibodies used in this study were as
follows: rabbit polyclonal anti-EP4 (no. 101775) was obtained
from Cayman Chemistry; rabbit monoclonal anti-fibronectin
(no. ab45688), rabbit monoclonal anti-collagen I (no.
ab138492), rabbit monoclonal anti-NLRP3 (no. ab263899),
ab179515), rabbit
monoclonal anti-vimentin (no. ab92547), goat anti-rabbit IgG

rabbit monoclonal anti-caspase-1 (no.
H&L Alexa Fluor 488-conjugated secondary antibody (no.
ab150077), and goat anti-mouse IgG H&L Alexa Fluor 647-
conjugated secondary antibody (no. ab150115) were obtained
from Abcam (Cambridge, MA, United States); and mouse
monoclonal anti-E-cadherin (no. 14472), rabbit monoclonal
anti-phospho-NF-kB (p-p65, no. 3033), rabbit monoclonal
anti-NF-xB (p65, no. 8242), P-actin (no.3700), horseradish
peroxidase (HRP)-conjugated anti-mouse IgG (no. 7076), and
HRP-conjugated anti-rabbit IgG (no.7074) were obtained from
Cell Signaling Technology (Danvers, MA, United States). IL-1p,
IL-18, TNF-qa, and MCP-1 enzyme-linked immunosorbent assay
(ELISA) kits were purchased from Dakewe Biotech (Shenzhen,
China). The PrimeScript™ RT Reagent Kit (no. RR470A) and the
SYBR Green PCR Kit (no. RR820A) were purchased from
TaKaRa (Japan). The DAB Kit (no. GK500710) was purchased
from Gene Tech (China).
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Human sample collection

Peritoneal tissues and nocturnal peritoneal dialysate
samples were collected from ESRD patients, new-onset PD
patients and PD patients with UFF at Shunde Hospital of
Southern Medical University. New-onset PD patients were
defined as patients who had started PD therapy within the
previous 6 months. UFF was defined as failing to achieve at
least 400 ml of net ultrafiltration in a 4-h dwell period with
4.25% PD fluid (Teitelbaum, 2015). Peritoneal tissues were
collected at the time of laparoscopy for PD catheter
implantation or withdrawal. The peritoneal dialysate was
drained after at least 8 h of dwell exchange.

Patients were excluded if they refused to provide written
informed consent; had a malignancy, diabetes mellitus, or
heterotopia endometriosis; or received nonselective non-
steroidal anti-inflammatory drugs or cyclooxygenase 2
(COX-2)-selective inhibitors (e.g., celecoxib, nimesulide,
meloxicam, rofecoxib) in the past 2 weeks. All patients
provided written informed consent. The use of human
biopsy and dialysate samples were approved by the Ethical
Review Board of Shunde Hospital of Southern Medical
University.

Cell culture and treatment

RPMCs were cultured at 37°C with 5% carbon dioxide in
Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12
medium containing 10% fetal bovine serum (FBS, Gibco,
United States), 1% penicillin, and 1% streptomycin. RPMCs
were treated with the following glucose concentrations:
5.5 mmol/L, 83.3 mmol/L, 138 mmol/L, and 234.6 mmol/L.
The 833 mmol/L, 138mmol/L, and  234.6 mmol/L
concentrations represent the glucose concentrations in 1.5%,
2.5%, and 4.25% PD fluid. Cell Counting Kit-8 (CCK-8,
Solarbio, China) was used to assess the effects of different
glucose concentrations on cell viability. To examine the
expression of EP4 in RPMCs, cells were first deprived of
serum for 24h and then treated with D-glucose at high
(138 mmol/L) concentration for 0, 24, 48, and 72 h. RPMCs
were also treated with 138 mmol/L mannitol. RPMCs were
treated with different concentrations of ONO-AE3-208 for
24 h, and then CCK-8 was used to determine cell viability. To
examine the effects of ONO-AE3-208 on high-glucose-induced
inflammation and fibrosis, RPMCs were deprived of serum for
24 h and then exposed to 138 mmol/L glucose in the presence of
ONO-AE3-208 (100 and 200 nM). After exposure for 24 or 48 h,
the cells were harvested for quantitative reverse-transcription
polymerase chain reaction testing (RT-PCR) or western blotting.
All in vitro experiments were repeated at least thrice.
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Animal models and experimental design

Male Sprague-Dawley rats weighing 200-220g were
purchased from the Guangdong Medical Laboratory
Animal Center (Guangdong, China). A rat model
of peritoneal fibrosis was created by intraperitoneal
injection of 4.25% PD fluid at a dose of 100 ml/kg daily
for 4 weeks (Zhou et al., 2013). To investigate the effects of
ONO-AE3-208 on  peritoneal
intraperitoneally injected with ONO-AE3-208 at 0.2 mg/kg
per day (Wang et al, 2014). Rats were randomly divided

fibrosis, rats were

into three groups: 1) rats injected intraperitoneally with
100 ml/kg saline (control group; n = 6); 2) rats injected
intraperitoneally with 100 ml/kg PD fluid (PD group;
n = 6); and 3) rats injected intraperitoneally with 100 ml/kg
PD fluid + ONO-AE3-208 (PD + ONO-AE3-208 group; n = 6).

After 28 days of PD, a peritoneal equilibrium test was
performed on each rat before they were killed. Briefly,
100 ml/kg of 4.25% PD fluid was injected intraperitoneally,
and dialysate and blood samples were collected at 0 and 4h
of dwell time. Parietal and visceral peritoneal tissues were
collected for further analysis. The animal protocol was
reviewed and approved by the Animal Experimental Ethics
Committee at Southern Medical University.

Analysis of peritoneal permeability

Concentrations of glucose and creatinine in the dialysate and
plasma were assessed using an automatic biochemical instrument
(AU5800; Beckman Coulter, California, United States).
Absorption of glucose from the dialysate (D/D0) and the
dialysate-to-plasma ratio of creatinine (D/Ps.) were used to
determine peritoneal permeability.

Histology and immunohistochemistry

Changes in peritoneal tissues were assessed by
haematoxylin and eosin staining or Masson’s trichrome
staining of paraformaldehyde-fixed, paraffin-embedded 4-
um-thick sections. Peritoneum thickness was expressed as
the mean of five independent measurements for each section.
A microwave-based antigen retrieval technique was used to
examine the immunohistochemistry results, as previously
described (Luo et al., 2021). Briefly, 4-um-thick sections
were de-paraffinised, rehydrated, and incubated in
hydrogen peroxide to block endogenous peroxidase, then
antigen retrieval was performed. The signal was visualised
using a DAB Kkit, and slides were viewed with a Leica

microscope equipped with a digital camera.
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TABLE 1 Primer sequences for q-PCR.

Gene symbol Primer sequences

B-actin 5'-TGTGACGTTGACATCCGTAAAG-3’
5'-GGCAGTAATCTCCTTCTGCATC-3’
IL-1p 5'-CTATGGCAACTGTCCCTGAA-3'
5'-GGCTTGGAAGCAATCCTTAATC-3'
TNF-a 5'-CGTGTTCATCCGTTCTCTACC-3'
5'-CAGAGCCACAATTCCCTTTCTA-3'
MCP-1 5'-GATCTCTCTTCCTCCACCACTA-3'
5'-TTAACTGCATCTGGCTGAGAC-3
Fibronectin 5'-ACCGAAATCACAGCCAGTAG-3
5'-CCTCCTCACTCAGCTCATATTC-3
Collagen | 5'-CCTGTCTGCTTCCTGTAAACTC-3
5'-GTTCAGTTTGGGTTGCTTGTC -3
Vimentin 5'- GTCCGTGTCCTCGTCCTCCTAC -3

5'- AGGTGCGGGTGGATGTGGTC -3

Western blotting

Western blotting analysis of peritoneal tissues and cell samples
was conducted as previously described (Luo et al, 2021). The
densitometry analysis was performed using the Image]J software.

RNA extraction and quantitative RT-PCR

Total RNA was extracted from the peritoneal tissues and cell
samples using Trizol reagent. cDNA was synthesised using the
PrimeScript™ RT Reagent Kit according to the manufacturer’s
protocol. Real-time PCR was performed using the SYBR Green
PCR Kit according to the manufacturer’s instructions. Primers
used in this study are listed in Table 1. Levels of mRNAs were
normalised to f-actin in each sample, and data were presented as
the relative fold change.

Immunofluorescence staining

Two-colour immunofluorescence staining was performed on
the paraformaldehyde-fixed, paraffin-embedded sections. Sections
were de-paraffinised, rehydrated, and antigen repaired. Sections
were incubated with blocking buffer (3% bovine serum albumin
[BSA] in phosphate-buffered saline [PBS]). Peritoneal tissues were
incubated overnight at 4°C with polyclonal rabbit anti-EP4 (1:100)
and monoclonal mouse anti-E-cadherin (1:100), followed by
incubation with goat anti-rabbit IgG (Alexa Fluor 488, 1:1,000)
and goat anti-mouse IgG (Alexa Fluor 647, 1:1,000) for 1 h at room
temperature. Nuclei were counterstained with 4’,6-diamidino-2-
phenylindole (DAPI). Positive staining was measured using a
fluorescent microscope (Leica, Germany).
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Cells were cultured on glass coverslips and fixed with
methanol for 10 min at room temperature. They were then
washed with PBS and permeabilised in 0.1% Triton-X for
10 min at room temperature, followed by incubation in
blocking buffer (5% BSA in PBS) for 1 h at room temperature.
The cells were subsequently incubated with monoclonal rabbit
anti-phospho-NF-kB (1:100) at 4°C overnight, and then
incubated with Alexa Fluor 488-conjugated anti-rabbit IgG (1:
1,000) antibody for 1 h at room temperature, followed by staining
with DAPI. Positive staining was measured using a fluorescent
microscope (Leica, Germany).

ELISA

ELISA detection of IL-1, IL-18, TNF-a, and MCP-1 proteins
in the dialysate was performed according to the manufacturer’s
instructions.

Statistical analysis

All data are presented as mean + standard error of the mean
(SEM). Significant differences between two groups were assessed
using unpaired, two-tailed Student’s t-test. Multiple groups were
compared using one-way analysis of variance (ANOVA), followed
by Dunnett’s multiple comparisons test versus the high-glucose
group (Figures 2B-D,F,H,], 3B,D,F,H) or versus the high-glucose
0-h group, vehicle group, 5.5 mmol/L glucose group, or mannitol 0-
h group (Figures 11, 2A, Supplementary Figures 1A,C). For in vivo
data, statistical differences were assessed using one-way ANOVA,
followed by comparisons of the mean of each column with the mean
of every other column. p < 0.05 was deemed indicative of statistical
significance. Statistical and data analyses were conducted using
GraphPad Prism 7.

Results

Expression of EP4 increased during
peritoneal fibrosis in patients with UFF and
high-glucose—induced RPMCs

We first evaluated the expression of EP4 in the peritoneal tissues
of ESRD patients and PD patients with UFF. On Masson’s trichrome
staining, the peritoneal tissues of ESRD patients exhibited no
substantial peritoneal fibrosis, whereas the peritoneal tissues of PD
patients with UFF showed severe peritoneal fibrosis, with increased
accumulation of extracellular matrix (Figure 1A). Double indirect
immunofluorescent staining for EP4 and E-cadherin showed partial
loss of E-cadherin and increased EP4 expression in the peritoneum of
PD patients with UFF, and the EP4 staining co-localized with the
E-cadherin staining (Figure 1B). As E-cadherin is a mesothelial cell

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1004619

Luo et al.

10.3389/fphar.2022.1004619

A ESRD patient PD patient with UFF E ESRD patient PD patient with UFF
- = : " P— el -
& \ ' i
¢ 4 =
2 / - 5
5 g B BT ES g E
- By N
2 ¥ * . 2
@ . SNl
0 L]
© - »
= - =
ESRD patient PD patient with UFF F G
100 250
c c
2 80 S 200
o j [ =)
83 6 5 2 150
§ %7 40 § \S) 100
3 ol © 2
ki 5 20 % 50
5 = 0 = 0
2
w
< S
L X
<° & <
¢ o e
¥ < &
s: £ H
5 g HG Oh 24h 48h 72h
Eﬁ d < Ep4\‘\~«~~.-~~m-.‘53koa
< 9 1.
ow i % LIE.I B-actin e -— - 43 kDa
8 |
Nl D N
AARASIRARRAS
NPLCCRN .((\\)Q.\‘QOQ .o\(\\{(..@\){( 5 < 8 —_—
@ & E S = Y
Qrbgrbo(bgfb‘\\""\'\\@o 5 5 o b
& & P =3 S 4
F & & ¥t < o ’
S c f
&
EP4 —ye = 5 @ s3k0a T2 g2
o o
B-actin ~—— T " e e = Gy w= 43 kDa 0 & 0
- < HG oh 24h  48h  72h
IESER
R
& &
< &
Q &
& ®
& @
K

FIGURE 1

Expression of EP4 increased during peritoneal fibrosis in patients with UFF and high-glucose—induced RPMCs. (A) Masson staining from

peritoneal tissues of ESRD patient and PD patient with UFF. Scale bar = 100 pm. (B) Immunofluorescence microscopy of peritoneal tissue sections
stained for EP4 (green) and E-cadherin (red) with DAPI (blue). Arrows represent EP4- and E-cadherin—positive mesothelial cells. Scale bar = 25 ym
(C) Peritoneal tissue lysates from ESRD patients and PD patients with UFF were subjected to western blotting analysis with specific antibodies
against EP4 and B-actin. (D) EP4 expression levels were quantified by densitometry, normalised with p-actin, and presented as fold changes. (E)
Immunohistochemistry analysis of peritoneal tissue sections stained for CD68. Arrows represent CD68-positive cells. Scale bar = 25 um. (F,G)
Dialysates from new-onset PD patients (n = 11) and PD patients with UFF (n = 7) were subjected to ELISA analysis to detect secretion of IL-1p (F) and
IL-18 (G). (H) Cell lysates from RPMCs exposed to 138 mmol/L glucose at different times were subjected to western blotting analysis with specific
antibodies against EP4 and B-actin. (I) EP4 expression levels were quantified by densitometry, normalised with p-actin, and presented as fold
changes. Data are presented as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001.

marker, these results indicate that EP4 was expressed in the residual
mesothelial cells in PD patients with UFF.

Next, 4 peritoneal tissues from ESRD patients and
4 peritoneal tissues from PD patients with UFF were used for
western blotting to investigate EP4 protein expression. The
western blotting results showed that EP4 expression was
significantly increased in the peritoneal tissues of PD patients
with UFF (Figures 1C,D). We also found that CD68-positive cells
were increased in the peritoneum of PD patients with UFF,
whereas these cells were rarely found in the peritoneum of ESRD
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patients (Figure 1E). Dialysate concentrations of IL-1p and IL-18
of new-onset PD patients and PD patients with UFF were also
analyzed. As shown in Figures 1F,G, levels of both IL-1f and IL-
18 were significantly increased in PD patients with UFF. These
results suggest that an increased inflammatory response was
observed in the peritoneum of PD patients with UFF.

We also investigated changes in EP4 expression in RPMCs after
damage induced by high levels of glucose. CCK-8 testing showed
that cell viability was not affected by a glucose concentration of
138 mmol/L (Supplementary Figure 1A). After exposing RPMCs to
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FIGURE 2

ONO-AE3-208 decreased inflammatory activity and synthesis of extracellular matrix in cultured RPMCs. (A) Cell viability from RPMCs treated

with different doses of ONO-AE3-208 was examined by CCK-8. (B—D) Real-time quantitative PCR analysis of MCP-1, TNF-a, and IL-1f levels in
RPMCs exposed to different doses of ONO-AE3-208 or 138 mmol/L glucose. (E,G,1) Cell lysates from RPMCs treated with different doses of ONO-
AE3-208 or 138 mmol/L glucose were subjected to western blotting analysis with specific antibodies against fibronectin (FN), collagen |,
E-cadherin, and p-actin. (F,H,J) Expression levels of FN, collagen |, and E-cadherin were quantified by densitometry, normalised with p-actin, and
presented as fold changes. Data are presented as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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FIGURE 3

ONO-AE3-208 inhibited activation of the

NRLP3 inflammasome and phosphorylation of NF-kB in cultured
RPMCs. (A,C) Cell lysates from RPMCs treated with different doses
of ONO-AE3-208 or 138 mmol/L glucose were subjected to
western blotting analysis with specific antibodies against NLRP3,
caspase-1, and B-actin. (B,D) Expression levels of NLRP3 and
caspase-1 were quantified by densitometry, normalised with p-
actin, and presented as fold changes. (E,G) Cell lysates from
RPMCs treated with different doses of ONO-AE3-208 or

138 mmol/L glucose were subjected to western blotting analysis
with specific antibodies against p-p65, p65, and B-actin. (F,H)
Expression levels of p-p65 and p65 were quantified by
densitometry, normalised with p-actin, and presented as fold
changes. (I) Photomicrographs showing immunofluorescence
staining of p-p65 and DAPI in RPMCs exposed to different doses of
ONO-AE3-208 or 138 mmol/L glucose. Scale bar = 50 pm. Data
are represented as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001
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138 mmol/L glucose for 0, 24, 48, and 72 h, EP4 expression was
significantly increased in these high-glucose-induced RPMCs
(Figures 1H,I). By contrast, 138 mmol/L mannitol did not
increase EP4 expression (Supplementary Figures 1B,C). Taken
together, these results indicate that there is an increased
inflammatory response in the peritoneum of PD patients with
UFF and that EP4 is upregulated in the peritoneum of PD
patients with UFF and RPMCs exposed to high glucose levels.

ONO-AE3-208 decreased inflammatory
activity and synthesis of extracellular
matrix in cultured RPMCs

Cultured RPMCs were treated with varying concentrations of
ONO-AE3-208. CCK-8 results showed that 100 nM and 200 nM
concentrations of ONO-AE3-208 had no significant effect on cell
viability (Figure 2A). We then incubated RPMCs with 138 mmol/L
glucose and 100 nM or 200 nM ONO-AE3-208. Quantitative RT-
PCR assay showed that mRNA levels of MCP-1, TNF-q, and IL-1f
were significantly increased in response to high glucose, and ONO-
AE3-208 treatment inhibited this expression (Figures 2B-D).
Exposure of RPMCs to 138 mmol/L glucose increased the
expression of fibronectin (FN) and collagen I and decreased the
expression of E-cadherin; treatment with ONO-AE3-208 inhibited
this high-glucose-induced upregulation of FN and collagen I and
downregulation of E-cadherin (Figures 2E-]). These results
the of ONO-AE3-208 on
inflammatory activity and extracellular matrix synthesis in vitro.

demonstrate inhibitory effects

ONO-AE3-208 inhibited activation of
NLRP3 inflammasome and
phosphorylation of NF-kB in cultured
RPMCs

Our previous study showed that mPGES-1 contributed to
peritoneal fibrosis by activating the NLRP3 inflammasome (Luo
etal,, 2021); thus, in this study, we examined the effects of ONO-
AE3-208 on NLRP3 inflammasome activation. NLRP3 and
caspase-1 activation were induced in cultured RPMCs treated
with 138 mmol/L glucose, a phenomenon that was markedly
blocked by treatment with ONO-AE3-208 (Figures 3A-D).

As NF-kB-induced inflammatory signalling pathways play a
pivotal role in peritoneal fibrosis (Shi et al., 2021), we also
explored whether the anti-inflammatory effects of ONO-AE3-
208 were mediated by changes in phosphorylated NF-kB. We
found that phosphorylated NF-kB (p-p65) was substantially
increased in cultured RPMCs stimulated with 138 mmol/L
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FIGURE 4

Administration of ONO-AE3-208 reduced peritoneal pathologic injury and improved peritoneal dysfunction in a rat model of peritoneal fibrosis
(A) Photomicrographs illustrating Masson staining of the parietal peritoneum in each animal group. (B) Thickness of the peritoneal membrane in each
group. (C,D) Peritoneal function was assessed by the transfer of glucose (D/D0) and creatinine (D/Psc,). (E) Peritoneal tissue lysates from each group
were subjected to western blotting analysis with specific antibodies against EP4 and B-actin. (F) Expression levels of EP4 were quantified by
densitometry, normalised with p-actin, and presented as fold changes. Data are presented as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001.

glucose, and that ONO-AE3-208 downregulated phosphorylated
NE-xB (p-p65) but had no significant effect on total NF-«xB (p-
65) (Figures 3E-H). Additionally, immunofluorescence staining
revealed increased nuclear translocation of phosphorylated NF-
kB (p-p65) in cultured RPMCs treated with high glucose,
ONO-AE3-208
translocation of phosphorylated NF-kB (p-p65) (Figure 3I).
These data suggest that ONO-AE3-208 regulates activation of
the NLRP3 inflammasome and phosphorylation of NF-kB in

whereas abrogated  high-glucose-induced

vitro.
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Administration of ONO-AE3-208 reduced
peritoneal pathologic injury and improved
peritoneal dysfunction in a rat model of
peritoneal dialysis

To further elucidate the role of ONO-AE3-208 in the
development of peritoneal fibrosis and functional injury in
response to chronic PD fluid infusion, we established a rat
model of peritoneal fibrosis and concurrently treated the
animals with ONO-AE3-208. Masson’s trichrome staining
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FIGURE 5

Administration of ONO-AE3-208 prevented inflammation in a rat model of peritoneal fibrosis. (A—C) Real-time quantitative PCR analysis of
MCP-1, TNF-a, and IL-1p levels in the visceral peritoneum for each animal group. (D—F) ELISA results of the secretion of MCP-1, TNF-qa, and IL-1f in
the dialysate for each group. Data are presented as mean + SEM. **p < 0.01, ***p < 0.001

showed that compared with the peritoneal tissues of control
rats, those in the PD group exhibited loss of the mesothelial
cell monolayer and increased thickness of the submesothelial
compact zone (Figures 4A,B). These histologic changes were
accompanied by increased peritoneal transport of glucose (D/
DO0) and increased peritoneal transport of creatinine (D/Ps,,)
(Figures 4C,D), indicating increased peritoneal permeability
in PD administering ONO-AE3-
208 thickening
peritoneal transport function, as indicated by a decreased
D/D0 and decreased D/Pg. (Figures 4A-D). We also
evaluated EP4 expression in the peritoneum in vivo.

rats. In contrast,

prevented peritoneal and improved

Upregulation of EP4 in the fibrotic peritoneal tissues was
confirmed, and ONO-AE3-208 had little effect
EP4 expression (Figures 4E,F). These results indicate that
ONO-AE3-208 can alleviate peritoneal pathologic injury
and improve peritoneal dysfunction in vivo.

on
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Administration of ONO-AE3-
208 prevented inflammation in a rat model
of peritoneal dialysis

Based on the results of our in vitro study, we further
evaluated the effects of ONO-AE3-208 on inflammatory
cytokine expression in vivo. Levels of MCP-1, TNF-a, and
IL-1p mRNA in the visceral peritoneum increased in rats
receiving 4.25% PD fluid, and these levels decreased after
treatment with ONO-AE3-208 (Figures 5A-C). Secretion of
these inflammatory cytokines in the PD fluid was further
evaluated using ELISA. Injection of 4.25% PD fluid
increased MCP-1, TNF-q, IL-1P
concentrations in the effluent, and treatment with ONO-
AE3-208 effectively reduced their secretion (Figures 5D-F).
These results demonstrate that ONO-AE3-208 inhibits
peritoneal inflammation during PD in vivo.

significantly and
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FIGURE 6

Administration of ONO-AE3-208 prevented peritoneal

fibrosis in a rat model of peritoneal fibrosis. (A) Photomicrographs
showing immunohistochemistry staining of FN and vimentin from
peritoneal tissues in each group. Scale bar = 50 um. (B,C)

Areas positive for FN and vimentin. (D,F,H) Peritoneal tissue lysates
from each animal group were subjected to western blotting
analysis with specific antibodies against FN, collagen |, vimentin,
and p-actin. (E,G,l) Expression levels of FN, collagen |, and vimentin
were quantified by densitometry, normalised with p-actin, and
presented as fold changes. (J—L) Real-time quantitative PCR
analysis of FN, collagen I, and vimentin levels in the visceral
peritoneum for each group. Data are presented as mean + SEM.
*p < 0.05, **p < 0.01, ***p < 0.001.
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Administration of ONO-AE3-
208 prevented peritoneal fibrosis in a rat
model of peritoneal dialysis

We next examined the preventive effects of ONO-AE3-
208 on peritoneal fibrosis in response to long-term PD fluid
infusion.  Results ~of immunohistochemical  staining
demonstrated that ONO-AE3-208 inhibited the formation of
FN and vimentin and significantly reduced FN- and vimentin-
positive areas (Figures 6A-C). The protective effects of ONO-
AE3-208 on peritoneal fibrosis were further demonstrated by its
ability to inhibit FN, collagen I, and vimentin at both the mRNA
and protein levels (Figures 6D-L). These data thereby suggest
that ONO-AE3-208 prevents peritoneal fibrosis in vivo.

Administration of ONO-AE3-208 inhibited
NLRP3 inflammasome activation and NF-
kB phosphorylation in a rat model of
peritoneal dialysis

Finally, we investigated the effects of ONO-AE3-208 on
activation of the NLRP3 inflammasome and NF-«B in peritoneal
tissues in vivo. Western blotting analysis revealed that NLRP3 and
p-p65 expression were significantly induced in the peritoneum of
PD rats and significantly inhibited in the peritoneal tissues of rats
treated with ONO-AE3-208 (Figures 7A-D). These data indicate
that ONO-AE3-208 inhibits activation of the NLRP3 inflammasome
and phosphorylation of NF-kB in vivo.

Discussion

PGE2 is the major product of COX-2 and mPGES-1, and these
two enzymes were previously reported to be increased in the
peritoneum of a mouse model of PD and PD patients with UFF
(Aroeira et al., 2009; Luo et al., 2021). PGE2 can bind to different EP
receptors (EP1 to EP4), which are expressed in different cells and
have opposing effects; therefore, blocking PGE2 using COX-2 or
mPGES-1 inhibitors is clinically problematic. Targeting an EP
receptor that specifically regulates the deleterious effects of COX-
2/mPGES-1/PGE2 would be beneficial for preventing or treating
peritoneal fibrosis. In this study, we found that PD-related peritoneal
fibrosis was associated with increased expression of EP4 and that
administration of an EP4 receptor antagonist (ONO-AE3-208)
prevented progressive peritoneal fibrosis and functional injury of
the peritoneal membrane. These results suggest that EP4 may be a
potential therapeutic target for PD-associated peritoneal fibrosis.

Previous studies showed that EP4 was expressed in the brain,
thymus, heart, lung, uterus, and kidney tissues of mice (Sugimoto
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Administration of ONO-AE3-208 inhibited NLRP3 inflammasome activation and NF-kB phosphorylation in a rat model of peritoneal dialysis
(A,B) Peritoneal tissue lysates from each animal group were subjected to western blotting analysis with specific antibodies against NLRP3, p-p65, and
B-actin. (C,D) Expression levels of NLRP3 and p-p65 were quantified by densitometry, normalised with p-actin, and presented as fold changes. Data

are presented as mean + SEM. **p < 0.01, ***p < 0.001.

and Narumiya, 2007; Aringer et al, 2018). Our study
demonstrated that EP4 is also distributed in human peritoneal
tissues. Peritoneal fibrosis is a common complication in patients
undergoing long-term PD, and our findings of enhanced
EP4 expression in the peritoneum of PD patients with UFF
and RPMCs stimulated with high levels of glucose suggest that
EP4 may play an important role in the development of this
complication. Chronic inflammation promotes the development
of peritoneal fibrosis. Our results are consistent with previous
reports of the EP4 receptor playing a key role in a variety of
disease models associated with increased inflammation,
including type 1 diabetes (Rahman et al., 2018), endometritis
(Li et al, 2019), angiotensin II-induced abdominal aortic
aneurysm (Hiromi et al, 2020), airway inflammation (van
Geffen et al., 2021), and nephrotoxic serum nephritis (Aringer
et al., 2018).

The current study adds new evidence in support of the
important role of EP4 in promoting inflammation, as
indicated by the findings that EP4 blockade suppressed the
expression of inflammatory cytokines in RPMCs in response
to high glucose levels and in the peritoneal tissues of a rat
model of PD. However, the role of EP4 in inflammation varies.
In a mouse model of inflammatory bowel disease,
PGE2 repressed

necroptosis and induced resolution of colitis through the

signalling intestinal ~ epithelial cell
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EP4 receptor (Patankar et al., 2021). In addition, blockade
of the EP4 receptor in a mouse model of autosomal dominant
polycystic kidney disease resulted in more severe cystic disease
and increased macrophage infiltration in the kidney tissue
(Lannoy et al., 2020). Thus, functions of the EP4 receptor
appear to be cell type- and context-dependent, and the
differing effects on inflammation may be attributed to
different disease models.

Emerging evidence shows that targeting the EP4 receptor has
clear effects in various animal models of fibrosis. A specific
EP4 antagonist significantly inhibited the autophagy of
M2 macrophage-mediated hepatic stellate cells and improved
liver fibrosis (Cao et al., 2022). Chronic repeated administration
of an EP4 receptor-selective antagonist significantly attenuated
the development of glomerulosclerosis and tubulointerstitial
fibrosis in 5/6 nephrectomised rats (Mizukami et al, 2019).
Administration of a PGE2 receptor EP4-selective agonist
increased TNF-a (an inflammatory cytokine) levels and
exacerbated renal fibrosis in an animal model of type
1 diabetes (Mohamed et al., 2013). Our results showed that
the EP4 antagonist ONO-AE3-208 had beneficial effects in an
experimental model of PD-associated peritoneal fibrosis. This
was further demonstrated by the findings that ONO-AE3-
208 protected against PD-induced peritoneal fibrosis and
functional impairment of the peritoneal membrane, thus
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suggesting that ONO-AE3-208 may be a potential therapeutic
agent for peritoneal fibrosis.

ONO-AE3-208 is a well-characterized EP4 receptor
antagonist, which binds to the EP4 receptor, thereby
blocking the interaction of PGE2 with the EP4 receptor and
thus inhibiting downstream inflammatory responses
(Kabashima et al., 2003; Jones et al., 2009; Esaki et al.,
2010). Local inflammatory responses in the peritoneum
contribute to deterioration of peritoneal transport function
and peritoneal fibrosis (de Lima et al., 2013). The results of our
in vivo experiments showed that ONO-AE3-208 reduced the
the
reducing

high-glucose-induced inflammatory response in

thereby
peritoneal pathologic injury and improving peritoneal

peritoneum and peritoneal fibrosis,
function. Our in vivo experiments also revealed that ONO-
AE3-208 had little effect on EP4 in the peritoneum. Although
ONO-AE3-208 the
response, the peritoneum was still surrounded by PD fluid

reduced peritoneal inflammatory
containing a high concentration of glucose; therefore,
increased expression of EP4 was still observed in PD rats
treated with ONO-AE3-208. The EP4 antagonist can be
administered orally and is not associated with changes in
blood pressure (Aringer et al., 2018); therefore, clinical
application of the EP4 antagonist is more promising. To
date, the novel EP4 receptor antagonist has been studied in
phase II clinical trials in patients with rheumatoid arthritis
(ClinicalTrials.gov Identifier: NCT03163966) and patients
with advanced prostate, breast, or non-small cell lung
Identifier: NCT02538432).
for ONO-AE3-208
promising, further research will be necessary to investigate

cancers  (ClinicalTrials.gov

Although our current results are
the efficacy and safety of different doses of this antagonist for
the prevention and treatment of PD-associated peritoneal
fibrosis.

The results of our previous study showed that mPGES-1
promoted the synthesis of extracellular matrix protein via
activation of the NLRP3 inflammasome in RPMCs exposed to
high levels of glucose (Luo et al., 2021), indicating that the
NLRP3 inflammasome participated in peritoneal fibrosis.
EP4 is one of the main downstream receptors of mPGES-1.
Previous studies have shown that the PGE2/EP4 pathway is
closely related to the activation of the NLRP3 inflammasome.
For example, the PGE2 synthetic pathway was shown to
promote albumin-induced renal tubular injury via an
NLRP3 inflammasome-mediated mechanism (Zhuang et al,,
2017). Tityus serrulatus venom triggered lung resident cells to
release PGE2, which induced activation of the
NLRP3  inflammasome EP4-cAMP-PKA-NF-«kB-
dependent mechanisms, leading to an increase in IL-1P

via

(Zoccal et al, 2016). In the present study, we further
demonstrated that an EP4 antagonist attenuated peritoneal
fibrosis by inhibiting activation of the NLRP3 inflammasome.
Moreover, EP4 signalling has been shown to regulate NF-kB
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signalling. EP4 stimulation increased IL-6 production via
PKA-NF-kB pathways in vascular smooth muscle cells
isolated from the mouse aorta and human abdominal aortic
aneurysms (Hiromi et al., 2020). Peptidoglycan-mediated IL-6
production was mediated by the PGE2/EP4/NF-«B pathway in
RAW 264.7 macrophages (Chen et al., 2006). We further
that EP4 regulated NF-xB
signalling in RPMCs exposed to high concentrations of

demonstrated signalling
glucose.

In summary, we confirmed that the EP4 receptor promotes
peritoneal fibrosis and that pharmacologic blockade of
EP4 protects against peritoneal injury. EP4 was highly
enhanced in the fibrotic peritoneum of PD patients with
UFF and in cultured RPMCs stimulated with high glucose
concentrations. Treatment with ONO-AE3-208 significantly
prevented peritoneal inflammation and peritoneal fibrosis
by inhibiting activation of the NLRP3 inflammasome
of NF-kB. Therefore,
EP4 inhibition may be a new strategy for the prevention

and reducing phosphorylation

and treatment of PD-associated peritoneal fibrosis in the
future.
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CP-25 exerts a protective effect
against ConA-induced hepatitis
via regulating inflammation and
Immune response

Nan Li", Jing-Jing Wu™?!, Meng Qi?, Zi-Ying Wang",
Sheng-Nan Zhang?, Xiu-Qin Li*, Ting-Ting Chen?,

Mei-Fang Wang?, Ling-Ling Zhang?, Wei Wei* and Wu-Yi Sun'*
!Institute of Clinical Pharmacology, Anhui Medical University, Key Laboratory of Anti-inflammatory and
Immune Medicine, Ministry of Education, Anhui Collaborative Innovation Center of Anti-inflammatory

and Immune Medicine, Hefei, China, 2Department of Oncology, The Second Affiliated Hospital of
Anhui Medical University, Hefei, China

Hepatitis is a complex multifactorial pathological disorder, which can eventually
lead to liver failure and even potentially be life threatening. Paeoniflorin-6'-O-
benzene sulfonate (CP-25) has proven to have critical anti-inflammatory effects
in arthritis. However, the effects of CP-25 in the pathogenesis of hepatitis
remains unclear. In this experiment, mice were intragastrically administered
with CP-25 (25, 50 and 100 mg/kg), and then ConA (25 mg/kg) was intravenous
injected to establish hepatitis model in vivo. CP-25 administration attenuated
liver damage and decreased ALT and AST activities in mice with hepatitis.
Besides, CP-25 modulated immune responses including down-regulated the
proportions of activated CD4*, activated CD8* T cells, and ratio of Th1/Th2 in
ConA-injected mice. Furthermore, ConA-mediated production of reactive
oxygen species (ROS), release of inflammatory cytokines including IFN-y,
TNF-qa, activation of MAPK pathways and nuclear translocation of nuclear
factor-kappaB (NF-kB) were significantly decreased in CP-25 administrated
mice. In ConA-stimulated RAW264.7 cells, CP-25 suppressed inflammatory
cytokines secretion and reduced ROS level, which were consistent with animal
experiments. Otherwise, the data showed that CP-25 restrained
phosphorylation of ERK, JNK and p38 MAPK pathways influenced by ROS,
accompanied with inhibiting NF-xB nuclear translocation. In conclusion, our
findings indicated that CP-25 protected against ConA-induced hepatitis may
through modulating immune responses and attenuating ROS-mediated
inflammation via the MAPK/NF-xB signaling pathway.
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Introduction

Liver is the pivotal digestive organ and plays a crucial role in
detoxification, metabolism, and immunity (Kubes and Jenne,
2018). Hepatitis caused by viral infections, drugs, food additives
and alcohol can progress into cirrhosis, resulting in a significant
health issue. It is reported that an inflammatory process would
lead to hepatitis, which was characterized by excessive
macrophages infiltration and propagation of inflammatory
mediators (Jothimani et al, 2020). However, the precise
mechanism of inflammatory regulation in hepatitis remains
poorly understood.

Inflammation is considered to be an automatic defense
response that benefits to maintain normal tissue function
from potential harm caused by autoimmune damage or
injury. But excessive accumulation of inflammatory cytokines
could induce kidney, heart, lung and liver damage (Karki et al.,
2021). Macrophages are the primary contributors to release
amounts of inflammatory cytokines in response to liver
inflammation and damage. The imbalance level of reactive
oxygen species (ROS) in macrophages has evolved in liver
tissue destruction, accompanying with oxidative stress and
production of inflammatory cytokines (Zhang P et al., 2020).
Concanavalin A (ConA)-induced hepatitis has been considered
as a well-established experimental model due to its obvious
pathological changes in inflammatory cytokines production
and immune response (Rani et al, 2018). Multiple T cell
subsets have been confirmed to be involved in the etiology of
autoimmune disorders including hepatitis (Graham et al., 2021).
We have previously shown that increased proportions of
activated T cells and T helper (Th) cells contribute to liver
injury in CCly-induced fibrotic mice, and inhibiting the
disorders of immune responses from various aspects could
alleviate liver fibrosis (Sun J. C et al, 2020). Therefore,
developing inflammatory and immunomodulatory agents
could provide new prophylaxis or therapeutic approaches for
hepatitis.

Paeonia lactiflora pall root exhibits multiple pharmacological
activities, which has been an integral part of effective
prescriptions for treatment of inflammatory and immune
diseases. Paeoniflorin is the main bioactivity ingredient of
total glycosides of paeony that presents in the root of Paeonia
lactiflora (Zhang and Wei, 2020). Our lab has composed an
innovative ester derivative of paeoniflorin named
paeoniflorin-6'-O-benzene  sulfonate  (CP-25, patent
number in China: ZL201210030616.4). CP-25 has superior
intestinal absorption and improved lipid solubility compared
with the paeoniflorin. Our lab has reported that CP-25 could
reduce pro-inflammatory cytokines production in adjuvant-
induced arthritis (Chang et al., 2016). Consistent with
CP-25
attenuating effect on modulating T lymphocyte subsets in

another study, treatment showed a disease-

primary Sjogren’s syndrome mice (Gu et al.,, 2018). Our
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previous study presented that paeoniflorin displayed
antifibrotic effects on liver fibrosis rats induced by porcine
serum (Sun etal., 2012). Despite advanced evidence displayed
the role of CP-25 in multiple diseases, it is still unclear
whether it has an effect on ConA-induced hepatitis and
the probable mechanisms.

In present experiments, ConA administration was used to
establish hepatitis model. Our results displayed that CP-25 is not
only as an immune response modulator in ConA-induced
hepatitis, but restraining of inflammatory cytokines release
influenced MAPK

and NF-kB nuclear

may through down-regulating ROS

pathways  activation translocation.
Altogether, our findings indicated that CP-25 is a potential

therapeutic agent in hepatitis.

Materials and methods
Animals and treatment

Male C57BL/6] mice (18 + 22) g were purchased from the
Animal Center of Anhui Medical University. The mice were kept
in a temperature- and humidity-controlled room under standard
12-h light/dark cycles, maintained with administered food and
water ad libitum. The Ethics Review Committee approved the
animal experimental protocol at the Animal Experimentation of
Anhui Medical University.

In this experiment, seven groups were divided at random
from the mice: normal group, ConA-induced hepatitis model
group, three dosages of CP-25-treated groups (25, 50, and
100 mg/kg), paeoniflorin-treated group (100 mg/kg), bicyclol-
treated group (100 mg/kg). The effect of CP-25
paconiflorin at the same dose in the treatment of liver injury
Meanwhile,
Pharmaceutical Factory, Beijing, China) was served as a

and

was  compared. bicyclol  (Beijing Union
positive control. To establish the hepatitis mice model, mice
received an intravenous injection of ConA (Solarbio, Beijing,
China, C8110) at dose of 25 mg/kg. All drugs were diluted with
0.5% carboxymethyl cellulose sodium (CMC-Na) solution and
intragastrically treated for 10 days before ConA injection. Other
mice were intragastrically administered with an equivalent
volume of CMC-Na solution. Then sacrificed the mice at
indicated time point for liver, thymus, spleen and blood

samples gathering.

Cell culture and treatment

RAW264.7 cells were purchased from ATCC (Manassas, VA,
United States), routinely maintained in DMEM (Gibco, CA,
United States) supplemented with 10% fetal bovine serum
(Zhejiang Tianhang Biotechnology Co., Ltd, Zhejiang, China)
in a humidified incubator at 37°C in 5% CO.,.
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Several studies indicated that ConA administration
obviously elevated inflammation in RAW264.7 cells (Zhang
7 et al., 2020). Thus in vitro, RAW264.7 cells stimulated with
ConA (10 pg/ml) was taken as model group, the cells treated
by the same cell medium without ConA was taken as control
group. The treatment groups were cultured with CP-25
(1077-10"° mol/L), meanwhile, ConA-stimulated group was
treated with DMEM. Then following
experiments were conducted to verify the potential effect of
CP-25.

equal-volume

Ratio of liver, spleen and thymus weight to
body weight

The liver, spleen and thymus were separated from the mice
and immediately weighed. The liver, spleen and thymus indices
were defined as: Liver, spleen or thymus index = liver, spleen or
thymus weight/body weight x 100%.

Liver histopathology

Mice liver tissues were collected and fixed with 4%
formalin, the paraffin-embedded tissues cut into 4 um
sections. The prepared liver slices were stained by
hematoxylin and eosin staining (H&E). Samples were
photographed under a DFC7000 T color microscope
camera (Leica Microsystems, Wetzlar, Germany) to display

the pathological damage.

Analysis of liver function

The serum was collected from blood samples by
centrifugation at 3,000 r/min for 20 min and stored at -20
°C. The activities of serum alanine aminotransferase (ALT)
and aspartate aminotransferase (AST) were detected by
kits
Bioengineering Institute, Jiangsu, China, C009-two to one

spectrophotometric  assay (Nanjing  Jiancheng
and C010-2-1), and showed as an international unit per

litre (U/L).

T cell viability assay

Thymus were aseptically separated from mice. Then,
thymocyte

suspensions were prepared by mechanical
dissociation of the tissues. Thymocytes was re-suspended in a
DMEM medium, and incubated with ConA in 96-well plates.
10 ulcell counting kit-8 (CCK-8) (Biosharp, Hefei, China,
BS350A) reagents were supplied to each well after the

incubation period. The absorbance at 450 nm was measured
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using an Infinite M1000 PRO microplate reader (Tecan
Group Ltd., Médnnedorf, Switzerland).

Preparation of spleen mononuclear cells
and T cell subset analysis

The spleen tissue was removed and a single spleen suspension
was harvested by mechanical separation of spleen through 70 um
filter and erythrocytes were lysed. Splenocytes were washed with PBS
and re-suspended in DMEM medium. The antibody combinations
CD3-PE (12-0038-42)/CD4-FITC (11-0041-81)/CD8-APC (17-
0081-81) CD4-FITC/CD8-APC/CD69-PE  (12-0691-81)
(eBioscience, San Diego, United States) were added into each
tube, the expression of CD4 (CD8) was observed in CD3" or
CD69" cell gate. Moreover, for intracellular IL-4 and IFN-y
staining, CD4-FITC antibody was used to stain surface marker,

or

then samples were fixed, permeabilized to prevent nonspecific
binding before staining with labelled IL-4-PE (12-7041-81)/IFN-
y-APC (17-7311-81) (eBioscience, San Diego, United States)
antibodies. A single fluorescent dye sample was stained with
CD3-PE, CD4-FITC, CD8-APC, CD69-PE, IL-4-PE and IFN-y-
APC respectively. Negative cells were stained without fluorescent
dye. All the samples were tested using a CytoFLEX flow cytometry
(Beckman, CA, United States), the data analysis was performed
using a CytExpert software, and we have chosen the gate from
comparing between negative and single fluorescent dye cells.

Determination of cytokines by ELISA

Weighed fresh liver tissues were homogenized with PBS
and centrifuged (4°C, 5,000xg for 5min). In vitro, the cell
supernatants in ConA-stimulated RAW264.7 cells were
acquired. The levels of IFN-y (ml063132), TNF-a
(ml002095), TL-4 (ml002149) and IL-1p (ml063132) in all
supernatants by
immunosorbent assay (ELISA) kits (Shanghai Enzyme-

were  measured enzyme-linked
linked Biotechnology Co., Ltd, Shanghai, China) according

to the manufacturer’s instructions.

Immunostaining and confocal microscopy

Liver sections were blocking in 3% BSA undertaken for 2 h
to prevent nonspecific staining. After rinsing with PBS,
sections were incubated with following primary and
secondary antibodies: F4/80 (BioLegend, San Diego, CA,
123,101), Alexa 488 (Thermo Fisher, MA,

United States, A11001). Negative control sections were

Fluor
incubated with PBS instead of primary antibody. Before

imaging, sections should be counterstained with DAPI
(Beyotime, Shanghai, China) to label the nuclei. Then
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tissue images were taken with a Leica TCS SP8 confocal
microscope (Leica, Wetzlar, Germany).

Determination of ROS production

ROS production in liver tissues and cells was detected by the
oxidation of dihydroethidium (DHE, S0063) and 2',7'-
(DCFH-DA,  S0033S)
(Beyotime Biotechnology, Shanghai, China). For DHE staining,

dichlorodihydrofluorescein  diacetate
liver cryosections were cultivated with 5pmol/L DHE at the
indicated temperature for 30 min and then photographed using
DFC7000 T color microscope camera. Average staining intensities
were quantified by ImageJ software (National Institutes of Health,
MD, United States). In vitro, ConA-stimulated RAW264.7 cells were
cultured with DCFH-DA and then analyzed on a CytoFLEX flow
cytometer at excitation and emission wavelengths of 488 nm.

Western blot analysis

Total proteins were harvested from liver tissues or
RAW264.7 cells. Immunoblotting detection was conducted
as previously described (Sun W. Y et al., 2020). The following
antibodies were used: p-JNK (#9251S), JNK (#9252), p-ERK
(#9101s), ERK (#9102), p-p38 (#9212s), and p38 (#9211s)
(Cell Signaling Technology, Danvers, MA). Immunoblot band
densitometry was quantified using Image] software. Three
independent experiments were performed.

Nuclear factor-kappaB (NF-xB) nuclear
translocation assay

NE-xB p65 translocation of liver tissues was detected by
immunohistochemical staining. The streptavidin/peroxidase
method (Zhongshan Goldenbridge, LTD, Beijing, China, PV-
9000) was used to detect the immunoreactivity. Each section was
placed in 3% H,O, in methanol and covered with anti-NF-kB
p65 (Cell Signaling Technology, Danvers, MA, #8242). Then,
peroxidase was visualized by incubation with Diaminobenzidine
(DAPI,
hematoxylin. Slides were viewed through a DFC7000 T color

Z1I-9017) and counterstaining was done with
microscope camera. Semiquantitative analysis was performed
using Image] software.

RAW264.7 cells were incubated with ConA and then rinsed,
fixed, permeabilized and incubated primary anti-NF-kB p65,
followed by Alexa Fluor 555 (Thermo Fisher, MA, United States,
A31572). Then counterstained with DAPI nuclear stain. Data of
1,000 cells per sample were acquired by an Amnis ImageStream X
Mark II imaging flow cytometer (Amnis Corporation, Seattle, WA).
IDEAS software was used to show brightfield images and obtain the
proportions of NF-kB nuclear localization.
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Statistical analysis

All results were analyzed by SPSS software version 24.0 (SPSS
Inc., Chicago, Illinois, United States), and data represented using
GraphPad Prism Software 8.0 (San Diego, CA, United States).
Values in figures are given as means + SD if not otherwise
indicated. Statistical significance was determined by one-way
analysis of variance (ANOVA) for multiple comparisons. p <
0.05 was considered to be significant.

Results

CP-25 attenuated ConA-induced hepatitis

To investigate the effects of CP-25 on hepatitis, mice received
an intragastric administration of CP-25 (25, 50 and 100 mg/kg)
and intravenous tail injection of 25 mg/kg ConA (Figure 1A).
Our results showed that the liver, spleen and thymus indices were
increased post ConA injection. CP-25 (50, 100 mg/kg) gradually
declined the above indices, and the liver and thymus indices in
CP-25 100 mg/kg group were obviously reduced compared with
the equal dose of paeoniflorin (Figures 1B-D). In addition, H&E
staining observed visible histopathological changes of model
mice, such as disorganized cell arrangement, necrosis with
extensive inflammatory infiltration and hepatocyte nuclear
lysis (Figure 1E), CP-25 treatment gradually alleviated the
degree of liver injury. To further support histological analysis,
the activities of AST and ALT were significantly elevated in liver
injury mice (Figure 1F). CP-25 (50, 100 mg/kg) treated mice
showed reduced AST and ALT activity. Additionally, CP-25 at
100 mg/kg obviously decreased AST activity as compared to the
same dosage of paeoniflorin. These data preliminarily suggested a
protective effect of CP-25 on ConA-induced hepatitis.

CP-25 ameliorated T cells activation in
hepatitis

the
development of hepatitis (Zhao et al, 2020). Therefore, we
used CCK-8 to test the T cell viability, which was markedly
higher in ConA-injected mice than in normal mice (Figure 2A).

Inflammatory  immune  dysfunction  supports

But CP-25 (50, 100 mg/kg) treatment groups significantly
reversed the changes of T cell viability in hepatitis.

T cell-mediated immune responses are thought to be
involved in the process of ConA-induced hepatitis. To
determine whether CP-25 altered T cell subsets in spleen, the
proportion of CD3*CD4', CD3*CD8", activated CD4"
(CD4'CD69"), activated CD8" (CD8'CD69"), CD4'IFN-y*
(Th1 cells) and CD4'IL-4" (Th2 cells) T cells were examined
by flow cytometry (Figures 2B-H). The proportions of CD4",
CDS8", activated CD8", activated CD4" T cells and the ratio of
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CP-25 down-regulated the inflammatory cytokines release in ConA-induced hepatitis. Comparison inflammatory factor expressions of IFN-y
(A) and TNF-a (B) in liver homogenate by ELISA. (C) Representative images showed the F4/80 positive staining cells (green) in liver sections by

immunofluorescence (Scale bar = 50 pm). **p < 0.01 versus normal,

Th1/Th2 were obviously elevated in hepatitis. In contrast, CP-25
treatment gradually down-regulated the proportions of CD4",
CD8", activated CD4", activated CD8" T cells and the Thl1/
Th2 ratio. Moreover, the proportions of CD4" and CD8" T cells
were significantly lower in CP-25 (100 mg/kg) administration
than in the same dosage of paeoniflorin. These data suggested
that CP-25 might attenuate T cell-mediated immune response
through inhibiting the ratio of Th1/Th2 in hepatitis.

CP-25 down-regulated the inflammatory
cytokines release in ConA-induced
hepatitis

To further characterize CP-25 has a protective effect on
inflammation in ConA-induced hepatitis, the production of
IFN-y and TNF-a were measured by ELISA (Figures 3A,B).
ConA injection elevated the levels of IFN-y and TNF-a, but
CP-25 at dose of 50 and 100 mg/kg treatment suppressed the
release of inflammatory cytokines. More importantly, mice given
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CP-25 (100 mg/kg) by oral gavage displayed lower levels of TNF-
a and IFN-y than mice treated with the equal dose of
paeoniflorin. Due to macrophages are major sources of
inflammatory cytokines during liver injury, hence we next
analyzed the accumulation of macrophages (F4/80) in liver
by 3C).
Immunofluorescence staining showed an increase of F4/80 in
ConA-injected mice compared to normal mice. However, CP-25
treatment suppressed ConA-induced F4/80 accumulation. Based
on the above results, CP-25 might alleviate ConA-induced
hepatitis via suppressing inflammatory cytokines release.

tissues immunofluorescence

staining  (Figure

CP-25 inhibited the activation of MAPK
pathway and nuclear translocation of NF-
kB mediated by ROS in vivo

Since ROS acts
macrophage activation leading to inflammatory cytokines
2020), the results of ROS level in liver

as secondary messenger affecting

secretion (Du et al.,
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CP-25 inhibited inflammatory cytokines and ROS release in RAW264.7 cells. (A) Comparison inflammatory cytokine levels of TNF-a, IL-1p, IFN-y
and IL-4 in the supernatant of RAW264.7 cells by ELISA. (B) Decreased ROS levels were observed in CP-25 administrated RAW264.7 cells. **p <
0.01 versus control, p < 0.05, **p < 0.01 versus ConA. Data were showed as the mean + SD of three independent experiments.

tissues were showed in Figure 4A. ROS level was significantly
upregulated in livers of ConA-injected mice, but CP-25
treatment downregulated the increased level of ROS.
have demonstrated that ROS induced the
phosphorylation of downstream MAPK pathway (Gong
et al,, 2019; Wu et al,, 2021). Additionally, NF-kB has been
proposed to be the sensor for oxidative stress that can be
activated by ROS (Morgan and Liu, 2011). When exogenous

Researches

Frontiers in Pharmacology

inducers were applied into cells, NF-kB dissociated from the
cytoplasmic complex and translocated to the nucleus, which
contributed to inflammatory cytokines production (Giustarini
etal., 2020). Therefore, we detected MAPK activation and NF-
kB nuclear colocalization in liver tissues. ConA-stimulated
group exhibited that upregulated phosphorylation of MAPK
pathways and increased nuclear translocation of NF-«B, but
CP-25 treatment suppressed MAPK pathway activation and
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NF-kB nuclear translocation (Figures 4B,C). In addition, the
highest dosage of CP-25 could obviously disrupt the levels of
ROS, p-JNK, p-ERK and NF-kB nuclear translocation
compared to the same dosage of paeoniflorin. These data
indicated that CP-25 suppressed inflammation of hepatitis
may be associated with down-regulating the MAPK activation
and NF-«B nuclear translocation influenced by ROS.

CP-25 inhibited inflammatory cytokines
and ROS release in RAW264.7 cells

Due to macrophages play an essential role in initiating
inflammation, we utilized RAW264.7 cells in vitro to evaluate
the anti-inflammatory effect of CP-25 (Wang et al., 2019). The
levels of cytokines including IL-1f3, TNF-a, IL-4 and IFN-y
CP-25
inflammatory cytokines production in vitro. Results showed
that ConA stimulation upregulated IL-1f, TNF-a and IFN-y
production, but reduced IL-4 release in RAW264.7 cells as
compared to the untreated cells (Figure 5A). Furthermore,

were examined to verify whether regulated

CP-25 treatment reversed the changes of inflammatory
cytokines levels caused by ConA. Research showed that
ROS as an effective molecule for determining the extent of
inflammation (Ma et al, 2018). Hence the DCFH-DA
fluorescent probe was used to detect ROS formation in
ConA-stimulated RAW264.7 cells. The results showed that
ConA stimulation significantly increased ROS production
compared to the controls, while CP-25 (10°°-~10"° mol/L)
ameliorated ROS production (Figure 5B). These data
showed that CP-25 may inhibit inflammatory cytokines
secretion accompanied  with ROS
production in RAW264.7 cells.

down-regulating

CP-25 suppressed ROS influenced MAPK
pathway activation and NF-«xB nuclear
translocation in RAW264.7 cells

To further examine whether CP-25 has an effect on
ConA-induced MAPK activation and NF-kB nuclear
translocation in vitro. The activation of MAPK pathway
was detected by Western blot and the nuclear localization
of NF-kB was examined by imaging flow cytometry. Results
showed that ConA stimulation significantly up-regulated
of MAPK pathways
localization of NF-kB compared to the controls (Figures
6A,B).  CP-25 the
phosphorylation of MAPK signaling pathways and the

phosphorylation and nuclear

supplementation reduced
proportion of NF-kB nuclear localization, which suggested
that CP-25 could suppress inflammation may be through
inhibiting MAPK activation and NF-kB nuclear localization
in macrophages.
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Discussion

Hepatitis has been risen worldwide mainly due to exogenous
substances (drug misuse, alcohol abuse, toxins), disease or
external stimuli (viral infection, COVID-19), and others,
which threatened human health recent decades (Liu et al.,
2022). ConA-induced hepatitis was first established in 1992,
which is now the most widely used tool to reveal liver injury
in mice (Tiegs et al., 1992). Advanced evidence confirmed that
various degrees of oxidative stress, inflammation, and necrosis
could impair tissue function and integrity in ConA-treated mice
(Khan et al., 2021). ConA altered cellular metabolic processes,
which was contributed to disrupting oxidative phosphorylation
and aggravating mitochondrial damage. Exhausted energy
storage and accelerated production of ROS would cause
damage to macrophages (Zanluqui et al., 2020). In this study,
hepatitis model was established by intravenous injection of ConA
and to explore the potential effect of CP-25. Pretreatment of CP-
25 (100 mg/kg) exerted obviously hepatoprotective effects
compared to the equal dose of paeoniflorin, includes reduced
necrotic areas, decreased inflammatory cell infiltration.

CP-25, a novel ester from structural modification of
paeoniflorin, has been shown to obviously anti-inflammatory
activity in various diseases. Both in collagen and adjuvant-
induced arthritis, CP-25 exhibited powerful anti-inflammatory
and immunoregulatory effects and attenuated synovium
inflammation (Chen et al, 2018; Wang et al, 2018).
Furthermore, CP-25 alleviated kidney injuries in rats with
arthritis through reducing the number of renal CD68* cells
and downregulating the levels of TNF-a and IL-6 (Wang
et al,, 2020). As we all known CD4" cells are T helper cells
which could differentiate into several subpopulations, and the
activated CD8" T cell subsets generally perform cytotoxic T cell
functions (Basu et al., 2021). Research determined that the
ratio of CD4/CD8"
contributing factor in autoimmune diseases, virus infections
It was obvious that bulk CD4" T cells
differentiated into Thl and Th2 subsets during autoimmune

upregulated occurred the pivotal

and cancers.

diseases progression (Zolfaghari et al., 2021). Th1 cells secreted
Th1-type cytokines, such as IFN-y, which positively fed back to
promote further T cell differentiation and proliferation, and were
associated to the cellular immunity response. Th2 cells could
produce IL-4, which mainly participated in the humoral
immunity in pathogenesis of autoimmune diseases. The
dysregulation of Th1/Th2 would contribute to immunologic
disease, such as osteoarthritis, hepatitis, type-1 diabetes and
COVID-19 pandemic. Additionally, CP-25 reduced the
infiltration of Th1/Th2 cells, and reduced inflammatory
cytokines
syndrome mice (Gu et al, 2018). Then, we paid more

production in autoantigen-induced  Sjogren’s
attention on the relationship between CP-25 and T cell
activation in ConA-induced hepatitis. The results confirmed

that CP-25 treated mice performed a lower proportion of
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FIGURE 6
CP-25 suppressed ROS influenced MAPK pathway activation and NF-kB nuclear translocation in RAW264.7 cells. (A) Representative
immunoblotting bands of p-JNK, p-ERK and p-p38 in ConA-stimulated RAW264.7 cells. Data were expressed as-fold change relative to the control
group, which was assigned as a value of 1. (B) NF-xB nuclear colocalization in CP-25-administrated RAW264.7 cell was analyzed by image flow
cytometry, and representative images were shown including brightfield, NF-«kB (red), nucleus (purple), and merged images (Scale bars = 10 pym),

and statistic results were shown. **p < 0.01 versus control, o < 0.05, **p < 0.01 versus ConA. Data were expressed as the mean + SD from three
independent experiments
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activated CD4", CD8" T lymphocytes and the ratio of Thl1/
Th2 than in ConA-injected mice. Furthermore, the highest

dosage of CP-25 significantly reduced the proportion of CD4"
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and CD8" T cells compared with the same dosage of paeoniflorin
group. These results indicated that CP-25 attenuated ConA-
induced hepatitis may through modulating immune responses.
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It is well-known that pro-inflammatory cytokines secretion
could amplify inflammatory responses in immune cells (Feng
et al,, 2021). Our present findings occurred that CP-25 reduced
inflammatory cytokines production and ROS levels in ConA-
induced hepatitis. A sensible reduction in inflammation and
ROS production was determined in CP-25 (100 mg/kg) treated
mice compared with the equal dose of paeoniflorin. Paeoniflorin
has been reported that inhibited TNF-a expression in BCG plus
LPS induced liver injury (Liu et al, 2006). And other study
revealed that CP-25 concentration was higher in liver tissue
compared to paeoniflorin due to its elevated oral bioavailability
(Zhao et al., 2019). Research supported that there was a positive
correlation between ROS elevation and inflammation related
pathways activation (Brennan and Gilmore, 2018; Yunrong
Yang et al, 2022). And oxidative stress was happened
accompanied by excessive ROS levels, which acting as
signaling molecules contributing to abnormal cell growth,
metastasis, disordered function, as well as enlarged
proinflammatory cytokines production, allowing inflammation
to progress (Li et al., 2020). Research showed that excessive ROS
production may contribute to Ml-like pro-inflammatory
macrophages during the development of diabetes (Wada
et al,, 2017; Rendra et al., 2019). CP-25 regulated macrophage
polarization from a M1 to a M2 phenotype to attenuate DSS-
induced colitis and inhibited IL-1f and IL-18 production in mice
(Li et al, 2021). As expected, our study determined that F4/
80 positive staining was enhanced in hepatitis and decreased
CP-25 treatment

inhibited ROS production accompanied with down-regulation

after CP-25 administration. Meanwhile,

of inflammatory cytokines. Therefore, we speculated that CP-25
may protect hepatitis through prevention of ROS-mediated
inflammatory cytokines released.

Then we identified the underlying mechanisms related to
anti-inflammatory effects of CP-25 in hepatitis. The activation
of MAPK was involved in macrophages accumulation, release of
inflammatory factors and chemokine expression, which was
involved in regulating tissue inflammation (Zhang et al., 2017).
Studies presented that Zeaxanthin could induce a mass
apoptosis of gastric cancer cells following by activation of
ROS-mediated MAPK and NF-«B signaling pathways (Sheng
et 2020). Another
downregulated inflammatory responses through inactivation

al., research demonstrated klotho
of ROS/p38 MAPK pathways, leading to alleviate paraquat-
induced lung injury (Zhang P et al, 2020). In present
experiment, we demonstrated that CP-25 decreased the
activation of MAPK signaling pathways. Besides there was
compelling evidence to suggest that NF-kB could be activated
by various stimuli including excessive ROS. H,0, could rapidly
activate NF-kB, which participated in ROS-induced cell death
(Lingappan, 2018; Tian et al., 2021). It has been reported that
ISO the
inflammation in OGD-insulted microglia partly via blocking
ROS-NF-kB signaling pathways (Yao et al., 2020). Moreover,

sub-anesthetic post-conditioning  decreased
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the NF-kB molecules were usually retained in cytoplasm in
untreated cells. Upon stimulation, NF-kB p65 was able to
migrate from the cytoplasm into the nucleus (Zinatizadeh
et al, 2021). NF-kB p65 translocation promoted alveolar
hypercoagulation and fibrinolysis in LPS-induced acute
respiratory distress syndrome mice (Wu et al.,, 2020). NF-xB
p65 has the tendency of translocation towards nucleus in LPS-
induced BV2 cells to support the transcription of downstream
pro-inflammatory factors such as IL-1p (Chen et al., 2022).
Once activated by stimulators, NF-kB translocated into nucleus
and involved in pro-inflammatory cytokines production (Luo
et al., 2022). And in our results, CP-25 inhibited NF-kB nuclear
translocation in vivo and in vitro. We supposed that the
protective mechanisms of CP-25 against hepatitis had a
shut down ROS influenced MAPK
activation and NF-xB nuclear translocation.

direct relation to

Conclusion

In summary, our present data suggested that the protective
effects of CP-25 administration on ConA-induced hepatitis
through inhibiting immune response and inflammatory
cytokines production. The underlying mechanism of CP-25
may relate to regulate ROS influenced MAPK activation and
NF-xB nuclear translocation. Our studies contribute to providing
new insights into the pathogenesis of hepatitis, and future
research will focus on CP-25 as a potential therapeutic

candidate for the treatment of hepatitis.
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N-Myc and STAT Interactor protein (NMI) is an interferon inducible protein
participating in various cellular activities, and is widely involved in the process of
tumorigenesis and progression. Studies have shown that the loss of NMI
expression in breast cancer can promote its progression by inducing
epithelial-mesenchymal transition (EMT). However, the expression level of
NMI in other tumors and its impact on immune cell infiltration, patient
prognosis, and drug treatment are still unclear. Here, we analyzed the role
of NMI in pan-cancer through multiple omics data. We found that NMI was
abnormally expressed in a variety of tumor tissues. The expression of NMI was
closely related to the unique molecular and immunotyping, diagnosis and
prognosis of various tumor tissues. In addition, we identified the main
proteins that interact with NMI, and focused on the relationship between the
clinical parameters of lower grade glioma (LGG) and NMI expression.
Subsequently, we found that the expression of NMI was correlated with the
infiltration of multiple immune cells and the expression of immune checkpoints.
Finally, we also found that the expression of NMI| was correlated with the
sensitivity to multiple antitumor drugs. In conclusion, our comprehensive pan-
cancer analysis of NMI revealed that it is a potential molecular marker for tumor
diagnosis and treatment, plays an important role in tumor immunity, and is a
promising molecular target for cancer treatment.

KEYWORDS

NMI, pan-cancer, prognostic biomarker, immune infiltration, bioinformatics
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Introduction

In recent years, the incidence rate of cancer has increased
year by year, which has placed a serious burden on society
(Ali et al., 2022). At present, cancer treatment mainly
includes chemotherapy, surgery, radiotherapy, targeted
therapy and immunotherapy. Although the treatment of
cancer is constantly improving, the overall prognosis and
survival of cancer patients have not significantly improved
(Sung et al., 2021). Therefore, finding suitable biomarkers for
tumor diagnosis and prognosis has become an urgent
problem.

The N-Myc and STAT interactor (NMI) is encoded by the
NMI gene and consists of a coiled coil domain (CC) at the
N-terminus and two tandem domains (NID1, NID2) at the
C-terminus, which can interact with transcription factors
containing zip, helix-loop-helix (HLH) or HLH zip motifs
(Zhu et al,, 1999; Weng et al., 2022). Existing studies have
shown that NMI plays an important role in the differentiation
of the breast lumen (Pruitt et al., 2018) and the maintenance of
alveoli (Alsheikh et al., 2021). The loss of NMI in breast cancer
cells reduces their autophagy reactivity and chemosensitivity
(Metge et al., 2015), and the recovery of NMI expression can
be achieved by inhibiting the Wnt/B-catenin signaling
pathway to play an antitumor role (Fillmore et al., 2009).
Interestingly, NMI can also negatively regulate the expression
of hTERT in breast cancer through the Yin Yang 1 (YY1)
protein, to control tumor growth (Feng et al, 2017). In
addition, Nagel et al. (Nagel et al., 2011) found that NMI
was involved in the apoptotic activity of acute lymphoblastic
leukemia. In a lung adenocarcinoma model, Wang et al.
(Wang et al., 2017) found that NMI could inhibit multiple
including p300-mediated NF- «B
acetylation to control tumor growth. However, a recent
study by Meng et al. (Meng et al., 2015) showed that high
expression of NMI was significantly correlated with poor

signaling pathways

prognosis in glioblastoma multiforme (GBM) patients and
was an independent risk factor for the prognosis of GBM
patients. Subsequently, they also found that the expression of
NMI was correlated with PTEN deletion and EGFR
amplification in GBM patients.

Therefore, NMI may play different roles in different types of
tumors, which may be caused by the heterogeneity of tumors. In
addition, the specific mechanism of NMI and its correlation with
immunotherapy need to be further elucidated. Therefore, we
aimed to comprehensively evaluate the role of NMI at the pan-
cancer level, establish the relationship between NMI expression
and tumor diagnosis and prognosis, and determine the
correlation between NMI expression and immune cell
infiltration and immune checkpoint expression. Thus, this
diagnosis,

study  provides targets  for

immunotherapy and prognosis.

new cancer
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Materials and methods
Gene expression analysis

NMI expression data in different types of normal tissues were
obtained from the genotype-tissue expression (GTEx, http://
commonfund.nih.gov/GTEx/) database. The expression data of
NMI in tumor and normal tissues, and the clinical information of
patients were obtained from The Cancer Genome Atlas (TCGA,
and GTEx databases. NMI
expression data in tumor cell lines were obtained from the

http://cancergenome.nih.gov)

Human Protein Atlas (HPA, https://www.proteinatlas.org/)
database. The above data were analyzed by R software
(version 3.6.3) and visualized by the ggplot2 R package. A p
value <0.05 was set as the critical value and was considered
statistically significant by the Wilcoxon test.

Correlation analysis of NMI expression
with tumor molecular and immune types

The correlation between the expression of NMI and the
6 immune types of tumors (Cl (wound healing); C2 (IFN-
gamma dominant); C3 (inflammatory); C4 (lymphocyte
depleted); C5 (immunologically quiet); C6 (TGF-p dominant)
and their unique molecular types were obtained from the TISIDB
(http://cis.hkuhk/TISIDB/) database.

Functional enrichment analysis

The STRING database was used to analyze the top
50 proteins that strongly interact with NMI, and the
parameters were set as follows: meaning of network edges:
evidence, active interaction sources: Textmining, Experiments,
Databases, minimum required interaction score: medium
(0.400).
Encyclopedia of Genes and Genomes (KEGG) and Gene

confidence Subsequently, we performed Kyoto
Ontology (GO) analyses of the above proteins using the

clusterprofiler package and visualized them using the

ggplot2 package.

Analysis of the diagnostic and prognostic
value of NMI

Receiver operating characteristic (ROC) curves were used to
characterize the correlation between NMI expression and tumor
diagnosis. Analysis was performed using the proc package and
visualized using the ggplot2 package. An area under the curve
(AUC) > 0.7 is regarded as having diagnostic accuracy, and an
AUC >0.9 is regarded as having high diagnostic accuracy.
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from the HPA database. (C) Expression of NMI in tumor tissues and adjacent normal tissues from TCGA database. Pink represents tumor tissue and
blue represents adjacent normal tissue. (D) Expression of NMI in tumor tissues and normal tissues in GTEx database. Red represents tumor tissue and
141

Expression level of NMI mRNA in pan-cancer. (A) NMI expression in normal tissues from GTEx database. (B) NMI expression in tumor cell lines
blue represents adjacent normal tissue. *p < 0.05, **p < 0.01, ***p < 0.001. ns, not significant.
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The value of NMI in the prognosis of tumor patients is
characterized by its correlation with overall survival (OS), disease
specific survival (DSS) and progression free interval (PFI).
Correlation of OS, DSS, PFI and clinical
characteristics was performed in lower grade glioma (LGG)
tumor types.

analysis

Analysis was performed using the survival
package and visualized using the survminer package. The
median level of NMI expression was set as the cutoff value
and statistical significance was tested by Cox regression analyses.

Correlation between NMI expression and
immune cell infiltration

The correlation between NMI expression and the
infiltration of 28 immune cell subtypes was analyzed at the
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pan-cancer level by searching the TISIDB database.
Subsequently, the correlation between the abundance of
T cells, B cells, DCs, macrophages, CD8" T cells, NK cells,
cytotoxic cells and Treg cells and NMI expression in LGG was
analyzed by the R package (GSVA). The Wilcoxon rank sum
test was used for significance analysis.

Correlation analysis of NMI expression
with immune stimulatory and inhibitory
molecules

The

correlation  between

NMI and
45 molecules and

24 immunosuppressive molecules was analyzed by the
TISIDB database.

expression
immunostimulatory
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FIGURE 3

Correlation analysis between NMI expression and tumor immune subtypes. (A) BLCA, BRCA, CESC, CHOL, COAD, ESCA, HNSC, KIRC, KIRP,
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Drug sensitivity analysis

We analyzed the relationship between the expression of NMI
and the nomenclature of various types of antitumor drugs
through the RNAactDrug database (http://bio-bigdata.hrbmu.
edu.cn/RNAactDrug), and showed the top 20 drugs with the
strongest correlation. Pearson and Spearman correlation
methods were used to analyze the correlation.

Results
Analysis of gene expression

Using the GTEx database, we analyzed the expression of NMI
in normal tissues. We found that NMI was expressed in most
tissues and organs, and it was the most highly expressed in the
spleen and liver (Figure 1A). Subsequently, by analyzing the HPA
database, we found that NMI was also expressed in a variety of
tumor cell lines, especially in bone marrow-derived tumor cells
(Figure 1B). Compared with adjacent normal tissues, NMI was
significantly upregulated in 15 tumor types, including bladder
urothelial carcinoma (BLCA), breast invasive carcinoma
(BRCA), cervical squamous cell carcinoma and endocervical
adenocarcinoma (CESC), cholangiocarcinoma (CHOL), colon
adenocarcinoma (COAD), esophageal carcinoma (ESCA), GBM,
head and neck squamous cell carcinoma (HNSC), kidney renal
clear cell carcinoma (KIRC), kidney renal papillary cell
carcinoma (KIRP), liver hepatocellular carcinoma (LIHC),
lung adenocarcinoma (LUAD), lung squamous cell carcinoma
(LUSC), stomach adenocarcinoma (STAD) and uterine corpus
endometrial carcinoma (UCEC), while it was downregulated in
kidney (KICH),
paraganglioma (PCPG) and prostate adenocarcinoma (PRAD)

chromophobe pheochromocytoma and
(Figure 1C). Compared with the normal organization of GTEx
database, NMI was significantly upregulated in 24 tumor types,
including BLCA, BRCA, CESC, CHOL, COAD, ESCA, GBM,
HNSC, KIRC, KIRP, acute myeloid leukemia (LAML), LGG,
LIHC, LUAD, LUSC, ovarian serous cystadenocarcinoma (OV),
pancreatic adenocarcinoma (PAAD), rectum adenocarcinoma
(READ), skin cutaneous melanoma (SKCM), STAD, testicular
germ cell tumors (TGCT), thyroid carcinoma (THCA), UCEC
and uterine carcinosarcoma (UCS). However it
downregulated in KICH, PCPG and PRAD (Figure 1D).

was

Correlation analysis of NMI with tumor
molecules and immune subtypes

In the past, the classification of tumors was mainly based
on pathological classification. With the rapid development
of genomics and immunotherapy, molecular typing and

immunotyping are urgently needed to guide the
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treatment of patients. Therefore, we first analyzed the
NMI
molecular type at the pan-cancer level. We found that

correlation  between expression and tumor
the expression of NMI was mainly related to 11 types of
tumors, including BRCA (Figure 2A), COAD (Figure 2B),
HNSC (Figure 2C), KIRP (Figure 2D), LGG (Figure 2E),
LUSC (Figure 2F), OV (Figure 2G), PCPG (Figure 2H),
PRAD (Figure 2I), STAD 2]) and UCEC
(Figure 2K).

Next, we focused on analyzing the relationship between

(Figure

NMI expression and tumor immunotyping. We found that the
expression of NMI was correlated with the immunotyping of
24 types of cancer. Among the 20 cancer types, high
expression of NMI was mainly associated with C2 type,
including BLCA, BRCA, CESC, CHOL, COAD, ESCA,
HNSC, KIRC, KIRP, LUAD, LUSC, MESO, OV, PCPG,
PRAD, SARC, SKCM, STAD, UCEC and UCS (Figure 3A).
This suggests that the effect of NMI on tumorigenesis and
progression may be mainly mediated by the expression of
IFN-y, which is also consistent with previous studies (Zhu
et al, 1999). Interestingly, we observed that the highest
expression of NMI was associated with C4 type
(lymphocyte depleted) in PAAD and READ (Figure 3B),
while the highest expression of NMI was associated with
C6 type (TGF-p dominant) in LIHC and LGG (Figure 3C).
This may be related to the small sample size of this subtype,
but it also indicates that NMI may play different roles in
different types of tumors.

Functional enrichment analysis

NMI proteins have attracted the attention of researchers
because of their extensive interactions with transcription
factors. Therefore, to further explore the protein interaction
network of NMI, we analyzed the STRING database and
obtained 50 proteins that closely interacted with NMI
(Figure 4A). Subsequently, we performed KEGG and GO
analysis of these proteins and visualized them (Figure 4B).
GO enrichment analyses showed that NMI was mainly

associated with “Kinase regulator activity”, “protein
kinase regulator activity”, “transferase complex”,
“transferring phosphorus-containing groups”, “protein

kinase complex” and “serine/threonine protein kinase
complex” (Figure 4C). KEGG enrichment analysis showed
that NMI was mainly associated with “JAK-STAT signaling
pathway”, “Human T-cell leukemia virus 1 infection”,
“Measles” and “Hepatitis” (Figure 4D). Currently, many
studies have established that NMI interacts with all signal
transducers and activators of transcription (STATSs) except
STAT2 and enhances STAT-mediated transcription in
response to the cytokines IL-2 and IFN-y (Wang et al,
2017).
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interacting proteins (C) GO analysis of NMI-interacting proteins. (D) KEGG analysis of NMI-interacting proteins.

The value of NMI in tumor diagnosis

To further clarify whether NMI can be used as a
biomarker for tumor diagnosis, ROC curves were used to
explore the value of NMI in tumor diagnosis. We found that
NMI (AUC>0.7)  predicted 8  types
(Supplementary Figures SIA-H) and had higher accuracy
(AUC>0.9) in 11 cancer types including CESC (AUC = 0.961)
(Figure 5A), CHOL (AUC = 0.981) (Figure 5B), GBM (AUC =
0.979) (Figure 5C), KICH (AUC = 0.974) (Figure 5D), LAML
(AUC = 0.965) (Figure 5E), LGG (AUC = 0.905) (Figure 5F),
OV (AUC = 0.955) (Figure 5G), PAAD (AUC = 0.973)
(Figure 5H), READ (AUC = 0.900) (Figure 5I), STAD
(AUC = 0.935) (Figure 5J) and TGCT (AUC = 0.908)
(Figure 5K).

accurately
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The value of NMI in tumor prognosis

To determine whether NMI has predictive value for tumor
prognosis, we analyzed the relationship between NMI
expression and the OS, DSS and PFI of tumor patients. We
found that NMI was highly correlated with three prognostic
indicators in LGG, LUAD and SKCM. For LGG, high
expression of NMI was associated with worse OS (hazard
ratio (HR) = 3.30, p < 0.001), DSS (HR = 3.46, p < 0.001)
and PFI (HR = 2.25, p < 0.001) (Figure 6A). For LUAD, high
expression of NMI was associated with worse OS (HR = 1.50,
p =0.006), DSS (HR = 1.58, p = 0.015) and PFI (HR = 1.60, p <
0.001) (Figure 6B). However, in SKCM, high expression of NMI
was associated with better OS (HR =0.51, p < 0.001), DSS (HR =
0.46, p < 0.001) and PFI (HR = 0.71, p = 0.003) (Figure 6C). In
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The sensitivity of NMI to tumor diagnosis is represented by the ROC curve. (A) CESC, (B) CHOL, (C) GBM, (D) KICH, (E) LAML, (F) LGG, (G) OV, (H)
PAAD, (I) READ, (J) STAD, and (K) TGCT.
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FIGURE 6

The relationship between NMI and OS, DSS and PFl in tumor patients. (A) LGG, (B) LUAD, and (C) SKCM.

addition, the high expression of NMI was associated with poor
PFIin ACC (HR =3.52, p < 0.001) (Supplementary Figure S2A)
and GBM (HR = 1.44, p = 0.041) (Supplementary Figure S2B)
and better PFI in COAD (HR = 0.68, p = 0.029) (Supplementary
Figure S2C) and READ (HR = 0.50, p = 0.04) (Supplementary
Figure S2D). The high expression of NMI was also associated
with poor OS (HR = 1.57, p = 0.032) and DSS (HR = 1.64, p =
0.038) of PAAD (Supplementary Figure S2E), poor OS (HR =
1.47, p = 0.029) of LIHC (Supplementary Figure S2F) and poor
OS (HR = 0.40, p = 0.005) of osteosarcoma (Supplementary
Figure S2G).
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Through the above analysis, we found that the expression
of NMI was significantly correlated with the diagnosis and
prognosis of LGG patients. Therefore, we further analyzed the
correlation between NMI expression and the clinical
of LGG patients. We found that the
expression of NMI was closely related to tumor histological

characteristics

type, 1p/19q codeletion, WHO grade, primary therapy
and (IDH)
7A) but not to age, race, sex or laterality

outcome isocitrate dehydrogenase status

(Figure
we further

(Supplementary Figure S3A). In addition,

explored the impact of NMI expression in different clinical
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FIGURE 8
Correlation between NMI expression and immune cell infiltration. (A) The correlation heatmap between NMI expression at the pan cancer level
and 28 immune cell subtypes was obtained from the TISIDB database. (B) Scatter plot of the correlation between NMI expression and T cells, B cells,

DCs and macrophages in LGG. (C) In LGG, the correlation box diagram of NMI expression with CD8* T cells, NK cells, cytotoxic cells and Treg cells.
*p < 0.05, **p < 0.01, ***p < 0.001.

subtypes on OS in LGG patients. The results showed that

(Figure 7B), age >40 years (HR = 3.52, p < 0.001)
higher NMI expression was associated with worse OS in 1p/ (Figure 7C), WHO grade = G2 (HR = 2.36, p = 0.021)
19q codeletion = non-codel (HR = 2.55, p < 0.001) (Figure 7D), laterality = left (HR = 3.89, p < 0.001)
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Correlation between NMI expression and immune checkpoint molecules. (A) The correlation heatmap between NMI expression and

45 immunostimulatory molecules was obtained from the TISIDB database.

24 immunosuppressive molecules was obtained from the TISIDB database.

(Figure 7E), sex = male (HR = 3.35, p < 0.001) (Figure 7F),
IDH status = mutation (HR = 1.83, p = 0.01) (Figure 7G),
primary therapy outcome = progressive disease (PD) (HR =
2.2, p = 0.001) (Figure 7H), histological type = astrocytoma
(HR = 2.64, p = 0.001) (Figure 7I), and race = white (HR =
3.47, p < 0.001) (Figure 7J).

Correlation between NMI expression and
immune cell infiltration

Immunotherapy is the fastest developing type of cancer
treatment. Finding suitable biomarkers before and after
treatment has become an urgent issue. A previous
analysis suggested that NMI is closely related to the
diagnosis and prognosis of tumor patients. We found that
the expression of NMI was highly correlated with the
abundance of various tumor infiltrating immune cells,
especially in LGG, KICH, and UCS tumor types
(Figure 8A). Next, we focused on analyzing the
relationship between NMI expression and immune cell
infiltration in LGG. The results showed that the high
expression of NMI was accompanied by high infiltration
of T cells, B cells and macrophages, but not DCs (Figure 8B).
Interestingly, the expression of NMI was also associated
with major innate and adaptive toxic cells (CD8" T cells and
NK cells) (Figure 8C). The high expression of NMI was
accompanied by an overall increase in toxic cells, and the
abundance of Treg cells decreased significantly.
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(B) The correlation Heatmap between NMI expression and

Correlation between NMI expression and
immune checkpoint molecules

Immune checkpoint blockade (ICB) therapy is a new
model of immunotherapy, that has profoundly changed the
prognosis of many types of tumors. Therefore, we further
explored the relationship between the expression of NMI and
the expression of immune checkpoint molecules. We found
that the expression of NMI was related to the expression of
45  immunostimulatory = molecules, especially  the
immunostimulatory molecules CD28, CD40, ICOS and the
CD28 ligand CD80/86 (Figure 9A). In addition, we also found
that the expression of NMI was related to
24 immunosuppressive molecules, especially PDCD-1,
LAG-3, CTLA-4, TIGIT and IDOI1 (Figure 9B). This
suggests that the abnormal expression of NMI may be a
biomarker for ICB treatment.

Drug sensitivity analysis

We explored the relationship between NMI mRNA
expression and various types of antitumor drugs by searching
the RNAactDrug database. We found that the top 20 drugs most
closely related to NMI expression were Pcliainib, bosutinib,
AICA Ribonucleotide, WHI-P97, idelalisib, BIX02189, TPCA-
1, afatinib, SNX-2112, AT-7519, FR-180204, methotrexate,
enzastaurin, OSU-03012, AZD7762, gemcitabine, AS605240,
ZSTK474, CP466722 and VNLG/124 (Table 1).
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TABLE 1 The correlation between NMI mRNA and anticancer drug sensitivity based on RNAactDrug data. ***p < 0.001.

Compound RNAtype RNAmoleade Omits
Pcliainib mRNA NMI Expression
Bosutinib mRNA NMI Expression
AICA Ribonueleotide mRNA NMI Expression
WHI1-P97 mRNA NMI Expression
Idelalisib mRNA NMI Expression
B1X02189 mRNA NMI Expression
TPCA-I mRNA NMI Expression
AICA Ribonueleotide =~ mRNA NMI Methylation
Afatinib mRNA NMI Expression
SNX-2112 mRNA NMI Expression
AT-7519 mRNA NMI Expression
FR-180204 mRNA NMI Expression
Methotrexate mRNA NMI Expression
Enzastaurin mRNA NMI Expression
OSU-03012 mRNA NMI Expression
AZD7762 mRNA NMI Methylation
Gcemciaabine mRNA NMI Expression
AS605240 mRNA NMI Expression
ZSTK474 mRNA NMI Expression
CP466722 mRNA NMI Expression
Discussion

Tumorigenesis is a gradual process, involving changes in
many genes and signal transduction pathways (Todorovic-
2022).
heterogeneity and provide options for finding personalized

Rakovic, Pan-cancer analysis can reveal tumor
biomarkers and drug screening (Chen et al., 2022). Here, we
analyzed the expression of NMI at the pan-cancer level and the
relationship between the expression level and tumor molecules
and immune typing through bioinformatics. Subsequently, we
further evaluated the PPI of NMI and its relationship with tumor
diagnosis, prognosis, immunotherapy and antitumor drug
sensitivity.

Our results showed that NMI was expressed in a variety of
normal tissues, but was significantly elevated in 24 tumor types
and correlated significantly with molecular type in 11 tumor
types. These results suggest that changes in NMI expression are
deeply involved in tumorigenesis and progression. This also
indicates that NMI may play different roles due to the
heterogeneity of tumors.

In recent years, researchers have realized that type II interferon
(IFEN-y) plays an important role in the tumor immune surveillance
of tumors (Dunn et al., 2005). IFN-y in tumor tissues is mainly
produced by TILs, which can play the role of regulatory and cellular
effector factors (Angelicola et al., 2021). IFN-y can upregulate the

expression of MHC-I molecules on the surface of tumor cells, inhibit
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Source  Peanon Pearson.fdr  Spearmanstat  Spearman.dr
stat
GDSC -0.2490565  *** 02946408 oex
GDSC -0.2363505 02504253 oo
GDSC -0.1681221  *** 02137404 oex
GDSC -0.1927539  *** 02270336 o
GDSC -0.2039266  *** 0.2024053 o
GDSC -0.1779594 0.1952747
GDSC -0.1651384 0.1916956
GDSC 0.14491277 020265865
GDSC 0.1400821  *** 0.1960697 oo
GDSC 0.1475029 0.1897817 oo
GDSC 01375211 *** 0.1839012 oo
GDSC 01633403 0.1868138 o
GDSC 0.1434948 0.1811458 oex
GDSC 0.1733262 0.1966106 o
GDSC 0.1685606 02017743
GDSC 0.14467147 0.19235985
GDSC 0.1880426 02103153
GDSC 01577792 *** 0.1876233 o
GDSC 01659785 ~ *** 0.182499 o
GDSC 01495175 0.1771389 o
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the proliferation of tumor cells and promote their apoptosis (Chin
et al., 1997; Hobeika et al., 1999; Castro et al., 2018). However, the
activation of IFN-y receptor (IFNGR) on tumor cells can mediate
the upregulation of PD-L1 through the JAK/STAT signaling
pathway (Ribas et al,, 2015; Garcia-Diaz et al., 2017). IFN-y can
also promote tumor growth by affecting the number of vascular
endothelial growth inhibitors (VEGIs) (Lu et al, 2014) and the
infiltration of immunosuppressive cells (Nishibori et al., 2004). In
our study, we found that the high expression of NMI was associated
with the formation of C2 (IFN gamma dominant) type tumors. In
addition, we observed that the expression of NMI was related to the
C6 type (TGF- dominant) of LGG. Studies have shown that TGF- 8
can promote the metastasis of glioma by upregulating synthesis and
matrix metalloproteinase-2 (MMP-2), and downregulating
metalloproteinase-2 (TIMP-2) (Zhang et al, 2021). TGF- B can
also induce epithelial-mesenchymal transition (EMT) and stemness
by enhancing the signal transduction of NF-kb and Wnt (Kashani
et al,, 2022). This may explain how the expression of NMI is related
to the C6 type of LGG. Enrichment analysis also showed that NMI
mainly affected the “JAK/STAT signaling pathway” and “kinase
regulation activity”. This finding indicates that NMI may affect the
JAK/STAT signaling pathway by regulating the expression of IFN-vy,
thereby mediating the effect on tumorigenesis and progression.
Moreover, NMI may play different roles in different types of
tumors precisely because of the bidirectional regulatory effect of
IFN-y on tumors.
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Adult glioma is a highly malignant tumor of the nervous system,
that usually develops infiltratively (Figarella-Branger et al,, 2011).
According to the different types of origin, gliomas can be divided into
three types: astrocytoma, oligoastrocytoma and oligodendroglioma
(Davis, 2018). Common indicators for prognosis monitoring mainly
include 1p/19q codeletion, IDH mutation, G-CIMP phenotype,
TP53 mutation, and MGMT methylation (Baldock et al, 2014;
Gusyatiner and Hegi, 2018; Guerrini et al, 2021). IDH mutation
is currently recognized as an indicator of better prognosis. Our study
found that the expression of NMI was negatively correlated with IDH
mutation and 1p/19q codeletion, while high expression of NMI was
associated with poor OS in LGG patients. Previous studies have
shown that the high expression of NMI is related to the poor clinical
prognosis of GBM patients, and the mechanism for this effect is that
NMI regulates G1/S progression and cell proliferation through the
interaction between STAT1 and NMI (Meng et al, 2015).
Interestingly, we also found that the high expression of NMI was
associated with the infiltration of toxic cells. This result may be related
to that LGG with high NMI expression is more malignant, has higher
heterogeneity, and can induce more immune cells to infiltrate, but the
immune cells may be inhibited or exhausted.

Currently, immunotherapy is an important type of cancer
treatment, that has profoundly changed the mode of cancer
treatment (Zhu et al., 2021). However, there are still limitations in
the effect of immunotherapy, which requires personalized selection of
the treatment population (Zhang and Zhang, 2020). The foundation
of immunotherapy is the number and status of infiltrating
lymphocytes in tumor tissue, especially the existence of a
depletion phenotype (Tan et al, 2020). In this study, we found
that NMI is an important biomarker of immune cell infiltration and
immune checkpoint expression. The expression of NMI was
positively correlated with the number of infiltrating immune cells
in most tumor tissues, especially the infiltration of tumor killer cells
represented by CD8" T cells and NK cells. In addition, the expression
of NMI is also related to the expression of a variety of immune
checkpoint molecules that have been widely studied. This provides an
opportunity for us to accurately select the appropriate treatment
population for ICB. Of course, our study still has limitations. Our
results are based on the mRNA level and need further verification at
the protein level. In addition, multicenter, large sample clinical studies
are needed to further confirm this conclusion.

Conclusion

Here, we revealed the expression changes of NMI in different
tumor tissues, clarified its relationship with tumor molecules and
immune typing, and confirmed that it can be used as a molecular
marker for tumor diagnosis and prognosis. In addition, we also
explored the relationship between NMI expression and immune
cell infiltration and immune checkpoints, and identified it as a
potential molecular marker for immunotherapy.
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Ferroptosis is a hewly discovered form of hon-apoptotic regulatory cell death
driven by iron-dependent lipid peroxidation. Ferroptosis significantly differs
from other forms of cell death in terms of biochemistry, genetics, and
morphology. Ferroptosis affects many metabolic processes in the body,
resulting in disruption of homeostasis, and is related to many types of lung
disease. Although current research on ferroptosis remains in the early stage,
existing studies have confirmed that ferroptosis is regulated by a variety of
genes, mainly involving changes in genes involved in iron homeostasis and lipid
peroxidation metabolism. Furthermore, the mechanism of ferroptosis is
complex. This review summarizes the confirmed mechanisms that can cause
ferroptosis, including activation of glutathione peroxidase 4, synthesis of
glutathione, accumulation of reactive oxygen species, and the influence of
ferrous ions and p53 proteins. In recent years, the mechanism of ferroptosis in
the occurrence and development of many diseases has been studied; the
occurrence of ferroptosis will produce an inflammatory storm, and most of
the inducing factors and pathological manifestations of lung diseases are also
inflammatory reactions. Therefore, we believe that the association between
ferroptosis and lung disease deserves further study. This article aims to help
readers to better understand the mechanism of ferroptosis, provide new ideas
and targets for the treatment of lung diseases, and point out the direction for the
development of new targeted drugs for the clinical treatment of lung diseases.

KEYWORDS

ferroptosis, lung disease, glutathione peroxidase 4, glutathione, reactive oxygen
species

1 Introduction

Cell death is an irreversible process that often occurs in normal tissues and is a
necessary life process to maintain the function and morphology of tissues. Previous
studies have suggested that there are two main pathways of cell death: apoptosis and
necrosis. In recent years, a growing number of studies have indicates that there are other
types of cell death besides apoptosis and necrosis, such as autophagy, necrotic apoptosis,
scorch death, and ferroptosis. In 2003, Dolma et al. (2003) found that cells treated with
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Inhibition of GPX4 induced ferroptosis. Cystine is transported into cells by System xc—and transformed into cysteine by TXNRD1, which further
synthesizes GSH. GPX4 uses GSH to remove the phospholipid peroxide (PLOOH). The decrease of GSH leads to the weakening of GPX4's scavenging

effect on lipid peroxides, thus inducing ferroptosis.

erastin, a small molecule compound that can be precisely targeted
at human cancer cells, did not show the classic characteristics of
apoptosis when screening selective lethal anti-tumor drugs in
RAS mutated tumor cells. In 2012, Dixon et al. (2012) named this
type of death as ferroptosis, an iron-dependent non-apoptotic
form of cell death.

Regarding the common cell morphologies in ferroptosis that
distinguish it from apoptosis, necrosis, and autophagy, during
the process the size of the mitochondria decreases, the density of
bilayer membranes increases, and the mitochondrial cristae
decrease or disappear; however, the cell membrane remains
intact, the size of nucleus is normal, and there is no evidence
of nuclear concentration or chromatin marginalization (Peng
et al,, 2021). In terms of biochemistry, ferroptosis is mainly
manifested by the exhaustion of glutathione (GSH), a decline in
glutathione peroxidase 4 (GPX4) activity, and the inability of
lipid peroxides to be metabolized through the GSH reduction
reaction catalyzed by GPX4. Then, ferrous ions (Fe**) mediate
lipid oxidation in a manner similar to the Fenton reaction to
produce a large number of reactive oxygen species (ROS) (Park
and Chung, 2019; Wang et al., 2020). Ferroptosis intersects with
multiple cell death pathways were shown by many studies.
Furthermore, the working mechanism of ferroptosis is being
revealed and clarified underway.

Ferroptosis cells trigger the innate immune system by
releasing inflammation related damage factors, and then
stimulate the inflammatory response. Pulmonary diseases,
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such as asthma, acute lung injury, COPD, and pulmonary

fibrosis, are closely related to inflammatory response.
Therefore, based on the inducing the operating mechanism of
ferroptosis, the exploration on the relevance between ferroptosis
and lung diseases will conribute to a deeper perspective on
pathogenesis of asthma, COPD and other lung diseases, and
provide new ideas and directions in treatment methods and new
drug research and development.

This review aims to improve our comprehension on the
ferroptosis working mechanism so as to provide novel insights
during the process of the clinical treatment of lung diseases, and
identify the direction for the development of new targeted drugs

for the clinical treatment of lung diseases.

2 The mechanism of the induction of
ferroptosis

2.1 Suppression of GPX4

GPX4 plays an essential part in ferroptosis in ferroptosis
(Figure 1) (Zhang et al, 2021b). Studies have shown that
inhibiting the expression of GPX4 can induce iron- dependent
cell death (Ding et al., 2021). GPX4 is required to participate in
ferroptosis through the induction of erastin and RSL3 (Sui et al.,
2018; Zhang et al., 2020b). GPX4 is a GSH-dependent enzyme,
which can convert reduced GSH into oxidized GSH, reduce lipid
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Intracellular Fe?* overload induces ferroptosis. Fe** flows into the cell through the transferrin receptor (TFR). Fe**is reduced to Fe?* through
prostate six times transmembrane protein 3 (STEAP3) and stored in the labile iron pool (LIP). Fe?* can also be further released from the endosome into
LIP with the assistance of divalent metal transporter 1 (DMT1). Iron boosts the free radicals generation under the effect of Fenton reaction, which
further promoting the occurence of lipid peroxidation and ferroptosis induction

hydroperoxide into lipid alcohol, and convert free hydrogen
reduce iron-dependent lipid
peroxidation (Liu et al., 2022a; Dang et al, 2022). GPX4 has
selenocysteine (Sec) in its structure (Schwirzler et al., 2022). Sec
can bind with RSL3, inhibiting the viability of GPX4 protease,
resulting in the lipid peroxides accumulation in cells, which
mediates ferroptosis (Shin et al., 2018; Wang et al., 2021). The
activity of GPX4 is affected by Sec. As an essential donor in the
mevalonate pathway (MVA), the Sec tRNA is modified by
isopentenyltransferase. Therefore, inhibition of the MVA can

peroxide into water to

lead to Sel RNA maturation disorder, affecting the normal
function of GPX4, and inducing ferroptosis (Chen et al., 2021).

2.2 Inhibition of GSH synthesis

GSH is an important antioxidant in cells; it plays a protective
role as it can reduce excessive lipid peroxide in cells (Lotocki
et al, 2021; Sun et al, 2021). When the synthesis of GSH is
blocked, the systems of intracellular oxidation and antioxidant
are in a state of out-of-balance, and a large amount of
polyunsaturated fatty acid peroxidation cannot be cleared in
time; therefore, ferroptosis will occur. The synthesis of GSH
depends on System Xc~, which is anchored on the cell membrane
and consists of seven members of the solute carrier family 11
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(SLC7A11) and three members of the solute carrier family 2
(SLC3A2) (Dong et al., 2021). It can transfer cysteine into cells to
synthesize GSH. Therefore, inhibiting the activity of System Xc~
leads to the inhibition of GSH synthesis and the depletion of GSH
in cells, which in turn prevents the effective elimination of lipid
peroxides in cells and mediates ferroptosis (Ma et al., 2021).

2.3 Intracellular Fe?* overload

Normally, the iron ions inside and outside the cell are in a
state of dynamic balance. The main iron ion used in cells is Fe**,
which is stored in the cell marginal iron pool (LIP) (Krijt et al.,
2018). The main routes of iron ions in the LIP are: 1) direct use in
cells, 2) enter the mitochondria for biotransformation, 3) bound
with ferritin (Fn) and stored in cells, and 4) they are transported
out of cells (Xie et al., 2022). As shown in Figure 2, if the cell state
is abnormal or the above process is inhibited, it will lead to an
overload of Fe** in the cell. Affected by the Fenton reaction, iron
will catalyze the generation of free radicals and promote to the
peroxidation of lipid so as to lead to the lipid peroxides
accumulation in cells, which eventually brings on the
consequence of ferroptosis (He et al., 2020; Fu et al,, 2021). In
addition, iron reaction element binding protein 2 (IREB2) can
significantly increase the expression of ferritin heavy chain and
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light chain after inhibition, leading to a decreased intracellular
free iron level and inhibiting the emergence of ferroptosis (Zhu
et al., 2022).

2.4 ROS accumulation

The main cause of ferroptosis is the accumulation of lipid
peroxides (Gao et al., 2019). Abnormal lipid metabolism leads to
the formation of oxidized phospholipids and the accumulation of
oxygen free radicals, thus inducing cell death (Zhang et al., 2022).
As mentioned above, GPX4 and GSH are inhibited, and the result
is the accumulation of ROS, which leads to ferroptosis.
Polyunsaturated fatty (PUFA)
ferroptosis (Zou et al., 2020), and PUFA is the main substrate
for membrane lipid peroxidation. Acyl-CoA synthase long chain

acids are essential for

family member 4 (ACSL4) and lysophosphatidyltransferase 3
(LPCAT3) play roles in lipid synthesis and modification,
respectively. The revelation of ACSL4 and LPCAT3 in
ferroptosis resistant cells was significantly decreased (Liao
et al., 2022). Furthermore, by downregulating the gene level of
ACSL4 and LPCATS3 in cells, the production of lipid peroxides
could be effectively prevented, and the ferroptosis resistance
could be improved (Reed et al., 2022).

2.5 p53 and ferroptosis

p53 is a classical tumor suppressor gene that participates in a
variety of cellular metabolic reactions through interactions with
other proteins and selective transcriptional regulation of a variety
of target genes (Zhao et al, 2021; Zheng et al, 2022). The
accumulation of GPX4, GSH, and ROS mentioned above can
be regulated by the signaling pathway mediated by p53, thus
leading to ferroptosis. p53 can inhibit the activity of solute carrier
family 7 member 11 (SLC7A11); cystathionine f synthase (CBS)
has a regulatory effect (Hong et al., 2021). p53 can inhibit
SLC7A11, reduce the synthesis of GSH through specific
inhibit the viability of GPX4, lead to the
accumulation of ROS, and induce ferroptosis (Guan et al,

pathways,
2020). This discovery has important guiding significance in
the treatment of cancer.

3 Ferroptosis and lung diseases

3.1 Chronic obstructive pulmonary disease
(COPD)

COPD is a lung disease characterized by airflow restriction
respiratory An
inflammatory reaction caused by exposure to chronic cigarette

and  persistent symptoms. abnormal

smoke (CS), harmful particles, or gases is one of the main causes
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of COPD (Vij et al., 2018). CS is composed of a complex mixture
of chemical substances, including free radicals (Zhou et al., 2020).
Previous studies have shown that there is iron accumulation in
the lungs of long-term smokers, and CS promotes unstable iron
accumulation through nuclear receptor coactivator 4-mediated
ferritin autophagy, leading to an increase in free iron, and
subsequently to phospholipid peroxidation and ferroptosis of
pulmonary epithelial cells (Yoshida et al., 2019; Liu et al., 2022b).
In a mouse model of CS-induced ferroptosis leading to COPD,
GPX4 was shown to be a regulatory target that plays a therapeutic
role. Yoshida et al. (2019) reported that accumulation of unstable
iron and enhanced lipid peroxidation occurred in cells exposed to
CS, and that the accumulation of iron was more severe after
GPX4 was knocked out, indicating that ferroptosis may
participate in the process of COPD. Furthermore, particle
matter 2.5 (PM 2.5) has been shown to induce ferroptosis; the
mechanism may be closely related to iron overload, lipid
peroxidation, and redox imbalance (Ren et al., 2021).

3.2 Acute lung injury

Acute lung injury is characterized by acute systemic
inflammation. Its clinical manifestations include pulmonary
diffuse injury,
infiltration (Ren et al, 2021). Acute lung injury can further

edema, hypoxemia, alveolar and lung

cause multiple organ dysfunction syndrome or acute
respiratory distress syndrome. Acute lung injury is generally
caused by extrapulmonary factors and pulmonary inflammation,
and its pathogenesis is very complex. Zhou et al. (2019) reported
an increase in iron accumulation in the lungs of mice with acute
lung injury. The production of superoxide were promoted by the
excess iron and leads to lipid peroxidation through the
generation of free radicals from the Fenton reaction. The
down-regulation of GSH and GPX4 also induces ferroptosis.
Liu et al. (2020) showed evidence that ferroptosis plays an
important role in lipopolysaccharide (LPS)-induced acute lung
injury, and that treatment with the ferroptosis inhibitor
ferrostatin-1 (Fer-1) resulted in a significantly improved effect
in LPS-induced acute lung injury. Li et al. (2020) listed decreased
expression of GPX4 and increased levels of ROS in the cells of
mice with acute lung injury induced by radiation; after treatment
with liproxstatin-1, an ferroptosis inhibitor, assumed the trend of
escalation significantly while the expression of ROS reflected the

trend the other way around.

3.3 Lung cancer

An increasing number of studies have reported the role of
ferroptosis in the pathogenesis and treatment of cancer,
including many malignant tumors such as breast cancer
(Zhang et al., 2021a), liver cancer (Yang et al., 2020), stomach
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cancer (Zhang et al., 2020a), rectal cancer (Xian et al., 2020),
glioma (Zhuo et al., 2020), and pancreatic cancer (Ye et al., 2021).
Typically, immune balance occurs when a tumor is present; the
interaction between ferroptosis and lipid metabolism is very
important in tumor immune regulation. Researches have
proved that the
synthase 2 in tumor cells undergoing ferroptosis is abnormally

content of prostaglandin-endoperoxide
increased, resulting in the production of the immunosuppressive
factor prostaglandin E2, thereby inhibiting the tumor immune
function of traditional type 1 dendritic cells, natural killer cells,
and cytotoxic T cells (Zhao et al,, 2022). In recent years, the
relationship between lung cancer and ferroptosis has increasingly
studied with a focus on NSCLC and lung adenocarcinoma (Tang
et al.,, 2021; Yao et al., 2021).

There is a close relationship between ferroptosis and COPD
and lung cancer. COPD caused by excessive smoking is one of the
main causes of lung cancer (V et al., 2021). Many substances in
CS can induce ferroptosis of airway epithelial cells, which in turn
promotes the onset of COPD in lung cancer patients. Research
has shown that the combined use of erastin and acetaminophen
can promote cell apoptosis and ferroptosis and induce NSCLC
cell death (Gai et al., 2020). Furthermore, it can decrease the GSH
content and increase lipid peroxide levels to abnormal levels in
NSCLC cells. In the radiation resistant subtype NSCLC cells,
erastin not only can erastin induce ferroptosis, but also partially
reduce cell resistance to radiation (Pan et al., 2019).

3.4 Pulmonary fibrosis

Ferroptosis is closely related to the pathogenesis of
pulmonary fibrosis. The accumulation of iron ions, ROS, lipid
peroxides, and inhibition of GPX4 activity features critically in
the pathogenesis of pulmonary fibrosis (V et al, 2021). An
imbalance of iron and lipid peroxide metabolism often
accompanies pulmonary fibrosis (Hanania et al, 2019).
Therefore, inhibiting the accumulation of lipid peroxide and
iron in cells is an effective measure to prevent iron-dependent
death of alveolar cells and the progression of pulmonary fibrosis.
Radiation-induced lung fibrosis (RILF) is a serious and life-
threatening complication of radiotherapy treatment for lung
in the
radiotherapy and can last for up to 2 years. The latest research

cancer; symptoms occur first few months after
shows that ferroptosis is a novel mechanism of radiation-induced
cancer cell death. Inducers of ferroptosis cause biological
molecule oxidation (such as lipid oxidation) by enhancing
ROS generated by radiation, and drive ferroptosis through
phospholipid peroxidation (Ye et al, 2020). Li et al. showed
that the level of GPX4 was significantly down-regulated in a RILF
mouse model, and that liproxstatin-1 could down-regulate
transforming growth factor (TGF) by activating the nuclear
factor-erthroid factor 2-related factor 2 (Nrf2) pathway-p1 to
alleviate RILF (Li et al., 2019).
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4 Discussion

Since Dixon and others put forward the concept of ferroptosis in
2012, it has received increasing research attention, with a particular
focus on the mechanism. Ferroptosis is a novel form of cell death
that disticts from common modes such as apoptosis and autophagy;
the occurrence of ferroptosis is regulated by iron metabolism-related
mechanisms. This controllable regulatory cell death mode provides
new opportunities for the treatment of human diseases.

With increased research, the inducers, inhibitors, and related
mechanisms of ferroptosis have been identified. From the
perspective of biochemistry, the cause of ferroptosis can be
contributed to GSH depletion, intracellular iron accumulation,
lipid peroxidation and GPX4 inactivation. In recent years, more
and more inducers and inhibitors of ferroptosis have been
identified. For example, Nrf2 and heat shock proteins can
regulate ferroptosis. Furthermore, the results of a large
number of clinical trials and animal experiments indicates
that ferroptosis can be closely attributes to a variety of human
diseases and pathological processes. The treatment of pathway
intervantion proves effectively delay on the process of certain
diseases and relieves the symptoms (Chang et al, 2021).
Although research on ferroptosis is far from complete at
present, the research on ferroptosis and lung diseases has
the of
ferroptosis inducer, has been used as an anti-tumor drug in
the treatment of liver and kidney cancer (Sun et al., 2017). RSL3 is
one of the representative drugs of GPX4 inhibitors, which can

made some progress, Sorafenib, representative

directly target GPX4. RSL3 can trigger ferroptosis by directly
inhibiting GPX4 activity and inhibit the growth of glioma cells
(Wang et al,, 2019). The use of ferroptosis inducers as new
adjuvants to traditional treatment schemes in lung cancer has
been shown to be effective. The research and development of new
inducers of ferroptosis and the employment of a variety form of
integrated treatments are promising in the field of lung cancer
treatment research. Furthermore, inducing or inhibiting
ferroptosis may become a new therapeutic method and drug
development target in the treatment of other lung diseases.
Relatively speaking, research on ferroptosis and acute lung
injury, COPD, and pulmonary fibrosis remains very limited at
present; however, there is clear evidence to show the relationship
that exists between them. Considering that there is still a large
gap to be filled regarding the proposed concept of ferroptosis,
with future research, the relationship between ferroptosis and
many lung-related diseases will become increasingly clear.

In conclusion, ferroptosis is a newly discovered form of cell
death. With continuous in-depth research, new mechanisms
and regulatory factors have been identified, and the connection
with the processes of many diseases has been confirmed. It has
important theoretical and practical value in guiding the
development of new therapeutic schemes and targeted drugs
for various diseases presenting with ferroptosis as the entry
point.
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It is well known that tumor cells rely mainly on aerobic glycolysis for energy
production evenin the presence of oxygen, and glycolysis is a known modulator
of tumorigenesis and tumor development. The tumor microenvironment (TME)
is composed of tumor cells, various immune cells, cytokines, and extracellular
matrix, among other factors, and is a complex niche supporting the survival and
development of tumor cells and through which they interact and co-evolve
with other tumor cells. In recent years, there has been a renewed interest in
glycolysis and the TME. Many studies have found that glycolysis promotes
tumor growth, metastasis, and chemoresistance, as well as inhibiting the
apoptosis of tumor cells. In addition, lactic acid, a metabolite of glycolysis,
can also accumulate in the TME, leading to reduced extracellular pH and
immunosuppression, and affecting the TME. This review discusses the
significance of glycolysis in tumor development, its association with the
TME, and potential glycolysis-targeted therapies, to provide new ideas for
the clinical treatment of tumors.

KEYWORDS

glycolysis, tumor microenvironment, immune cells, inflammatory factors, targeted
therap

1 Introduction

Cancer is a massive global health challenge (Yang X et al.,, 2022), and is a major
contributor to the universal disease burden. The global burden of disease is expected to
continue to grow in the next 20 years. It is estimated that 23.6 million (95% UI,
22.2-24.9 million) new cases and 10 million (95% UI, 9.36-10.6 million) cancer-
associated deaths occurred in 2019. According to the Global Burden of Disease cancer
deaths, with a 26.3% (95% U, 20.3%-32.3%) rise in novel cancer cases, and a 20.9% (95%
UL, 14.2%-27.6%) elevation in cancer-related mortality since 2010, cancer ranked second
to cardiovascular disease among global deaths in 2019 (Kocarnik et al., 2022). Owing to
the persistence of the COVID-19 pandemic, and subsequent delays and disruptions in
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FIGURE 1

One glucose molecule is broken down intracellularly to two pyruvate molecules, which can enter the mitochondrion to participate in the
tricarboxylic acid (TCA) cycle under aerobic conditions or to produce lactate under anaerobic conditions. Tumor cells rely mainly on aerobic
glycolysis for energy production, even under oxygen-sufficient conditions, with one glucose molecule entering the glycolytic pathway to produce
two net ATP molecules. Glycolysis involves the production of many intermediate metabolites apart from ATP. These intermediate metabolites

can participate in other biosynthetic pathways, for example, glucose-6-phosphate can enter the pentose phosphate pathway, fructose 6-phosphate
can enter the hexosamine biosynthesis pathway, dihydroxyacetone phosphate can be converted to glycerol 3-phosphate, and glycerol 3-phosphate

can be converted to serine, cysteine, and glycine, among others.

cancer screening, diagnosis, and therapy worldwide (Kocarnik
et al, 2022), the number of avoidable cancer deaths has
increased dramatically (Maringe et al., 2020). Hence, it is
critical to elucidate the occurrence and development of
tumors and clinical therapeutic targets to reduce the
morbidity and mortality of cancer patients. Glycolysis is a
process of oxidative glucose catabolism, whereby glucose is
broken down to lactate with a small amount of ATP production
under anaerobic conditions (Fuller and Kim, 2021). Recent
studies have demonstrated the essential roles of glycolysis in
numerous tumors (Wang L et al., 2022; Xu et al., 2022; Yang |
et al,, 2022). These include the regulation of tumor growth,
invasion, chemoresistance, and the tumor microenvironment
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(TME) (Bi et al., 2021). Studies have revealed that the TME

strongly modulates tumorigenesis, tumor development,
metastasis, and therapeutic response (Xiao and Yu, 2021).
The TME is a complex tumor-associated environment,
specifically supporting the survival and development of the
tumor cells. It includes tumor cells, various immune cells,
secretory factors, and extracellular matrix (ECM). Tumor
cells and the TME constantly interact with one another and
co-evolve (Xiao and Yu, 2021). In this review, we mainly discuss
the significance of glycolysis in tumorigenesis and tumor
development, the relationship between glycolysis and various
types of cells and cytokines within the TME, and glycolysis-

targeted anti-tumor therapy.
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2 Tumor cell metabolism and
glycolysis

Cellular energy is primarily derived from glucose conversion.
Under conditions of sufficient oxygen, cells undergo aerobic
oxidation, whereby glucose oxidizes to water and carbon
dioxide. This is the main form of sugar oxidation, as well as
the main process of cellular energy production. Under anaerobic
conditions, however, glucose or glycogen breaks down to form
lactate and energy. This process is known as anaerobic glycolysis
(Figure 1).

Glycolysis has three main features: 1. It is the only way to
produce ATP under anaerobic conditions or in cells with no
mitochondria like erythrocytes and hyperthyroid cells. Under
these circumstances, pyruvate is converted to lactate; 2. In
presence of oxygen, glycolysis produces pyruvate, which enters
into the tricarboxylic acid (TCA) cycle (also known as the citric
acid or Krebs cycle) within the mitochondria to produce ATP; 3.
Multiple glycolytic and TCA cycle metabolites can also become
involved in anabolic networks to produce NADPH and
intermediates required for glycogen, lipids, nucleotides and
protein syntheses (Chandel, 2021). Thus, the primary goal of
glycolysis is to produce intermediates that activate biosynthetic
Taken together, oxygen
mitochondria provide a large amount of ATP to most cells.

networks. under availability,
When oxygen is no longer available, glycolysis is activated to
generate ATP for cell survival (Chandel, 2021).

Malignant tumor cells undergo excessive proliferation and
detachment from neighboring cells to translocate to distant
locations for metastasis. This requires ample energy and
biosynthetic precursors that accelerate cell division, invasion,
and migration. As an early tumor expands, it grows beyond the
diffusion limit of local blood supply, which leads to hypoxia and
upregulation of hypoxia-inducible transcription factor (HIF)
expression (Infantino et al, 2021). Owing to the resulting
reduced dependence on aerobic respiration, tumor cell
metabolism generally switches to glycolysis by enhancing the
production of glycolytic enzymes, glucose transporter proteins,
and mitochondrial metabolic inhibitors (Hsu and Sabatini,
2008). By altering their energy metabolism, tumor cells gain a
strong ability to survive in a hostile environment. This is known
as “metabolic reprogramming”, and this mostly occurs due to
enhanced glycolysis (Hsu and Sabatini, 2008).

Under oxygenated conditions, normally differentiated cells
maximize ATP synthesis via mitochondria-mediated glucose
oxidative phosphorylation. In contrast, tumor cells consume
excess glucose and synthesize massive quantities of lactate,
thereby relying on glycolysis for energy production even in a
well-oxygenated environment (Zahra et al., 2020). This process is
aerobic glycolysis or the Warburg effect (Wong et al.,, 2013).
Although glycolysis is considerably less efficient in producing
ATP per molecule of glucose, it produces ATP at a faster pace
than oxidative phosphorylation. Thus, the unlimited tumor cell
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proliferation is amply supplied with rapidly producing energy
(Zhang et al., 2020a; Dominski et al., 2020). Therefore, glycolysis
is a critical element in tumor progression.

3 The significance and related
mechanism of glycolysis in
tumorigenesis and tumor
development

Tumor cells exhibit a specific pattern of glucose metabolism,
namely aerobic glycolysis, which is critical for tumorigenesis and
tumor development, and it affects tumor growth, invasion,
chemoresistance, and the TME (Bi et al., 2021). In pancreatic
ductal adenocarcinoma, glycolysis was shown to promote tumor
invasion and migration via large amounts of substrate
production, and glycolytic enzymes and actin association,
which ultimately support vigorous tumor cell growth (Yang
et al, 2020). In addition, essential enzymes and glycolysis
ductal

adenocarcinoma metastasis via participation in colonization-

intermediates may modulate pancreatic
related networks, angiogenesis, epigenetic mechanisms, or
activation of the epithelial-mesenchymal transition (Tsutsumi
et al., 2004; Azoitei et al., 2016; McDonald et al., 2017; Liu et al.,
2021). Non-coincidentally, Deng et al. (2019) also reported that
aerobic glycolysis is essential for angiogenesis in colorectal cancer
(CRC) cells, and angiogenesis is a critical modulator of tumor
progression and metastasis. In CRC cells, glucose-derived aerobic
glycolysis-generated lactic acid accumulates in the TME, wherein
it stimulates the formation of vascular endothelial cells, which, in
turn, promote tumor progression and metastasis. CRC cells also
rely on aerobic glycolysis-derived ATP for rapid growth and
chemoresistance (Wang et al., 2020). Emerging reports suggested
that hypoxic tumors with enhanced glycolysis are more prone to
metastasis than normoxic tumors. Therefore, augmented
glycolysis is a major contributor to metastasis, and is a poor
prognostic phenotype in cancers such as prostate cancer
(Ghanavat et al., 2021).

Impaired energy metabolism and immune evasion are two
major characteristics of cancer. Cancer cells employ the glycolytic
network for energy production and reprogram the TME via the
abundant energy supply (Chang et al, 2015; Ganapathy-
Kanniappan, 2017; Vaupel et al., 2019). Multiple reports have
suggested that tumor metabolism and tumor-based immune
evasion are dependent on one another (Cascone et al., 2018).
On the one hand, Jiang et al. (2019) revealed a strong direct
association between tumor glycolysis and tumor immunity in
various cancers, with glycolytic activity being more predictive of
immune signaling in different cancers compared to tumor
mutational burden and tumor aneuploidy. In addition,
glycolysis also increased the programmed cell death ligand 1
(PD-L1) content in tumor cells, thereby enhancing the anti-PD-
1/PD-L1 immunotherapeutic response. Tumors with enhanced
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FIGURE 2

Major cellular components and mediators in the TME, including normal cells, cancer cells, immune cells (T cells, B cells, dendritic cells, TAMs,

and macrophages), cytokines, and extracellular matrix.

glycolysis exhibit better immunotherapeutic response and good
survival in an immunotherapeutic setting. Therefore, tumor
glycolytic activity is a potential prognostic indicator for
immunotherapeutic response in a variety of cancers (Jiang
et al., 2019). On the other hand, Li et al. (2020) reported a
strong association between enhanced glycolytic activity and pro-
tumor immunity/inflammation in breast cancer. In the high-
glycolysis group, there was a marked elevation in the tumor
immunity/inflammation-associated ~ gene  expression and
immune/inflammatory networks, particularly the IL-17 axis.
Moreover, several immune/inflammatory cells such as
Th2 cells and macrophages were enriched, whereas the
invasion of killer immune cells such as NKT cells was
diminished, and the immune checkpoint genes PD-LI,
CTLA4, FOXP3, and IDO1 were elevated. This evidence
suggests that tumor glycolysis can accelerate tumor immunity/
inflammation via the IL-17 axis to enhance the immune/
inflammatory functions of tumor cells (Li et al., 2020).
Furthermore, glycolytic activity is also closely related to
apoptosis, a strong direct indicator of immune function. This
indicates that apoptosis may serve as a bridge between glycolytic

and immune activities in tumors (Jiang et al., 2019). It was
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revealed that increased aerobic glycolysis in nasopharyngeal
carcinoma cells via the IRF2/CENP-N/AKT axis promoted
malignant biological behavior while inhibiting apoptosis (Qi
et al, 2021). In hepatocellular carcinoma (HCC), aerobic
glycolysis was also found to inhibit Silibinin-triggered
apoptosis in human HCC HepG2 and Hep3B cells (Yang
2021). addition the

suppression of tumor cell apoptosis, its metabolite lactate

et al, In to glycolysis-mediated
accumulates in the TME, leading to acidification of the
extracellular pH and immunosuppression, which, in turn,

affect the TME (de la Cruz-Lopez et al., 2019).

4 The TME

Cell proliferation and apoptosis in normal tissues remain in a
state of equilibrium. Disruption of this balance can result in the
development of various benign and malignant neoplastic
diseases. The TME is a cellular niche comprising a dynamic
heterogeneous collection of tumor or cancer stem cells, as well as
being involved in the constant modulation of infiltrating and
resident host cells, secretory factors, and ECM (Xiao and Yu,
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2021). This niche not only includes the structure, function and
metabolism of the tumor-host tissue, but also the internal
environment (nucleus and cytoplasm) of the tumor cells
themselves (Anderson and Simon, 2020; Cao et al., 2022). The
cellular components of the TME include the tumor cells
themselves, as well as adipocytes, fibroblasts, tumor vascular
system, lymphocytes, dendritic cells, and tumor-related
fibroblasts (Figure 2), each of which has a unique immune
capacity that will determine the survivability and influence of
tumor cells on neighboring cells (Arneth, 2019). The non-cellular
components include chemokines and cytokines (for example, IL-
1P, IL-33, IL-6, TNF-a, and IL-17). The cellular and non-cellular
components together form a complex TME that synergistically
supports tumor growth (Arneth, 2019). Parenchymal and
mesenchymal cells are morphologically, phenotypically, and
functionally distinct among patients, between primary and
metastatic tumors, and even within individual tumors at
multiple levels (Naxerova et al., 2014; Naxerova and Jain,
2015). Tumor cells cross-talk with neighboring cells using the
circulatory and lymphatic systems to regulate tumor
development. During tumor cell proliferation, tumor cells
recruit surrounding non-tumor cells (Balamurugan, 2016) to
foster a specific TME that facilitates local tumor development
and metastasis to distant organs. These tumor cells associate with
host cells to generate an aberrant organoid structure (Ge and
Ding, 2020; Uneda et al, 2021). The available literature
establishes TME as an essential niche for tumor development,
heterogeneity among and within tumors, and systemic therapy
resistance (Jin and Jin, 2020; Wang and Ilyas, 2021). It is well
established that glycolysis modulates the TME, and, in recent
years, numerous studies have reported links among glycolysis,

immune cells, and inflammatory factors within the TME.

5 Relationships between glycolysis
and immune cells in the TME

Glycolysis is inseparable from the immune cells present in
the TME. Macrophages are specialized phagocytic cells belonging
to the innate immune system, and they serve an essential
function in the TME, along with their ability to fight
inflammation. Macrophages are typically classified as M1 and
M2 types, with M1-type macrophages promoting inflammatory

responses, and M2-type macrophages promoting tumor
development (Jablonski et al, 2015). The M2-type
macrophages  differentiate to  form  tumor-associated

macrophages (TAM), which are critical regulatory cells for
tumor immunity and immunotherapy (DeNardo and Ruffell,
2019). Glycolysis produces lactate, a pro-tumor metabolite, and
lactate promotes M2-like gene expression in M1 macrophages,
and enhances PD-L1 expression in M1 macrophages, which leads
to an M1 phenotype that is both pro-inflammatory and
potentially oncogenic (Morrissey et al., 2021). In HCC, cancer
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cell-based fibronectin 1 (FN-1) activates glycolysis within
macrophages by triggering TLR4, which results in the
significant upregulation of pyruvate kinase M2 (PKM2),
which, in turn, enhances the syntheses of IL-1f, IL-12p70,
TNF-a, HLA-DR, and PD-L1. In addition to being a
glycolytic rate-limiting enzyme, PKM2 enters the nucleus to
stability, while
polarization, which diminishes the anti-tumor activity of

maintain  HIF-1a inducing macrophage
macrophages (Lu et al., 2022). Similarly, lactate accumulation
in breast cancer contributes to the M2-type macrophage
polarization, which promotes tumor development both in vivo
and in vitro. Additionally, this is correlated with worse outcomes
in breast cancer patients (Jiang et al., 2022). It was revealed that,
(PC), the
CCL18 promotes malignant tumor progression and induces

in pancreatic cancer TAM paracrine factor
glycolysis by upregulating VCAM-1. In contrast, VCAM-1-
triggered lactate formation in PC cells enhances aerobic
glycolysis while activating macrophages to form a TAM-like
phenotype, creating a positive feedback loop (Ye et al., 2018).
The first rate-limiting enzyme in glycolysis is hexokinase.
Hexokinase 3 (HK3) expression was shown to be strongly
correlated with macrophage and dendritic cell infiltration.
Moreover, it can promote the progression of renal clear cell
carcinoma (Xu et al, 2021). Fructose-2,6-bisphosphatase 3
(PFKFB3) is a glycolytic activator, and PFKFB3 upregulation
in peritumor-associated monocytes/macrophages in HCC
promotes tumor progression via attenuation of the cytotoxic
T lymphocyte response in tumor tissue using the PFKFB3/NF-
kB/PD-L1 axis (Chen D.P et al., 2019).

Lymphocytes are another critical element for the TME.
Moreover, the antitumor activity of lymphocytes is influenced
by multiple factors. Cancer cell-mediated glycolysis is known to
impair T cell activation and antitumor responses. For example,
lactic acid accumulation impairs the activation and migration of
T cells and promotes the immune escape of tumor cells
(Beckermann et al,, 2017). Among them, regulatory T cells
(Tregs) strongly modulate homeostasis of the immune system,
body immune tolerance, enhanced angiogenesis, tumor growth,
and proliferation, as well as tumor transformation into metastatic
disease (Paluskievicz et al., 2019). PD-1 expression of Treg cells is
markedly increased in highly glycolytic tumors, relative to
effector T cells (Kumagai et al, 2022). Tumor glycolytic
activity is directly associated with PD-L1 levels and the
immune response. Hence, tumor glycolytic activity can serve
as a marker for tumor immunotherapeutic response prediction
(Jiang et al., 2019).

NK exhibit
glycolysis-induced

cells antitumor  cytotoxicity. Moreover,

the
environment resulting from the excess lactate markedly reduce

lactate  production and acid
NK cell cytotoxicity, causing them to lose their antitumor
function. In addition, the nuclear factor of activated T cells
(NFAT) axis-related genes are suppressed, which leads to a

decrease in NFAT-regulated IFN-y production, an essential
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factor for the hypoxia-induced accelerated glycolysis in cancer
cells (Brand et al., 2016; Hasan et al., 2022). One study revealed
that glycolysis-related genes are highly enriched in advanced
cancer patients, particularly, when tumors undergo hypoxia.
Moreover, pre-activated NK cell regulation via the ERK/
STAT3 pathway enhances NK cell proliferation and
cytotoxicity (Lim et al, 2021). Knockdown of CIS, an
intracellular protein, in induced pluripotent stem cell-derived
NK cells (iPSC-NK cells) improves metabolic adaptations, as
evidenced by enhanced basal glycolytic and glycolytic capacities,
which contributes to marked increases in NK cytotoxicity and
antitumor activity (Zhu et al., 2020).

Dendritic cells (DCs) are antigen-presenting cells, and are
responsible for the capture of pathogen- or tumor-associated
antigens for T cell presentation to induce an immune response.
However, the DC-based immune activity in the TME is usually
suppressed. Moreover, lactate activates G protein-coupled
receptors (GPR81) on murine DCs (which inhibit MHC II
presentation on the DC surface), as well as the lactate-induced
acidic TME (which inhibits antigen uptake by DCs and stabilizes
antigen-MHC-I complexes) to promote tumor escape (Peng et al.,
2021). Furthermore, HIF-1a and c-Myc convert more pyruvate to
lactate by interacting with the lactate dehydrogenase (LDH-A)
promoter in the hypoxic environment within tumor cells, and the
resulting lactate accumulation within the TME further suppresses
DC activation and antigen expression (Burgdorf et al., 2020).

6 Relationship between glycolysis
and inflammatory factors in the TME

Inflammatory cells are also present in the TME, where they
modulate tumor growth by the secretion of active molecules (such as
IL-1B, IL-33, IL-6, TNF-q, and IL-17) into the TME. Moreover,
chronic inflammation leads to the reprogramming of the tumor cell
glucose metabolism to promote tumorigenesis (Vaughan et al., 2013).
The IL-1 family encompasses essential inflammatory cytokines such
as IL-lo, IL-1B, and IL-33, which modulate immune and
inflammatory responses and regulate glycolysis by activating the
glycolytic enzymes HK, glucokinase, PFK, and LDHA (Tan et al,
2018). IL-1P has been intensively studied, and IL-1p production by
M2 macrophages promotes glycerol-3 -phosphate dehydrogenase
(GPD2) phosphorylation, which, in turn, accelerates the glycolytic
rate to promote glioma cell proliferation (Lu et al., 2020). IL-1p also
promotes glycolysis in lung adenocarcinoma cells via the p38 axis,
which further enhances lung adenocarcinoma cell migration and
invasion (Tan et al., 2021). IL-33, on the other hand, accelerates Th2-
associated cytokine synthesis and upregulates glucose transporter
protein 1 (GLUT1) through the IL-33/ST2 pathway to enhance
glucose uptake and glycolysis in tumor cells, while promoting growth
and metastasis of non-small cell lung cancer (Wang et al., 2016).

Expression of the pro-inflammatory cytokine IL-6 is
significantly elevated in numerous malignancies and is correlated
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with poor survival outcomes in several cancer types. IL-6 is a major
modulator of the STAT3 signaling pathway, and it activates Glut5 by
triggering the STAT3 axis to regulate fructose metabolism and
tumorigenesis (Huang et al., 2022). Chen X et al. (2019) reported
that IL-6 stimulates PC cell proliferation, survival, and glycolysis via
the GP130/STAT3 axis. Zhang et al. (2021) also revealed that the
immunoglobulin superfamily containing leucine-rich repeat (ISLR)
gene deficiency markedly reduced JAK2 and
STAT3 phosphorylation, thereby inhibiting the IL - 6/JAK/
STATS3 axis, which, in turn, accelerates apoptosis, and suppresses
non-small cell lung cancer cell proliferation, migration, invasion,
and glycolysis. In addition, IL-6 was also shown to enhance
glycolysis by upregulating the expression of the glycolytic enzyme
PFKFB3 to promote colorectal carcinogenesis and progression (Han
et al, 2016). Zhang et al. (2018) observed that the IL-6-induced
enhancement of phosphoglycerate kinase 1 (PGK1) threonine (T)
243 phosphorylation was mediated by the 3-phosphatidylinositol-
dependent protein kinase 1 (PDPK1) in tumor cells. This
phosphorylation enhances PGK1-catalyzed glycolytic reactions by
modulating their substrate affinities and has been correlated with
human glioblastoma multiforme (GBM) malignancy and prognosis.

TNF-a and IL-17 are produced ubiquitously in acute and
chronic inflammation, and both are associated with CRC. TNF-a
and IL-17 synergistically enhance glycolysis and lactate
production in CRC HT-29 cells via activation of the NF-«xB
axis in tumor cells, and they promote GLUT1 and hexokinase 2
(HK2), as well as expression of the common target genes HIF-1a
and c-myc which, in turn, promote tumorigenesis (Straus, 2013).
Emerging reports have suggested that the treatment of human
colon cancer adenocarcinoma with the two pro-inflammatory
cytokines, TNF-a and IL-17, also altered LDH activity, leading to
an LDH shift to the A isoform, LDH-A, a major modulator of
aerobic glycolysis. This effectively reduces pyruvate and enhances
lactate levels in tumor tissue, thereby increasing cancer cell
migration. Meanwhile, these two cytokines also induce the
epithelial-mesenchymal transition characteristics of human
colon cancer adenocarcinoma cells, including decreased
e-calcineurin levels and increased metalloproteinase secretion
(Baumann et al., 2009; Manerba et al., 2017). The stimulatory role
of glycolysis in tumorigenesis and tumor progression has brought
the glycolytic pathway into the public eye as a potential
therapeutic target of anti-tumor therapy.

7 Glycolysis-targeted cancer therapy

Aerobic glycolysis is a critical metabolic property of tumor
cells, and it provides rapid energy, essential precursors for a
variety of other metabolic pathways, and raw materials for the
synthesis of multiple biomolecules (Pavlova and Thompson,
2016). More significantly, enhanced glycolysis within tumor
cells results in the synthesis of excess lactate which, along
with the reduced glucose metabolic environment, sustains the
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FIGURE 3

Major rate-limiting enzymes, metabolic enzymes, and transporters in the glycolytic pathway. PKM2, a key glycolytic enzyme regulated by
fibronectin 1 (FN-1) secreted by hepatocellular carcinoma cells, controls PD-L1 expression in macrophages in a HIF-1a-dependent manner.

immunosuppressive TME (Ippolito et al., 2019). The aerobic
further
upregulation of glycolysis-related

glycolysis phenomenon is accompanied by an

rate-limiting  enzymes,
transporters, and other metabolic enzyme levels, namely,
GLUT1, HK2, phosphofructokinase 1 (PFK1), PKM2, LDH-A,
and monocarboxylate transporter protein 1 (MCT1) (Tanner
et al., 2018) (Figure 3).

GLUT1I is a glucose transporter protein that plays a role in
transporting glucose or fructose in cells. Xiao et al. (2018) showed
that GLUT1 knockdown inhibits prostate cancer growth by
suppressing tumor-cell glycolysis and proliferation while
promoting cell cycle arrest. Similarly, other researchers
reported that GLUTI1 deficiency also inhibited CRC cell
proliferation, migration, and glycolysis (Zhang et al., 2020b),
while reversing the Warburg effect in gastric cancer cells, while
(Dai 2021).
Dihydroartemisinin and rhodopsin are also reported to exert
anticancer effects by inhibiting GLUT1 (Gao et al,, 2020; Wang
etal, 2021). Furthermore, HK is the first rate-limiting enzyme in

enhancing  cellular  apoptosis et al,

the glycolytic reaction. It converts glucose to glucose-6-
phosphate (G-6-P). HK2 is an isoform of HK, and in human
the
mitochondrial separation of HK2, which then phosphorylates

glioblastoma cells, elevated glucose levels induce
IkBa, and causes its destruction, thereby transcriptionally
enhancing PD-LI, which promotes tumor cell immune
evasion and brain tumor development (Guo et al., 2022). It is
reported that HK2 deficiency significantly inhibits glycolysis and
tumor cell growth in HCC (Wu et al., 2019), while HK2 activity

suppression promotes cell death in glioblastoma (Uludag et al.,
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2022). Current studies have demonstrated that 2-deoxy-
D-glucose (2-DG) and 3-bromopyruvate (3-BrPA) can act as
inhibitors of HK2 and inhibit the glycolytic process of tumor
cells, thereby exerting an anti-tumor effect (Fan et al., 2019; Pajak
et al.,, 2019).

PFK1 is the second rate-limiting enzyme in the glycolytic
process. It was found that siRNA-based PFK1 deficiency
enhanced apoptosis and inhibited rectal cancer cell migration
and proliferation (Tian et al, 2020). Moreover, the stable
downregulation of PFK1 expression suppresses human
nasopharyngeal carcinoma CNE2 cell development, while
inducing apoptosis, and reducing cell invasion and metastasis
(Li S et al, 2021). So, PFK1 is a promising new target for
nasopharyngeal and rectal cancer therapy, and it has great
potential that can be extended to other malignancies. The
activity of PFK1 is regulated by PFKFB3. PFKFB3 catalyzes
fructose 6-phosphate to produce fructose 2,6-diphosphate,
which is a metabotropic activator of PFK1 and can
significantly increase the catalytic activity of PFK1. There are
a number of PFKFB3 inhibitors developed so far, including
KAN0438757, 3PO, and PFK15 (Hu et al,, 2020; De Oliveira
etal., 2021; Yan et al., 2021). Moreover, PKM2 is an enzyme that
modulates the final rate-limiting glycolytic step, and it is a critical
modulator of tumor metabolism. PKM2 is overexpressed in
multiple cancers, and it promotes tumor cell proliferation and
metastasis (Zhu et al., 2021). PKM2 methylation reversibly shifts
the metabolic balance in breast cancer cells from oxidative
phosphorylation to aerobic glycolysis, whereas inhibition of

PKM2 methylation disrupts this intricate balance in cancer
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cells and suppresses breast cancer cell proliferation, migration,
and metastasis (Liu et al., 2017). Recent studies have reported
that shikonin and its analogs, flavonoid derivatives, 2,3-
dithiocarbamate substituted naphthoquinones, benserazide,
and Compounds 3 k and 10i, can act as inhibitors of
PKM2 and inhibit aerobic glycolysis of tumor cells to exert
anti-tumor effects (Zahra et al., 2020; Zhu et al., 2021).

LDH-A is a cytoplasmic enzyme that is primarily involved in
anaerobic and aerobic glycolytic processes, and elevated LDH-A
levels are strongly correlated with worse prognosis among tumor
patients (Valvona et al., 2016). It was reported that reduced
LDH-A expression suppresses glycolysis, tumor growth, and lung
metastasis in thyroid cancer in vitro and in vivo (Huo et al., 2021).
LDH-A knockdown in triple-negative breast (TNBC) cell lines
impairs the aerobic glycolytic process, thereby significantly
inhibiting the proliferation, migration, and invasion of TNBC
cells (Wang W et al., 2022). Currently, gossypol (AT-101) and its
derivatives FX-11, galloflavin, and N-hydroxy indole-based
compounds have been shown to selectively and preferentially
inhibit LDHA and suppress tumor progression (Ippolito et al.,
2019). Moreover, MCTs modulate glycolytic metabolism and
tumor cell survival using a proton-linked transmembrane lactate
transport, and it was revealed that the pharmacological inhibition
of MCT1 effectively inhibits glioma angiogenesis, which leads to
a reduction in glioma cell growth, proliferation, and migration
(Miranda-Gongalves et al., 2013). Similarly, the siRNA-mediated
MCT1 knockdown suppresses kidney cancer cell proliferation
and migration, thereby suppressing tumor progression (Li M
et al, 2021). To date, a-cyano-4-hydroxycinnamate (CHC),
phloretin, quercetin, AZD3965, and AR-C155858 have been
found to have some anticancer potential as inhibitors of
MCT1 (Puri and Juvale, 2020). Therefore, targeting GLUTI,
HK2, PFK1, PKM2, LDH-A, or MCT1 in various tumors may be
an effective approach for treating tumors, and all these
possibilities have the potential to be effective therapeutic
targets against tumors.

In addition, there are numerous other therapeutic targets for
tumors. For example, mTOR is a major direct regulator of the
Warburg effect, while HIF1a, a downstream mTOR target, is highly
expressed and synergizes with c-Myc-hnRNP splicing modulators to
enhance PKM2 expression, which, in turn, promotes tumor
progression. Thus, the entire mTOR/HIFla/Myc -hnRNPs/
PKM2 axis components can serve as potential glycolytic
therapeutic targets for tumors (Sun et al, 2011). Others also
revealed that PD-LI is highly expressed in Tregs and that PD-L1
inhibition in Tregs or Tregs may be an effective measure against
cancer (Kim et al, 2019). CTLA-4 is constitutively expressed in
tumor-infiltrating Tregs, while it is only expressed in low amounts of
the surfaces of circulating Tregs and lymphoid organs. Therefore, it
can also be selectively used in tumor tissues with anti-CTLA-
4 antibodies (Paluskievicz et al, 2019). Drugs for these
therapeutic targets are being researched and developed, and a
growing number of researchers are dedicating themselves to them.

Frontiers in Pharmacology

167

10.3389/fphar.2022.1091779

8 Conclusion

In summary, TME-based glycolysis is closely related to a
variety of immune cells, namely, macrophages, T lymphocytes,
NK cells, DCs, and inflammatory cytokines such as IL-1p, IL-
33, IL-6, IL-17, and TNF-a. Together, these promote tumor
development, invasion, metastasis, chemoresistance, and
regulate tumor immune function. Recent studies have
revealed that tumor glycolytic activity can also serve as a
biomarker for tumor immunotherapeutic response
prediction. Given that aerobic glycolysis is critical for tumor
progression, the targeting of aerobic glycolysis has become a
current research hotspot for the development of new anti-
cancer treatments. Tumor cells mainly rely on aerobic

the
metabolism, and many metabolic enzymes are involved in

glycolysis  for specific reprogramming of glucose
the glycolytic process. Targeting these metabolic enzymes to
inhibit tumor progression requires the design of drugs that
specifically target metabolic enzymes in the tumor, thus
inhibiting tumor progression and minimizing the side effects
on normal tissues. Targeted glycolytic therapy may enhance the
clinical treatment of tumor patients through its combination
with other therapeutic approaches, such as immune- and
chemotherapies. It is critical to gain a deeper knowledge of
the mechanism by which glucose metabolism is altered in
tumors and how it regulates cancer cells. Hence, further
investigation into the metabolic enzymes associated with
glycolysis as therapeutic targets in tumors is warranted. This
requires the design and development of highly specific and
selective inhibitors for these enzymes and the development of
treatment protocols that both improve efficacy and reduce
toxicity when combined with other chemotherapeutic agents.
This will help create a positive atmosphere for the fight against
cancer and will bring new hope to patients with cancer.
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Allergic rhinitis is a chronic inflammatory disease of nasal mucosa caused by the
presence of IgE after exposure to allergens, characterized by nasal irritation,
hypersecretion of the nasal passages and sneezing, which frequently occurs in
children and adolescents. There has been an increase in allergic rhinitis over the
past few years due to air pollution. Exosomes have been discovered to be nano-
sized vesicles, which contain a wide range of substances, including proteins and
nucleic acids, numerous studies indicates that exosomes play a vital role in cells
communication. Recently there have been more and more studies exploring
the role of exosomes in allergic rhinitis. Therefore, here we will present a
comprehensive review of the research on exosomes and their role in allergic
rhinitis for the purpose of providing new understanding of potential value of
exosomes applied to the treatment of allergic rhinitis.

KEYWORDS

exosome, allergic rhinitis, mechanism, miRNA, IncRNA, treatment

Introduction

Allergic rhinitis is a common disease, which is becoming an increasingly serious
global problem related to health, medicine, and economics. High-income countries show
a prevalence of up to 50%, making it one of the most common chronic conditions, while
the prevalence is comparatively low in low- and middle-income countries, despite the fact
that it is steadily rising in these nations (Bousquet et al., 2020; Liu and Liu, 2022). In
Europe, over the last 3 decades, there has been a gradual increase from 19% to 32% of
Danish adults suffering from allergic rhinitis (Leth-Moller et al., 2020). Its high incidence
imposes a substantial burden on our general welfare, as well as significant financial costs,
both direct and indirect. In allergic rhinitis, inhaled particles cause an inflammatory
response led by IgE, which may result in sneezing, nasal itching, rhinorrhea, or nasal
obstruction, among other symptoms (Mims, 2014). A number of allergens can trigger
allergic rhinitis, including pollen (from trees, grass, and weeds), mould and dust mites
et al. During the year, allergens are classified into perennial and seasonal triggers
according to their temporal pattern. In some cases, perennial symptoms occur in
patients because of things in their homes all year round, it may include mold, dust
mites, or animals (especially cats and dogs) (Schuler Iv and Montejo, 2019). Lifestyle
factors and climate change contribute to high prevalence of allergic rhinitis, including
antibiotic use, contact with farm animals, exposure to air pollution, and parental smoking
et al. It is noteworthy that genetic and environmental factors also contribute to other
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allergic diseases, such as atopic dermatitis and asthma, which are
often comorbid with allergic rhinitis (2020; Zhang et al., 2021). In
terms of treating allergic rhinitis, there are three main
approaches. These approaches are avoidance, medications, and
immunotherapy (Schuler Iv and Montejo, 2021). However,
allergic rhinitis cannot be cured completely at present, and
can only be prevented and controlled through standardized
comprehensive treatment. There is a mental health impact
associated with allergic rhinitis as well as physical health
effects (Amritwar et al., 2017). Due to its high prevalence and
the difficulty in treating allergic rhinitis, the exploration of active
and effective diagnoses and treatments is essential.

Exosomes are lipid bilayer vesicles released via exocytosis, an
exocytotic process, with a diameter of 40-100 nm. A wide variety
of bioactive molecules can be found in exosomes, including
proteins, lipids, DNA, and microRNA. There is evidence of its
presence in various body fluids, including urine, blood, breast
milk, saliva, cerebrospinal fluid and amniotic fluid (Konala et al.,
2016; Pegtel and Gould, 2019; Kalluri and LeBleu, 2020).
Recently researchers have found that exosomes may be
involved in occurrence and progression of a variety of
(Zhang and Yu, 2019),
neurodegenerative diseases (Jiang et al, 2019; Wang et al,
2020), infection (Choi et al, 2020; Ocansey et al, 2020),
autoimmune diseases (Robak et al., 1998; Lee et al., 2016) and
cardiovascular disorders (Zamani et al., 2019) et al., among them

diseases, such as tumors

allergic rhinitis is a newly studied exosome related disease.
Currently, research on exosomes and allergic rhinitis has
gained increasing attention among scholars. As a result, here
we will present a comprehensive review of the research on
exosomes in order to understand how exosomes might be
useful in treating allergic rhinitis.

Allergic rhinitis pathogenesis

It remains to be explored in greater depth about the
mechanisms underlying allergic rhinitis pathology, despite
extensive studies of the mechanisms that contribute to the
disease. Allergic rhinitis is a result of specific IgE-mediated
responses to allergens inhaled, which is leaded by T helper
two cells (Th2). Eosinophils and basophils are influxed into
the
inflammation (Bernstein et al., 2016). IgE is provided by

mucosa when allergic rhinitis causes mucosal
B cells, T cells and basophils et al. in conjunction with each
other, which is also involved in multiple cytokines. An
understanding of allergic rhinitis pathogenesis may lead to
better treatment. Therefore, this review summarizes recent
studies that illustrate the role of important cells and proteins
in allergic rhinitis pathogenesis, to provide support for relevant
research. Numerous studies indicate that several cell types play a
role in allergic rhinitis’ occurrence and progression. These cells

consist mainly of epithelial cells, dendritic cells (DCs), type
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2 follicular helper T cells (Tfh2), basophils, mast cells,
Th2 cells, B cells, group 2 innate lymphoid cells (ILC2s),
eosinophils and neutrophils (Drazdauskaite et al., 2020; Zhang
et al,, 2022). Among these cells, the ILC2s play a crucial role in
airway inflammation as a component of the Th2 innate
within an ILC2-mediated
microenvironment, mast cells, histiocytes and Th2 cells can
produce IL-4, IL-5, IL-9, IL-13, IL-25, and IL-33 (Peng et al,,
2020). In addition, many proteins contribute to the occurence

immunity. In fact, immune

and progression of allergic rhinitis. Toll-like receptor 4 (TLR4)
binds to the corresponding ligands (HMGBI1 and LPS et al.) to
activate the relevant signaling pathway, resulting to the activation
and translocation of NF-«B, which induces allergic rhinitis by
mediating cytokine secretion (Sha et al., 2008; Lauriello et al.,
2012; Cui et al,, 2015; Radman et al., 2015; Haruna et al., 2019).
YKL-40 (chitinase-3-like-1; CHI3L1) is primarily known as
human cartilage glycoprotein 39 (HCgp-39), which is an
important protein that plays a crucial role in chronic
of YKL-40
expression is found in nasal mucosa of patients with mild and

hypersensitivity inflammation. A high level

moderate/severe allergic rhinitis (Pirayesh et al., 2020), which
participates in mucosal remodeling in the nasal cavity, mediates
the epithelial detachment of nasal mucosa, tissue edema and
small vessel hyperplasia, and aggravating the symptoms of
allergic rhinitis (Sanai et al., 1999; Kim et al., 2019). YKL-40
may promote nasal mucosa remodeling by activating fibroblasts
and producing TIMP1 and MMP-9 (Park et al., 2013). Histone
deacetylase (HDAC) is an important driver of inflammation in
response to allergies, as well as tight junction dysfunction, which
may be a pathogenesis of airway epithelial tissue and cell damage,
and that inhibiting HDAC may restore epithelial barrier integrity
(Steelant et al., 2019). There is also evidence that periostin may be
important in allergic rhinitis. It has been suggested that it
transmits signals to trigger allergic diseases while secreting
mucus (Izuhara et al, 2016; Izuhara et al., 2019). Moreover,
the CD86 may function as a second activation signal for T cells,
make the initial T lymphocytes differentiate to Th2 cells, lead to
the imbalance of Th1/Th2 cytokines in the body, and mediate the
occurrence of allergic rhinitis (Gunawan et al., 2015; Li et al,,
2016b; Sun et al., 2019).

Exosomes in allergic diseases

The exosome is a type of small extracellular vesicle secreted
by cells that contains protein, lipid, and nucleic acid for
physiological and pathological processes. According to cellular
biogenesis and sizes, they can be divided into three groups to
deliver their contents and enable the exchange of information
between cells, including docking and fusing with the recipient cell
plasma membrane, targeting the recipient’s signals, and
internalizing into the recipient (Konala et al., 2016; Kalluri
and LeBleu, 2020; Zhang et al., 2020). Exosomes are found in
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a variety of body fluids, which can be produced by almost all
types of normal cells, including mesenchymal stem cells, T cells,
B cells, and macrophages et al. (Cheng et al.,, 2017; He et al,
2020). Exosomes were originally regarded as molecular ‘garbage
bags’ associated with cell waste disposal (Harischandra et al.,
2019). Nevertheless, recently they have become crucial devices
for intercellular communication, modulating and mediating
various cellular functions. (Shekari et al., 2021). Studies have
shown that RNA (including mRNAs, miRNAs, and other non-
coding RNAs), DNA, and lipids can be incorporated into
intraluminal vesicles from exosomes actively and selectively
(van Niel et al, 2018). According to the ExoCarta database
(http://www.exocarta.org/), 9769 proteins, 3408 mRNAs,
2838 miRNAs, and 116 lipids have been discovered in
exosomes as of 2020 (Zhou et al., 2020). Almost all cells can
communicate from cell to cell by secreting exosomes, which are
closely related to their physiological effects (Mathieu et al., 2019).
Research has shown that exosomes are important in treating
inflammatory diseases (Harrell et al., 2019; Zhao and Luo, 2019;
Choi et al,, 2020; Ocansey et al., 2020), neurological diseases
(Jiang et al., 2019; Wang et al., 2020; Harrell et al., 2021) and
autoimmune diseases (Robak et al., 1998; Lee et al., 2016; Riazifar
et al., 2019). Furthermore, exosomes have been identified as
tumor markers and a diagnostic tool (Sharma and Johnson, 2020;
Li et al,, 2021). This review focuses primarily on recent research
progress related to exosomes in allergies. As a result of exposure
to allergens, the body’s initial T cells differentiate into Th2 cells,
which produce cytokines that promote allergic reactions. A study
has shown that exosomes secreted by T cells reduce the
production of inflammatory mediators when worms cause
host allergic reactions. Additionally, exosomes secreted by
worms contain miRNA, which can enter immune cells and
promote their proliferation and differentiation (Siles-Lucas
et al., 2015). Moreover, Li et al. found that exosomes secreted
by bone marrow mast cells (BMMCs) promoted the proliferation
of naive CD4" T cells, and significantly enhanced Th2 cell
differentiation by ligation of OX40L and OX40 between
BMMC-exosomes and CD4" T cells and this may represent a
novel mechanism for communicating between cells (Li et al.,
2016a). Interestingly, Gao et al. discovered that exosomes from
septic mice have been shown to enhance differentiation of
Th1 and Th2 cells and promote proliferation and migration of
T cells for the first time (Gao et al., 2019). Generally, studies on
exosomes in allergic reactions mainly focus on T cells and mast
cells. Exosomes may play a significant role in activating or
suppressing immune cells in this process. In addition, there is
something worth mentioning that for allergy, Villalba et al.
(2014) have demonstrated that exosomes derived from
bronchoalveolar lavage of Ole e 1-tolerized mice were effective
in protecting animals against allergic sensitization to Ole e 1 and
the non-related allergen Bet v 1, as opposed to naive mice’s
exosomes, this suggested that exosomes could be a better allergy
vaccine due to their properties.
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Overview of research related to allergic
rhinitis and exosomes

A growing body of researches has been conducted on
exosomes and allergic rhinitis in recent years. It has been
demonstrated that exosomes play a vital role in allergic
rhinitis” occurrence and progression. In this section, we review
the relevant studies regarding exosomes and allergic rhinitis to
clarify the corresponding mechanisms and provide theoretical
support for targeting exosomes therapy of allergic rhinitis.

In a study by Qiu et al., they found that exosomes can be
discovered in the patients with chronic atypical allergic rhinitis,
and these exosomes containing microbial products and airborne
antigens, which can influence DCs maturation and major
(MHCI) thereby

CD8" T development,
eventually this leads to allergic rhinitis (Qiu et al,, 2011; Qiu
etal., 2012). In another study by Wu et al. (2015) they found that
in nasal mucus from allergic rhinitis patients, 21 vesicle miRNAs

histocompatibility class I production,

promoting antigen specific cell

were up-regulated and 14 were down-regulated significantly
compared to healthy controls. And the studied vesicles were
confirmed to be exosomes by FACS analysis and binding
specifically to antiCD63 coated latex beads. By bioinformatic
analysis, this study demonstrated that vesicle miRNA may be a
regulator for the development of allergic rhinitis. Interestingly,
Jiang et al. (2022) indicated that there are 812 miRNAs were
detected in the serum exosomes, including 16 upregulated and
14 downregulated ones. Their study also suggested that children
suffering from allergic rhinitis were predicted to respond to SCIT
by serum exosomal hsa-miR-4669. Actually, there are many
studies on miRNA secreted by exosome and allergic rhinitis.
For example, Luo et al. (2015) found that patients with allergic
rhinitis had much lower miR146a levels than healthy subjects in
nasal epithelial specimens. And there is evidence that human
nasal epithelial cells produce miR-146a, which can be released to
the microenvironment carried by exosomes. Their results
indicated that miRNA-146a can inhibit CD4" effector T cell
activity and Th2 polarization by enhancing monocyte
interleukin-10 expression and the allergic reaction was
the
Furthermore, Zhou et al. (2021) discovered that there was a

suppressed  in mouse nasal mucosa ultimately.
significant increase in Th2 cells in allergic rhinitis patients
compared to healthy donors, while exosomes from HMSCs
could reduce the expression of SERPINB2 and facilitate the
differentiation of Th2 cells. They concluded that the miR-
146a-5p and SERPINB2 genes can serve as potential targets
for allergic rhinitis therapy . Additionally, it is acknowleged
that exosomes can influence the DCs maturation. Teng et al.
used RNA-seq and results showed that miR-142-5p was the
differentially decreased gene in Tth-derived exosomes. In
depth, they that miR-142-5p inhibited DCs

maturation by inhibiting CDK5 and STAT3 expression.

indicated

According to their findings, Tth-derived exosomes play a
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FIGURE 1

Exosomes can be produced by many kinds of cells, which can transmit intercellular signals through the release of miRNA and LncRNA, and
affect the expression of related genes, thus leading to the occurrence and progression of allergic rhinitis. The main miRNAs released by exosomes are
miR142-5p, miR146a and miR146-5p. MiR142-5p can inhibit the expression of CDK5, which leads to the decrease of STAT3 and ultimately inhibits
DCs maturation. MiR146a can increase the level of IL-10 in monocytes, and then inhibit CD4" effector T cell activity and Th2 polarization.
MiR146-5p can inhibit the expression of SERPINB2 and lead to the decrease of Th2 differentiation. LncRNAs mainly include Linc00632 and LncGAS5.
Linc00632 can inhibit the expression of GATA-3 and lead to the decrease of Th2 differentiation. While LncGAS5 can inhibit the expression of
EZH2 and T-bet, ultimately increases Th2 differentiation (By Figdraw).

central role in allergic rhinitis pathogenesis by regulating the
miR-142-5p/CDK5/STAT3 signaling pathway axis (Teng et al,
2022). It has been discussed above how miRNA secreted by
exosomes influences the pathogenesis of allergic rhinitis.
Interestingly, exosomes can also release long noncoding RNA
(LncRNA), thus affecting the occurrence and progression of
allergic rhinitis. Zhu et al. (2020) found that the expression of
LncGAS5
epithelial
LncGAS5
inhibiting the expression of transcription factor T-bet and
EZH2. Their results suggested that LncGAS5 in allergic
plays Th1/
Th2 differentiation, providing a potential therapeutic target.
Moreover, Li et al. (2022) showed that there was a significant

was up-regulated in exosomes secreted by nasal
with
can promote the differentiation of Th2 cells by

cells of patients allergic rhinitis, while

rhinitis  exosomes a critical role in

drop in Linc00632 expression in nasal mucosa of allergic rhinitis
patients by four times. Exosomes derived from human umbilical
cord mesenchymal stem cells showed dramatic inhibition of
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Th2 differentiation, inhibited GATA binding protein-3
(GATA-3) expression, and decreased IL-4 levels in CD4*
T cells. Further research revealed that the interaction between
Linc00632 and EZH2 inhibited the expression of GATA-3. As
discussed above, current studies on exosome-mediated allergic
rhinitis pathogenesis are mainly conducted through miRNA and
LncRNA secreted by exosomes from different cell sources. The
relevant signal regulation is shown in Figure 1.

Conclusion

It is acknowleged that allergy rhinitis is a pathological
condition in which exosomes act as inflammatory mediators,
promote or inhibit cell proliferation and differentiation, and
present antigens. There is a possibility that further research
could lead to the development of nasal sprays delivering
therapeutic drugs or genes to the nasal mucosa in allergy
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rhinitis using exosomes. For example, it may be possible to
induce tolerance by nasal vaccines based on exosomes via
intranasal administration. With allergy vaccines containing
allergen-modified molecules, new delivery systems, and
alternative routes of administration, allergy patients’ daily
lives will be improved as well as unraveling the
immunological mechanisms that underlie immunotherapy in
order to develop new therapeutic approaches (Villalba et al.,
2014). However, there are currently few studies on the effect of
exosomes in allergic rhinitis pathogenesis. In addition to other
extracellular vesicles, it remains unclear whether exogenous
drugs or genes will have additional undiscovered side effects. It
is also important to support more relevant experiments and to
simplify exosome preservation conditions. Extra studies are
therefore indispensable to determine how exosomes are
formed, released, and transported as well as their role in
allergic rhinitis. A potential focus of allergic rhinitis research
may be to understand the functions of exosomes in regulating
mast cells and mucin-secreting epithelial tissues. Meanwhile,
exosomes produced by mesenchymal stem cells (MSCs) may
prove potent in treating allergic rhinitis for their
immunosuppressive properties, tissue repair ability, and
secretion of various biological factors. Actually, numerous
clinical and preclinical studies have proven the efficacy of
MSC-based therapy for a number of allergic diseases, and
the mechanisms related to these interventions have been
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Acute lung injury/acute respiratory distress syndrome (ALI/ARDS) is a disastrous
condition, which can be caused by a wide range of diseases, such as
pneumonia, sepsis, traumas, and the most recent, COVID-19. Even though
we have gained an improved understanding of acute lung injury/acute
respiratory distress syndrome pathogenesis and treatment mechanism, there
is still no effective treatment for acute lung injury/acute respiratory distress
syndrome, which is partly responsible for the unacceptable mortality rate. In the
pathogenesis of acute lung injury, the inflammatory storm is the main
pathological feature. More and more evidences show that immune cells and
cytokines secreted by immune cells play an irreplaceable role in the
pathogenesis of acute lung injury. Therefore, here we mainly reviewed the
role of various immune cells in acute lung injury from the perspective of
immunotherapy, and elaborated the crosstalk of immune cells and
cytokines, aiming to provide novel ideas and targets for the treatment of
acute lung injury.

KEYWORDS

immunotherapy, acute lung injury, immune cells, cytokines, prospects
1 Introduction

Acute lung injury (ALI) is a clinical syndrome involved in inflammation and
enhanced pulmonary capillary permeability, which can cause ARDS in severe cases.
Its pathological characteristics are diffuse alveolar capillary membrane injury (Perl et al.,
2011). Acute lung injury/acute respiratory distress syndrome (ALI/ARDS) encompasses a
wide range of pathologic processes, including multiple organ dysfunction syndrome,
which has a 40% mortality rate (Matthay et al., 2019). Currently, COVID-19 patients die
primarily from ALI/ARDS. There are reports that about 1/3 of hospitalized COVID-19
patients suffered from ARDS, with a frightening 70% mortality rate in these cases
(COVID-19/ARDS) (Tzotzos et al., 2020). So far, severe COVID-19 infection has
brought millions of people deaths globally. More than 90% of death victims of
COVID-19 died from ARDS, suggesting that the majority of deaths caused by
COVID-19 are related to ARDS (Tzotzos et al., 2020).
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Currently, major efforts are being made to discover
mechanism for cognizing and ameliorating ALI, and there has
been extensive coverage of these topics in recent reviews (Butt
et al,, 2016b; Liu et al,, 2022; Vichare and Janjic, 2022). Here,
however, we focus more on recent developments regarding the
role of immunotherapy to ALI/ADRS. We succinctly recapitulate
the current insights into ALI signaling, indicate the molecular
mechanisms that contribute to immune pathway activation in a
variety of pathophysiological situations, and discussed its role in
disease-related preclinical models. In light of recent advances in
understanding of the ALI pathology and treatment, we explore
possible pharmacological intervention strategies focused on these
immune cells and discuss their therapeutic potential in treating
inflammation associated with ALL

2 Etiology and pathology of ALI

ALI is presently recognized as an acute diffuse lung injury
that can be caused directly through the airway (e.g., inhalation of
human stomach contents or toxic substances) or indirectly
through the bloodstream (e.g., sepsis or trauma) (Ware and
Matthay, 2000). The etiology of ALI is quite numerous, and it
can be caused by either internal or external pathogens, including
severe infections, sepsis, trauma, shock, acute pancreatitis,
iatrogenic lung damage caused by and
of harmful

(Thompson et al., 2017). From the clinical point of view, it

radiotherapy

chemotherapy, inhalation substances, etc.,
can be divided into 10 categories, such as shock, trauma, severe
infection and sepsis, aspiration of harmful fluids, inhalation of
damaging gases, drugs and metabolic diseases. No matter which
etiology causes ALL its pathogenesis is related to out-of-control
inflammatory response. The most common reason of ALI is
indirect lung injury, for instance sepsis, trauma and blood
transfusion. These triggers can travel through the bloodstream
to the lungs and throughout the body, causing systemic
inflammatory responses (Castro, 2006; Butt et al., 2016a).
Diffuse alveolar injury is the dominant pathological feature of
ALI (Castro, 2006). Moreover, pathological features of ALI also
include uncontrolled inflammatory response during neutrophil
movement, the production and secretion of proinflammatory
cytokines, large numbers of lung epithelial cells apoptosis, loss of
alveolar integrity, the damage of alveolar capillary membrane and
barrier functions. The flow of protein edema fluid into the alveoli
can lead to the inactivation of surfactants and the loss of the
protective layer on the alveolar surface, thus destroying the
surface cell structure (Mokra, 2020). Moreover, an injured
capillary endothelium attaches neutrophils, which pass
through the interstitial cavity to the alveolar cavity filled with
protein-rich edema fluid (Scozzi et al, 2022). ALI is also
accompanied by local or distant inflammation, and the extent
of lung damage depends on whether it is directly to the lungs or

caused by external factors, such as lipopolysaccharides (LPS) or
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inflammatory mediators produced by other organs that circulate
throughout the body to the lungs (Liu et al., 2015).

Inflammation in ALI can be triggered through both
exogenous and endogenous pathways. Exogenous pathways
like bacterial antigens rouse inflammatory responses by
triggering toll-like receptors (TLR). Chemical damage can
also induce cell membrane damage and oxidative stress,
resulting in activation of various intracellular kinases (Arora
etal., 2019). The endogenous pathways are mainly composed of
hazard signal molecules, members of the damage-associated
molecular pattern (DAMP) released by dead cells or local
inflammatory cells, which engage and recruit immune cells
by binding to various receptors, including TLRs and IL-1
receptors (IL-1R), as a result, the pro-inflammatory pathway
is activated (Tolle and Standiford, 2013). At the early stage of
ALLI the damage of alveolar-capillary barrier and the formation
of pulmonary edema are the main pathological features of ALL
Studies have shown that the change of alveolar barrier function
is closely related to inflammation, and pathological results show
that when ALI patients suffer from the onset of disease, there
may be a great deal of white blood cells in the lungs, alveolar
edema, bleeding and other manifestations (Herold et al., 2013).
Ultrastructural studies of the lungs in patients with sepsis
secondary to ALI have shown significant increases in the
number of intravascular and extravascular neutrophils
(PMN), platelets, and fibrin, and endothelial and epithelial
lesions, which are considered to be inflammatory edema of
ALI (Maniatis et al., 2008).

3 Review of current treatment
strategies for ALI

According to the pathogenesis of ALI/ARDS, the current
drugs used to treat ALI/ARDS mainly include the following
categories.

3.1 Vasodilator drugs

Nitric oxide (NO) can induce pulmonary vasodilation
without systemic vasodilation through inhalation of NO.
Although NO can improve oxygen levels in some extent,
many studies have shown that it could not reduce the
mortality of ALI/ARDS, and might also cause complications
such as pulmonary edema and pumonary hypertension.
Therefore, it is not routinely recommended for clinical use.
Prostaglandin is another drug for vasodilating, which has the
same effect as NO. It is convenient to administer by aerosol
inhalation and can be used as a substitute for NO, but its
disadvantage is that it is controversial and expensive
(Adhikari et al., 2007; White et al., 2008; Afshari et al., 2010;
Bosch et al., 2022).
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3.2 Surfactant (pulmonary surfactant)

Surfactant is mainly composed of lipids and related
proteins, can maintain the structural stability of alveoli by
reducing the surface tension of alveoli, and can also prevent
pulmonary edema and reduce inflammation (Lewis and
Veldhuizen, 2006; Lan et al., 2021). However, due to the
poor therapeutic effect of pulmonary surfactant, the dosage
and usage are still controversial, so it should be used
cautiously (Ali et al., 2021).

3.3 Antioxidants

Because immune cells produce a large number of free radicals
during the inflammatory reaction of ALIL a therapeutic method
that uses antioxidants to combat free radicals is developed
(Sarma and Ward, 2011). Such as glutathione (Moradi et al.,
2009), vitamin C (Fowler et al., 2019; Holford et al., 2020), and
vitamin E (Wang Y. et al,, 2022), but their effects are still to be
studied.

3.4 B2 receptor agonist

It is controversial to use an agonist for the treatment of ALI
and ARDS patients, in some studies and clinical datas, results
showed that 2 agonists have no benefit in improving survival,
but can increase morbidity. 32 agonists are not recommended for
ALI/ARDS patients based on current evidence (Singh et al.,
2014).

3.5 Anti-inflammatory drugs

Corticosteroids are mainly used, however, there are a number
of studies that suggest that early use of high-dose corticosteroids
can increase the death of ALI/ARDS patients, so the use is not
recommended (Mokra et al., 2019; Bobot et al., 2022).

3.6 Stem cell therapy

ALI has been treated using mesenchymal stem cells (MSCs),
which can modulate interconnected signal pathways including
PI3K/AKT, Wnt, and NF-«B to alleviate inflammation. There are
MSCs in various tissues that are capable of self-renewal and
differentiation. Their activation is triggered by specific substances
or environments, and they can be directed to damaged tissues,
where they regenerate and repair the damage. It has been shown
that exosomes, as well as cytokines involved in the paracrine
pathway of MSCs, are effective in treating ALI (Fernandez-
Francos et al., 2021; Wang et al., 2022d).
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We summarized the advantages and disadvantages of
previous ALI treatment methods in the Table 1. According to
the above treatment methods, it is currently impossible to find a
gratifying drug that can effectively treat ALI/ARDS. In light of
this, further research on the pathogenesis of ALI/ARDS is
urgently needed, as well as the identification of more effective
therapeutic methods and targets.

4 The immune cells in ALI/ARDS
4.1 Neutrophil

Neutrophils, as an immune system cell, can circulate freely
inside blood vessels and can be recruited to inflammatory sites
when a microbial infection occurs in the human body. It is
thought that neutrophil activation and recruitment play a major
role in ALI/ARDS progression. Among the first cells to be
recruited to inflammation sites, neutrophils have powerful
antimicrobial properties, including oxidants, proteinases and
cationic peptides. As early immunologic effectors in ALI,
neutrophils could stimulate the expression of NF-kB, IL-1f,
macrophage inflammatory protein-2 (MIP-2), and tumor
necrosis factor-a (TNF-a) (Abraham et al, 2000; Yang et al.,
2003). Microbicidal compounds, however, can paradoxically
host
(Grommes and Soehnlein, 2011). Neutrophils are known to

damage tissues under pathological circumstances
bind to each other via neutrophil extracellular traps (NETSs).
This process is called netosis, and it is a specific type of cell death,
different from necrosis and apoptosis (Zhu et al., 2022). The
formation of NETs takes place when neutrophils are exposed to
bacteria, fungi, activated platelets, or numerous inflammatory
stimuli, and this process is affiliated with dramatic changes in the
morphology of the cells (Meyers et al., 2022). It is DNA and
that NETs’

antimicrobial properties. Both oxidative and non-oxidative

granular antimicrobial proteins determine
mechanisms are used in the killing of pathogens trapped in
NETs (Mamtimin et al., 2022). In addition, it has also been
reported that chromatin and proteases released when NETs form
can affect procoagulant and prothrombotic factors and
participate in the formation of blood clots (Meyers et al., 2022).

There has also been evidence of NETSs in patients with ALI/
ARDS, where they appear to participate in chronic inflammation
processes. Poor degradation and excessive NET formation,
however, can exacerbate immune responses and tissue
damage. Through the promotion of macrophage polarization
to the M1 phenotype, NETS can facilitate ARDS inflammation in
the process of the acute phase of the disease (Song et al., 2019).
Furthermore, in mice with ALI induced by LPS, NETs formed,
caused organ damage, and induced an inflammatory response.
Degradation of NETs by DNase I contributed to NET protein
clearance and protected against ALI (Liu et al., 2016). In addition,

neutrophils are involved in the formation of blood clots.
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TABLE 1 Advantages and disadvantages of existing acute lung injury (ALI) treatment strategies.

Strategies Representative

Vasodilator drugs NO

Convenient and Effective

Advantages

Disadvantages

Short duration. No reduction in case fatality

Prostaglandin Convenient Expensive, Controversial
Surfactant Pulmonary Surfactant Effective Controversy usage
Antioxidants Glutathione, Vitamin C/E Cheap Low effective
{2 receptor agonist Propranolol Metoprolol Effective Allergies. Arrhythmia, Heart failure
Anti-inflammatory drugs Corticosteroids Effective Increase the mortality of late ARDS
Stem cell therapy Mesenchymal stem cells Effective Expensive

Neutrophils adhered better to activated platelets due to increased
ICAM-1 expression in the endothelial cells. As a result of
inhibiting platelet-neutrophil aggregation, gas exchange was
improved, neutrophil recruitment was reduced, and neutrophil
permeability was reduced. These main outcomes were confirmed
in a sepsis-induced model of ALI (Zarbock et al., 2006). Among
those with sepsis-induced acute lower respiratory infection, Park
etal. (2019) noted a rapid decline in the functional capillary ratio
during the early stages. By capturing images intravitally, this
decrease was attributed to the generation of dead space, caused by
prolonged neutrophil entrapment in capillaries. Their results
further indicated that neutrophils also displayed an arrest-like
dynamic behavior and an extended sequestration time, which
sparked neutrophil aggregates inside capillaries and arterioles. As
a result of septic shock, osteopontin’s neutralization could lessen
neutrophil migration into the lungs (Hirano et al, 2015). In
addition, p385 and PKD1 oppositely modulate PTEN activity in
neutrophils, therefore, they will be able to control their
extravasation and chemotaxis. PKD1 phosphorylates p85d to
promote its relation with PTEN, resulting in polarized PTEN
activity, consequently regulating neutrophil migration (Ittner
et al., 2012).

4.2 Alveolar macrophages

Although it is well known that neutrophil influx and
activation within the lungs participate in ALI pathogenesis,
there is increasing evidence that alveolar macrophages (AM)
are also involved in modulating inflammatory responses.
Macrophages are classified into classical (M1) and alternative
(M2) macrophages based on their roles in host defense, despite
these distinct in vitro classifications, macrophage polarization
probably exists in a continuum (Ruytinx et al., 2018; Orecchioni
et al,, 2019). M1 cells produce high levels of proinflammatory
factors such as IL-1f, IL-12, TNF-a, and inducible nitric oxide
synthase (INOS), which are induced by Thl cytokines.
Th2 cytokines, such as IL-4 and IL-13, are known to induce
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the M2 phenotype, which is characterized by the production of
anti-inflammatory molecules such as IL-10 (Mantovani et al.,
2002; Mantovani et al., 2005). It is important to note that
macrophages are unlike other discrete leukocyte populations
in that they retain their plasticity and can be altered by
various factors within the microenvironment, including
cytokine milieus, among others (Johnston et al., 2012). This
study suggested that reprogramming macrophages may
contribute to ALI progression.

In ALI there are a variety of factors that can induce
macrophages to change to M1 type, such as LPS and
ischemia-reperfusion injury (Zhao et al, 2006; Jiang et al,
2022). There is increasing evidence that inhibiting the
transformation of macrophages in various ways can effectively
alleviate ALI and even the disease course of COVID-19 (Wang
et al,, 2022c). Current studies have shown that macrophages are
involved in ALI inflammation with two modes, one is that they
are induced to secrete inflammatory factors. According to this
study, recruited lung macrophages inhibit IL-1B-mediated ALI
in gram-negative pneumonia by release of IL-1 receptor
antagonist (Herold et al., 2011). Another mode of action is
interaction with neutrophils. As is well known that early in
ALI there is a penetration of neutrophil, upon intratracheal
LPS administration, necrotic AM released pro-interleukin-
la(IL-1a), which activated endothelial cells (EC) to initiate
vascular leakage by losing VE-cadherin. Ultimately, it can
promote the infiltration of neutrophils and promote the
development of ALI (Dagvadorj et al,, 2015). In addition, by
regulating NF-kB activity and inducing M1 macrophage
polarization, exosomal miR-30d-5p from PMNs can influence
sepsis-related ALI (Jiao et al., 2021). In conclusion, the crosstalk

between AM and neutrophils deserves more research.

43T cells

According to current theories, ARDS is caused by the
destruction of alveolar endothelial and epithelial tissue by
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platelet-derived products and innate immune cells. As of yet, it is
unclear what role adaptive immune cells play in ARDS. In terms
of immunological function, T cells can be divided into T helper
cells (Th), Cytotoxic T cell and Regulatory T cell (Treg).
CD8'T cells are killer T cells, which can release cytokines and
perforin to kill virus-infected cells or tumor cells when activated.
There is evidence that a malaria-associated lung injury requires
an overreaction of CD8'T cells. Excited CD8"T cells migrate to
the lungs during infection, and immune-mediated anti-CD8
antibody treatment ameliorates pulmonary damage (Claser
et al.,, 2019).

There is evidence that regulatory T-cells (Tregs) facilitate
tissue repair and promote ARDS resolution. It has also been
shown that Treg-depleted mice have impaired Thl and
Th17 that
indispensable for tissue repair, modulating and promoting the

immune responses, suggesting Tregs are
Th immune response in LPS-induced pulmonary inflammation
(Tan etal., 2019). Normally, T-regs are found in lymphoid tissues
and peripheral blood, Leukotrienes B4 (LTB4) can recruit
CD4"CD25" Foxp3* Regulatory T Cells during ALI, which
reduce the inflammation of the ALI (D’Alessio et al., 2009;
Wang et al, 2012). In general, Treg cells communicate with
other T cells by secreting anti-inflammatory factors. For example,
the production of IL-10 by Treg cells and dendritic cells can
protect the lungs from injury caused by transfusion (Kapur et al.,
2017). In addition, it is noteworthy that Treg can also reduce the
proliferation of ALI fibers by reducing fibrocyte recruitment
(Garibaldi et al., 2013). It has also been reported that CD39*
Treg cells reduce LPS induced ALI through autophagy and ERK/
FOS pathways (Chen et al., 2020).

Recent studies have focused on the effect and function of
Treg on ALIL but further studies on Th cells are needed.
Compared with Treg, Th cells may have a more unique
function, and it has been reported that CTLA4 plays a role in
T cell pathways in ALI models (Nakajima et al, 2010).
Importantly, a gradual understanding of Th17’s function is
emerging in ALI, Thl7 cells are T helper cells that secrete a
distinct subset of T cell cytokines, including IL-17A and F, IL-21
and IL-22. IL-17A and F, especially, are released in the setting of
bacterial infections and have distinctive roles in reply to bacterial
and fungal pathogens (Li et al., 2015; Sakaguchi et al., 2016).

4.4 Monocytes

Monocytes originate from hematopoietic stem cells in the
bone marrow and develop in the bone marrow. When they enter
the blood, they are still immature cells. Monocytes also take part
in the immune response, after phagocytosis of antigen to carry
the antigen epitope to the lymphocyte, inducing lymphocyte
specific immune response (Merad and Martin, 2020).

Monocytes in the lung can be divided into mature and
immature mononuclear cells. The plasticity of immature

Frontiers in Pharmacology

182

10.3389/fphar.2022.1103309

mononuclear cells in diseases is higher. Studies have indicated
that immature monocytes promote cardiopulmonary bypass-
induced ALI by generating inflammatory descendants (Xing
et al., 2017). The reason is that immature CD14"°% CDI16-
monocytes have a limited ability to produce TNF-a and
inhibit T cell proliferation mediated by T cell receptor
these highly
proliferative and can differentiate into mature CD14"¢" CD16*
monocytes that produce TNF-a (Xing et al., 2017). Crosstalk
between monocytes and other immune cells has always been the

signaling. However, immature cells are

focus of research. It is believed that the communication between
monocytes and immune cells is a key point. In ALI, monocytes
are activated by LPS and can recruit neutrophils to the site of
inflammation, thus achieving a synergistic effect (Dhaliwal et al.,
2012). In addition, Plasmacytoid Dendritic Cells can recruit
monocytes to activate inflammatory in mice lung injury
(Venet et al, 2010). Interestingly, it is not only lung queued
monocytes that have a direct effect. Chemokines secreted by
monocytes in blood play a pivotal role in the progression and
outcome of lung injury during ischemia-reperfusion ALI. The
main reason is that chemokines in the blood can activate lung
monocytes and induce inflammatory expression after reaching
the lungs. Blocking this process can significantly reduce the
extent of lung damage (McKenzie et al., 2014).

4.5 Other immune cells

In addition, there are some studies on NK cells and eosinophils
in ALL Eosinophils, like other granulocytes, are derived from blood-
forming stem cells in the bone marrow. Eosinophils have the
function of killing bacteria and parasites, and are very important
cells in immune response and allergic reaction. Eosinophils can
release the contents of the particles, causing tissue damage and
promoting the progression of inflammation (Grisaru-Tal et al,
2022). Recent studies have shown that eosinophils have an
excellent protective effect against ALI, while eosinopenia may
increase mortality risks. Apart from pulmonary macrophages,
homeostasis eosinophils are a newly discovered cell group, which
play a key role in the ALL The LPS challenge induces rapid
agglomeration of eosinophils from the peripheral circulation into
the lungs. Loss of eosinophils increases LPS-induced neutrophilic
inflammation and eventual injury levels. Homeostasis CD101~ but
not allergic CD101" eosinophils play an anti-inflammatory role in
ALI (Zhu et al., 2020). In addition, IL-33-induced eosinophilia is
critical for preventing death induced by staphylococcus aureus
(Krishack et al., 2021), which provides evidence for novel and
potentially beneficial effects of eosinophils. As a powerful toxic
cell, NK cells play a crucial role in a variety of diseases. As the first
line of defense, NK cells are key players in innate immunity.
However, its function in ALI is seriously underestimated.
Activated lung NK cells overexpress activated receptors NKG2D
and CD27, and become functional NK cells by producing large
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The immune cells in Acute lung injury/acute respiratory distress syndrome. When ALl occurs, various immune cells are recruited through the
blood vessels to the inflammatory region and enter the alveoli through the swollen outer walls of the blood vessels. On the one hand, neutrophils
recruit platelets to form microthrombus, endothelial cells expressed ICAM-1 and increased platelet adhesion. On the other hand, they form NET
through capillaries to enlarge inflammatory lesions. The activated macrophages are divided into M1 type and M2 type. M1-type macrophages
induced by IFN-y and LPS secrete pro-inflammatory factors such as IL-1p, IL-12, TNF-a, and iNOS. While M1 macrophages induced by IL-4 and IL-13
have the opposite function, which product IL-10 and relief ALI. In addition, eosinophils, NK cells, dendritic cell and Treg cells were also recruited to
play different roles. Treg and dendritic cells secrete IL-10 to inhibit inflammatory response, and activated NK cells overexpress NKG2D and
CD27 receptors, release IFN-y, and promote the occurrence of ALI.

amounts of interferon y, which is the cause of acute lung immune immune cells, and promoting proliferation and differentiation
injury. The decrease of NK cells significantly reduced lung immune of T and B cells (Briukhovetska et al., 2021). In ALL IL-1p is at the
damage, total inflammatory cell infiltration and IFN-y production in top of the list. As one of the most common pro-inflammatory
bronchoalveolar lavage fluid (BALF) (Li et al,, 2012). We have sorted factors, numerous studies have focused on the anti-IL-1p
out the role and mechanism of immune cells in ALI as shown in the function. Recruitment of neutrophils is known to be critical in
Figure 1. prophase ALL Studies have reported that Il-1 is also involved in

this process. In lung injury after lung transplantation, classical
) ) monocytes infiltrated by the graft produce myD88-dependent IL-
5 The immune-related factors in ALI/ 1B, thus mediating neutrophil exosmosis (Hsiao et al., 2018). In

ARDS addition, IL-1p in acid—induced and sepsis—induced ALI is also
associated with the development of inflammation (Mizushina

5.1 Interleukin etal,, 2019; Xiong et al,, 2020). So, the source of IL-1P has been a
focus of attention, on the one hand, IL-1§ is produced by

There are several functions of interleukins in inflammation, different immune cells, such as alveolar macrophages (Xu
including transmitting information, activating and regulating et al,, 2022), monocytes (Hsiao et al, 2018). On the other
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hand, NLRP3 inflammasome also mediates the shearing and
maturation of IL-13 (Mizushina et al., 2019).

Another family of cytokines that play a pro-inflammatory
role in ALI is IL-17. Studies have shown that IL-17 is primarily
congenital lymphocyte production in ALI (Muir et al.,, 2016), in
the case of LPS-induced airway epithelial cell injury, the
interaction between IL-17A and endoplasmic reticulum stress
is pivotal and exhibits positive feedback (Kim et al., 2015). In
addition, the production of IL-17 by lung y§ T cells is also
considered to be one of the important factors in the pathogenesis
of ALI (Menoret et al., 2018).

In addition, several other interleukins are associated with the
progression of ALIL For example, blocking IL-3 and IL-5 can
significantly reduce the hyperinflammatory response in ARDS
models (Wang H. et al., 2022). Of note is the self-sustaining IL-8
cycle driving the prethrombotic neutrophil phenotype in severe
COVID-19 (Kaiser et al., 2021). Coincidentally, interleukin-36y
and IL-36 receptor signaling pathways reconcile damaged host
immunity and lung damage in cytotoxic Pseudomonas
aeruginosa lung infection (Aoyagi et al., 2017).

Conversely, some studies have reported on the anti-
inflammatory interleukin. For example, IL-10 and IL-35 have
a protective effect on ARDS by increasing CD4+Treg ratio in
extrapulmonary ARDS (Kapur et al,, 2017; Wang et al., 2019).
ARDS also can be alleviated by IL-4 mediated reprogramming of
lung macrophages (D’Alessio et al., 2016). In addition, IL-33-
dependent regulatory T cell accumulation mediates lung
epithelial regeneration at the end stage of ALI (Tan et al., 2021).

5.2 Interferon

Besides interleukin, interferon also plays an irreplaceable role
in ALL The function of interferon in ALI is two-sided. On the one
hand, influenza-induced IFN-y triggers the hyperreactivity of
bone marrow cells to MRSA, resulting in excessive inflammatory
responses and fatal lung injury during co-infection (Verma et al.,
2022). On the other hand, IFN-f can restore the function of
damaged alveolar macrophages by recruiting neutrophils to the
alveoli, thus improving the survival rate (Hiruma et al., 2018;
Sekheri et al., 2022).

5.3 NLRP3 inflammasome

In addition to membrane-bound Pattern Recognition
Receptors  (PRRs), PRRs, such as the
NLRP3 inflammasome, indirectly recognize PAMP and
DAMP. This process can be called a molecular process that

cytoplasmic

detects changes in homeostasis. The NLRP3 inflaimmasome
of NLRP3, ASC caspase-1.  When
NLRP3 inflammasome recognizes PAMP and DAMP, caspase-
1 splits IL-1P and IL-18, producing active IL-1p and IL-18, which

consists and
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mediate multiple inflammatory responses (Harapas et al., 2022).
The role of NLRP3 in ALI has been controversial. Studies have
shown that macrophages are over-activated in LPS-induced ALI,
activating NLRP3 inflammasome and triggering pyroptosis, a
process that exacerbates the disease of ALI (Li et al., 2018; Hu
etal, 2022). In addition, NLRP3-mediated pyroptosis may not be
limited to macrophages, but may also be discovered in
neutrophils (Feng et al., 2017). In brief, the role of the
inflammasome represented by NLRP3 in ALI deserves

continuous attention.

5.4 Other immune-related factors

The role of most immune-related factors is reflected in the
understanding of immune cell function. The regulation of
alveolar macrophages is particularly important in ALL It is
well known that macrophage activation is one of the
important mechanisms of its action, and it has been reported
that CD36 LPS-induced ALI by
macrophages M1 polarization (Sun et al, 2022). Similarly,
2A  (PP2A) (He 2019),
sphingosine-1-phosphate (S1P) (Joshi et al., 2020), oxidative
stress-induced  FABP5-S inhibits
macrophage inflammation (Guo et al,, 2021).

regulates enhancing

Protein  phosphatase et al,

glutathione  acylation

Neutrophils are crucial immune cells in ALIL, and the
regulation of neutrophils has been studied more and more.
Targeted binding adhesion molecule ¢ can improve ALI
caused by sepsis by reducing CXCR4" neutrophils (Hirano
et al.,, 2018). In addition, PDL1 and GM-CSF also alleviated
the course of ALI by promoting the completion of neutrophil
traps (De Alessandris et al., 2019; Zhu et al., 2022).

In other cells, for example, overexpression of cAMP response
(CREM) in T
lipopolysaccharide-induced ALI (Verjans et al, 2013), and

element modulator cells  exacerbates
NKG2D-activated natural killer cells mediate lung ischemia-
reperfusion injury (Calabrese et al, 2021). We summarized
the role and mechanism of immune cytokines in ALI as

shown in the Figure 2.

6 Prospects for future treatment
strategies for ALl

As a disease with rapid onset and rapid course, there is no
specific treatment strategy for ALL Recently there has been a
growing focus on the critical role of immune cells and immune-
related factors in various diseases, including tumors. The
progress has been enormous and valuable. As ALI is a disease
with uncontrolled immune cells and inflammatory storms, the
application of immunotherapy will have a high prospect. Just as a
study by Xu et al. (2020) recently, they retrospectively studied
21 patients with severe and critical COVID-19 who were treated
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The Immune-related factors in ALI/ARDS. In ALI, immune cytokines mainly play the role of cell communication, which is represented by
interleukin. Anti-inflammatory cytokines IL-10 and IL-35 can induce the activation of CD4" Treg and then inhibit ALI. IL-1p produced by monocyte
and IFN-B can induce the activation of neutrophil, which aggravate ALI. Besides the factors secreted by recruited immune cell, IL-3 and IL-5 can
directly promote ALI. On the other hand, activated y8T cells and macrophages can secrete IL-17, IL-5 and so on, forming positive feedback. In
addition, immune cells represented by M2-type macrophages can also secrete IL-4 to alleviate the progression of inflammation.

with tocilizumab, an IL6 receptor inhibitor. Surprisingly, their
results showed that a majority of patients with tocilizumab
experienced an immediate improvement in both symptoms,
hypoxygenemia, and CT opacity changes after treatment. As a
result, they concluded that tocilizumab improves clinical
symptoms and inhibits deterioration in severe COVID-19
patients, which is an effective treatment option for COVID-19
and can provide a therapeutic strategy for this deadly infectious
disease. Furthermore, their team also identified a monocyte
subpopulation that promotes the inflammatory cytokine
storms by using single-cell mRNA sequencing in two severe-
stage COVID-19 patients before and after tocilizumab treatment.
In spite of the fact that tocilizumab treatment reduces
inflammation, immune cells (including plasma B cells and
CD8" T cells) still exert a robust antiviral response both
humorally and cellularly. Therefore, they indicated that
treatment with tocilizumab can not only reduce the damage
caused by monocyte inflammatory factor storms, but also
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maintain the normal antiviral immune response of COVID-19
(Guo et al., 2020).

However, despite the promise of immunotherapy, few drugs
are available for clinical use. The use of monoclonal antibodies or
antagonists to neutralize cytokines such as TNF, IL-1, and IL-8
can significantly reduce lung injury in animal studies, but most
clinical trials have negative results. The results of clinical trials
showed that anti-TNF monoclonal antibody (Afelimomab) was
used to treat severely infected ALIL, among which the MONARCS
study (n = 2,634) showed that the mortality of the Afelimomab
treatment group was significantly reduced in severely infected
patients with high or low levels of IL-6 (Panacek et al., 2004;
Rondon and Venkataraman, 2005). But another study did not
reduce the case fatality rate (Reinhart et al., 2001). There is a lack
of clinical evidence on whether cytokine monoclonal antibodies
or antagonists can be used in the treatment of ALI/ARDS.
Moreover, whether Itolizumab, a novel anti-CD6 monoclonal
antibody, can be used in ARDS caused by COVID-19 has also
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attracted wide attention. On the one hand, previous clinical data
showed that Itolizumab could significantly reduce IL-6 level in
patients with psoriasis and internal rheumatoid arthritis
(Budamakuntla et al., 2015; Aira et al., 2016); On the other
hand, data also showed that patients with COVID-19
experienced severe second-degree heart block after infusion of
Itolizumab (Kumar et al., 2021). Therefore, judging from the
current research and clinical data, there is still a lot of work to be
done on immunotherapy for ALI in the future. It is important to
fully understand the immunological pathogenesis of ALI and
regulate the immune balance, rather than simply regulate a
certain inflammatory factor. Drugs that target a specific
cytokine are only capable of inhibiting that cytokine, and may
not limit the effects of other cytokines as well. As a consequence,
selecting the correct time period for anti-inflammatory therapy
and identifying those patients who would benefit from
immunosuppression remains crucial (Mastitskaya et al., 2021).

Although we have encountered some setbacks in the process
of applying immunotherapy to ALI there is no denying that the
initial exploration of immunotherapy has brought new hope to
more patients. The immune mechanism of ALI is very complex.
Multiple immune cells interact with each other and play different
roles. Monoclonal antibody, as a key drug in immunotherapy, is
always accompanied by serious side effects in the process of
immunotherapy, which makes it unable to play its proper
therapeutic role. On the one hand, this is due to our
insufficient understanding of the immune pathogenesis of
ALI and on the other hand, it is also caused by the versatility
of the drug targets of monoclonal antibody therapy. Perhaps, the
screening and study of compounds that target the immune
system is a meaningful therapeutic strategy, and the use of
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Eosinophilic asthma is the predominant phenotype of asthma, and although these
patients are sensitive to glucocorticoid therapy, they also experience many side
effects. Lonicerin is a kind of bioflavonoid isolated from the Chinese herb Lonicera
Japonica Thunb, which has anti-inflammatory and immunomodulatory effects. The
aim of this study was to elucidate the effects of lonicerin on eosinophilic asthma
and its potential mechanisms. Here, we established a house dust mite (house dust
mite)-induced eosinophilic asthma model in BALB/c mouse, and evaluated the
effects of lonicerin on it. Our results showed that lonicerin significantly reduced
airway hyperresponsiveness the number of inflammatory cells (especially
eosinophils) and the elevation of interleukin (IL)-4, IL-5, IL-13 and eotaxin in
bronchoalveolar lavage fluid (BALF) supernatants of mice. Additionally, lonicerin
also eminently blunted inflammatory infiltration and mucus secretion, as well as
MRNA levels of Mucin 5AC (MUC5AC) in lung tissue. Furthermore, results of
network pharmacology and molecular docking revealed that Src kinase and
epidermal growth factor receptor may be the potential targets responsible for
the effects of lonicerin. Finally, in vivo experiments confirmed that lonicerin
inhibited ~ activation of the Src/EGFR pathway by decreasing their
phosphorylation. Taken together, the present study demonstrated that lonicerin
could suppress HDM-induced eosinophilic asthma in mice through inhibiting the
activation of Src/EGFR pathway, which also provides a basis for further research as a
new potentially therapeutic agent for eosinophilic asthma and its underlying
mechanisms in the future.
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1 Introduction

Asthma is a well-known chronic respiratory disease that
affects approximately 1%-18% of the population worldwide
(GINA, 2022), and it is driven by airway inflammation, which
triggers biological changes such as mucus production, airway
wall remodeling and bronchial hyperresponsiveness (Papi
et al, 2018). It was gradually discovered that asthma is
highly heterogeneous and can be classified into various
phenotypes or endotypes, such as type 2-high (mainly
eosinophilic asthma) and type 2-low (mainly neutrophilic
or paucigranulocytic asthma) (Hammad and Lambrecht,
2021).
phenotype accounted for up to 76.8% of severe asthma
patients in China (Zhang et al., 2022). Currently, Inhaled
corticosteroids are widely considered to be the most basic

A recent study showed that the eosinophilic

treatment for asthma, effectively controlling symptoms and
preventing exacerbations. However, long-term corticosteroid
use may have certain side effects on general health (Costello
and Cushen, 2020). Therefore, the quest for some safe and
effective asthma treatment drugs is always on the way for
researchers.

Traditional Chinese Medicine (TCM) has distinctive
effects in the treatment of chronic diseases and has been
widely recognized as a core component of complementary
and alternative medicine (Newman and Cragg, 2020).
Lonicera japonica Thunb (Called Jinyinhua in Chinese) is a
medicine food homology herb with a wide range of
pharmacological effects, such as anti-inflammatory,
antibacterial, antiviral, antioxidant, etc. (Shang et al., 2011;
Ge et al.,, 2022). Notably, Lonicera japonica extract was found
to alleviate OV A-induced asthma or allergic rhinitis in mice
(Hong et al., 2013; Lin et al., 2019; Li et al., 2021). Lonicerin is
a kind of bioflavonoid isolated from the Chinese herb Lonicera
japonica Thunb and has been shown to possesses anti-
inflammatory and immunomodulatory functions in some
studies (Lee et al., 1995; Lee and Han, 2011; Lee et al,
2022). However, there are no studies reporting whether
lonicerin has a therapeutic effect on asthma.

Network pharmacology is the product of rapid developments
in the combination of bioinformatics, systems biology and
integrative pharmacology, which can explore the relationships
between compound-gene-disease networks and predict the
the of
corresponding diseases (Li and Zhang, 2013; Zhang et al,
2019). In this study, based on the fact that house dust mite

(HDM) as a common allergen can more closely mimic clinical

potential mechanism of TCM for treatment

asthma (Gorska, 2018), we first investigated the effect of lonicerin
on HDM-induced eosinophilic asthmatic mice. Next, network
pharmacology was applied to uncover the potential targets of
lonicerin for asthma treatment. Finally, molecular docking
analysis and experiments were applied to validate the
reliability of the key targets.
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2 Materials and methods
2.1 Chemicals and reagents

Lonicerin was purchased from Push Bio-Technology Co., Ltd
(Chengdu, China) and the purity (>98%) was confirmed by high-
performance liquid chromatography (HPLC) (Figure 1C). HDM
NG,
United States). Methacholine was purchased from Sigma-
Aldrich (Sigma-Aldrich China, Shanghai, China). Enzyme-
linked immunosorbent assay (ELISA) kits were purchased
from MultiSciences Biotech, Co., LTD. (Hangzhou, China).
Hematoxylin-eosin (HE), periodic acid Schiff (PAS) and
Congo red staining kits were supplied from Servicebio
Technology Co., Ltd. (Wuhan, China). The antibodies
including anti-p-Src, anti-p-EGFR, anti-Src, anti-EGFR and
anti-B-actin were obtained from Abcam (Cambridge, MA,
United States).

was purchased from Greer Laboratories (Lenoir,

2.2 Establishment of a mouse model of
eosinophilic asthma and drug treatment

Female BALB/c mice aged 6-8weeks and weighing
approximately 20 g were purchased from Youda (Guangzhou)
Biotechnology Co. Mice were housed in an SPF facility and
treated as described in Figure 2A. Mice were randomly assigned
to four groups (n = 6 for each group) (GINA, 2022): Normal
control group (Papi et al., 2018); HDM-induced eosinophilic
asthma model group (Hammad and Lambrecht, 2021); 10 mg/kg
low dose lonicerin intervention group: HDM + Lonicerin (L)
(Zhang et al.,, 2022); 30 mg/kg high dose lonicerin intervention
group: HDM + Lonicerin (H). The dosage of lonicerin was
referred to the previous study (Gu and Sun, 2020; Lv et al,
2021). All of the above groups were modeled by HDM, except for
the control group. On days 0, 7, and 14, mice were sensitized with
50 ug HDM by intraperitoneal (i.p) injection and then were
challenged intranasally (i.n.) with 25 pg HDM from day 21 to
day 23 for three consecutive days. Lonicerin was administered
intragastrically (i.g.) from day 17 to day 23. Lonicerin was
dissolved with 5% DMSO. During the administration, the
control and model groups were given equal amounts of 5%
DMSO. Animal experimental procedures were approved by
the Animal Care and Use Committee of the First Affiliated
Hospital of Guangzhou Medical University.

2.3 Measurement of airway
hyperresponsiveness

On day 24, Buxco’s modular and invasive system (DSI-

Buxco, St. Paul, MN, United States) was used to detect
bronchial provocation test in mice, and the changes in
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The molecular structure and purify of lonicerin. (A,B) 2D and 3D molecular structure were obtained from the PubChem database (C) The purify

of lonicerin was detected by HPLC.

airway resistance (Rp) and lung dynamic compliance (Cdyn)
were recorded to characterize airway hyperresponsiveness.
Briefly, the anesthetized mice were tracheally intubated and
exposed to methacholine (Mch) at sequentially increasing
concentrations (0, 6.25, 12.5, 25 and 50 mg/ml) to evaluate
lung function.

2.4 Serum collection and drug toxicity
detection

Serum was extracted from a blood sample by centrifugation
at 12,000 rpm for 15 min and stored at —80°C. Four indicators of
liver and kidney function in serum: alanine aminotransferase
(ALT), aspartate aminotransferase (AST), blood urea nitrogen
(BUN) and serum creatinine (SCR), were detected by Chemray-
120 Automatic Biochemistry Analyzer (Rayto Life and Analytical
Sciences Co., Ltd., China).
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2.5 Bronchoalveolar lavage fluid (BALF)
analysis

After the trachea was dissected, a sterile tube was inserted and
lavaged twice with 1 ml sterile phosphate buffered saline (PBS). The
collected BALF were centrifuged at 4°C (500 g, 10 min). The total cell
count in BALF was calculated and the number of different
inflammatory cells was determined by cytospin stained with HE.
The levels of IL-4, IL-5, IL-13 and eotaxin in BALF supernatants were
determined by ELISA kits according to the manufacturer’s protocol.

2.6 Lung histology
The right lung was fixed with 4% paraformaldehyde and
embedded in paraffin, and then 4-um tissue sections were

prepared. Referring to previous criteria, HE and PAS staining was
used to measure inflammatory infiltration and mucus secretion in the
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FIGURE 2

Effects of lonicerin on liver and kidney function and AHR in a mouse model of HDM-induced eosinophilic asthma. (A) Asthma model
establishment and treatment protocol as described in Materials and Methods. (B—E) the levels of AST, ALT, BUN and SCR in serum detected by
Automatic Biochemistry Analyzer. (n = 6). (F) Increase of R %. (G) Changes in R, to 50 mg/ml of Mch dose. (H) Decrease of Cdyn%. () Changes in

Cdyn to 50 mg/ml of Mch

dose. (n = 4-5). Data are expressed as mean + SEM. Differences between groups were determined with one-way

ANOVA followed by the Tukey's post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001 vs. Control group; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. HDM

group.
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airways, and masson staining was utilized to assess collagen
deposition. Since eosinophils are not easily distinguished from
other inflammatory cells in mouse lungs, they were detected by
Congo red staining. The statistics of these three staining results were
as described in previous studies (Huang et al., 2017; Deng et al., 20205
Xue et al,, 2021). Briefly, inflammation scores are as follows: 0, no
inflammatory cells; 1, occasional inflammatory cells; 2, only one layer
of inflammatory cells around most bronchi or blood vessels; 3,
2 layers of inflammatory cells around most bronchi and blood
vessels; 4, more than 2 layers of inflammatory cells around most
bronchi or blood vessels. In addition, PAS scores are based on the
percentage of PAS-positive goblet cells: 0, <5%; 1, 5%-25%; 2, 25%-—
50%; 3, 50%-75%; 4, >75%.

2.7 Immunohistochemistry and
immunofluorescence

For immunohistochemistry, the lung sections were blocked
with 5% goat serum after antigen retrieval, and then
immunostained with corresponding antibody (anti-p-Src or
anti-p-EGFR) at 4°C overnight, followed by incubation with
HRP-conjugated goat anti-rabbit IgG secondary antibody for
30 min at 37°C. At last, the signals detected using a 3, 3'-
diaminobenzidine (DAB) peroxidase substrate kit (Servicebio)
and then imaged by an Olympus microscope (Mantra,
PerkinElmer). The results were analyzed by Image-Pro Plus
software and quantified as average optical density (AOD) in
the peribronchial area.

For immunofluorescence, the lung sections were blocked in
5% goat serum for 1h and incubated overnight at 4°C with
corresponding antibody (anti-p-Src or anti-p-EGFR). After
washing with PBS, lung sections were incubated with Alexa
488 anti-rabbit secondary antibody or Alexa 594 anti-mouse
secondary antibody at for 1 h at room temperature. Nuclei were
with DAPI
Photographs were taken by a fluorescence inverted/laser

stained (4,6-diamidino-2-phenylindole).
scanning confocal microscope (Leica Imaging Systems). The
results were analyzed by Image-Pro Plus software and
quantified as fluorescence intensity.

2.8 Quantitative real-time PCR

Total RNA was extracted from lung tissues using TRIzol
reagent (Invitrogen). Next, RNA was reverse transcribed into
cDNA by HiScript®Il Q RT SuperMix for qPCR (Vazyme
LTD., Nanjing, China), then
quantification was performed with ChamQ Universal SYBR
qPCR Master Mix (Vazyme) on a LightCycler 480 II system
(Roche, Switzerland). All procedures refer to the manufacturer’s

Biotechnology Co., and

manual. The levels of GAPDH mRNA were served as an internal
reference. Data are expressed as the fold change over the control
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TABLE 1 Primer sequences for genes used for qRT-PCR.

Gene Sequences (5'-3")

EGFR Forward GCCATCTGGGCCAAAGATACC
Reverse GTCTTCGCATGAATAGGCCAAT
MUC5AC Forward CAGGACTCTCTGAAATCGTACCA
Reverse GAAGGCTCGTACCACAGGG
P53 Forward CCCCTGTCATCTTTTGTCCCT
Reverse AGCTGGCAGAATAGCTTATTGAG
Src Forward GAACCCGAGAGGGACCTTC
Reverse GAGGCAGTAGGCACCTTTTGT
TNE-a Forward CAGGCGGTGCCTATGTCTC
Reverse CGATCACCCCGAAGTTCAGTAG
KDR Forward TTTGGCAAATACAACCCTTCAGA
Reverse GCTCAGTATCATTTCCAACCA
GAPDH Forward GGCAAATTCAACGGCACAGTCAAG
Reverse TCGCTCCTGGAAGATGGTGATGG
group by the 224“ method. The primers (Sangon Biotech,

Shanghai, China) are listed in Table 1.

2.9 Western blot

with
radioimmunoprecipitation assay (RIPA) buffer containing protease
and phosphatase inhibitors. The BCA Protein Assay Kit (Fudebio-
tech) was used for protein concentration quantification. Proteins

Mouse lung  tissue  samples  were

lysed

were electrophoresed on 10% or 12% SDS-polyacrylamide gels and
transferred to PVDF membranes (EMD Millipore). Membranes were
blocked with 5% skim milk at room temperature for 1 h and then
incubated overnight at 4°C with specific primary antibodies. The
membranes were washed three times with Tris-Buffered Saline
Tween-20 (TBST) and then incubated with secondary antibodies
conjugated with HRP (Abcam) for 1 h at room temperature. At last,
the signal was scanned using the Tanon-5200 infrared scanning
system (anon Science & Technology Co., Ltd., Shanghai, China) after
three washes again and quantified using ImageJ software.

2.10 Network pharmacology analysis

2.10.1 Potential targets prediction

The 2D and 3D structures of lonicerin (Figures 1A, B) were
obtained from the PubChem (https://pubchem.ncbi.nlm.nih.
gov/) the targets the
SwissTargetPrediction (http://www.swisstargetprediction.ch/).

and were collected through
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2.10.2 Disease-related targets screening

The disease-related genes were searched in the GeneCards
(https://www.genecards.org/), OMIM (https://www.omim.
org/), PharmGKB (https://www.pharmgkb.org)/, TTD
(http://db.idrblab.net/ttd/) (https://go.
drugbank.com/), with “bronchial asthma” as the key word.

and DrugBank

The disease-related targets were obtained by combining with
results from the above 5 databases followed by elimination of
redundant genes.

2.10.3 Protein-protein interaction (PPI) network
construction

The targets were imported into the STRING database
(https://string-db.org/) to obtain the PPI network, and the
Cytoscape (V3.9.1) was used for network visualization. Finally,
the top 10 core targets were constructed through the CytoHubba
plug-in.

2.10.4 Gene ontology (GO) and kyoto
encyclopedia genes and genomes (KEGGQG)
enrichment analysis

R language software (v4.1.3) was used to analyze the role of
the asthma-related targets of lonicerin in gene function and
signaling pathways.

2.11 Molecular docking analysis

SWISS-MODEL was used to construct the tertiary structure
of the top 5 core targets. The 3D structure and free energy surface
were created, and the receptor protein was dehydrated using
PyMOL software. Hydrogenation and charge calculations were
performed using AutoDock software, and AutoDockVina was
used for docking to find the optimal conformation.

2.12 Statistical analysis

All values are presented as mean + SEMM. Differences
between groups were determined with one-way ANOVA
followed by the Tukey’s post hoc test. Statistical comparisons
were performed in Prism 8 software (GraphPad, La Jolla,
California, United States). Values of p < 0.05 were considered
statistically significant.

3 Results

3.1 Effects of lonicerin on liver and kidney
function in mice

Firstly, to test whether two concentrations of lonicerin were
toxic to mice, the levels of AST, ALT, BUN and SCR in serum
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were detected, and the results showed that there was no
significant difference between four groups (Figures 2B-E),

indicating that lonicerin was almost non-toxic.

3.2 Lonicerin alleviated AHR in a mouse
model of HDM-induced eosinophilic
asthma

Compared with the control group, the HDM group showed
increases in Ry, at four concentrations of Mch provocation, and
decreases in Cdyn were observed at Mch = 25 and 50 mg/ml,
indicating that we successfully established an asthma model with
AHR. In addition, both the HDM + LCR L) group (Mch =25 mg/
ml) and the HDM + LCR H) group (Mch = 25 and 50 mg/ml)
showed significant decreases in Ry, as well as increases in Cdyn
compared to the HDM group (Figures 2F-I).

3.3 Lonicerin reduced the inflammatory
cells and type 2-associated cytokines and
chemokines in BALF

As shown in Figures 3A-C, HDM caused an increase in
inflammatory cells (mainly eosinophils) in BALF of mice.
Compared with the HDM group, the counts of total
inflammatory cells, eosinophils, macrophages and neutrophils
in the two doses of lonicerin intervention group, especially in the
HDM + LCR H) group, were significantly decreased. Next, ELISA
was used to detect Type 2-associated cytokines, represented by
IL-4, IL-5 and IL-13, and the chemokine eotaxin in the BALF
supernatant. The results showed that lonicerin could effectively
reduce the elevation of above inflammatory factors induced by
HDM (Figures 3D-G).

3.4 Lonicerin alleviated inflammatory cell
infiltration and mucus hypersecretion in
the lungs of asthmatic mice

As shown in Figure 4, the results of HE and Congo red
staining showed that HDM induced abundant infiltration of
peritracheal and perivascular inflammatory cells (especially
Congo red-stained eosinophils) and mucosal oedema, which
were mitigated by intervention with both concentrations of
lonicerin. Similarly, PAS staining score and mRNA expression
of MUCS5AC, reflecting mucus secretion, were significantly
increased in the HDM group, while lonicerin treatment also
significantly reduced mucus hypersecretion compared to the
HDM group.

In addition, masson staining was used to observe the
deposition of collagen fibers in the lungs. Interestingly, our
results showed that two concentrations of lonicerin did not
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FIGURE 3

Lonicerin reduced the inflammatory cells and type 2-associated cytokines and chemokines in BALF. (A) HE staining was performed to count the
cellsin the BALF (scale bar, 50 um). (B,C) Total and differentiated inflammatory cells in the BALFs of mice. (n = 6). (D—G) Levels of IL-4, IL-5, IL-13, and
eotaxin in the BALFs supernatant measured by ELISA (n = 5). Data are expressed as mean + SEM. Differences between groups were determined with
one-way ANOVA followed by the Tukey's post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001 vs. Control group; #p < 0.05, ##p < 0.01, ###p <

0.001 vs. HDM group.

HDM-induced
production (Supplementary Figure S1).

significantly  reverse collagen  fiber

3.5 ldentification of the possible targets of
lonicerin in the treatment of asthma by
network pharmacology and molecular
docking analysis

A total of 1786 asthma-related genes and 100 target genes

of lonicerin were obtained after merging and de-duplication
by searching in GeneCards, OMIM, PharmGKB, TTD and

Frontiers in Pharmacology

196

DrugBank databases (Figure 5A; Supplementary Tables S1,
S2). Next, the target genes of lonicerin and asthma-related
genes were intersected to obtain a total of 44 lonicerin-
asthma related genes (Figure 5B; Supplementary Table S3),
which may be potential targets of lonicerin for asthma
treatment.

GO enrichment analysis showed that the predicted targets of
lonicerin for asthma treatment were involved in biological
processes such as cellular responses to chemical stress, wound
healing, regulation of body fluid levels, and regulation of
inflammatory responses, etc. (Figure 5C). KEGG pathway
analysis demonstrated that the predicted targets were enriched
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FIGURE 4

Lonicerin alleviated inflammatory cell infiltration and mucus hypersecretion in the lungs of asthmatic mice. (A) HE staining was performed to
evaluate airway inflammatory infiltration. (B) Lung eosinophils detected by Congo red staining. (C) PAS staining was performed to show mucus
production (scale bar, 100 um). (D—F) The corresponding quantification histograms of (A-C), respectively. (n = 6). (G) Detection of MUC5AC mRNA
expression in lung tissues of different groups of mice by qPCR. (n = 4-5). Data are expressed as mean + SEM. Differences between groups were
determined with one-way ANOVA followed by the Tukey's post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001 vs. Control group; #p < 0.05, ##p < 0.01,

###p < 0.001 vs. HDM group.

in AGE-RAGE pathway, Rapl pathway, PI3K-Akt pathway,
MAPK pathway, EGFR pathway, etc (Figure 5D).

To identify the hub genes and their interactions, we
constructed the PPI networks from the 44 targets obtained
above in the STRING network platform (Figure 5E). Then,
the PPI network was downloaded and into
Cytoscape software, and the top 10 core targets were sorted

imported

Frontiers in Pharmacology

197

and output, including TP53, TNF, SRC, EGFR, KDR, MMP9,
BCL2L1, IL2, PTGS2 and MMP2 (Figure 5F).

The results of molecular docking showed that the binding
free energy of the top 5 targets obtained above were all less than
-5 kcal/mol (Table 2). The visualization of molecular docking was
then performed (Figure 6). These results suggested that lonicerin
binds well to all of the top 5 targets.
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FIGURE 5

Screening of lonicerin-asthma related target genes. (A) Venn diagram of asthma-related genes obtained from various databases. (B) Venn
diagram of the predicted target genes of lonicerin and asthma-related genes. (C) Bubble diagram of GO functional enrichment analysis. (D) Bubble
diagram of KEGG pathway enrichment analysis. (E) PPl network of 44 lonicerin-asthma related target genes. (F) Top 10 hub gene analysis.
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TABLE 2 The binding free energy of lonicerin docking with core target
molecules.

Gene Binding free energy (kcal/mol)

SRC -10.7
EGFR -8.3
TP53 -7.9
TNF 7.5
KDR -7.1

3.6 In vivo validation of lonicerin for the
treatment of asthma by inhibiting the Src/
EGFR pathway

To verify the reliability of the predicted top 5 target genes, we
first measured their mRNA expression by qPCR in different
groups of lung tissues, the results showed that the mRNA levels of
four genes other than p53 were upregulated in the HDM group

10.3389/fphar.2022.1051344

compared with the control group. Compared to the HDM group,
two concentrations of lonicerin treatment reduced the mRNA
levels of Src and EGER (Figures 7A-E). In addition, Western blot
results showed that HDM increased the expression of p-EGFR
and p-Src, but had no significant changes in EGFR and Src. The
expression of both p-EGFR and p-Src in lonicerin group
decreased  significantly compared with HDM  group
(Figures 7F-H).

Further, we detected the localization and expression of p-Src
and p-EGFR in lung sections by immunohistochemistry and
immunofluorescence. As shown in Figure 8, the results indicated
that both p-Src and p-EGFR were predominantly expressed in
the airway epithelium. Besides, HDM modeling caused
significant upregulation of the AOD values and fluorescence
intensity of p-Src and p-EGFR, but these trends were effectively
reversed with the use of lonicerin.

Consequently, combined with the enrichment of the EGFR
signaling pathway in the KEGG pathway analysis above, we
speculate that the possible target suggesting lonicerin for
asthma treatment may be Src/EGFR pathway.

FIGURE 6

Molecular docking diagrams of lonicerin and top 5 hub genes. (A—E) (A) SRC, (B) EGFR, (C) TP53, (D) TNF and (E) KDR are shown interacting with

a lonicerin molecule.
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FIGURE 7

In vivo validation of lonicerin for the treatment of asthma by inhibiting the Src/EGFR pathway. (A—E) Detection of mMRNA expression of Src, EGFR,

p53, TNF-a and KDR in lung tissues of different groups of mice by qPCR. (n = 4-5). (F) Lung tissues from each group were extracted for Western blot
to analyse the protein levels of p-EGFR, EGFR, p-Src and Src. (G,H) The corresponding quantification histograms of (F). (n = 4). Data are expressed as
mean + SEM. Differences between groups were determined with one-way ANOVA followed by the Tukey's post hoc test. *p < 0.05, **p < 0.01,

***p < 0.001 vs. Control group; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. HDM group.

Disscusion

Eosinophilic asthma is the dominant phenotype of asthma,
and it was reported that the higher the blood eosinophil count,
the worse the prognosis for asthma patients. Patients with
eosinophilic asthma are sensitive to glucocorticoid therapy,
which is effective in controlling symptoms and suppressing
eosinophil levels. However, the side effects of glucocorticoids
such as obesity, hypertension, and osteoporosis are of increasing
concern (Price et al., 2015; Heaney et al., 2021). Therefore, it is
necessary to find safe and effective treatment options for asthma.

Frontiers in Pharmacology

Previous studies have found that Lonicera japonica extract
can treat OVA-induced asthma/allergic rhinitis animal models
through the activation of Thl and Treg cells and inhibition of
Th2 and Th17 cells (Hong et al., 2013; Lin et al.,, 2019; Li et al.,
2021). In addition, Lonicera japonica extract was found to exert
the concentration-dependent bronchial relaxation (Kim et al.,
2021). However, the specific components of Lonicera japonica
that may exert anti-asthmatic effects and the role as well as
molecular mechanisms in the HDM-induced asthma model,
which could better mimic clinical asthma, have not been
investigated. In this study, we found that lonicerin effectively

frontiersin.org
200


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1051344

Deng et al.

Control HDM HDM+LCR (H)

HDM+LCR (L)

p-EGFR [T

p-Src

DAPI

p-EGFR

Merge

Magnify

D

DAPI

p-Src

Merge

I
Tt
3
—
3
i

SRR & & P SRR C&o
& € & & T & T & ‘9& &

Sl & 5

& & & &

FIGURE 8

Effects of lonicerin on the immunohistochemistry and
immunofluorescence staining of p-EGFR and p-Src. (A,B)
Immunohistochemical staining of mice lungs for p-Src and
p-EGFR. (scale bar, 100 pm). (C,D) Immunofluorescent
detection of p-Src and p-EGFR in lung sections, p-EGFR was
visualized in red, p-Src was visualized in green, and DAPI-stained
nuclei was in blue. (scale bar, 50 um). (E,F) Quantitative analysis of
immunohistochemical staining for p-Src and p-EGFR by AOD.
(G,H) Quantitative analysis of immunofluorescence staining for
p-Src and p-EGFR by fluorescence intensity. (n = 6). Data are
expressed as mean + SEM. Differences between groups were
determined with one-way ANOVA followed by the Tukey's post
hoc test. *p < 0.05, **p < 0.01, ***p < 0.001 vs. Control group; #p <
0.05, ##p < 0.01, ###p < 0.001 vs. HDM group.
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attenuated airway hyperresponsiveness, type 2 inflammatory
factor expression, inflammatory cell (especially eosinophil)
infiltration, and mucus hypersecretion in HDM-induced
eosinophilic asthmatic mice. Airway remodeling has always
been a major contradiction in refractory asthma, and it has
been reported that biologics and some traditional Chinese
medicines could alleviate airway remodeling, but there are still
many controversies and lack of long-term clinical observation
(Varricchi et al., 2022; Zhou et al., 2022). Our results showed that
lonicerin reduced mucus hypersecretion, but cannot reverse
collagen fiber deposition, which needs to be further observed
with a longer course of medication in future studies.

Network pharmacology analysis was utilized to further
explore the potential molecular mechanisms of lonicerin for
the treatment of asthma. PPI network analysis identified
10 most strongly interacting hub gene targets: TP53, TNF,
SRC, EGFR, KDR, MMP9, BCL2L1, IL2, PTGS2 and MMP2.
Interestingly, KEGG pathway enrichment analysis found that
the EGFR signaling cascade was one of the most enriched
pathways. Therefore, we speculate that lonicerin may exert
anti-asthma effects by affecting the EGFR signaling cascade.
Further molecular docking analysis revealed that lonicerin had
a high binding free energy with EGFR, showing a good binding
qPCR
immunohistochemistry verified that EGFR expression and

ability between them. Finally, and
phosphorylation were elevated in the lungs of HDM-induced
asthmatic mice, while lonicera significantly reversed these
trends.

EGFR is a glycoprotein with a transmembrane tyrosine
kinase receptor that is activated by phosphorylation of its
2016). EGFR expression was

found to be increased in airway epithelial cells of asthmatic

ligand binding (Chen et al,

patients, especially those with severe asthma (Amishima et al.,
1998). In vitro experiments also showed that histamine enhanced
EGFR phosphorylation in airway epithelial cells (Hirota et al.,
2012). In addition, EGFR expression was upregulated in the lungs
of both OVA and HDM-induced asthmatic animals, and
treatment with EGFR
improved eosinophilic airway inflammation, epithelial barrier
function, goblet cell hyperplasia, and AHR (Hur et al., 2007; Jia
et al., 2021). These studies implicated that EGFR may be a
potential therapeutic target for asthma (Inoue et al., 2020).
Our results also showed that lonicerin not only binded

inhibitors (gefitinib or erlotinib)

extremely well to Src kinase, but also reversed HDM-induced
Src upregulation and phosphorylation. It has been found that Src
expression is elevated in asthma animal models and that
activation of Src leads to HDM-induced IL-33 secretion as
well as activation of type 2 inflammation (Dustin et al., 2021).
Knockdown of Src or using the Src inhibitor SU6656 can alleviate
airway inflammation in asthmatic animals (El-Hashim et al.,
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2019; Wu et al., 2022). It is worth mentioning that Src mediates
EGEFR trans-activation in allergic asthmatic mice, demonstrating
that Src is an upstream regulatory molecule of EGFR (Danyal
etal,, 2016; EI-Hashim et al., 2017). Thus, our results suggest that
lonicerin may exert anti-asthmatic effects by upregulating the
Src/EGER signaling pathway.

This study has some limitations. Firstly, the databases of
network pharmacology are dynamically updated, which may
affect the screening of drug targets, and the application of high-
throughput omics technology may improve the accuracy. Secondly,
it is necessary to explore the downstream regulatory mechanisms of
Src/EGFR, the target of lonicerin, in future studies.

In conclusion, this study demonstrated for the first time that
lonicerin, a flavonoid natural product derived from Lonicera
japonica, can reduce airway inflammation, mucus hypersecretion
and airway hyperresponsiveness in HDM-induced eosinophilic
asthma model. In addition, network pharmacology, molecular
docking analysis and experimental validation revealed that the
potential target of lonicerin could be the Src/EGFR signaling
pathway. Our findings provide a possible avenue for further
investigation of the therapeutic role of lonicerin in patients with
eosinophilic asthma.
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Japan

Modern western dietary habits and low physical activity cause metabolic
abnormalities and abnormally elevated levels of metabolites such as low-density
lipoprotein, which can lead to immune cell activation, and inflammatory reactions,
and atherosclerosis. Appropriate stimulation of vascular endothelial cells can confer
protective responses against inflammatory reactions and atherosclerotic conditions.
This study aims to determine whether a designed optogenetic approach is capable of
affecting functional changes in vascular endothelial cells and to evaluate its potential
for therapeutic regulation of vascular inflammatory responses in vitro. We employed
a genetically engineered, blue light-activated Ca?* channel switch molecule that
utilizes an endogenous store-operated calcium entry system and induces
intracellular Ca®* influx through blue light irradiation and observed an increase in
intracellular Ca®* in vascular endothelial cells. Ca?*-dependent activation of the
nuclear factor of activated T cells and nitric oxide production were also detected.
Microarray analysis of Ca®*-induced changes in vascular endothelial cells explored
several genes involved in cellular contractility and inflammatory responses. Indeed,
there was an increase in the gene expression of molecules related to anti-
inflammatory and vasorelaxant effects. Thus, a combination of human blue light-
activated Ca®* channel switch 2 (hBACCS?2) and blue light possibly attenuates TNFa-
induced inflammatory NF-kB activity. We propose that extrinsic cellular Ca®*
regulation could be a novel approach against vascular inflammation.

KEYWORDS

optogenetics, vascular endothelial cells, calcium, nitric oxide, microarray, inflammation

1 Introduction

Vascular endothelial cells form the vascular endothelium, a monolayer of cells lining the lumen
of blood vessels, and contribute to blood circulation throughout the body by preventing blockages
through anticoagulation. In addition to supporting blood circulation, vascular endothelial cells also
release many bioactive molecules that regulate vasoconstriction and dilation (Bauer and Sotnikova,
2010; Zhao et al., 2015; Kruger-Genge et al.,, 2019). One of these molecules is nitric oxide (NO), a
small gaseous molecule that is produced in vascular endothelial cells and then diffuses to and
permeates the cell membranes of surrounding cells. Activation of soluble guanylate cyclase by NO in
vascular smooth muscle leads to an increase in cyclic guanosine 3',5'-cyclic monophosphate
(cGMP). cGMP then promotes actin-myosin chain relaxation by decreasing Ca** influx in vascular
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smooth muscle cells, thus maintaining vascular function (Bauer and
Sotnikova, 2010; Zhao et al.,, 2015; Kruger-Genge et al., 2019).

NO is usually synthesized in vascular endothelial cells by endothelial
NO synthase (eNOS). eNOS is constitutively present in vascular
endothelial cells, and its activity is regulated by the intracellular Ca**-
calmodulin system (Forstermann et al., 1991; Pollock et al., 1991). In this
system, specific stimulation of vascular endothelial cells leads to Ca®*
influx, resulting in the formation of the Ca**-calmodulin complex that
then binds to eNOS, followed by migration of the complex into the
cellular caveola, which promotes NO production. Additionally,
phosphorylation of eNOS also modulates its activity. Alternatively,
some stimuli result in increased eNOS protein expression levels, which
facilitates increased NO production (Inoue and Xiong, 2009; Bauer and
Sotnikova, 2010; Rafikov et al., 2011). The mechanisms involved in NO
production hint at the clinical importance of NO. When vascular
endothelial dysfunction occurs in the early stages of cardiac ischemia,
NO production can become insufficient. Reflecting this, during angina
pectoris or myocardial infarction, treatment with acute sublingual
administration of nitroglycerin increases blood NO levels, possibly
resulting in coronary vasodilation and enhanced cardiac blood supply.
In addition, the test for coronary artery spasm involves cardiac
which  induces NO
production, predominantly in the functional vascular endothelial cells

catheterization-administered  acetylcholine,
over vascular smooth muscle cells, resulting in vascular dilation. On the
other hand, acetylcholine-induced production of NO is not sufficient in
dysfunctional ~ endothelial
contractions occur predominantly in vascular smooth muscle cells,
leading to vasospasm (Ong et al, 2012; Ong et al, 2014). Thus,
decreased NO production due to endothelial dysfunction minimizes

cells;  therefore, acetylcholine-induced

vasodilatory capacity, resulting in arterial stiffness and a tendency for
thrombosis development, which may further contribute to development
of diseases, such as cerebral infarction, myocardial infarction, and
peripheral arterial occlusion (Daiber et al., 2019).

In addition to NO production, an increase in intracellular Ca*" in
vascular endothelial cells facilitates prostaglandin production, which acts
on vascular smooth muscle cells to induce vasodilation and binds to its
receptors on platelets to activate adenylate cyclase, inhibiting platelet
activation and promoting anti-thrombotic effects (Weksler et al., 1978;
Braune et al., 2020). Elevation of Ca** in vascular endothelial cells also
plays important roles in the immune response, including contributing to
the regulation of E-selectin and VCAM-1 gene expression, or regulating
immune cell adhesion and tissue infiltration, which is implicated in the
development of atherosclerosis (Kielbassa-Schnepp et al., 2001; Erdogan
et al., 2007; Moccia et al., 2014).

To date, we have focused our studies of vascular function on
molecules involved in Ca** dynamics and inflammation (Inoue et al.,
2004; Inoue and Xiong, 2009; Sun et al., 2013; Zeng et al., 2015; Inoue
et al., 2020) and have found that suppression of TRPM7, one of TRP
family members, augments eNOS protein levels, resulting in increased
NO production (Inoue and Xiong, 2009). Moreover, under high
glucose conditions, TRPM7 is upregulated in vascular endothelial
cells, resulting in decreased eNOS expression and NO production, and
inhibition of TRPM7 restores these levels (Sun et al., 2013). Regardless
of these adverse effects, TRPM?7 plays a role in cardiovascular Mg
homeostasis, and inhibition of immune responses (Rios et al., 2020),
which demonstrates the difficulty in targeting suppression of a single
endogenous molecule as a therapeutic approach. As inhibition of
TRPM7 enhances NO production, we have focused on other target
molecules that regulate NO production and expression of related
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genes. If their activities can be controlled, extrinsic regulation of
production of NO and other molecules may be possible, ultimately
leading to the regulation of vascular tone and function. However,
isolation of endogenous molecule-dependent targets could require
extensive research on identification and validation of the target
molecule, followed by discovery of specific interacting molecules
through drug library screening, with further optimization of the
molecular structure using in silico techniques (Hughes et al., 2011;
Esch et al., 2015; Schneider, 2018). Indeed, because of the difficulties
involved previously in developing therapeutic agents through this
process, it may be useful to introduce exogenous molecules into
vascular endothelial cells to actively modulate their functional
activity, for example, by promoting Ca®" influx.

Recently, a lot of research has been conducted in exploiting
molecules that are not endogenously present in higher organisms,
including human beings. Channelrhodopsin, an algal protein that acts
as a cation channel, is one such molecule and is activated by specific
wavelengths of light. Photoactivation of channelrhodopsin results in
passive diffusion of ions according to their equilibrium potentials,
leading to changes in membrane potential; in neuronal cells, this
generates action potentials, often resulting in neuronal discharges.
Targeting genes that confer channels such as channelrhodopsin has
enabled external control of neuronal activity by light manipulation;
this technique is known as optogenetics (Deisseroth, 2011; Deisseroth,
2015). Different types of optogenetic tools, including anion channels,
have already been discovered and developed for biomedical usage,
with one of the most common channels being channelrhodopsin-2
(ChR2). ChR2 is a non-specific cation channel, conducting multiple
cations such as Na* and Ca** (Lorenz-Fonfria and Heberle, 2014).
Previously, whilst analyzing channel activity modified by redox status
(Wu et al,, 2017), we considered that Ca®* influx controlled by means
of an optogenetic strategy and consequent activation of the
downstream pathways could stimulate NO production and other
activities in vascular endothelial cells, facilitating beneficial vascular
processes. Photoactivation of vascular endothelial cells using light
sensors could dilate vessels and release hormones, which control blood
flow, at certain regions of vasculature in the body. In this study, we
attempt to employ a relatively new optogenetic tool to facilitate an
increase in intracellular Ca** by blue light irradiation and provoke NO
production and gene expression in vascular endothelial cells, to
explore the possibility of regulating vascular inflammatory responses.

2 Materials and methods
2.1 Reagents and antibodies

The following reagents and antibodies were used: Fluo-8/AM
(ABD21081, AAT Bioquest, Sunnyvale, CA, United States); DAF-FM/
DA (SK1004-01, Goryo Kagaku, Sapporo, Japan); NucreoSpin RNA Plus
(U0984B, Takara, Kusatsu, Japan); Lipofectamine 3000 (L3000001, Thermo
Fisher, Waltham, MA, United States); 0,0’—Bis(Z—aminoethyl) ethylene-
glycol-N,N,N' N'-tetraacetic ~ acid (EGTA; 348-01311, Dojindo,
Kumamoto, Japan); NG—nitro—L—arginine methyl ester (L-NAME; 80210,
Fuji Film, Tokyo, Japan); BAPTA/AM (T2845, TCI, Tokyo, Japan);
protease inhibitor cocktail (58820, Sigma-Aldrich, St. Louis, MO,
United States); Dual-Luciferase Reporter System (E1910, Promega,
Madison, WI, United States); mouse monoclonal antibodies against Flag
(F1804, Sigma-Aldrich) and GAPDH (60004-1-Ig, Proteintech, Rosemont,
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Flag/nBACCS?2 leads to blue light-mediated Ca?* increase in HEK293 cells. (A,B) Either Flag/hBACCS2-mCherry- or mCherry-expressing plasmid was
transfected into HEK293 cells and incubated for 2 days. Cells were collected, followed by immunoblotting analysis (A) or fixed and Flag/hBACCS2 protein was
visualized using an antibody to Flag (B). The scale bar represents 20 um. (C) Cells transfected with either Flag/hBACCS2-mCherry or mCherry were stained
with Fluo-8/AM. Blue light was then applied (.2 Hz) and Fluo-8 signals were monitored. Arrows indicate mCherry-positive cells. Each trace represents
fluorescence intensity from randomly selected cells. Bar graph shows the normalized fluorescence intensity of maxwmal values within 5 min in the different

conditions as indicated. n = 11-24 from 3 independent experiments. **p < .01 vs. Flag/hBACCS2-negative cells,

#p < .01 vs. mCherry-transfected cells,

Student's t-test. (D) Cells were transfected with G-CaMP7 and either Flag/hBACCS2-mCherry or mCherry, and photoactivated with blue light (.2 Hz). Each
trace represents fluorescence intensity from randomly selected cells. Bar graph shows the normalized fluorescence intensity of maximal values within 5 min
in the different conditions as indicated. The scale bar represents 50 pm n = 12-54 from 3 to 4 independent experiments. **p < .01 vs. Flag/hBACCS2-negative

cells, **p < .01 vs. extracellular Ca**-including condition, Student’s t-test

IL, United States), rabbit monoclonal antibody against NF-kB p65 (#8242P,
CST, Danvers, MA, United States), TNFa (HZ-1014, Proteintech).

2.2 Cell culture

HEK293 cells, a murine vascular endothelial cell line F2 (RCB
1994, Riken BRC, Tsukuba, Japan) (Toda et al., 1990) and a murine
brain derived endothelial cell line b.End3 (CRL-2299, ATCC,
Manassas, VA, United States) (Montesano et al., 1990) were grown
in Dulbecco’s modified eagle medium with 10% fetal bovine serum
and antibiotics.

2.3 Plasmid transfection and
photostimulation

A plasmid expressing human blue light-activated Ca** channel

switch 2 (hBACCS2) with bicistronic expression of mCherry was
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provided by Dr. Takao Nakata, Tokyo Medical and Dental University,
Tokyo, Japan; (Ishii et al., 2015) through Addgene (Watertown, MA,
United States).

A fragment of mCherry or hBAACCS2-IRES-mCherry was
inserted into a pCAG-GS vector provided by Dr. Junichi
Miyazaki, Osaka University, Osaka, Japan; (Niwa et al., 1991)
with  Flag-tag on hBACCS2 (pCAG-hBACCS2-mCherry).
G-CaMP7 [provided by Dr. Junichi Nakai, Saitama University,
Saitama, Japan through Riken BRC; (Ohkura et al., 2012)] was
subcloned into the pCAG-GS vector.

For transfection, Lipofectamine 3000 (Thermo Fisher) was used
according to the manufacturer’s instructions. Transfection efficiencies,
as determined by mCherry-positive cells, were ~50% in HEK293 and
F2 cells, and ~5% in b.End3 cells.

For photostimulation, the fluorescence microscopic system
described below was used for fluorescence (~.4 mW/mm? for
Figures 1, 2, 4, see below) and blue light LED (~.4 mW/mm?, for
Figures 3, 5, 6; LIU470A, ThorLabs, Newton, NJ, United States)
were used.
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FIGURE 2

hBACCS? leads to blue light-mediated Ca®* increase in murine vascular endothelial cells. (A) Vascular endothelial F2 cells were transfected with
G-CaMP7 and either hBACCS2-mCherry or mCherry, photoactivated with blue light (.2 Hz). Each trace represents fluorescence intensity from randomly
selected cells. The scale bar represents 50 um. (B) Bar graph shows the normalized fluorescence intensity of maximal values within 5 min in the different
conditions as indicated. n = 13-58 from 3 to 6 independent experiments. **p < .01 vs. hBACCS2-negative cells, “p < .01 vs. extracellular Ca®* +/EGTA -
condition, one-way ANOVA with Fisher's LSD post hoc test. (C) Brain microvascular b.End3 cells were transfected with G-CaMP7 and either hBACCS2-
mCherry or mCherry and photoactivated with blue light (.2 Hz). Bar graph shows the normalized fluorescence intensity of maximal values within 5 min in the
different conditions as indicated. The scale bar represents 100 pm n = 13-17 from 3 independent experiments. **p < .01 vs. hBACCS2-negative cells, Student’s
t-test

2.4 Fluorescence Ca?* and NO imaging and 20 mM HEPES (pH 7.4 with NaOH), for 30 min at 37°C, followed by
de-esterification of the dye for another 30 min at room temperature

Cells, spread on poly-L-lysine-coated coverslips were incubated with ~ (22°C-25°C). The coverslips containing dye-loaded cells were held in a

5 uM Fluo-8/AM in standard extracellular fluid (ECF), which contained: ~ recording chamber placed on the stage of an inverted microscope
140 mM NaCl, 5.4 mM KCl, 2 mM CaCl,, 1 mM MgCl,, 10 mM glucose, ~ (U-RFL-T mercury lamp, U-FBNA mirror unit, XL73, Olympus,
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Tokyo, Japan). Blue light (470-495 nm, 500 msec exposure, .2 Hz) for
Fluo-8 excitation works by activating hBACCS2-mediated Ca®* increase,
and emitted light was culled with a 500-550 nm band pass filter. The
fluorescence was detected with a x20 objective lens (Olympus) and a
CMOS camera (ORCA-Flash 2.8, Hamamatsu Photonics, Hamamatsu,
Japan), using HCImage software 4.3.5 (Hamamatsu Photonics).
Fluorescence intensities (AF) were normalized to the initial values (t =
0). Cells were not stained and incubated with ECF when G-CaMP7 was
time-lapse monitored.

For NO imaging, cells were prepared as above and incubated with
5uM DAF-FM/DA (Itoh et al, 2000) in standard ECF including
1 mM L-arginine, in the absence or presence of 1 mM NC-nitro-L-
arginine methyl ester (L-NAME) for 30 min at 37°C, followed by de-
esterification of the dye for another 30 min at room temperature.
Thereafter, the procedure was the same as for Ca®* imaging.

2.5 Reverse transcription and quantitative
real-time PCR

Total RNAs of F2 cells were extracted with NucleoSpin RNA Plus
(Takara). cDNAs were synthesized from 500 ng total RNA in 20 pl
reactions using oligo (dT);5 and reverse transcriptase (Toyobo, Osaka,
Japan).

Quantitative real-time PCR was performed to validate the
expression levels of selected genes using SYBR™ Premix Ex Taq
(Takara) and the Thermal Cycler Dice Real Time System (Takara) in
with the PCR
amplification cycles consisted of denaturation at 95°C for 30s,

accordance manufacturer’s protocols. The
40 cycles of denaturation at 95°C for 5, and annealing/extension
at 60°C to for 60s, followed by the detection of melt curve,
65°C-95°C. Real-time PCR reactions were carried out in duplicate
for each sample, and the average values were applied to the AACt
Primer sets are described in

method for data analysis.

“Supplementary Table S1”.

2.6 Microarray analysis

RNA samples (one from each condition) were used for global
gene expression profiling. Microarray analysis was performed by
Filgen Inc. (Nagoya, Japan) using the Clariom S array for mice
(Thermo Fisher), for ~22,000 genes, and GeneChip Scanner
3000 7G System (Thermo Fisher). The Microarray Data Analysis
Tool version 3.2 (Filgen Inc.) was used for data normalization and
subsequent processing. Differentially expressed mRNAs were
identified using a set cutoff (signal intensities > 24, which is
close to the median of negative control values, and fold
change > 2 or < .5). Selected genes were processed for pathway
analysis and those involved were classified based on gene ontology
(GO) terms. A statistically ranked list of GO terms was then
generated in terms of the z-score, which is a statistical measure
of the relative amounts of gene expression changes in a given GO
term (Doniger et al., 2003). A z-score of more than 3 is considered a
statistically significant association between the differentially
expressed genes and their corresponding GO terms. GO terms
describing fewer than two genes that met the user-defined criteria
were not considered in this study because of difficulty in ruling out
coincidence.
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Microarray data has been deposited in the Gene Expression
Omnibus (GEO) at the National Center for Biotechnology
Information (NCBI) (accession number GSE214156).

2.7 Reporter gene assays

Cells grown on 24-well plates were transfected with either pGL4.30
[luc2P/NFAT-RE/Hygro] or  pGL4.32[luc2P/NF-kB-RE/Hygro]
(Promega) together with pRL-TK (Promega) to compensate for
transfection efficiency. Expression plasmids were transfected in the
following amounts per well: .2 pg of mCherry-containing vector,
.15 ug of pGL4.30[luc2P/NFAT-RE/Hygro], .05 ug of pRL-TK for
F2 cells. Luciferase assays were performed using the Dual-
Luciferase  Reporter ~ System  (Promega) with  microplate
luminometer (Molecular Devices, San Jose, CA, United States)
according to the manufacturer’s instruction. For chelation of
intracellular Ca®', cells were pretreated with either BAPTA/AM
(25 uM) or vehicle (dimethyl sulfoxide) for 30 min, after which

blue light was applied.

2.8 Immunoblotting

Immunoblotting was performed as described (Inoue et al., 2010;
Inoue et al., 2012). Cells cultured on 35 mm dishes were lysed in lysis
buffer [50 mM Tris-HCI, pH 7.5, 100 mM NaCl, 1% Triton X-100, and
protease inhibitor (Sigma-Aldrich)]. The lysates were collected after
centrifugation at 14,000 x g and 4°C for 30 min. The aliquots were
thereafter mixed with Laemmli sample buffer and boiled at 95°C for
10 min. The samples were resolved in 4%-20% SDS-PAGE, followed
by electrotransfer to polyvinylidene difluoride membranes. For
visualization, blots were probed with antibodies against Flag (1:
1000) or GAPDH (1:3000), and detected using horseradish
peroxidase-conjugated secondary antibodies (1:2000; Promega) and
an ECL kit (Bio-Rad, Hercules, CA, United States).

2.9 Immunofluorescence staining

Cells were fixed with 4% paraformaldehyde in phosphate-buffered
saline (PBS), followed by permeabilization in PBS containing .2%
Triton X-100. The cells were first incubated with antibodies against
Flag (1:1000) or NF-kB (1:500), and then with the Alexa 488-
conjugated secondary antibodies (Thermo Fisher). For DNA
incubated with 4',6'-diamidino-2-
phenylindole (DAPI). Fluorescent images were analyzed using a

staining, coverslips  were

fluorescence microscopy (XL73, Olympus, Tokyo, Japan).

2.10 Statistical analysis

Data are presented as means = SEM. Kaleidagraph 4.0 (Synergy
Software, Reading, PA, United States) was used for statistical analysis.
Differences between two groups were compared using an unpaired
Student’s t-test. Comparisons among three or more groups were
performed by one-way ANOVA, followed by Fisher’s least
significant difference (LSD) post hoc test where applicable. p <
.05 was regarded as statistically significant.
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hBACCS2 leads to blue light-mediated NFAT activation in vascular endothelial cells. (A) F2 cells were transfected with pGL4.30[luc2P/NFAT-RE/Hygro], a

firefly luciferase reporter plasmid containing an NFAT response element, pRL-TK, a control Renilla luciferase reporter plasmid, and either hABACCS2-mCherry
or mCherry. Next day, 4 h after photoactivation (repletion of 2 min lightirradiation and 18 min interval), the ratio of firefly luciferase activity to Renilla luciferase
activity was calculated (n = 5). **p < .01 vs. h(BACCS2 -, #p < .01 vs. blue light —, one-way ANOVA with Fisher's LSD post hoc test. (B) F2 cells were

transfected with pGL4.30[luc2P/NFAT-RE/Hygro], pRL-TK, and pCAG-hBACCS2-mCherry. On the following day after transfection, cells were pretreated with
either 25 yM BAPTA/AM or vehicle for 30 min and photoactivation was then carried out for 4 h before being harvested. For each condition, the ratio of firefly
luciferase activity to Renilla luciferase activity was calculated (n = 3). *p < .05 vs. blue light -, #p < .01 vs. BAPTA +, one-way ANOVA with Fisher's LSD post hoc

test.

3 Results

3.1 Detection of Flag/hBACCS2-mediated
G-CaMP activation by blue light irradiation

Numerous literature have been published on light-sensitive
intracellular Ca?* modulators (Fukuda et al,, 2014; Ma et al, 2017a).
Among them, as reported by Ishii et al. (2015) is a plasmid that
bicistronically expresses mCherry and hBACCS2, which causes an
intracellular Ca*" increase when exposed to blue light. hBACCS2 is a
fusion protein of phototropin 1, a light sensor, and STIM1, which binds to
the Ca*" channel ORAII. Exposure to blue light irradiation facilitates a
conformational change in the fusion protein, leading to binding and
opening of ORAI1 and subsequent Ca** influx, sufficient for stimulation
of downstream cellular processes (Ishii et al., 2015). To obtain enhanced
expression levels in a variety of cells, we constructed a plasmid expressing
Flag-tagged hBACCS2 and mCherry under a CAG promoter, which is
often used for intensive and in vivo expression (Niwa et al., 1991; Araki
et al, 1997). As shown in Figures 1A,B, a band with the expected
molecular size (~55kDa) was detected using anti-Flag antibodies and
the molecule was localized in the cytoplasmic region in HEK293 cells
(Figures 1A,B). Blue light-induced Ca® increase was also observed in
HEK293 cells containing the newly constructed Flag/hBACCS2-
mCherry-expressing plasmid when cells were stained with a
fluorescence Ca®" indicator Fluo-8, while no change in fluorescence
intensities were observed in either non-transfected or mCherry-
positive (Flag/hBACCS2-negative) cells (Figure 1C).

For further convenience, we attempted to use G-CaMP7, an
intracellularly expressed artificial Ca** sensor molecule, as opposed
to staining with fluorescence indicators. G-CaMP?7 is a derivative of
GFP and its fluorescence intensity is Ca®" concentration-dependent
(Ohkura et al., 2012). Blue light application induced an elevation of
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fluorescence intensities in HEK293 cells expressing G-CaMP7 and
Flag/hBACCS2-mCherry, whereas an elevation did not occur in the
absence of Flag/hBACCS2 (Figure 1D). Removal of extracellular Ca®"
prevented increases in the fluorescence intensities, even in the
presence of Flag/hBACCS2 (Figure 1D). These results suggest that
photoactivation of Flag/hBACCS2 by blue light is detectable using
G-CaMP7 fluorescence intensity. “Flag/hBACCS2” is hereafter simply
represented as “hBACCS2”.

3.2 Ca®* increase in the presence of
hBACCS2 and blue light application in
vascular endothelial cells

We examined whether the blue light/hBACCS2 system works in
vascular endothelial cells, where the ORAII-STIM1 system is present
(Abdullaev et al., 2008; Li et al., 2011). In murine vascular endothelial
F2 cells (Toda et al., 1990), fluorescence intensities of G-CaMP7 were
elevated by blue light irradiation when hBACCS2 was present (Figures
2A,B). In contrast, hBACCS2-negative cells did not show a blue light-
induced increase in G-CaMP7 fluorescence intensity. Under similar
procedures, removal of extracellular Ca*>* prevented an increase in
G-CaMP7 fluorescence intensities in hBCAACS2-positive cells
(Figure 2B). An addition of EGTA, a Ca** chelator, also weakened
the fluorescence (Figure 2B).

To obtain further insight into the availability of hBACCS2-
dependent Ca** influx in vascular endothelial cells, we employed
the b.End3 vascular endothelial cell line derived from brain
vasculature. Similar to the case of F2 cells, fluorescence
intensities of G-CaMP7 were elevated by blue light irradiation
in hBACCS2-positive, but not hBACCS2-negative b.End3 cells

(Figure 2C).
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FIGURE 4

hBACCS2 leads to blue light-mediated NO production in vascular
endothelial cells. F2 cells transfected with either h(BACCS2-mCherry or
mCherry were stained with DAF-FM/DA. Blue light was then applied
(.2 Hz) and DAF-FM signals were monitored. Each trace represents
fluorescence intensity from randomly selected mCherry-positive cells.
Bar graph shows the normalized fluorescence intensity of maximal
values within 30 min in the different conditions as indicated. n =
33-46 from 3-5 independent experiments. **p < .01 vs. hBACCS2-
negative cells, “p < .01 vs. L-NAME - condition, one-way ANOVA with
Fisher's LSD post hoc test

3.3 Intracellular Ca?* signaling activation with
hBACCS2 and blue light irradiation

Following observations of Ca*" increase, we examined whether
intracellular Ca**-dependent signaling activity is influenced under our
approach in vascular endothelial cells. Ishii et al. (2015) indicated that
Ca’*-dependent activation of a transcription factor, nuclear factor of
activated T cell (NFAT), was detected in HEK293 cells (Ishii et al.,
2015). Consequently, we performed a reporter gene assay of NFAT in
F2 cells. In this process, we challenged different conditions for 4 h in
total, and cells that underwent 2 min/18 min cycles (repletion of 2 min
irradiation and 18 min interval) showed the highest activity of NFAT
reporter in the presence of hBACCS2 and blue light irradiation
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(Figure 3A). The photoactivation was eradicated when cells were
pretreated with BAPTA/AM, a Ca** chelator (Figure 3B). Thus, a
combination of blue light irradiation and presence of hBACCS2 can
induce the activation of intracellular Ca®" signaling.

3.4 NO production with hBACCS2 and blue
light irradiation in vascular endothelial cells

NO production and release is an important function of vascular
endothelial cells. Intracellular Ca*" increase, such as by acetylcholine,
activates eNOS, leading to enhanced NO production. We investigated
whether NO production is facilitated by hBACCS2 and blue light
irradiation. Transfected F2 cells were incubated with DAF-FM/DA, an
NO-sensitive fluorescence indicator, and photostimulation was
conducted. As shown in Figure 4, while hBACCS2-negative cells
still displayed a slight increase in DAF-FM fluorescence intensities,
hBACCS2-positive cells showed higher elevation (Figure 4). L-NAME,
an NOS inhibitor, attenuated this increase (Figure 4). This indicated
that photoactivation by the combination of blue light and
hBACCS2 facilitates NO production.

3.5 Gene expression profiling of blue light-
induced hBACCS2-positive vascular
endothelial cells

Ca®" signaling can also affect gene expression, as demonstrated by
the altered activity of the transcription factor NFAT, as shown in
Figure 3. To understand the global effect of Ca** elevation on gene
in hBACCS2-transfected vascular endothelial cells,
Clariom S microarray assay (Thermo Fisher) was used for analysis
of RNA samples treated as in Figure 3 (2 min/18 min for 4 h). The
scatter plot analysis in Figure 5A demonstrates that blue light

expression

irradiation resulted in up- and downregulated gene expression of
105 and 144 genes, respectively (Supplementary Tables S2, S3). To
elucidate the possible molecular mechanisms associated with these
differentially expressed genes, MAPP pathway analysis identified
several pathways regulated by blue light irradiation, including
apoptosis, myometrial relation/contraction, and inflammatory
responses (Tables 1, 2). To validate the changes in gene expression
of blue light-irradiated cells observed in microarray analysis, we
performed quantitative real-time PCR for several target genes
whose expressions were upregulated in hBACCS2-transfected
F2 cells. As a result, blue light photoactivation upregulated the
expression of genes indicated in Figure 5A in hBACCS2-positive
cells [in contrast, the increase in ATF4 expression was non-
significant (p = .058)], but not in hBACCS2-negative cells
(Figure 5B). Although it was curious to us that the expression of
E-selectin and ICAM-1, which are supposed to be expressed in a Ca**-
dependent manner, were not upregulated in this analysis (Chen et al.,
2002), quantitative PCR also showed that Ca** increase alone is
insufficient for its upregulation (Figure 5B, ICAM-1 was not
detectable in our study, not shown). This may correspond with the
results of a recent study that showed that extrinsic Ca®" elevation by
means of TRPV4 agonist does not increase E-selectin level (Chen et al.,
2002; Beddek et al., 2021). Thus, consistent with microarray data, blue
light mediated Ca** influx is possibly associated with vascular

contractility and inflammation in the presence of hBACCS2.
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Gene expression profiling of hBACCS2-transfected F2 cells in the absence or presence of photoactivation. (A) Microarray analysis was performed
comparing the gene expression profiles of hBACCS2-transfected F2 cells with or without blue light irradiation. A single dot is plotted for each gene. Some of
representative genes were plotted with blue. Scatterplot comparing control intensities (x-axis) and their fold changes (log2-fold change, y-axis) was shown. A
cut off intensity (x = 24) applied for pathway analysis (see methods) was indicated with green lines. (B) Quantitative real-time PCR was performed to
validate mRNA levels of the indicated genes in F2 cells treated as described in (A). n = 5-12. *p < .05, **p < .01 vs. blue light -, Student’s t-test.

3.6 Possible attenuation of NF-«B activity by
blue light activation in hBACCS2-transfected
vascular endothelial cells

Ca® elevation often evokes an attenuation of inflammatory
responses in vascular endothelial cells (de Martin et al, 2000;
Munaron, 2006; Bair et al., 2009; Li et al., 2017). In order to gain
insight into this pathway during vascular inflammation, we examined
whether inflammatory NF-kB activity is influenced by blue light and
hBACCS2. It is well known that inflammatory mediators such as
lipopolysaccharide and TNFa elicit vascular inflammatory activation.
First, to inspect NF-kB activity, cells were treated with TNFa in the
absence or presence of hBACCS2 and/or blue light irradiation, and a
reporter system containing the NK-kB consensus sequence was
challenged. While hBACCS2 simply enhanced basal reporter
activities, TNFa induced NF-kB reporter activity in hBACCS2-
transfected cells. The increased activity was significantly attenuated
with blue light irradiation (Figure 6A). We then probed levels of

Frontiers in Pharmacology

nuclear translocation of NK-kB with TNFa treatment. Blue light-
induced cytoplasmic retention of NF-kB was significantly greater in
hBACCS2-positive cells than in hBACCS2-negative cells when
stimulated with TNFa (Figure 6B). Taken together, although the
functional effect of hBACCS2-dependent Ca** increase on TNFa-
induced inflammatory responses was not significantly detectable, NF-
kB translocation is likely to be influenced by the combination of
hBACCS2 and blue light irradiation. This suggests that TNFa-induced
inflammatory responses could possibly be attenuated with the
of hBACCS2 and blue light with
photostimulatory doses.

combination optimal

4 Discussion

In blood vessels, vascular endothelial cells generate NO, an anti-
coagulant that acts on platelets, and exhibit vasodilatory effects via
vascular smooth muscles (Bauer and Sotnikova, 2010; Smolenski,
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TABLE 1 Up-regulated pathway by pathway analysis.

10.3389/fphar.2022.1076116

MAPP name Number changed Number measured Z-score p-value

Mm_Apoptosis_modulation_by_HSP70 2 17 6.67 .0037
Mm_Myometrialrelaxation_andcontraction_pathways 4 151 3.81 .0060
Mm_Mapk_signaling_pathway 4 158 3.69 .0070
Mm Oxidative stress response 2 27 5.16 .0084
Mm Inflammatory response_pathway 2 30 4.86 .0102
Mm Exercise-induced circadian_regulation 2 48 3.66 .0240
Mm_Lung fibrosis 2 61 313 .0368

TABLE 2 Down-regulated pathway by pathway analysis.

Number measured

MAPP name Number changed
Mm White fat cell differentiation 2
Mm Fatty acid beta-oxidation 2

32 3.40 .0307

33 3.34 .0324

2012). The lack of NO production due to metabolic diseases such as
hypertension and hypercholesterolemia can lead to atherosclerosis
(Forstermann et al., 2017). Thus, regulation of NO production plays a
critical role in vascular function. We attempted to manipulate cellular
Ca’" levels in cultured vascular endothelial cells, and consequently NO
production and changes in gene expression by means of an
optogenetic technique, which is widely available in neurobiological
fields. Recently, studies using this technique for the cardiovascular
system, have mainly focused on cardiac or vascular smooth muscle
cells (Lee et al., 2021; Tong et al., 2021); to our knowledge, there is no
literature focusing on vascular endothelial cells. As some optogenetic
tools that can regulate Ca®" levels are known, we employed a BACCS
system which utilizes store-operated calcium entry, the ORAI1-STIM1
machinery, that is present endogenously in vascular endothelial cells.
Among the currently used techniques that manipulate cellular
function, the chemogenomic technique involves a designer receptor
exclusively activated by designer drugs (DREADDs) which activates
artificial G protein-coupled receptors through certain reagents (Urban
and Roth, 2015; Aldrin-Kirk et al., 2016). However, the problems with
DREADDs are: 1) introduction of artificial molecules into cells or
tissues, 2) artificial drugs must be administered into the body, and 3)
follow-up observation should be done, proving them harmless to the
body (Keifer et al., 2020). Comparing the optogenetic approaches,
some optogenetic tools also require introduction of artificial molecules
into the body, and DREADDs may offer an advantage as their effects
reach deeply in the body where light irradiation does not penetrate.
Nonetheless, as optogenetics require less consideration of the impact
of artificial drugs potentially involved in generation of the side effects,
they can be considered more appropriate as a therapeutic strategy.
This study initially aimed to examine whether our approach works in
vascular endothelial cells; thus, we employed two vascular endothelial
cell lines, F2 and b.End3 cells. As a result, we found that blue light
irradiation induces an hBACCS2-dependent Ca** increase in both
cells lines. Transfection efficiency and fold changes in fluorescence
intensities of b.End3 cells were lower compared to those of F2 cells;
therefore, we focused on F2 cells thereafter. Increase in intracellular
Ca’" levels induces calmodulin binding to eNOS, resulting in NOS
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enzymatic activity (Abu-Soud et al, 1994; McCabe et al., 2000).
Consistent with this, we found that a combination of blue light
and hBACCS2 induces Ca** influx and subsequent NO production.
Thus, with incorporation of hBACCS?2 into the vascular endothelium
in vivo, it may be possible to control vascular function.

Apart from regulating cytoplasmic NO production, Ca** is
regarded as a secondary messenger for intracellular signaling and
plays a role in gene expression. NFAT activity, a known Ca®'-
dependent factor, is also induced by the combination of
hBACCS2 and blue light irradiation, and is eliminated in their
absence. Moreover, intracellular chelation of Ca?** with BAPTA
eradicates NFAT activity, confirming that intracellular Ca®"
regulates NFAT transcriptional activity. As intracellular Ca*
elevation is also known to alter gene expression via other
transcription factors such as AP-1 (Salnikow et al., 2002; Liu et al.,
2004), microarray analysis was carried out to depict a more
comprehensive view of the cellular functions of Ca®*. The
upregulation in adrenomedullin (ADM) expression, along with
others, by hBACCS2/blue light was observed using microarray
analysis in this study; however, the mechanism by which ADM
responds to Ca®* elevation was not pursued, along with potential
AP-1 sites implicated in the human ADM promoter region (Ishimitsu
et al,, 2003), and this needs to be addressed for better understanding.
ATF3 and ATF4 were also upregulated, and a recent study revealed
that both of these genes expressed in vascular endothelial cells are
critical for metabolic oxidative stress-induced angiogenesis (Fan et al.,
2021), suggesting the possibility that optogenetic Ca®* entry could
support angiogenic potential. The benefit of this method of Ca** influx
induction is that the expression of multiple beneficial molecules may
be upregulated simultaneously. Although some detrimental genes
could also be upregulated, it can be successful if an overall vascular
or systemic improvement is observed.

Pathway analysis identified some pathways that are influenced by
blue light irradiation. Regarding vascular endothelial roles, pathways
for contractility and inflammatory responses were identified. Since
inflammation dysregulates vascular contractility, resulting in vascular
stiffness and atherosclerosis, we examined whether blue light
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FIGURE 6
Photoactivation using hBACCS2 possibly attenuates TNFa-induced
NF-kB activation in vascular endothelial cells. (A) F2 cells were
transfected with pGL4.32[luc2P/NF-xB-RE/Hygro], a firefly luciferase
reporter plasmid containing an NF-xB response element, pRL-TK,
and either hBACCS2-mCherry or mCherry. Two h after photoactivation,
they were either untreated or treated with 20 ng/ml TNFa for 2 h,
followed by manipulation for reporter assay. (n = 6-7). TNFa-induced
NF-xB activity was significantly attenuated with blue light irradiation in
hBACCS2-transfected cells. *p < .05 vs. TNFa -, **p < .01 vs. blue light -,
one-way ANOVA with Fisher's LSD post hoc test. The effect of
hBACCS2 was always significant (p < .01); this is not indicated in the
panel. (B) F2 cells were transfected with either hBACCS2-mCherry or
mCherry. In the absence or presence of 2 h after photoactivation, cells
were either untreated or treated with 20 ng/ml TNFa for 30 min, and
then fixed. NF-xB p65 protein was visualized by indirect
immunofluorescence staining using an antibody for p65. Arrows indicate
mCherry-positive cells. The scale bar represents 50 um. Bar graph
shows quantitative analysis of NK-kB-translocated cells. Cells, in which
nuclear NF-«B staining was visible as clearly as the merge of the nucleus
(Continued)
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FIGURE 6 (Continued)

was detectable, were regarded as NF-kB-translocated cells, and

their percentage was calculated. 11-52 transfected cells were counted
in each field. (n = 4). hBACCS2 enhanced cytosolic retention of NF-kB
significantly in TNFa-cells. *p < .05 vs. hBACCS2 -, #p < .05, ##p <

.01 vs. blue light -, one-way ANOVA with Fisher’s LSD post hoc test. The
effect of TNFa was always significant (p < .05); this is not indicated in the
panel.

irradiation affects inflammatory responses. In line with their
relationship between arbitrary Ca®* levels and inflammation,
TNFa-induced  NF-xB monitored, and
photostimulation of hBACCS2 attenuated its nuclear translocation

changes  were

and perhaps consequently its transcriptional activity. We provide a
direction for future indications for the regulation of vascular function
by arbitrary Ca*" induction. Certain stimuli that potentially facilitate
intracellular Ca®* elevation can precondition vascular endothelial cells
to detrimental stresses (Zahler et al., 2000; Jabs et al., 2010; Leonard
et al,, 2014), and the attenuation of inflammatory responses by Ca*"
increase in this study may induce this preconditioning. Surprisingly,
arbitrary Ca*" increase by blue light and hBACCS2 did not potentiate
NF-xB, and thus the simple Ca®" increase may not always be sufficient
for NF-xB activation, as it sometimes needs other stimulation in
addition to Ca** increase in other cells (Casolaro et al., 1995; Brignall
et al,, 2017). Of interest, as shown in Figure 6B, blue light irradiation
alone may diminish the capacity of the inflammatory responses, as
longer wavelengths have been indicated to have anti-inflammatory
effects (Hamblin, 2017; Hamblin, 2018). Studies on optimization of
light doses are required to move forward to in vivo studies.

Thus, although we found that hBACCS2 combined with blue light
irradiation can activate vascular endothelial cellular functions, one of
the limitations of this study is that we could not evaluate the optimal
degree (e.g., intensity and frequency) of blue light stimulation. As
performed by Ishii et al. (2015), we also performed an NFAT reporter
assay under several conditions (data not shown) to obtain the
optimum condition, and applied the most significant condition as
found for microarray analysis. However, there might be more optimal
conditions, that may result in greater improved functional changes.
However, even if optimal stimulatory conditions are discovered in
cultured cells, such stimulation may not always be transferrable in
vivo; therefore, it would be better to start the search for optimal
photostimulatory doses for in vivo studies. Also, in line with in vivo
applications, a strong CAG promoter-containing expression plasmid
was introduced in this study, which may cause vascular contraction
when it is involved in neighboring vascular smooth muscle cells.

Ultimately, we hope to apply this method in a non-transgenic
manner to treat human patients with conditions such as
arteriosclerosis obliterans. However, testing the introduction of
hBACCS2 into blood vessels by various methods in experimental
animal models (Martin et al., 2000; Rutanen et al., 2002; Ouma et al.,
2014; Young and Dean, 2015; Ma et al., 2017b; Goudy et al., 2019;
Rasanen et al, 2021) should ideally precede any application in
human. While introducing plasmid or viral vectors, it will be
necessary to contain the effects of blue light in vascular endothelial
cells, without affecting vascular smooth muscle cells (Wynne et al.,
2009). Thus, this study presents the initial findings and a basis for
further investigations on safe use of this approach in vivo. Further
research is essential to allow this method to be promoted with in vivo
applications in mind.
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Model of intracellular events involved in blue light/hBACCS2-dependent Ca®* regulation in vascular endothelial cells. Results from this study show that

arbitrary increase in intracellular Ca

2+ alters a variety of cellular events such as NO production and gene expression, resulting in changes in cellular function in

vascular endothelial cells. Molecules observed in this study are indicated with bold and black letters, and the related changes are shown by thicker arrows.

A model of the arbitrary Ca**-dependent cellular actions and their
involvement in downstream possible anti-inflammatory signaling
used in this study is depicted in Figure 7.

5 Conclusion

In this study, we employed a recently described optogenetic
technique and found that blue light irradiation, along with
hBACCS2 introduction, induces an arbitrary increase in Ca’" in
vascular endothelial cells, followed by a subsequent increase in
Ca?*, NFAT and NO production. A
comprehensive analysis of gene expression changes induced by blue

intracellular activity
light-dependent Ca®* elevation using DNA microarrays revealed
potential changes in the expression of genes related to smooth
muscle contractility and inflammatory responses. The blue light-
dependent Ca*" increase also appeared to influence NF-kB activity
induced by TNFa, an inflammatory mediator. These findings suggest
that successful Ca®* regulation of vascular endothelial cells may
improve vascular function or regulate inflammatory responses.
Further optimization of the stimulatory features and system, and

its application in vivo are expected in the future.
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Background: The nuclear receptor Nur/77 has been demonstrated to play a vital
role in the inflammatory response and cellular metabolisms, and its ligands exhibit
efficacy in the treatment of inflammation-related diseases (e.g., improving mouse
acute lung injury (ALl) and obesity. Recently, w-3 polyunsaturated fatty acid-
ethanolamine derivatives (w-3 PUFA-EAs), including DPA-EA and DHA-EA, have
been reported as new Nur77-targeting anti-inflammatory agents. However, the
lipid-lowering effect of w-3 PUFA-EAs is still unknown, and lipid profile changes
induced by Nur77-targeting anti-inflammatory agents also remain unclear.

Objective: This study aimed to evaluate the lipid-lowering effect and the
underlying mechanism of DPA-EA acting as Nur77-targeting anti-inflammatory
agents. It also aimed to investigate the in vitro and in vivo lipid-lowering effects of
the DPA-EA and DHA-EA mixture prepared from algae oil.

Methods: The in vitro lipid-lowing effect of DPA-EA and its mixture with DHA-EA was
first evaluated in palmitic acid-stimulated HepG2 Cells. To confirm the lipid-lowering
effect and explore the underlying mechanism, we performed untargeted lipidomic
analysis using ultra-performance liquid chromatography/triple quadrupole-time-of-
flight (TOF) mass spectrometry coupled with multivariate statistical analysis, with
another Nur77-targeting anti-inflammatory compound Celastrol (Cel) as a
reference. Finally, we examined the anti-obesity effect of the DPA-EA and DHA-EA
mixture synthesized from algae oil in a high-fat diet (HFD)-fed mice model.

Results: DPA-EA significantly alleviated lipid accumulation with lower toxicity than
Celastrol.  Nur77-targeting compounds DPA-EA and Celastrol could
simultaneously reduce 14 lipids (9 TGs, 2 PCs, 1 PA, 1 SM, and 1 LacCer) and
increase 13 lipids (4 DGs, 6 LPEs, 2 PEs, and 1PC) in Pal-stimulated HepG2 cells.
However, Cer lipids were more sensitive to DPA-EA, while the over-
downregulation of SM lipids might be associated with the off-target toxicity of
Celastrol. The mixture of DPA-EA and DHA-EA synthesized from algae oil could
significantly decrease TG, TC, and LDL levels and increase HDL levels in HFD-fed
mice, exerting an excellent anti-obesity effect.
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Nur77-targeting anti-inflammatory compound DAP-EA could

promote the hydrolysis of PEs and TGs to ameliorate lipid accumulation. The
DPA-EA and DHA-EA mixture prepared from algae oil might be a potential
therapeutic agent for obesity and other inflammation-related diseases.
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1 Introduction

Obesity is a complex disease involving abnormal or excessive fat
accumulation in subcutaneous and/or organs. Increasing evidence
suggests that obesity is a causative factor in developing many chronic
inflammation-related diseases (Wang et al., 2018), including non-
alcoholic fatty liver disease (NAFLD), cardiovascular disease, type
2 diabetes, colitis, cancer, etc. Nowadays, obesity and its
complications have become a social health problem affecting the
quality of life and even threatening life (Rana et al., 2007). It is
demonstrated that excess macronutrients in adipose tissue can
stimulate the release of inflaimmatory mediators such as tumor
necrosis factor-alpha (TNF-a) and interleukin 6 (IL-6) (Ellulu
et al., 2017). In the high-fat diet (HFD)-induced liver disease,
high liver enzyme levels in the blood and liver fat accumulation
indicate that prolonged mild inflammation is always associated with
obesity (Kim et al., 2012). Overall, obesity is characterized as a state
of chronic inflammation in adipose tissue mediated by the secretion
of a range of inflammatory cytokines. On the other hand, extracts or
compounds from plants with potent anti-inflammatory activity also
have significant anti-obesity effects. For instance, fermented lemon
peel exhibited an anti-obesity effect on HFD-induced obese mice by
modulating the inflammatory response (Pan et al., 2022). Maize
extract rich in ferulic acid and anthocyanins prevents HFD-induced
obesity in mice by modulating Sirtuin 1 (SIRT1)/AMP-activated
(AMPK)/IL-6
inflammatory pathways (Luna-Vital et al.,, 2020). Hakka stir-fried

protein  kinase associated metabolic  and
tea produces anti-obesity and anti-inflammation effects on HFD-
induced obese mice model via activating the AMPK/acetyl-CoA
carboxylase (ACC)/carnitine palmitoyltransferase 1 (CPT1)
pathway (Li Q. et al,, 2020). All these studies suggest that anti-
inflammatory substances have significant lipid-lowering effects and
can effectively prevent or improve obesity.

Nur77 is a member of the nuclear receptor subfamily 4A
(NR4A) subfamily, which can negatively regulate inflammation
and has been identified as a promising therapeutic target for
treating inflammation-related diseases (Li et al., 2015). Recently,
Nur77 has been demonstrated to play a vital role in cellular
metabolisms such as lipid metabolism and glucose metabolism
(Deng et al, 2022). For instance, adenovirus-mediated liver-
specific Nur77 overexpression accounts for the decrease of
triglyceride (TG) and high-density lipoprotein (HDL) levels and
the increase of low-density lipoprotein (LDL) levels. Additionally,
Nur77 overexpression inhibits the lipogenic transcription factor,
sterol regulatory element-binding transcription factor 1c (SREBE-
Ic) (Pols et al., 2008). Increased expression of Nur77 also reduces
macrophage-derived foam cell formation and hepatic lipid
deposition, accompanied by downregulation of gene levels of
inflammatory molecules, adhesion molecules, and intestinal lipid
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absorption (Hu et al, 2014). In contrast, Nur77 knockdown
increases susceptibility to HFD-induced obesity (Chen et al,
2015). Besides, the liver tissue of Nur77-null mice can
accumulate more TGs than wild-type mice (Chao et al,, 2009). In
particular, Celastrol, a previously reported Nur77 modulator, can
not only inhibit acute liver inflammation and chronic inflammation
in obese animals (Hu et al., 2017) but also ameliorate NAFLD by
decreasing lipid synthesis and improving the anti-oxidative and
anti-inflammatory status via SIRT1(Zhang et al.,, 2017). Together,
Nur77 serves as a vital therapeutic target in inflammation-related
diseases, and its protective effect on improving obesity has been
confirmed. Nur77-targeting anti-inflammatory agents may be an
effective strategy for improving obesity and its related diseases.
However, lipid profile changes induced by anti-inflammatory
compounds targeting Nur77 in the lipid-lowering process remain
unclear.

Unsaturated fatty acids (UFAs) have broad and critical
biological functions (Calder, 2017), (Menegaut et al, 2019).
Among them, polyunsaturated fatty acids (PUFA), which can
only get from food, are healthy fatty acids that the body needs
for brain function and cell growth. Nowadays, much attention has
been given to the w-3 polyunsaturated fatty acids (w-3 PUFAs), a
series of representative natural products with anti-inflammatory and
anti-obesity activities. w-3 PUFAs can affect intracellular signal
transduction by elevating the ratio of eicosapentaenoic acid
(EPA) and docosahexaenoic acid (DHA) in the cell membrane
and inhibiting the transcriptional activity of the inflammation-
related transcription factor NF-kB, thereby reducing the pro-
inflammatory cytokine TNF-a, IL-6, and interleukin 8 (IL-8)
expression (Schumann and Fuhrmann, 2010). Also, w-3 PUFA
can stimulate neutrophils and macrophages to secrete anti-
inflammatory cytokines such as interleukin 10 (IL-10),
interleukin 4 (IL-4), and interleukin 13 (IL-13) to reduce the
inflammatory response (de Bus et al., 2019). Besides,w-3 PUFAs
have been demonstrated to alleviate HFD-induced obesity in mice
by reducing adipose tissue cellularity (Ruzickova et al., 2005).
Importantly, DHA, an w-3 PUFA, has been identified as an
endogenous lipid reported to bind to Nur77 (Fang et al.,, 2020).
In our recent work, w-3 polyunsaturated fatty acid-ethanolamine
(PUFA-EA) derivatives such as docosahexaenoic acid-ethanolamine
(DHA-EA), eicosapentaenoic acid-ethanolamine (EPA-EA), and
docosapentaenoic acid-ethanolamine (DPA-EA) were identified
as excellent anti-inflammatory agents targeting Nur77 (Fang
et al., 2020). Notably, the representative compound DPA-EA
(4 k) was demonstrated to bind to Nur77 (TR3) and exerted a
Nur77-dependent anti-inflammatory effect through the NF-kB
pathway (Fang et al., 2020). To explore the lipid profile changes
induced by the anti-inflammatory compounds targeting Nur77,
DPA-EA was selected to assess the lipid-lowering effect and
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underlying mechanism, with Celastrol as a reference compound.
Furthermore, given that PUFA-EAs exhibited excellent anti-
inflammatory activity and algae oil was a plant-based source of
-3 PUFA widely used as a dietary supplement, the w-3 PUFA-EA
mixture was synthesized by the reaction of algae oil with
ethanolamine under free-solvent condition and evaluated for the
potential anti-obesity effect on the HFD-induced obese mice model
and the acute toxicity in mice.

2 Materials and methods
2.1 Reagents and chemicals

DPA-EA was obtained as our previously reported (Fang et al,
2020). Algae oil, composed of 16.23% DHA and 5.22% DPA, was
purchased from Xiamen Kingdomway Group Company (Fujian,
China). High-performance liquid chromatography (HPLC) grade
methanol was purchased from Sigma Aldrich (St. Louis, MO,
United States). The HFD was obtained from Nanjing University of
Chinese Medical Animal Center, with the composition of 40.56% corn
starch, 7.78% wheat meal, 20.23% fish meal, 14.56% oil, 2.33% bone
meal, 1.79% yeast powder, 1.39% salt, 0.16% vitamin, 10% egg yolk
powder, and 1.2% cholesterol. The mouse IL-6 enzyme-linked
immunosorbent assay (ELISA) kit and TNF-a ELISA kit were
purchased from DAKEWE (DAKEWE, China). Interleukin-1f (IL-
1B) and TNF-a antibodies were purchased from Abcam (Abcam,
Cambridge, UK). The kits of TG, TC, LDL cholesterol (LDL-C), and
HDL cholesterol (HDL-C) were purchased from Beijing North Kangtai
clinical Reagent Co., Ltd., Beijing, China. Saline was prepared as a 0.9%
NaCl solution. Griess reagent was purchased from Beyotime
(Beyotime, Shanghai, China). MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) was purchased from Beyotime
(Beyotime, Shanghai, China). Lipopolysaccharide (LPS) was
purchased from Sigma (Sigma, St. Louis, MO, United States). Other
reagents used in this study were purchased from the domestic market
and were all analytically pure and used without further purification.

2.2 MTT assay

HepG2 cells were obtained from the American Type Culture
Collection (United States) and were cultured in Dulbecco’s Modified
Eagle Medium (DMEM) (Hyclone, Logan, Utah, United States)
supplemented with 10% FBS, 100 U/mL penicillin, and 100 mg/mL
streptomycin at 37°C with 5% CO,. MTT assay was performed
according to the previously described (Fang et al., 2020). HepG2 cells
were seeded at 4.5 x 10° cells per well into 96-well plates and incubated
overnight; celastrol or DPA-EA with indicated concentrations was
prepared and added to each well, respectively. Following drug
treatment for 24 h, 20 uL of MTT solution (5 mg/mL) was added to
each well, and the cells were incubated for 4 h at 37°C. Then, the solution
containing MTT was removed, and 150 pL of dimethyl sulfoxide was
added per well to dissolve the formazan. Finally, the absorbance of the
measured at 490nm (OD490) using a UV
(Model 3555, Thermo). Cell viability was
calculated from three independent experiments. The average density
of the control group (1%0 DMSO) was set as 100% of viability. Cell

solution was
spectrophotometer
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viability (%) = compound (OD490)/blank (OD490)x100%. Finally, the
IC5 value was obtained with Graphpad Prism 8.0.

2.3 Lipid accumulation observation

HepG2 cells were inoculated into the 12-well plate at a cell
density of 3.0x10°/well, and small slides were pre-placed in the
bottom of each well in the 12-well plate before inoculating the cells
for cell crawling. Cells were adhered overnight, pretreated with 1%o
DMSO or selected compounds at different concentrations for 2 h,
and then stimulated with 200 uM palmitic acid (Pal). After 24 h
treatment, the supernatant medium was discarded, and the cells
were stained with Oil Red O. We detected Pal-induced lipid
accumulation in HepG2 cells using the Oil Red O stain kit
(ACMEC, AG1262-4).

2.4 Lipidomics analysis in HepG2 cell model

2.4.1 Cell sample collection

HepG2 cells were inoculated at ~10° cells per well in a 10 cm
plate and cultured in DMEM for 20 h. The cells in control groups
were only treated with 1%o0 DMSO. The cells in Pal, Pal+DPA-EA,
and Pal+Cel groups were pretreated with 1%0 DMSO, 10 mM DPA-
EA, and 2 mM Celastrol for 2h, respectively, then stimulated with
200 uM Pal. After 24 h treatment, the supernatant medium was
discarded, and the cells were quickly washed with ice-cold PBS three
times, digested with trypsin (HyClone, United States), and
performed cell count. After the supernatant was discarded, the
pretreat HepG2 cell samples for Control, Pal, Pal + DPA-EA,
and Pal + Cel groups (n = 7) were quenched with the following
buffer (8.5 ¢g/L NH,HCO;, 60% MeOH, pH = 7.4). Next, the
quenched cell samples were collected by centrifugation
(12,000 rpm, 5 min, 4°C) and stored at —80°C before lipid extraction.

2.4.2 Lipid extraction

The extract buffer (methyl tert-butyl ether (MTBE) : methanol = 5:
1,480 pL) containing internal standard was added to the samples, then
frozen and thawed with liquid nitrogen for 3 times. Next, the cell
samples were sonicated for 10 min in an ice-water bath, incubated
at —40°C for 1h, and centrifuged at 3000 rpm for 15min at 4°C.
Approximately 350 uL of supernatant was transferred to a fresh tube
and dried in a vacuum concentrator at 37°C. Subsequently, the dried
samples were reconstituted in 100 uL of 50% methanol in
dichloromethane by sonication for 10 min in the ice-water bath.
The constitution was then centrifuged at 13,000 rpm for 15 min at
4°C, and 80 pL of supernatant was transferred to a fresh glass vial for
LC/MS analysis. The quality control (QC) sample was prepared by
mixing an equal aliquot of the supernatants from all of the samples and
was used to evaluate the stability and reproducibility of the analytes
detected in the analytical run. The lipid extraction experiment was
done by Biotree Biotech Co., Ltd (Shanghai, China).

2.4.3 Lipid detection by UPLC-HRMS/MS

The UPLC separation was conducted using a 1290 Infinity series
UPLC System (Agilent Technologies), equipped with a Kinetex
C18 column (2.1 * 100 mm, 1.7 um, Phenomen). The mobile phase
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was a combination of solvent A (40% water, 60% acetonitrile
supplemented with 10 mmol/L ammonium formate) and solvent B
(10% acetonitrile, 90% isopropanol added with 5% 10 mmol/L
ammonium formate). The analysis was carried out with a linear
gradient as follows: 0-12.0 min, 40%-100% B; 12.0-13.5 min, 100%
B; 13.5-13.7 min, 100%-40% B; 13.7-18.0 min, 40% B. The column
temperature was 45°C. The auto-sampler temperature was 4°C, and the
injection volume was 0.5 pL in positive mode or 2 pL in negative mode.
The Triple TOF mass spectrometer (Triple TOF 6600, ABsciex) was
used for its ability to acquire MS/MS spectra on an information-
dependent basis (IDA) during an LC/MS experiment. In each cycle,
12 precursor ions with the strongest intensities above 100 were chosen
for MS/MS at collision energy of 45 eV. ESI source conditions were set
as follows: Gas 1: 60 psi, Gas 2: 60 psi, Curtain Gas: 30 psi, Source
Temperature as 600°C, Declustering potential as 100 V, Ion Spray
Voltage Floating (ISVF) as 5,000 V or —4,500 V in positive or negative
modes, respectively. Full scan was conducted along with the MS/MS
and the m/z scan range was set as 200-2,000. The UPLC-HRMS/MS
analysis was assisted by Biotree Biotech Co., Ltd (Shanghai, China).

2.4.4 Data preprocessing and annotation

The raw data files (.wiff format) were converted to files in mzXML
format with ProteoWizard. XCMS was applied for retention time
correction, peak identification, peak extraction, peak integration, and
peak alignment with minfrac set to 0.5 and cutoff set to 0.6. Lipid
identification was performed using XCMS-based software, a self-
written R package, and a self-built lipid secondary database.
Furthermore, all processed peak areas of lipid substances (see
Supplementary Data S1) were imported into SIMCA-P14.1 software
(Umetrics) for multivariate statistical analysis, including principal
component analyses (PCA), orthogonal projections to latent
structures discriminate analysis (OPLS-DA), and permutation tests.
Lipid substances with a VIP value > 1.0 in the OPLS-DA model and a
p-value <0.05 in the Student’s t-test were considered important
differential biomarkers for discriminating each group.

2.5 The preparation of the PUFA-EA mixture
from algae oil

The DPA-EA and DHA-EA mixture was prepared as described
in Supplementary Scheme S1. Algae oil (100.0 g) and ethanolamine
(15.0 g) were added to a round bottom flask (250 mL) without any
solvent. The reaction mixture was stirred for 24 h at 80°C, which was
purified by silica gel column chromatography (petroleum ether/
ethyl acetate 1:1) to give PUFA-EA mixture as pale yellow oil
(14.1 g). The reverse phase HPLC (C18, methanol/H,O = 90:10)
analysis indicated that the mixture contained 67.54% of DHA-EA
(tR =6.58 min) and 27.96% of DPA-EA (tR = 7.65 min), respectively
(Supplementary Scheme S1 and Supplementary Figure S1).

2.6 Anti-inflammatory evaluation in
RAW264.7 cells

Mouse RAW 264.7 macrophages were obtained from the
American Type Culture Collection (United States). Cells were
treated with DPA-EA, DHA-EA and EPA-EA with the
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concentration of 10 uM and PUFA-EA with gradient dose from
20 to 2.5 uM. The experiments, including NO production assay,
Real-Time Quantitative PCR, and Western blot Analysis, were
performed as described previously (Fang et al., 2020).

2.7 Determination of anti-obesity activity in
vivo

In total, 40 ICR (male/female = 1:1, 18-22 g) mice were obtained
from Nanjing University of Chinese Medical Animal Center. The animal
room was maintained at 22°C + 2°C and humidity-controlled 55% + 5%
with a 12-h light and 12-h dark cycle. After a 3-day acclimatization
period, feeding with a standard rat diet, forty mice were divided randomly
into four groups (male/female = 1:1): The normal diet (ND) group was
the normal control in which mice were fed with a standard rat diet. The
HFD group was the model group in which mice were fed with an HED.
The HED + ORL group was the positive control group in which mice
were fed an HFD and intragastric administration with Orlistat (ORL) at
0.468 g/kg daily. The HFD + PUFA-EA group was a treatment group in
which mice were fed with an HFD and intragastric administration with
algae oil-derived PUFA-EA mixture at 0.167 g/kg daily. Drugs were
intragastrically administered as a suspension in 0.5% carboxymethyl
cellulose for 36 consecutive days. The ND and HFD groups were
administered only the 0.5% carboxymethyl cellulose vehicle. The food
and water were available ad libitum during the 6-week administration.
This experiment was performed in compliance with the Chinese
legislation on the use and care of laboratory animals and was
approved by the Experimental Animals Ethics Committee of Nanjing
University of Chinese Medicine (No. 201906A012).

2.8 Determination of serum biomarkers

The serum levels of TG, TC, LDL-C, and HDL-C were measured
enzymatically with commercial assay kits. TC content was determined
with the total cholestenone content assay kit (Solarbio, BC 1985), and
TG was measured with a triglyceride content detection kit (Solarbio,
BC0625). The assay kits of LDL-C and HDL-C were BC5335 and
BC5325 from Solarbio, respectively. The results were expressed as
mmol/L. All analytical procedures follow the essay kit’s instructions
and are replicated at least three times.

2.9 Morphological analysis of hepatic tissue

Liver samples removed from mice were fixed overnight with 4%
paraformaldehyde. Fixed tissues were embedded in paraffin, sliced
into 3 um pieces, and stained with hematoxylin and eosin (H&E).
The stained areas were viewed using an optical microscope
(Olympus CX31, Tokyo, Japan) with a magnifying power of x200.

2.10 Acute toxicity study in mice

Acute toxicity studies were carried out according to OECD Test
Guidelines. The C57BL/6 mice used (8-10 weeks old and 18-20 g) were
provided by the Animal Experiment Center of Xiamen University,
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Effects of Celastrol and DPA-EA on cell viability and lipid droplets in HepG2 cells. (A) Effects of Celastrol at different concentrations (0.5, 1, 2, and
4 pM) on the cell growth of HepG2. (B) Effects of DPA-EA at different concentrations (1.25, 2.5, 5, and 10 uM) on the cell growth of HepG2 cells. (C) Effects
of DPA-EA and Celastrol at indicating concentrations on formation of lipid droplets in Pal-induced (200 uM) HepG2 cells with Oil red staining assay.

Images were captured with a microscope (200x).

Fujian, China. After the mice were adaptively reared in the animal room
for 5 days, the mice (20 males and 20 females) were randomly divided
into four groups (control mice: male (10), female (10). Mice treated by
PUFA-EA: male (10) and female (10)). The 0.6 mL (540 mg) PUFA-EA
was intragastrically administrated as suspension in 0.5% carboxymethyl
cellulose twice a day for 14 days consecutively in the treatment group,
and the control group was intragastrically administrated with 0.6 mL
saline. The maximum tolerated dose is calculated as 540 x 2/0.02 =
54,000 mg/kg. Mice had free access to distilled water and commercial
standard diets. Feeding behaviors such as food intake and drinking
water were measured daily. General appearances (spirit, skin, fur, eyes,
nose, respiration, urine, feces, and locomotor) were observed daily. This
experiment was performed in compliance with Chinese legislation on
the use and care of laboratory animals. This animal experiment was
approved by the animal care and use committee of Xiamen University
(XmuLAC 20200029).

2.11 Statistical analysis

All assays were performed in triplicate. The result’s data were
expressed as mean + SD (standard deviation). Other data were
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analyzed by the SPSS statistical software, version 18.0 (SPSS Inc.,
United States). Student’s t-test was used as specified in the figure
legends. P < 0.05 was considered statistically significant (*), p <
0.01 as highly significant (**), p < 0.001 as extremely significant
(***), and ns as not significant.

3 Results

3.1 Evaluation of the lipid-lowering activity
of Nur77 modulators in Pal-stimulated
HepG2 cells

NAFLD is a common inflammation-related disease. Its
occurrence is mainly due to the body’s metabolic disorders, along
with the accumulation of liver fat in the body. Nur77 plays diverse
and vital roles in regulating lipid metabolism and emerges as a hot
therapeutic target for metabolic diseases (Chao et al., 2009).
Celastrol has been reported to be a modulator of Nur77 and
exerts anti-inflammation, lipidome remodeling, and weight-losing
function (Zhang et al., 2017; Wang et al,, 2021). Interestingly, we
have demonstrated that PUFA-EAs such as DPA-EA and DHA-EA
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exert excellent anti-inflammation activities in a Nur77-dependent
manner (Fang et al, 2020). Herein, we constructed an adipose
hepatocyte model by Pal-induced HepG2 lipid accumulation to
detect the lipid-lowering activity of DPA-EA, with Celastrol as a
reference compound. The cytotoxicity of DPA-EA and Celastrol
against HepG2 cells was first tested using the MTT assay. DPA-EA
at 10 uM reduced cell growth to 71.7% (Figure 1A), exhibiting low
cell growth inhibition toward HepG2 (ICs, > 10 uM). Celastrol
displayed noticeable cytotoxic activity with an ICs, value of 2.67 uM
(Figure 1B). Then, the effect of DPA-EA and Celastrol on lipid
accumulation was observed under a microscope using an oil-red O
staining experiment. The results are shown in Figure 1C and
Figure S2. Pal lipid
accumulation in HepG2 because an apparent increase of red oil
droplets was observed under the microscope. Celastrol treatment

Supplementary significantly  caused

decreased red oil droplets, confirming the lipid-lowering effects of
Celastrol (Liu et al., 2015). Also, DPA-EA attenuated Pal-induced
lipid accumulation in HepG2, with a dose-dependent reduction in
red lipid droplets. In contrast, DPA-EA at 10 and 5 uM showed
better lipid-lowering effects than celastrol at 4 uM, with considerably
lower cytotoxicity (Figure 1 and Supplementary Figure S2). These
results suggested that DPA-EA might be an effective lipid-lowering
compound with lower cytotoxicity than Celastrol.

3.2 Perturbation of DPA-EA and celastrol on
the lipid profile of pal-induced HepG2 cells

3.2.1 Raw mass spectrometry data preprocessing

The experimental groups were set as followings: untreated
hepatocyte group (Ctrl group); Pal-stimulated HepG2 group (Pal
group); Pal-stimulated HepG2 cells with DPA-EA intervention (Pal +
DPA-EA group); and Pal-stimulated HepG2 cells with Celastrol
administration (Pal + Cel group). The lipid metabolites in each
group were examined using UHPLC-QTOF-MS technology. After
baseline filtering, peak recognition and integration, retention time
correction, peak alignment, and normalization to an internal
standard (IS), we detected a total of 21 major lipids, including TG,
diacylglycerol (DG), monoglyceride (MG), cholesteryl ester (CE),
phosphatidylcholine ~ (PC),  phosphatidylethanolamine  (PE),
phosphatidic acid (PA), phosphatidylinositol (PI), phosphatidylserine
(PS), phosphatidylglycerol (PG), lysophosphatidylcholine (LPC),
Lysophosphatidylethanolamines (LPE), lysophosphatidylinositol (LPI),
(LysoPS), (LPA),
lysophosphatidylglycerol (LPG), ceramide (Cer), glucosylceramide
(GlcCer), lactosylceramide (LacCer), sphingomyelin (SM), and
sphingosine (Sph) in HepG2 cells. Besides, 990 and 711 lipids were

lysophosphatidylserine lysophosphatidic  acid

detected in the positive and negative ion patterns, respectively. The QC
procedures showed good reproducibility of the collected data in the
positive and negative ion modes (Supplementary Figures S3A, B).
Besides, PCA models demonstrated the excellent aggregation of QC
samples (Supplementary Figures S3C, D), suggesting the stable
instrument state and high reliability of the experimental data.

3.2.2 The differential lipid metabolite profile of
HepG2 cells under Pal stimulation
The processed MS data were into SIMCA

14.0 software (Umetrics) for multivariate pattern recognition

imported
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analysis. The PCA analysis showed that all samples were within
the 95% confidence interval in both positive and negative ion modes,
and significant existed differences between the Ctrl and the Pal
groups (Supplementary Table S1 and Supplementary Figures S4A,
B). To maximize the distinction between the Ctrl and Pal groups,
OPLS-DA analysis was also executed for the collected data in
positive and negative ion modes, respectively. It can be observed
that there was a significant lipid metabolism change between the Ctrl
and Pal groups (Supplementary Figures S5A, B), and the
corresponding model parameters were in the effective range
(Table 1). These results indicated that Pal stimulation caused
significant alterations in the lipid profile of HepG2 hepatocytes.
According to p < 0.05 and VIP >1, we first picked out 571 and
363 differential-expressed lipids (DELs) in the positive and negative
ion modes, respectively (Supplementary Table S2). Totally, Pal
stimulation in HepG2 cells led to 865 DELs. Most of them (563)
were upregulated. Using the fold change (FC) value of >2 as a cutoff,
we found that Pal significantly upregulated the expression of
310 lipids, including TG (103), PC (34), Cer (32), PE (20), etc
(Supplementary Table S4, Figures 2A, B). Notably, TG (12:0/16:0/14:
1), TG (12:0/14:0/14:1), TG (12:0/16:1/14:1), Cer(d18:1)/18:0) and
SM (d14:1/20:0) were significantly elevated in Pal-stimulated
HepG2 cells (Figures 2A, B), with the fold change indices (Pal/
Ctrl) of 61.13, 56.33, 37.54, 28.75, and 19.46, respectively. These
results were consistent with lipid droplet accumulation in Pal-
stimulated HepG2 cells. Additionally, we found 302 Pal-
downregulated DELs. Using the FC value of <1/2 as a cutoff, we
observed that Pal could significantly downregulate the expression of
71 lipids involved in 21 lipid species of six classes, in which
glycerophospholipids (GPs) were identified as the most species
(58), such as PC (36) and PS (13) (Supplementary Table S3 and
Figures 2C, D). Especially, PC (0-20:2/17:0), PC (2:0/15:0), PS (4:0/
26:0), and PS (18:1/24:1) expressions were significantly
downregulated (Figures 2A, B), with the FC values of 0.20, 0.26,
0.22 and 0.28, respectively. Interestingly, several DGs were also
observed with a robust reduction, especially DG (26:1/18:1/0:0) and
DG (24:1/18:1/0:0) with corresponding FC indices of 0.24 and 0.28
(Figures 2A, B).

3.2.3 Lipid profile's perturbation by
Nur77 modulators in Pal-induced fatty liver
HepG2 cells
3.2.3.1 Celastrol-induced lipidomics changes in Pal-
stimulated HepG2 cells

Celastrol is a well-known Nur77 modulator with an excellent
weight-loss effect in HFD-fed mice (Hu et al., 2017). Also, our oil-
red O staining experiment showed that Celastrol decreased Pal-
induced lipid accumulation in HepG2 cells. Therefore, we treated
Pal-stimulated HepG2 cells with Celastrol for 24h and then
performed lipidomics analysis to explore whether Celastrol could
reprogram the hepatic lipidome. PCA score plots indicated
significant differences in lipid profiles between the Pal + Cel and
Pal groups in the positive and negative ion modes (Supplementary
Table S2, Supplementary Figures S4C, D), suggesting that Celastrol
intervention could significantly alter the lipid profile of Pal-
stimulated HepG2 cells. Next, we performed an OPLS-DA
analysis to gain further insight into global lipid alterations
(Supplementary Figures S5C, D). Two separate multivariate
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TABLE 1 Corresponding values of R?X, R%Y, and Q* of OPLS-DA models.

10.3389/fphar.2023.1146276

Description lon mode R?*X (cum) R%Y (cum) Q? (cum) R2Y - @?
1 Ctrl, Pal, Pal + DPA-EA, and Pal + Cel ) 28 0.774 0.988 0972 0.016
=) 28 0.783 0.980 0.961 0.019
2 Pal vs. Ctrl ) 14 0.683 0.994 0.980 0.014
=) 14 0.741 0.980 0.968 0.012
3 Pal + Cel vs. Pal ) 14 0.672 0.992 0.969 0.023
=) 14 0.689 0.987 0.963 0.024
4 Pal + DPA-EA vs. Pal +) 14 0.630 0.996 0977 0.019
=) 14 0.659 0.989 0.963 0.026

Ctrl, Control group; Pal: Pal-induced HepG2 group; Pal + Cel: Pal-stimulated HepG2 cells with Celastrol administration; Pal + DPA-EA: Pal-stimulated HepG2 cells with DPA-EA,

intervention. Vs, versus.
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FIGURE 2
Analysis of significantly differential lipid substances in the Pal group versus the Ctrl group. Volcano plots (A,B) and lipid plots (C,D) in both positive and
negative ion modes, respectively. In the volcano plot, lipid species were screened out based on the criteria of p < 0.05, VIP>1, and fold change <0.5 or >2.

ability of the models (Table 1). The good separations of the Pal and
Pal + Cel groups in both models implied that Celastrol could
alleviate lipid metabolism disorders to a certain extent. According
top <0.05and VIP >1, we picked out 469 and 326 DELs between the

OPLS-DA models of Pal + Cel and Pal groups were generated for the
positive and negative ion patterns. Their relevant validation
parameters all satisfied R’Y > 0.9, Q* > 0.9, and R*Y - Q* < 0.2,
indicating a faithful representation of the data and a good predictive
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FIGURE 3

Analysis of significantly differential lipid substances in the Pal + Cel group versus the Pal group. Volcano plots (A,B) and lipid plots (C,D) in both
positive and negative ion modes, respectively. In the volcano plot, lipid species were screened out based on the criteria of p < 0.05, VIP>1, and fold change

<0.5 or >2.

Pal + Cel and Pal groups in the positive and negative ion modes,
respectively (Supplementary Table S2). In total, Celastrol
administration in Pal-stimulated HepG2 cells led to 722 DELs.
Notably, Celastrol could significantly decrease 78 lipids (FC < 1/
2) in Pal-stimulated HepG2 cells, mainly including TG (23), PC (11),
PI (11), SM (11), PS (9), et al. (Supplementary Table S3, Figures
3A-D). Typically, Celastrol downregulated PS(16:0/16:1), TG (16:1/
16:1/16:1), P1(12:0/24:4), TG (12:0/14:0/14:1), and TG (14:0/16:1/
16:1) with the FC indices of 0.24, 0.27, 0.29, 0.31 and 0.32,
respectively. Meanwhile, the expression levels of 15 lipids
significantly increased (FC > 2) in the Pal + Cel group compared
to the Pal group (Supplementary Table S3, Figures 3A, B).
Significantly, Celastrol administration elevated the contents of
LPC(31:0/0:0), LPC(29:0/0:0), PE (5:0/18:0), and PA (16:0/18:0)
with the FC indices of 3.11, 2.54, 5.71, and 4.14, respectively.

3.2.3.2 DPA-EA-induced lipidomics changes in Pal-
stimulated HepG2 cells

DPA-EA is a potent anti-inflammatory compound targeting
Nur77 that we previously reported (Fang et al., 2020). Furthermore,
we also demonstrated that DPA-EA could alleviate Pal-induced lipid
accumulation in HepG2 cells. Therefore, we treated Pal-stimulated

Frontiers in Pharmacology

HepG2 cells with DPA-EA for 24 h and analyzed the interference of
DPA-EA on lipidomics profiling of Pal-stimulated HepG2 cells to
of DPA-EA
comprehensively. First, two separate sample clusters, which
corresponded to the Pal and Pal + DPA-EA groups, were

understand  the lipid-lowering mechanism

observed in PCA score plots of positive and negative modes
(Supplementary Table S1, Supplementary Figures S4E, F). It
signified that DPA-EA might have a significant improvement
effect on Pal-induced HepG2 cells at the lipid level. Then, the
supervised OPLS-DA models were further constructed to capture
the distinctive metabolic phenotypes and to maximize the
discrimination between the Pal and Pal + DPA-EA groups. As
shown in Table 1 and Supplementary Figures S5E, F, the Pal +
DPA-EA group was discriminated from the Pal group with R’Y >
0.9, Q*> 0.9, and R’Y-Q?* < 0.2 in both OPLS-DA models of positive
and negative modes. It suggested that DPA-EA could reprogram the
lipid profile in Pal-stimulated HepG2 cells. Based on VIP >1.0 and
p < 0.05, 705 DELs were identified between the Pal + DPA-EA and
Pal groups (Supplementary Table S2). Compared with the Pal group,
45 lipids were significantly decreased (FC < 1/2), and 61 lipids were
significantly elevated (FC > 2) in the Pal + DPA-EA group
(Supplementary Table S4, Figures 4A-D). For example, DPA-EA
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Analysis of significantly differential lipid substances in the Pal + DPA-EA group versus the Pal group. Volcano plots (A,B) and lipid plots (C,D) in both
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could significantly reduce the levels of PC(O-18:2/18:3), GlcCer(d18:
1/18:0), TG (16:1/16:1/16:1), and TG (16:1/16:1/18:1), with the FC
indices of 0.23, 0.26, 0.26, and 0.32, respectively. Meanwhile, DPA-
EA robustly increased some lipids such as Sph (d18:1), SM(d14:2/24:
4), SM(d16:2/24:4), and PA (17:1/22:6), with the FC indices of
1131.19, 41.59, 10.79, and 39.03, respectively.

3.2.4 Comparison of lipidomics prfile changes
caused by DPA-EA and celastrol on Pal-induced
fatty liver HepG2 cells

DPA-EA and Celastrol Nur77-targeting anti-
inflammatory compounds with prominent lipid-lowering
activities (Fang et al., 2020). However, DPA-EA showed lower
toxicity, while Celastrol had apparent off-target toxicity (Wang
et al,, 2011). Celastrol and DPA-EA might activate other targets
besides Nur77. Therefore, we performed PCA and OPLS-DA
analysis among four groups. The Pal + DPA-EA and Pal + Cel

are two

groups partially overlapped in PCA analysis (Supplementary Figures
S4G, H), hinting that lipid profiles reprogrammed by DPA-EA and
Celastrol were part in common. However, the sample clusters of the
Pal + DPA-EA group and Pal + Cel group were significantly
separated in both positive and negative OPLS-DA score plots
(Figures 5A, B). The same DELs caused by DPA-EA and
Celastrol interventions may be associated with their Nur77-

Frontiers in Pharmacology

targeting lipid-lowering effect. In contrast, the different DELs
may be caused due to their targeting of other proteins.

3.2.4.1 The same DELs caused by DPA-EA and Celastrol
interventions

Between the two multivariate OPLS-DA models (Pal + Cel
group vs. Pal group and Pal + DPA-EA group vs. Pal group),
there were a total of 443 same DELs (p < 0.05 and VIP >1)
(Supplementary Table S4). Among them, 272 lipids were
simultaneously =~ decreased by DPA-EA  and  Celastrol
administrations (Supplementary Table S4). Notably, the levels of
14 lipids (9 TGs, 2 PCs, 1 PA, 1 SM, and 1 LacCer) were significantly
reduced (compared with the PA group, FC < 0.5) both in the Pal +
DPA-EA and Pal + Cel groups (Figures 5C, D). These 14 lipids were
significantly increased in the Pal group (compared with the Ctrl
group); these increases were markedly diminished by
supplementation with DPA-EA and Celastrol. Most of these
14 lipids were TGs such as TG (16:1/16:1/16:1) and TG (16:0/16:
1/16:1), implying that DPA-EA and Celastrol had the effect of
improving lipid metabolism. Besides, DPA-EA and Celastrol
could simultaneously upregulate 104 lipids in Pal-stimulated
HepG2 cells, mainly concentrated in Cer, DG, PE and PC classes
(Supplementary Table S4). Among them, 13 lipids (6 LPEs, 4 DGs,
2 PEs, and 1 PC) were remarkably increased (compared with the Pal
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the regulated lipid species.

group, FC > 1.6) in the Pal + DPA-EA and Pal + Cel groups (Figures
5C, D). Most of these 13 upregulated lipids were LPEs (e.g., LPE (22:
5/0:0) and LPE (32:0/0:0)) and DGs (e.g., DG (18:1/20:4/0:0) and DG
(16:1/26:1/0:0)). LPEs and DGs are the downstream hydrolysis
products of PEs and TGs, respectively. Thus, our results
indicated that the common lipid-lowering mechanism of DPA-
EA and Celastrol might be by promoting the hydrolysis of esters,
thereby reducing the level of esters and alleviating lipid
accumulation.

3.2.4.2 The specific DELs caused by Celastrol intervention

A total of 722 DELs (VIP >1.0 and p < 0.05) were identified for
the Pal + Cel group vs. Pal group model, in which 279 DELSs could be
attained only in the Pal + Cel group vs. Pal model but not in the Pal +
DPA-EA vs. Pal model. Interestingly, 200 lipids
downregulated, and 79 lipids were on the contrary
(Supplementary Table S5). Notably, 20 lipids were significantly
decreased (compared with the Pal group, FC < 0.5), and 22 lipids
were significantly increased (compared with the Pal group, FC > 1.6)
in the Pal + Cel group (Figure 6). Most of these up- or
downregulated DELs belonged to GP class such as PC, LPC, and
PE (Figure 6). The first six downregulated lipids with the most
significant differences (Pal + Cel group vs. Pal group model) were
PI(16:0/20:3), PC(22:6/23:0), TG (14:0/16:0/16:1), PI(14:1/24:4),
PC(15:0/16:0) and PC(14:1/28:0), and their average contents in
the Pal + Cel group were similar to those in the Ctrl group. At

were
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the same time, PA (16:0/24:4), PA (18:0/17:0), LPC (22:5/0:0), PC(6:
0/26:2), PC(2:0/16:1), and PG (20:3/20:0) levels were still
significantly increased (compared with the Pal group) in the Pal
+ Cel group and well above those in the Ctrl group.

3.2.4.3 The specific DELs caused by DPA-EA intervention
A total of 705 DELs (VIP >1.0 and p < 0.05) were identified for
the Pal + DPA-EA vs. Pal model. Besides the 443 co-regulated DELs,
DPA-EA also individually upregulated 108 lipids (51 lipids with FC
value > 1.6) and downregulated 154 lipids (13 lipids with FC
value <0.5) (Supplementary Table S6). The 64 lipids with FC >
1.6 or FC < 0.5 were involved in 18 lipid types, including Cer, SM,
TG, PE, PC, PG, PI, LPC et al. (Figure 7). The types of lipids
specificly modulated by DPA-EA were much more than those only
modulated by Celastrol (Figures 6, 7). The first six downregulated
lipids (the Pal + DPA-EA group vs. Pal group model) were PC(17:1/
20:5), PA (16:0/34:0), PC(O-16:2/22:2), PG (19:0/22:4), GlcCer(d18:
1/22:1) and GlcCer(d18:1/22:0). Among them, the average contents
of GlcCer(d18:1/22:1), PA (16:0/34:0), and PC(O-16:2/22:2) in the
DPA-EA group were similar to those in the Ctrl group. However, the
levels of most upregulated metabolites in the Pal + DPA-EA group
were remarkably higher than in the Pal and Ctrl groups.
Interestingly, DPA-EA administration significantly increased
another six SMs and 9TGs, while Celastrol significantly
decreased another 4 SMs and 2 TGs. Different types of DELs and
various change trends of the same DELs induced by Celastrol and
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DPA-EA suggested that they had different other potential
mechanisms of action (Figures 6, 7).

Finally, several typical lipid metabolites were selected for further
investigation. As depicted in Figure 8, trend clusters of eight
significantly changed lipids were noted for comparative analysis.
DPA-EA and Celastrol mainly reversed the Pal-induced
upregulation of TG lipids, in which TG (16:1/16:1/16:1), TG (16:
1/16:0/18:1), and TG (16:1/16:1/18:1) ranked as the three most
significant lipid metabolites. Meanwhile, as for Pal-induced
downregulated lipid metabolites, both DPA-EA and Celastrol
significantly upregulated PCs, in which PC (26:1/16:1) and PC
(16:0/26:2) were the two representative metabolites. These
overlapped metabolites might be associated with their common
target, Nur77. It was worth noting that DPA-EA and Celastrol also
had different effects on lipidomics profile in Pal-induced fatty liver
HepG2 cells. For example, DPA-EA significantly downregulated the
expression of Cer (d18:1/18:0), but Celastrol had no significant effect
on it. Also, we found that DPA-EA remarkably elevated
sphingomyelin expressions such as Sph (d18:1) and SM (d16:2/
24:4). However, Celastrol did not affect the levels of these two lipid
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metabolites. It might be attributed to their different additional
targets.

3.3 The DPA-EA and DHA-EA mixture has a
significant anti-inflammatory and anti-
obesity effects with excellent safety
properties

Our previous work demonstrated that w-3 PUFA-EA derivatives
such as DPA-EA, DHA-EA, and EPA-EA had excellent anti-
inflammatory effects acting as Nur77 modulators (Fang et al,
2020). In the pre-part of this work, we further confirmed that the
represented compound DPA-EA exhibited excellent lipid-lowering
activities with lower toxicity than Celastrol. Moreover, lipidomics
analysis revealed that DPA-EA could remodel lipid profile and
improve lipid metabolism in the Pal-simulated HepG2 cell
model. It suggested that anti-inflammatory Nur77-targeting
compounds, DPA-EA and Celastrol, alleviated lipid accumulation
by promoting the hydrolysis of PEs and TGs. Based on these
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findings, we hypothesized the algae oil-derived PUFA-EA mixture
(the DPA-EA and DHA-EA mixture) might also exert excellent anti-
obesity effects like Celastrol but with low toxicity. Therefore, algal oil
containing DHA (16.23%) and DPA (5.22%) was first reacted with
ethanolamine without any solvents at 80°C for 24h and then
purified on a silica gel column to obtain the PUFA-EA mixture
of DHA-EA (67.54%) and DPA-EA (27.96%) (Supplementary
Scheme S1 and Supplementary Figure S1).

3.3.1 The anti-inflammatory activity of the
PUFA-EA mixture

First, the synthesized PUFA-EA mixture was further
evaluated for in vitro anti-inflammatory activity. As shown in
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Figures 9A-D, LPS treatment caused a dramatic increase in NO
release and the expressions of pro-inflammatory cytokines IL-1f
and IL-6 compared to control, while DPA-EA, DHA-EA, and the
PUFA-EA mixture could significantly alleviate LPS-induced NO
release and pro-inflammatory cytokine expressions at the
concentration of 10 uM (Figures 9A-C). Also, the PUFA-EA
mixture significantly reduced the protein expression of TNF-a
and IL-1p induced by LPS in a dose-dependent manner
(Supplementary Figure S6). These results implied that the
PUFA-EA mixture exhibited anti-inflammatory activity like
their monomer molecules (Figures 9A-C and Supplementary
Figure S6). In addition, Oil red O staining further

demonstrated that PUFA-EA had similar lipid-lowering
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activity with DHA-EA
Supplementary Figure S7).

and DPA-EA (Figure 9D and

3.3.2 The anti-obesity activity of PUFA-EAs in HFD-
fed obesity mice model

Next, the algae oil-derived PUFA-EA mixture was considered
for the in vivo anti-obesity activity in the HFD-fed obesity mice
model, with a well-known anti-obesity drug, Orlistat, as the positive
control. The experiment results are summarized in Table 2 and
Figure 10A-C.

3.3.2.1 The effects of PUFA-EA mixture on the body weight,
food intake, liver weight, and white adipose tissue

As shown in Table 2, The initial body weights of experimental mice
were similar (p > 0.05), and the body weight increased significantly at
the end of the obesity-modeling period (6 weeks). Compared to the
initial body weight, the final body weight of the ND, HFD, HFD + ORL,
and HFD + PUFA-EAs groups increased by 9.78 + 3.17 g (44.54%),
12.76 + 344 g (58.21%), 7.80 + 442 g (36.30%), and 7.57 + 3.09 g
(34.84%), respectively. The net body-weight gain, total food intake, liver
index, and fat coefficient of the HFD group were significantly higher
than those of the ND group (p < 0.01), indicating that HFD intake
promoted the development of obesity in ICR mice. However, compared
to the HED group, The HFD + ORL group showed significantly lower
values of final body weight, PER, Lee’s index, liver index, and WAT
weight. It indicated that the Orlistat administration could reverse these
changes upon the HFD challenge. A similar inhibitory effect was also
observed in the PUFA-EAs group. For example, the final body weights
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of the HFD + ORL and HFD + PUFA-EAs groups were significantly
lower than those of the HFD group (p < 0.01). The fat coefficient of the
HFD + ORL and HFD + PUFA-EA groups were also significantly lower
than those of the HFD group (p < 0.05). Besides, the inhibitory effect of
Orlistat and PUFA-EAs on food intake was no significant difference.
These results implied that PUFA-EAs had good fat-reducing potential
in obese mice, equivalent to Orlistat (p > 0.05).

3.3.2.2 The effects of PUFA-EAs on the pathology of the
liver in mice

The morphological structure of the experimental mice’s liver
tissues was observed using a microscope. The maximum size of
adipocytes and the calculated number of liver cells in the full view
captured with the microscope (200x) were shown in Figure 10A.
Compared with the ND group, fewer cells in the full view were
calculated in the HFD group, while cell numbers could be increased
after the treatment of Orlistat and the PUFA-EA mixture. Therefore,
larger adipocytes were observed in the HFD group, which could be
inhibited by the supplementations of Orlistat and the PUFA-EA
mixture; Figure 10B shows the H&E staining pathology of mice’s
liver tissue. The hepatic tissue sections in the ND group showed
normal hepatocytes arranged neatly. However, apparent lipid
droplets diffusely appeared in the livers of HFD-fed mice, and
the boundary between individual liver cells is blurred compared
with that of the ND group. The results are similar as reported
previously (Tsuru et al., 2020). The PUFA-EA mixture, like Orlistat,
effectively reduced the number and volume of lipid droplets induced
by the HFD and clarified the cell boundaries. These findings
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TABLE 2 The effects of Orlistat and the PUFA-EA mixture on body weight gain, food intake, and tissue weights in HFD-fed obese mice at the end of 6-week feeding

(n =10)2
N[D) HFD HFD + ORL HFD + PUFA-EA
Body weight
*Initial body weight (g) 21.96 + 1.34 2192 + 1.14 21.49 + 1.49 21.73 + 1.04
*Final body weight (g) 31.74 + 4.06 34.68 + 3.58 29.29 + 4.26** 29.30 + 2.39**
*Net weight gain (g) 9.78 + 3.17 12.76 + 3.44 7.80 + 4.42* 7.57 £ 3.09**
Total food intake (g/d) 7.31 £ 0.87** 8.35 + 1.16 7.55 £ 1.04** 7.27 £ 0.97**
PER® 3.72 + 1.20% 424 + 1.14 2.87 £ 1.63** 2.89 £ 1.18**
Body length
*Initial body length (cm) 7.85 = 0.20 7.77 £ 0.18 7.81 £ 0.19 7.87 = 0.20
*Final body length (cm) 9.68 + 0.56 10.02 £ 0.58 9.32 £ 0.62* 9.52 + 0.25*
Lee’s index® 14.83 +£ 0.43 15.11 £ 0.28 14.62 + 0.59* 14.54 + 0.36**
Liver weight (g) 1.52 £ 0.29** 1.92 + 0.21 1.48 £ 0.18** 1.46 £ 0.18**
Liver index (%)? 4.79 £ 0.58** 5.55 + 0.57 5.11 + 0.60** 497 + 0.29%*
White adipose tissues (WAT)
*Epididymal fat (g) 0.52 £ 0.11** 0.84 + 0.21 0.50 + 0.18** 0.47 £ 0.10**
*Perirenal fat (g) 0.31 + 0.09 ** 0.55 + 0.10 0.31 + 0.15* 0.35 + 0.12%*
Fat coefficient (%)° 2.62 £ 0.27*%* 4.02 + 1.20 2.70 £ 0.87* 2.80 £ 0.29**

“All data in the table are shown as mean * SD. *p < 0.05, **p < 0.01 vs. the HFD, group.

PER, food efficiency ratio (%) = [body weight gain (g)/diet consumed (g)] x 100.

“Lee’s index = [body weight (g) x 1000/body length (cm)]*”.
ILiver index (%) = liver weight (g)/body weight (g) x 100.

“Fat coefficient (%) = [epididymal fat (g) + perirenal fat (g)]/body weight (g) x 100.
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The PUFA-EA mixture showed in vivo anti-obesity effects in HFD mouse models. (A) The maximum size of adipocyte and the number of cells of the
experimental mice’s liver tissue in the full view captured with the microscope (200x). All data in the figure are shown as mean + SD. Bars represent the
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suggested that the administration of the algae oil-derived PUFA-EA
mixture produced an excellent inhibitory effect on obesity caused by
an HED.

3.3.2.3 Determination of the blood lipid-related indices
(HDL- C, LDL- C, TC, and TG)

Feeding an HFD for 6 weeks could cause obesity, hyperlipidemia,
and hyperglycemia in ICR mice (Li J. L. et al., 2020). It is a good model
for studying diet-induced obesity. To further confirm the in vivo lipid-
lowering effects of algae oil-derived PUFA-EA mixture, we measured
the changes of crucial blood biochemical indexes upon HFD challenge
and drug administration. Values of lipid parameters at the end of the
experiment were presented in Figure 10C. The serum TC, TG, and
LDL-C levels in the HFD group were significantly increased by 63.07%,
30.63%, and 182.93%, respectively, compared to those of the control
group (p < 0.01). Meanwhile, HDL-C levels decreased by 40.87% in the
HEFD group compared to the control group (p < 0.01). However, the
treatment of the PUFA-EA mixture could significantly inhibit the
increased levels of TG, TC, and LDL-C induced by HFD, with
inhibition rates of 21.85%, 19.38%, and 84.12%, respectively. At the
same time, the treatment of the PUFA-EA mixture significantly
increased the HDL-C level (upon (%), 43.65) relative to HFD-fed
mice. A reduced ratio of LDL-C/HDL-C was also observed in the
PUFA-EA and Orlistat groups’ mice. The effect of the PUFA-EA
mixture on the blood lipid-related indices is similar to that of
Orlistat treatment, implying the potent anti-obesity activity in vivo.

3.3.3 The acute toxicity study of the PUFA-EA
mixture in mice

To verify the in vivo safety of the algae oil-derived PUFA-EA
mixture, we evaluated the acute toxicity in mice. The daily dose of
54,000 mg/kg of PUFA-EA mixture did not lead to any mortality
throughout the study period of 14 days. All parameters observed
were normal even when the limit dose was maintained at
54,000 mg/kg body weight (Supplementary Table S7). The autopsy
results of all mice at the end of the experimental period (14 days) also
revealed that no apparent changes were observed in any mice organs.
These results indicated that the algae oil-derived PUFA-EA mixture had
no acute toxicity in mice at a dose of 54,000 mg/kg (significantly
exceeding the limit dose of 5,000 mg/kg/day), and the PUFA-EA
mixture at a higher dose is unnecessary. The algae oil-derived
PUFA-EAs was practically non-toxic in vivo, indicating the great
therapeutic and safety potential for further development as an anti-
obesity agent.

4 Discussion

Nur77 plays a crucial role in the inflammation process and lipid

metabolism.  Moreover, ~Nur77-targeting  anti-inflammatory
compounds are a potential therapeutic strategy for treating
inflammation-related diseases such as obesity. However, the lipid-
lowering mechanism of anti-inflammatory compounds targeting
Nur77

Understanding

remains unclear and has not been investigated.

lipid profile changes induced by specific
Nur77 modulators in the lipid-lowering process is crucial to
exploring the underlying mechanism of their anti-obesity effects.

The reference compound, Celastrol, has been proven to Nur77-
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dependently inhibit chronic inflammation and play a role in weight
loss in obese animals (Wang et al., 2011). DHA, an essential w-3
PUFA with anti-inflammatory and anti-obesity activities (Wei et al.,
2021), is recently found to be an endogenous lipid reported to bind
to Nur77”'. Additionally, our previous work demonstrated that w-3
PUFA-EA derivatives such as DPA-EA displayed excellent anti-
inflammatory effects in a Nur77-dependent manner”'. NAFLD is the
most common liver disease associated directly with obesity. The
present work also demonstrated that DPA-EA and Celastrol had
excellent lipid-lowering lipid profile-remodeling activities in the
liver HepG2 Cell Model (Figure 11).

Pal is a saturated fatty acid that has been reported to induce pro-
inflammatory production in hepatocytes. The overload treatment of
Pal causes triglyceride accumulation into specialized organelles
termed lipid droplets. When rendering lipid droplets and hepatic
lipotoxicity, Pal can cause glucotoxicity, oxidative stress, apoptosis,
and endoplasmic reticulum (ER) and mitochondrial dysfunction in
HepG2 cells (Zang et al., 2018; Eynaudi et al., 2021). The present
work also demonstrated that Pal administration caused lipid
accumulation in HepG2 cells, with a significant elevation of lipid
droplets. Besides, several lipidomics studies have noted that Pal can
influence the overall lipid metabolism (Shih et al., 2018; Cabezas
et al.,, 2022). For example, Pal insult could affect lipid metabolites
such as PE, PS, PC, and glycerophosphocholine (GPC) (Cabezas
etal., 2022). The stable isotope-labeled lipidomics on Pal-stimulated
HepG2 cells revealed that Pal significantly altered the levels of many
lipids (e.g., PL, Cer, GL, et al.), which were involved in biosynthetic
pathways of DG, TG, PI, dihydroceramide (dHCer), Cer, SM, PC,
PE, LPA, and LPE (Shih et al., 2018). Our lipidomics study also
showed Pal-induced a significantly dysregulated lipid profile in
HepG2 cells. We found 17 types of DELs between the control
and Pal groups, mainly Cer, PC, TG, PE, Sph, SM, efc. Among
them, most metabolites of glycerides (GLs), GPs, and sphingomyelin
were significantly upregulated by Pal, implying that Pal treatment
led to severe lipid gathering in HepG2 cells.

TGs are the primary storage and transport form of fatty acids in
Lipid
accumulation (e.g, TG accumulation) in NAFLD has been

cells and plasma (Alves-Bezerra and Cohen, 2017).

reported to be one of the causes of insulin resistance in the liver
(Gaggini et al., 2013). Moreover, the progressive increases in TG
content are associated with progressive impairment of insulin action
in the liver, skeletal muscle, and adipose tissue in non-diabetic obese
subjects (Korenblat et al., 2008). Reducing triglyceride content via
triglyceride synthase DAGT?2 inhibition can improve hepatic
steatosis in obese mice with non-alcoholic steatohepatitis
(Yamaguchi et al, 2007). In our data, TGs involved in the
insulin resistance transduction pathway, such as TAG (C57:1),
TAG (C48:1), and TAG (C54:5) (Al-Sulaiti et al., 2018), were
also identified as differential metabolites between the Ctrl and
Pal groups, presented as TG (12:0/14:0/22:1) and TG (16:0/16:0/
22:5). Additionally, DPA-EA and Celastrol could reverse the Pal-
induced elevation of TGs in HepG2 cells, especially TG (16:1/16:1/
16:1), TG (16:0/16:1/16:1), TG (17:1/17:1/17:1) et al. On the other
hand, MGs and DGs are precursor molecules for the synthesis of TG.
Diglycerides (DGs), with essential functions in lowering blood
lipids, reducing visceral fat, and inhibiting weight gain (Hue
et al.,, 2009), are mainly produced by blocking the accumulation
of TG in the body. In Pal-stimulated HepG2 cells, both DPA-EA and
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Celastrol markedly upregulated the contents of several DGs,
particularly DG (16:1/22:6/0:0), DG (18:1/22:2/0:0), DG (18:1/20:
4/0:0) and DG (16:0/26:1/0:0). Thus, DPA-EA and Celastrol might
alleviate lipid accumulation by promoting the hydrolysis of
triglycerides or lower triglyceride expression. In all, DPA-EA and
Celastrol robustly affected GL metabolism and metabolites of GL
species (TG and DG) in Pal-induced HepG2 cells.

GPs (eg, PC, PE, PG, et al) regulate lipid metabolism,
lipoprotein, and whole-body energy metabolism, too (van der
Veen et al, 2017). PCs are the most abundant phospholipids in
all mammalian cell membranes (van der Veen et al., 2017). In the
present study, GP metabolism was significantly altered by DPA-EA
and Celastrol in Pal-induced HepG2 cells. It is reported that PC
therapy can relieve HFD-induced obesity and obesity-related
complications by reducing TG and TC levels in serum (Lee et al.,
2014). Buang et al. also reported that dietary PC could attenuate
orotate-induced fatty liver in Sprague-Dawley rats by increasing
CPT1 activity and preventing TG accumulation (Kumar et al., 2021).
However, it was also found that some PCs were increased in the LPS-
stimulated zebrafish model and acute TNFa-treated HepG2 cells
(Chico et al., 2019; Luo et al., 2019). These data suggests various PCs
may have different functions in the progress of inflammation and
NAFLD. Interestingly, our results showed that in Pal-stimulated
HepG2 cells, DPA-EA and Celastrol could significantly decrease
PC(0-16:2/22:4) and PC(O-18:2/18:3) and elevated PC (16:0/26:0)
or other PCs (8 for Celastrol and seven for DPA-EA). PEs are the
second most abundant GPs in eukaryotic cells. Clinical research
shows that a standard PC/PE ratio (~1.5-1.8) is relevant to liver
health and a large proportion of NAFLD patients have abnormally
low cellular PC/PE ratios (van der Veen et al., 2017). Besides, it is
reported that PEs are significantly lower in human fatty livers (Puri
et al.,, 2007). Notably, our present work exhibited that DPA-EA and
Celastrol administrations caused a steady increase of two typical
PEs, PE (16:0/16:0) and PE (26:0/6:0), in Pal-induced HepG2 cells.
Celastrol also elevated PE (P-16:0/14:0) (P-18:0/20:0), and PE (O-18:
2/19:0), while DPA-EA increased PE (6:0/16:0) (10:0/16:0), PE (16:
1/20:3), and PE (14:0/14:0). However, Celastrol downregulated most
of the other PEs but DPA-EA did not. Together, different classes of
GPs displayed various alterations due to DPA-EA and Celastrol
perturbation. PCs and PEs might not be the lipid markers to
illustrate the underlying anti-inflammation and anti-obesity
mechanism that Nur77-targeting anti-inflammatory compounds
mediated.

Lysophospholipids (e.g., LPCs and LPEs) are signaling molecules
that play an essential role in inflammation, insulin resistance, and fatty
liver disease (Zu and Cham, 2008). The interconversion between
phospholipids and lysophospholipids is catalyzed by phospholipase
A2 (D’Arrigo and Servi, 2010). Many studies show that LPC and LPE
are reduced due to obesity or obesity-associated insulin resistance
(Barber et al, 2012; Weir et al., 2013; Heimerl et al., 2014). For
example, the circulating concentrations of some plasma LPEs (e.g.,
LPE (14:1), LPE (18:1), and LPE (18:2)) are lower in obese subjects than
in normal-weight subjects (Del Bas et al,, 2016). Interestingly, our
results showed that both DPA-EA and Celastrol could slightly increase
the content of LPEs, including LPE (20:4/0:0), LPE (22:4/0:0), LPE (20:
3/0:0), LPE (20:5/0:0), LPE (22:5/0:0), and LPE (32:0/0:0). It is consistent
with the proposal that LPE plays a vital role in obesity and
inflammation. Additionally, MN Barber et al. reported that levels of
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LPCs in the plasma of HFD-fed mice were stably decreased (Barber
et al,, 2012; Heimerl et al., 2014). As expected, both DPA-EA and
Celastrol could upregulate the levels of LPCs in Pal-induced
HepG2 cells. However, Celastrol upregulated LPC more significantly
than DPA-EA. Celastrol increased another nine LPCs, such as LPC (22
6/0:0), LPC (20:5/0:0), and LPC (22:2/0:0). In comparison, DPA-EA
enhanced the expression of another three LPCs including LPC (20:0/0:
0), LPC (18:0/0:0), and LPC (O-22:0/0:0). Whatever, both DPA-EA and
Celastrol significantly upregulated the expressions of LPE and LPC
species.

Sphingolipids such as Cer and SM are also associated with the
progression of obesity and insulin resistance (Haus et al, 2009
Sokolowska and Blachnio-Zabielska, 2019). Cer levels are increased in
insulin-resistant individuals (Adams et al., 2004). The inhibition of Cer
synthesis can improve glucocorticoid, saturated fat, and obesity-induced
insulin resistance (Holland et al., 2007). An unbalanced ratio between
ceramides and terminal metabolic products in the liver and plasma
promotes weight gain, inflammation, and insulin resistance (Regnier
et al, 2019). Similarly, we found that Pal could increase Cer in
HepG2 cells. Both DPA-EA and Celastrol significantly reversed the
Pal-induced increase of LacCer(d14:1/24:0). Especially, DPA-EA also
diminished the Pal-induced increase of several other Cers, including
GlcCer(d18:1/22:1),  GlcCer(d18:1/22:0),  Cer(d18:1/20:0),  and
LacCer(d14:0/24:0), but Celastrol did not. At the same time, in Pal-
induced HepG2 cells, DPA-EA markedly upregulated another 11 Cers,
but Celastrol significantly increased no Cer. Additionally, Jorge Simon
et al. reported that the levels of sphingomyelin and ceramide were
elevated during steatosis and non-alcoholic steatohepatitis (NASH)
(Simon et al, 2019). Our present study showed that DPA-EA and
Celastrol could significantly co-decrease the Pal-upregulated expression
of SM (d16:1/24:1). Celastrol also downregulated the expression levels of
SM (d14:2/21:0) and SM (d14:1/19:0) but upregulated no other SM.
DPA-EA could not downregulate other SMs but significantly upregulate
the contents of SM (d14:1/20:0), SM (d14:2/24:4), SM (d16:2/24:4), SM
(d16:1/24:4), SM (d15:1/20:1), SM (d15:1/27:0), SM (d18:2/26:1), and
Sph (d18:1). Based on those above-mentioned, it was concluded that
DPA-EA is more sensitive to Cer than Celastrol, but Celastrol might
cause over-downregulation of SM. Interestingly, it was reported that
Celastrol decreased the levels of SM and Sph in the blood when inducing
liver injury in mice (Zhang et al,, 2019). Thus, the over-downregulation
of SM may be associated with the off-target toxicity of Celastrol.

Nur77 is a crucial physiological modulator of lipid metabolism in
adipose tissue. Female Nur77-deficiency mice show decreased lipolysis
in white adipose tissue and increased hepatic fat storage (Perez-Sieira
et al., 2013). The liver tissue of Nur77-null mice can accumulate more
TGs than wild-type mice (Chao et al,, 2009). However, adenovirus-
mediated Nur77 overexpression reduces hepatic triglyceride levels while
increasing plasma LDL-C and decreasing HDL-C (Hu et al,, 2014). In
live HepG2 cells, Pal can induce the downregulation of Nur77 and lipid
accumulation, while Nur77 overexpression can improve the
phenomenon of lipotoxicity (Zhao et al, 2018). Additionally,
Celastrol can Nur77-dependently inhibit chronic inflammation in
obese mice, thereby protecting them against HFD-induced obesity
(decreasing body weight, adipose tissue mass, and the size of
adipocytes and ameliorating HFD-caused fatty liver). Excitedly, the
present work demonstrated that both DPA-EA and Celastrol displayed
lipid-lowering activities in Pal-stimulated HepG2 cells. Using lipidomics
analysis, we found that DPA-EA and Celastrol could co-downregulate
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the TG expressions but upregulate DG expressions in Pal-stimulated
HepG2 cells. It is consistent with the effects of Nur77 overexpression
(Zhao et al., 2018). In particular, 27 lipid metabolites with statistically
significant changes were identified as critical factors responding to the
lipid-lowering process of DPA-EA and Celastrol (Figure 11).

In summary, the present study demonstrates that anti-
inflammatory Nur77 modulators can decrease lipid accumulation by
promoting lipolysis. Moreover, a total of 27 lipids were identified as
potential biomarkers that responded to the anti-obesity effect of Nur77-
targeting anti-inflammatory compounds. These biomarkers have
important implications for developing anti-obesity agents targeting
Nur77 and predicting the recovery of aberrant lipid metabolism in
obesity-related metabolic disorders. Notably, the algae oil-derived
PUFA-EA mixture showed excellent anti-obesity effects on HFD-fed
mice (Figure 11) with practically no toxicity in vivo. Overall, we provide
new insights into the intervention mechanism of Nur77-targeting anti-
inflammatory compounds on lipid metabolism. In particular, the algae
oil-derived PUFA-EA mixture may be a promising therapeutic agent of
obesity and NAFLD worthy of further development.
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Introduction: The energy imbalance when energy intake exceeds expenditure
acts as an essential factor in the development of insulin resistance (IR). The activity
of brown adipose tissue, which is involved in the dissipation of energy via heat
expenditure decreases under type 2 diabetic mellitus (T2DM) state when the
number of pathological aging adipocytes increases. Protein tyrosine phosphatase
non-receptor type 2 (PTPN2) regulates several biological processes by
dephosphorylating several cellular substrates; however, whether PTPN2
regulates cellular senescence in adipocytes and the underlying mechanism has
not been reported.

Methods: We constructed a model of type 2 diabetic mice with PTPN2
overexpression to explore the role of PTPN2 in T2DM.

Results: We revealed that PTPN2 facilitated adipose tissue browning by alleviating
pathological senescence, thus improving glucose tolerance and IR in T2DM.
Mechanistically, we are the first to report that PTPN2 could bind with
transforming growth factor-activated kinase 1 (TAK1) directly for
dephosphorylation to inhibit the downstream MAPK/NF-kB pathway in
adipocytes and regulate cellular senescence and the browning process
subsequently.

Discussion: Our study revealed a critical mechanism of adipocytes browning
progression and provided a potential target for the treatment of related diseases.

KEYWORDS

PTPN2, TAK1, adipocytes, senescence, adipose tissue browning

Introduction

Type 2 diabetes mellitus (T2DM) is rising to a global epidemic over the last few decades
(Hildebrand et al., 2019). As a determining factor of T2DM, insulin resistance (IR) gains
acceptance as the target of treatment (Sampath et al,, 2019). Adipose tissue is a central
regulator of systemic glucose homeostasis (Czech, 2020) and it can be subdivided into white
adipose tissue (WAT), brown adipose tissue (BAT) and beige adipose tissue (Ying et al.,
2017; Shimobayashi et al., 2018). WAT, including subcutaneous adipose tissue (SAT) and
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GRAPHICAL ABSTRACT
The timeline design of animal models.

visceral adipose tissue (VAT), stores energy in the form of
triglycerides while BAT drives thermogenesis by consuming fatty
acids (Janssen et al., 2020; Krisko et al., 2020). Beige adipocytes are a
kind of brown-like cells that have been identified in WAT. Both
beige adipose tissue and BAT express high levels of uncoupled
protein 1(UCP1) and are involved in the dissipation of energy via
heat generation (Keipert et al., 2020; Xu et al., 2020). In T2DM, free
fatty acids and pro-inflammatory mediators are highly released due
to the imbalance between energy intake and output, eventually
leading to the chronic low-grade inflammation and IR (Ljubkovic
et al, 2019; Randeria et al, 2019). Thus, white adipose tissue
browning ameliorates IR via the increase of energy output (Chen
etal., 2021; Maliszewska and Kretowski, 2021). White adipose tissue
browning is characterized by the gene expression of classical
browning markers including UCP1, PRDM16, Dio2, PGCla, and
PPARa and when most of these markers are decreased, adipose
tissue browning is inhibited (Miao et al., 2021). Adipose tissue
browning can increase energy expenditure in humans and
contribute to the control of adiposity in humans, as has been
established in mice (Yoneshiro et al., 2011). Studies have shown
that adipose tissue browning is inhibited in T2DM (Rogers et al.,
2012; Moreno-Santos et al, 2016) and the corresponding
mechanism needs to be further elucidated.

The role of senescence of adipose tissue in T2DM is well
established (Borgeson et al., 2015; Gomez-Serrano et al., 2017).
In tissues including BAT and WAT with senescence, free oxygen
radical reactions are able to result in progressive accumulation of
oxidative damage to DNA and lipids in addition to shortened
telomeres, so may promote several pathological features (Jankovic
et al, 2015; Wang and Hai, 2015). Mitochondrial dysfunction has
been discussed in senescing brown adipocytes, where the release of
reactive oxygen species (ROS) from dysfunctional mitochondria in
senescing adipocytes results in lipid accumulation and chronic
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inflammation (Jankovic et al., 2015), and thus contributes the
development of IR. Beige adipose tissue can reduce metabolic
defects of WAT and is also influenced by aging (Xu et al., 2020;
Cohen and Kajimura, 2021). Beige adipocytes are known to
proliferate and differentiate from a sub-population of progenitors
resident in white adipose tissue (Zoico et al., 2019). Besides, when
metabolic changes are induced (e.g., nitrate-mediated activation),
adipocyte browning can also occur in already differentiating
WAT cells (Roberts, 2015). However, the defective ability of
CD137/TMEM26 progenitor cells with strong differentiation
potential has been proposed when trophic factors associated with
regulating progenitor cell proliferation and differentiation in the
adipose tissue microenvironment change during aging (Zoico et al.,
2019), preventing the formation of beige adipose tissue. Adipose
senescence in T2DM might be an important mechanism involved in
the inhibition of adipose tissue browning.

The mitogen-activated protein kinase (MAPK) and nuclear
factor-kappa B (NF-«xB) pathway control cellular senescence traits
by phosphorylating senescence-related proteins inorder to regulate
their activity (Tian et al., 2019; Anerillas et al., 2020). In response to
senescence stimulation, the MAPK/NF-kB pathway activates the
P21/P53 axis, the P16 axis and the occurrence of senescence-
associated secretory phenotype (SASP). The activated P38/
MAPK-P16 pathway can induce senescence of progenitor cells
and thereby inhibit adipose tissue browning (Berry et al., 2017).
Transforming growth factor-activated kinase 1 (TAK1) is a critical
upstream activator of the MAPK/NF-kB pathway (Dai et al., 2020;
Zhao et al., 2021), which also triggers cellular senescence programs
(Rajagopalan et al.,, 2014; Zhang et al., 2018a). However, whether
TAK1 promotes cellular senescence and inhibits browning via the
MAPK/NF-kB pathway in adipocytes remains unclear.

The protein tyrosine phosphatase non-receptor type 2 (PTPN2,
gene ID: 19255) has extensive biological activity and acts as a crucial
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regulator of T2DM with its complications (Zhang et al., 2018b;
Zheng et al., 2018). Our previous study has demonstrated that
PTPN2 could improve diabetic nephropathy (Li et al, 2019).
Nowadays, most studies about the effect of PTPN2 on adipose
tissue are restricted to tissue level while the role of PTPN2 in
regulating adipocytes browning directly needs to be further
explained. PTPN2 has been demonstrated to be an inhibitor of
P38/MAPK (Berry et al., 2017), however, whether PTPN2 improves
adipocyte senescence by regulating TAK1/MAPK/NF-kB has not
been reported.

In this study, we constructed a model of T2DM mice and
demonstrated that PTPN2 could mediate adipose tissue browning
by preventing adipose tissue from senescence, thereby improving IR.
Mechanistically, we explored that PTPN?2 targeted TAK1 directly for
dephosphorylation to inhibit MAPK/NF-kB-mediated senescence
for the first time.

Materials and methods
Animal models

We enrolled 28 C57BL/6 male mice aged 3 weeks weighting 14
(median)+2 g, purchased from experimental animal center of
China. All procedures
approved by Animal Care and Use Committee of Shandong

Shandong University, Ji'nan, were
University. Animals group-housed 3 per cage under standard
laboratory conditions (25°C, 60%-70% relative humidity and 12 h
of light and dark circulation) were tested for intraperitoneal glucose
tolerance tests (IPGTT) after 1 week of adaptation.

After IPGTT, 28 mice were randomly assigned to the control
group (Ctrl, n =14) and type 2 diabetes group (T2DM, n =14).
The control group were fed a normal chow while the T2DM
group received a high-fat diet (HFD, 34.5% fat, 17.5% protein,
and 48% carbohydrate; Beijing HFK Bio-Technology, China).
After evaluated by
intraperitoneal insulin tolerance tests (IPITT). After 8 weeks,

6 weeks, insulin tolerance was
IPITT and IPGTT were performed again to confirm the
induction of IR. Mice exhibiting IR were given once low-dose
of streptozotocin (STZ) injection intraperitoneally (Sigma, St.
Louis, MO; 75-80 mg/kg i. p. in 0.1 mol/L citrate buffer,
pH 4.5); the control group was administered with citrate
buffer intraperitoneally only. IPGTT was measured again
2 weeks after injection of STZ. Most HFD/STZ-treated mice
exhibited hyperglycemia (random blood glucose >11.1 mmol/
L), IR and abnormal glucose tolerance.

At the age of 14week, mice with similar degrees of
hyperglycemia and body weight were randomly divided into the
vehicle group (T2DM, n = 7) and PTPN2-overexpression group
(T2DM + PTPN2, n = 7). Mice fed on a normal diet were classified as
the non-diabetic control group, divided into the vehicle group (Ctrl,
n = 7) and PTPN2-overexpression group (Ctrl + PTPN2, n = 7).

After food intervention, body weight was recorded every week
and blood glucose level was examined every 2 weeks. The fasting
glucose level was measured by OneTouch Glucometer (LifeScan,
Milpitas, CA) following 6 h of fasting. IPGTT and IPITT were
conducted according to the previously reported method (Li et al.,
2019; Fukumura et al., 2021).
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A recombinant pAdxsi adenovirus constitutively expressing
PTPN2 systemically was constructed using the pAdxsi adenovirus
system  (SinoGenoMax, Beijing, China). Mouse-derived
PTPN2 cDNAs were inserted into the pShuttle-CMV-EGFP
vector and the pAdxsi vector adenovirus was used as a control
vector. At 20 weeks mice were treated with 5 x 10° plaque-forming
units of virus by caudal intravenous injection. Adenovirus re-
transferred at 22 weeks and the control group was injected with
control virus (vehicle). All mice were euthanized at 24 weeks of age
for further study as below.

Histological and morphometric analysis of
adipose tissue

Samples were taken from epididymal, subcutaneous and brown
adipose tissue (SAT, VAT, and BAT) and each sample was cut into
2 parts on average, one of which was fixed with 4% paraformaldehyde,
embedded with paraffin and sliced into 5um-thick sections. The
morphology of adipocytes was analyzed from sections staining with
hematoxylin and eosin (H&E). Adipocyte areas were assessed under
X400 magnification within adipose tissue, and the number of adipocytes
per area was obtained by quantitative morphometry with automated
image analysis (Image-Pro Plus, Version 50; Media Cybernatics,
Houston, TX) to assess the size of adipocytes.

Immunohistochemical staining

Paraffin sections were treated with immunohistochemistry using
microwave-based antigen retrieval method. These sections were
incubated with primary rabbit polyclonal antibodies at 4°C
overnight, and then with a matching biotinylated secondary
antibody for 20 min at 37°C. The stained sections were developed
with diaminobenzidin (DAB) and restained with hematoxylin. The
staining results were observed under a confocal FV 1000 SPD laser
scanning microscope (Olympus, Japan) and the integrated optical
density values (IOD)/total IOD were evaluated by quantitative
morphometry with automated image analysis (Image-Pro Plus,
Version 5.0; Media Cybernatics, Houston, TX).

Total protein extraction

Total protein of adipose tissue and cells was extracted using Cell Lysis
(C2978, Sigma-Aldrich, USA) added with a protease inhibitor cocktail (1:
100, CW2200S, CWBIO in Beijing, China). After centrifuging at
13,000xg, 4°C for 15min, supernatant was collected and protein
concentration was measured using BCA Protein Assay Kit (23227;
ThermoFisher Scientific, United States). Then loading buffer was
added, followed by incubating at 99°C for 5min and subject to
Western blotting analysis.

Western blotting analysis

Proteins extracted from tissues or cells were separated by 10% as
well as 12% SDS-PAGE and transferred on PVDF membrane. After
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TABLE 1 Antibodies and manufacturers.

10.3389/fphar.2023.1124633

Target antigen Company Catalog no. Working concentration
PTPN2 Cell Signaling Technology 589355 Western blotting: 1:1000
Normal rabbit IgG Cell Signaling Technology 27298
B-actin Abcam ab8226 Western blotting: 1:1000
Myc Cell Signaling Technology 2278S Western blotting: 1:1000
IF: 1:50
Flag Sigma-Aldrich F1804 Western blotting: 1:1000
IF: 1:50
HA ORIGENE TA180128 Western blotting: 1:1000
Erk Cell Signaling Technology 4695S Western blotting: 1:1000
p-Erk Cell Signaling Technology 43708 Western blotting: 1:1000
JNK Cell Signaling Technology 92528 Western blotting: 1:1000
p-JNK Cell Signaling Technology 4668S Western blotting: 1:1000
P38 Cell Signaling Technology 92128 Western blotting: 1:1000
p-P38 Cell Signaling Technology 45118 Western blotting: 1:1000
P65 Cell Signaling Technology 82428 Western blotting: 1:1000
p-P65 Cell Signaling Technology 30338 Western blotting: 1:1000
IkB Cell Signaling Technology 48128 Western blotting: 1:1000
p- IxB Cell Signaling Technology 28598 Western blotting: 1:1000
P53 Cell Signaling Technology 25248 Western blotting: 1:1000
THC:1:100
P16 Abcam ab270058 Western blotting: 1:1000
THC:1:100
P21 Abcam ab109199 Western blotting: 1:1000
P27 Abcam ab32034 Western blotting: 1:1000
TAK1 Cell Signaling Technology 52065 Western blotting: 1:1000
p-TAK1 Cell Signaling Technology 93398 Western blotting: 1:1000
UCP1 Cell Signaling Technology 72298S Western blotting: 1:1000
THC:1:100
PGCla Cell Signaling Technology 2178S Western blotting: 1:1000
FABP4 Abcam ab92501 Western blotting: 1:1000
INSR Abcam ab283689 Western blotting: 1:1000
Acox1 Abcam ab2184032 Western blotting: 1:1000
PPARy Abcam ab272718 Western blotting: 1:1000
SIRT3 Abcam ab246522 Western blotting: 1:1000
SLC27A1 Abclonal A12847 Western blotting: 1:1000
ATGL Abcam ab207799 Western blotting: 1:1000
THC:1:100
HSL Abcam ab45422 Western blotting: 1:1000
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TABLE 1 (Continued) Antibodies and manufacturers.

Target antigen

Company

10.3389/fphar.2023.1124633

Catalog no. Working concentration

THC:1:100

LPL ‘ Abcam

TABLE 2 Primer sequences.

ab91606 Western blotting: 1:1000

TABLE 3 Plasmids and manufacturers.

Gene name Tag Vector name Manufacturer
mouse B-actin forward CCACACCCGCCACCAGTTCG Vector only C-Flag pReceiver-M35 GeneCopoeia
mouse B-actin reverse TACAGCCCGGGGAGCATCGT Vector only N-3xHA pReceiver-M06 GeneCopoeia
mouse Ptpn2 forward AGCAGTGAGAGCATTCTACGG Vector only C-Myc pReceiver-M09 GeneCopoeia
mouse Ptpn2 reverse GTGCAGAAAGGTGCTGGGTA PTPN2 C-Flag pReceiver-M35 GeneCopoeia
mouse Ucpl forward TCACCACCCTGGCAAAAACA PTPN2 C-Myc pReceiver-M09 GeneCopoeia
mouse Ucpl reverse GCAGGTGTTTCTCTCCCTGAA TRAF6 C-Flag pReceiver-M35 GeneCopoeia
mouse Fabp4 forward CGACAGGAAGGTGAAGAGCATCATA TAK1 C-Flag PReceiver-M35 GeneCopoeia
mouse Fabp4 reverse CATAAACTCTTGTGGAAGTCACGCCT TAK1 C-Myc pReceiver-M09 GeneCopoeia
mouse Insr forward GATCCGCGCCGCCTTTT TAB1 N-3xHA pReceiver-M06 GeneCopoeia
mouse Insr reverse GGGACTGTCTCTCGGCTCTC TAB2 C-Flag pReceiver-M35 GeneCopoeia
mouse Pgcla forward ACCATGACTACTGTCAGTCACTC
mouse Pgcla reverse GTCACAGGAGGCATGTTTGAAG

Master (04887352001, Roche,  Switzerland) by  Roche

mouse Atgl forward TGACCATCTGCCTTCCAGA
mouse Atgl reverse GAGAGGTTGTTTCGTACCCA
mouse Hsl forward GCACTGTGACCTGCTTGGT
mouse Hsl reverse CTGGCACCCTCACTCCATA

mouse Lpl forward ACTCTGTGTCTAACTGCCACTTCAA

mouse Lpl reverse ATACATTCCCGTTACCGTCCAT

incubation with 5% BSA (Albumin from bovine serum), transferred
blots were incubated with primary antibodies (listed in Table 1)
overnight at 4°C. On the next day, the PVDF membrane was added
with anti-IgG horseradish peroxidase-conjugated secondary
antibody at room temperature for 2 h. Blot images were detected
(WBKLS0500,
United States) via a luminescent image instrument (Amersham

by  chemiluminescent reagent Millipore,
Imager 680, GE, United States). Total protein levels were

normalized to B-actin levels.

Total RNA extraction and quantitative
RT-PCR assay

Total RNA was extracted from adipocytes using the Total RNA
Extraction Kit (220011, Fastagen in Shanghai, China) based on
protocols. The PrimeScript RT reagent kit was used for reversed-
transcribtion including gDNA Eraser (RR047A, TaKaRa, Japan).
The cDNA samples were subject to quantitative PCR process for
indicators detection using the LightCycler” 480 SYBR® Green I

Frontiers in Pharmacology

LightCycler480 according to protocols. The level of B-actin was
used for data normalization and the 272" method was used for
calculation. Primer sequences are listed in Table 2.

Elisa assay

The concentrations of IL6 (SM6000B, R&D) and IL1J
(MHSLB00, R&D) of adipocyte supernatant was measured using
Enzyme-linked immunosorbent assay (ELISA) kits according to
instructions.

Cell culture

Primary preadipocytes were isolated from SAT according to a
standard protocol (Macotela et al, 2012). Then cells
differentiated into mature adipocytes (hereafter
adipocytes) exposed to serum-containing media supplemented
with 1-methyl-3-isobutylxanthine (IBMX),
indomethacin, dexamethasone, triiodothyronine (T3) and
then
rosiglitazone for maintenance (Armani et al, 2014). Mouse

primary
insulin,

rosiglitazone and switched to insulin, T3 and
3T3-L1 cell line were purchased from the cellbank of Chinese
Academy of Sciences. The mouse 3T3-L1 cell line is immortalised
and does not undergo senescence as primary adipocytes. Then,
cells were cultured and induced to differentiate (hereafter 3T3-
L1-derived adipocytes) as previously reported (Molinari et al.,
2021). After differentiation, Adipocytes were treated with tumor

necrosis factor-alpha (TNFa) stimulation.
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Human HEK293T cells and Hela cells were obtained from
KeyGene BioTech (China) and cultured in complete Dulbecco’s
Modified Eagle’s Medium (DMEM; C11995500BT, Gibco,
United States) medium.

Plasmids and siRNA transfection

Plasmids were transiently transfected into cells with the help of
lipofectamine 3000 reagent (100022052, Invitrogen, USA) based on
manufacturer’s protocols. The lipofectamine RNAIMAX reagent
(56532, Invitrogen) was used for siRNA transfection. After
plasmid or siRNA transfection for 24 h, cells could be treated for
further processing, then lysed for protein collection. For adipocytes,
siRNA and plasmids were transfected during initial plating and
grown to confluence, and transfected once again after 48 h. After
transfection, primary adipocytes and the 3T3-L1 cell line were
differentiated into mature adipocytes. Plasmids are listed in Table 3.

Co-immunoprecipitation (Co-IP) analysis

For exogenous Co-IP analysis, plasmids expressing PTPN2 and other
indicators were transfected into HEK293T cells. After transfection with
24 h, cells were lysed with 1 mL Cell Lysis for protein extraction. After
centrifugation for 15 min at 13,000g, 4°C, 100ul supernatant was removed
as “Input” and the rest was incubated with agarose immunoprecipitation
beads for tag combination with 4 °C incubation overnight on a rotary
Beads using Radio
Immunoprecipitation Assay (RIPA) buffer (P0013c, Beyotime
Biotechnology, China). Precipitated proteins were separated from
beads after incubation at 99°C for 5min with 2x loading buffer. Before
the incubation at 99°C, c-Myc peptide (M2435, sigma) or 3X-Flag peptide
(F4799, sigma) was added to compete out the binding of c-Myc or 3X-
Flag for necessary.

mixer. were then washed for 5 times

The protocol of endogenous Co-IP in 3T3-L1-derived adipocytes was
similar to exogenous analysis described above. After supernatant
preparation, corresponding antibodies were added for endogenous
protein combination at 4°C for 1h. Then protein A/G Plus Agarose
(sc-2003, Santa Cruz Biotechnology, United States) was used for
antibody-combination at 4°C overnight with gentle mixture. Notably,
normal rabbit IgG (27298, Cell Signaling Technology, United States) was
used as a negative control (Ida et al,, 2021).

Laser confocal photography of cells

Hela cells were seeded on climbing slices for staining. Plasmids
expressing PTPN2 and TAK1 were co-transfected into Hela cells for
24 h. After fixation, 0.1% Triton X-100 was used for cell membranes
permeabilization for 5 min, and then 10% goat serum was used for
blocking. Then cells were incubated using primary antibodies at 4°C
overnight. On the next day, corresponding fluoresce secondary
antibodies were used to multiple signaling cascades. DAPI was
used for nuclei stain and mounting. Samples incubated with IgG
and secondary antibody were used as negative control. Images were
captured via laser confocal microscope or electric upright
microscope.
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Senescence-associated p-galactosidase
(SA-B-gal) staining

SA-B-gal
Galactosidase Staining Kit (Beyotime, China) according to the

staining was performed with Senescence -
manufacturer’s instruction. Primary adipocytes were fixed with f-
Galactosidase fixing solution for 15 min after washed with PBS, and
then maintained with the staining solution. The blue areas were
recognized to be SA-B-gal-positive.

Statistical analysis

All data were statistically analyzed using GraphPad Prism 8
(GraphPad, San Diego, CA) and expressed as mean + standard
deviation (SD). The number of replicates was indicated in figure
legends (n-numbers) and we did independent biological repeats for
each experiment. The Shapiro-wilk test was used to evaluate the
normality assumption of the data distribution. For normally
distribution, the statistical difference was determined by unpaired two-
tailed Student’s t-tests, one-way ANOVA test or two-way ANOVA
accordingly. If p-value was less than 0.05, the comparison was
considered to be statistically significant. *P <0.05, **P <0.01,
“*P <0.001; *P < 0.05, ¥ P < 0.01, ##¥P < 0.001.

Results

PTPNZ2 ameliorates cellular senescence in
adipocytes

The expression level of PTPN2 in the serum is downregulated in
T2DM patients (Zheng et al., 2018). As TNFa is a triggering factor in
IR (Pedersen, 2017) and involved in several pathogenesis programs,
we chose TNFa as the stimulation factor for adipocytes. 3T3-L1 cells
were used to differentiate into mature adipocytes. Then, 3T3-L1-
derived adipocytes were incubated with TNFa (40 ng/mL) for
different time points (0, 4, 8, 12, 24, and 36 h) and we found
that the mRNA and protein level of PTPN2 by TNFa stimulation
was decreased in a time-dependent manner, especially significant
after 24 h stimulation (Figures 1A, B). The mRNA and protein levels
of PTPN2 also declined in a concentration-dependent manner in
response to TNFa (Figures 1C, D) in 3T3-L1-derived adipocytes.
Furthermore, the time-dependent downregulation was confirmed in
mouse primary adipocytes (Figures 1E, F).

To further investigate the role of PTPN2 in adipocytes, a whole
genome RNA-sequence analysis was performed using primary
PTPN2  knockdown.
Encyclopedia of Genes and Genomes (KEGG) enrichment

adipocytes with or without Kyoto
analysis in cellular processes revealed a strong association
between PTPN2 and cellular senescence (Figure 1G). Therefore,
we silenced the PTPN2 gene in primary adipocytes from mice using
small interfering RNA (siRNA). PTPN2-deficient (siPTPN2)
primary adipocytes exhibited an increase in senescence-associated
[-galactosidase (SA-P-gal) activity compared with the control group
(siCtrl) as demonstrated with SA-B-gal staining (Figure 1H).
Interleukin-6 (IL6) and Interleukin-1p (IL1B) are two key

components of SASP (Gorgoulis et al., 2019). Excessive IL6 and
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FIGURE 1

PTPN2 ameliorates cellular senescence in adipocytes. (A) Quantitative PCR (n = 4) of PTPN2 mRNA level in 3T3-L1-derived adipocytes treated with
TNFa (40 ng/mL) for different time points. (B), Western blotting of 3T3-L1-derived adipocytes treated with TNFa (40 ng/mL) for different time points (left)
and data analysis (right, n = 3). p-actin was used for normalization. (C), Quantitative PCR (n = 4) of PTPN2 mRNA level in 3T3-L1-derived adipocytes
treated with a concentration gradient of TNFa for 24 h. (D), Western blotting of 3T3-L1-derived adipocytes treated with a concentration gradient of
TNFa for 24 h (left) and data analysis (right, n = 3). (E), Western blotting of primary preadipocyte-derived mature adipocytes treated with TNFa (40 ng/mL)
for different time points (left) and data analysis (right, n = 3). (F), Quantitative PCR (n = 4) of PTPN2 mRNA level in primary adipocytes treated with TNFa
(40 ng/mlL) for different time points. (G), Primary preadipocytes were transfected with negative control siRNA (siCtrl) or PTPN2-siRNA (siPTPN2) and then
induced to differentiate into mature primary adipocytes before TNFa stimulation for 24 h. The whole genome RNA-sequence analysis was performed and
Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis in cellular process between the two groups was shown (n = 3). (H), The
senescence-associated p-galactosidase (SA-B-gal) staining of primary adipocytes transfected with siCtrl or siPTPN2. Scale bar:50 pm. (1), Elisa assay of
interleukin-6 (IL6) and Interleukin-1p (IL1p) secreted from 3T3-L1-derived adipocytes with or without PTPN2 knockdown. Cells were pre-incubated with
TNFa for 24 h before supernatant collection (n = 4). (3), Western blotting images of indicated proteins in 3T3-L1-derived adipocytes transfected with
negative control or PTPN2-siRNA in response to TNFa (40 ng/mL hereafter) and its quantitative analysis (n = 3). (K), Western blotting images of indicated
proteins in 3T3-L1-derived adipocytes transfected with or without Flag-tagged PTPN2 plasmid (Flag-PTPN2) overexpression in response to TNFa (n = 3).

*P<0.05, **P<0.01, ***P <0.001.
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FIGURE 2

PTPN2 inhibits phosphorylation of MAPK/NF-kB in adipocytes induced by TNFa. (A), Representative Western blotting images and data analysis of
indicated proteins in 3T3-L1-derived adipocytes transfected with siCtrl or siPTPN2 with TNFa stimulation within 15 min (n = 3). (B), Western blotting
analysis of indicated proteins in 3T3-L1-derived adipocytes with or without Flag-PTPN2 overexpression in response to TNFa (n = 3). (C), In 3T3-L1-derived
adipocytes, PTPN2 protein level was silenced via siPTPN2 followed by overexpression with or without Flag-PTPN2 for rescue. Western blotting
analysis of indicated proteins in response to TNFa was shown (n = 3). *P<0.05, **P<0.01, ***P<0.001; #P<0.05, ##P<0.01, ###P <0.001.

IL1PB were secreted from 3T3-Ll-derived adipocytes after TNFa
stimulation and increased in siPTPN2 group (Figure 1I). Then, we
tested the protein level of P53, P16, P27 and P21, which often
gradually increase during cellular senescence. PTPN2 deficiency
increased the level of senescence-related proteins (Figure 1J), and
3T3-L1-derived adipocytes with overexpressed PTPN2 confirmed
these findings (Figure 1K). Thus, PTPN2 might alleviate senescent
phenotype in adipocytes.

PTPN2 inhibits phosphorylation of MAPK/
NF-xB in adipocytes induced by TNFa

As the MAPK/NF-«kB pathway implements key traits of
cellular senescence (Anerillas et al., 2020), we investigated the
role of PTPN2 in the regulation of the MAPK/NF-kB pathway.
We treated 3T3-L1-derived adipocytes with TNFa as an inducer
and the phosphorylation level of Erk (p-Erk), P38 (p-P38), JNK
(p-JNK), IxB (p- IxB) and P65 (p-P65) was upregulated in
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siRNA-mediated PTPN2-silent 3T3-L1l-derived adipocytes
after TNFa treatment (Figure 2A). Consistently, when 3T3-L1-
derived adipocytes were transfected with Flag-tagged
PTPN2 plasmid (Flag-PTPN2) for PTPN2 overexpression, the
phosphorylation level of Erk, P38, JNK, IkB, and P65 was
decreased significantly in response to TNFa (Figure 2B). To
further confirm the effect of PTPN2 on MAPK/NF-kB
pathway, we first silenced PTPN2 expression via siRNA, where
the phosphorylation level was upregulated, and then rescued
PTPN2 protein level by that the
phosphorylation level was inhibited subsequently (Figure 2C).

overexpression SO

PTPN2 interacts with TAK1 directly

To identify exact molecules regulated by PTPN2, we co-
transfected HEK293T cells with Myc-tagged PTPN2 plasmid and
other plasmids encoding upstream regulators of MAPK/NF-kB
pathway for the co-immunoprecipitation (Co-IP) experiment.
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FIGURE 3

PTPN2 interacts with TAK1. (A), Co-immunoprecipitation (Co-IP) analysis of HEK293T cells co-transfected with Myc-tagged PTPN2 and Flag-tagged
TAK1, TRAF6, TAB2 to examine the interactors of PTPN2. Co-IP of whole cell lysates was immunoprecipitated using Flag beads (left). HEK293T cells were
co-transfected with Myc-tagged PTPN2 and HA-tagged TAB1 and Co-IP of whole cell lysates was immunoprecipitated using HA beads (right). (B),
HEK293T cells were co-transfected with Myc-tagged PTPN2 and Flag-tagged TAK1, TRAF6, TAB2 and HA-tagged TAB1. Co-IP of whole cell lysates

was immunoprecipitated using Myc beads. (C, D), Co-IP assay of HEK293T cells co-transfected with Myc-TAK1 and Flag-PTPN2. Co-IP was performed
using Myc beads (C) and Flag beads (D) respectively. (E, F), Co-IP assay of Hela cells co-transfected with Myc-TAK1 and Flag-PTPN2. Co-IP was
performed using Myc beads (E) and Flag beads (F) respectively. (G, H), Western blotting images of indicated proteins of endogenous Co-IP in 3T3-L1-
derived adipocytes immunoprecipitated with anti-PTPN2 (G), anti-TAK1 (H) or with rabbit IgG control under TNFa stimulation. (I, J), Western blotting
images of indicated proteins of endogenous Co-IP in primary adipocytes immunoprecipitated with anti-PTPN2 (1), anti- TAK1 (J) or with rabbit IgG control
under TNFa stimulation. (K), Representative confocal microscopic images of colocalization between PTPN2 and TAK1 in Hela cells co-transfected with
Flag-tagged PTPN2 and Myc-tagged TAK1. Scale bar: 10 pm

PTPN2 interacted with TAKI1 directly, but not with TRAF6,
TAB2 and TABI1 (Figures 3A, B). Then, we confirmed the
interaction between PTPN2 and TAKI using tag-altered plasmids
in HEK293T cells (Figures 3C, D) and Hela cells (Figures 3E, F),

respectively. Endogenous Co-IP experiments in 3T3-L1-derived
adipocytes (Figures 3G, H) and primary adipocytes (Figures 31, ])
confirmed the interaction between endogenous PTPN2 and TAKI.
Moreover, we co-transfected PTPN2 and TAK1 plasmids into HeLa
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FIGURE 4
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PTPN2 inhibits MAPK/NF-xB pathway via targeting TAK1 for dephosphorylation. (A), Western blotting images of indicated proteins in 3T3-L1-derived
adipocytes transfected with siCtrl or siPTPN2 in response to TNFa (n = 3). (B), Western blotting analysis of indicated proteins in 3T3-L1-derived adipocytes
transfected with control vector or Flag-PTPN2 with TNFa stimulation (n = 3). (C, D), In 3T3-L1-derived adipocytes, PTPN2 protein level was silenced via
SiPTPN2 firstly followed by overexpression with or without Flag-PTPN2 for rescue. Western blotting analysis of indicated proteins (C), (n = 3) and

elisa assay of IL6 and IL1p secreted from 3T3-L1-derived adipocytes (D), (n =

4) in response to TNFa was shown. (E, F), In 3T3-L1-derived adipocytes,

PTPN2 was overexpressed via Flag-PTPN2 transfection followed by overexpression with or without Myc-TAK1. Elisa assay of IL6 and IL1p secreted from
3T3-L1-derived adipocytes (E), (n = 4) and Western blotting analysis of indicated proteins (F), (n = 3) in response to TNFa was shown. *P < 0.05, **P < 0.01,

***p £ 0.00L; #P<0.05, ##p<0.01, ###p < 0.00L

cells and confocal microscopy revealed that PTPN2 was colocalized
with TAK1 (Figure 3K). Therefore, PTPN2 could bind to TAKI.

PTPN2 inhibits the MAPK/NF-xB pathway via
targeting TAK1 for dephosphorylation

To explore the effect of PTPN2 on TAKI, we silenced PTPN2 in
3T3-L1-derived adipocytes using siRNA to test the phosphorylation
level of TAKI1. After the stimulation of TNFa, the level of
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phosphorylated TAK1 was upregulated in the PTPN2-deficient
group the group (Figure 4A).
Consistently, the phosphorylation level of TAKI was significantly
downregulated when PTPN2 was overexpressed in 3T3-L1-derived
adipocytes (Figure 4B). Furthermore, we transfected Flag-tagged
PTPN2  plasmid in  3T3-Ll-derived  adipocytes  after
PTPN2 silencing for rescue, and the result revealed that PTPN2-
silence promoted the phosphorylation level of TAK1 while its
phosphorylation was inhibited after PTPN2 overexpression
(Figure 4C). A similar trend was also observed for the level of

compared with control

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1124633

Liu et al.

10.3389/fphar.2023.1124633

A 1 e Ctrl B g 15 %%* EIS ok D g 25
§n30 ************ = T2DM g g Fokok g 2 P
= *Kk g 10 £ 10 Nl £ ey
] 2 2 D 15{%*% ad
=20 S S S
z 5 = 510
g 5 B3 E)
@ 10 2 2 ER
2 2 2
A o Aol — = ——
410 12 20 22 24 0 30 60 90 120 0 30 60 90 120 0 30 60 90 120
E Time (W) F Time (min) G Time (min) H N Time (min)
% 30 - -o- Ctrl ng *kk g15 olull : gtr:-(-PTPNZ
*okk S * Kk 3 T o) *
é sxx B CUHPTPN2 £ wxx FEEE ‘I‘ A T2DM 2 —
520 -+ T2DM 10 £10 5 mpmepreNz 20 ks
g o v T2DM+PTPN2 3 I\i\‘___! I 2 #
2 E 3 s Ea >
o010 5 w5 225 N
3 o .\l\.__* B I [2a)
2 s g '
B @0l - /@y
0 30 60 120 0 30 60 120
Time (min) Time (min)
I J ctrl Ctr+PTPN2 T2DM+PTPN2 @ Cirl m Cir+PTPN2
§/Cul = CuBELENG : A T2DMv T2DM+PTPN2
A T2DMv T2DM+PTPN2 v
~ = 1 200
= < oy
340 &% w8 1=
£ Ak 3 —_— 1= 150 ? *
E3 g3 A — T -
g = ~>{ A : <% N|[ 7 ,‘_3100?5' . ¥
220 £2 ‘®=arails g {0 rgc) 2 &
2 s = Ry B8 ‘ I E
ERN L - 3 = J \ N B 50
104 &: £ ;? ¥ ko £~ A \ ‘f-« y g
E " 2 s L Ay YN A T LA MNE o
o Fo — . ; =
ST o T2DM = T2DM+PTPN2
** 15 15 15
K T2DM T2DM+PTPN2 4 15, 2 Ex . _—
2 ] I e T e £%
5 © 3
P16| - —— |&§ A 510 % 9;&;1-0 . %;L;I-O =3 ‘;;)i;l-o %‘
25 £ A £50s B3, Y :
Z3 ®=054 = 20. < 0. 5 £20.
P3| £ Shos 3 St T 3E iﬁ 52 i
P7 — | 00l 09 00 00
L P16 M P53
P21|-.. JIR—— | T2DM  T2DMHPTPN2 157 xx T2DM  T2DM+PTPN2 157 2=
7 s | 2 6. Sl PR b
PTPN2| S ---| . 2= AR ; EEE o
|E20s & el - |&2os 3
B-actin ..—...| i PR VRIERL L N i
— 0.0 o U3 . 0.0
N SAT e T2DM = T2DM+PTPN2
T2DM  T2DM+PTPN2 4 il 154 15 ** 15 *x 15 **
o . > &
£33 o3 B =5 =B
e + 2310 Jj( £210 8210 % 8810 3
PR I T . 2= o | ot - 2 T
> = E=%7) ‘59 ‘S0
. | 55 =805 =205 ive S505 =805
ps3|‘...Q |§¢.1 T T T 5 Sk
P27| - - —-— | 0 0.0 0.0 0.0 0.0
= ___Pm6 P P
P21| - - | T2DM  T2DM+PTPN2 207 _** T2DM  T2DM#+PTPN2 157 _=
N 2o BRI s y QT;IO _I_
~ 2 ; | SN |eBL S
PTPN2| - e e | (ISR ZEL0 % s | B
y i w2 o E=%7}
| ¥ R EA- e . | P g (| J =305 %
\ 205 XEh )
B-actin -...-..| R el e * [ Vg od|lb ! s
&/ ¥ 00 — A 0.0

FIGURE 5

Overexpression of PTPN2 alleviates senescence in adipose tissue in T2DM mice. (A), Body weight of mice at the age of 4, 10, 12, 20, 22 and

24 weeks (n = 10). (B), Blood glucose level of IPITT at the age of 12 weeks (n = 10). (C, D), Blood glucose level of IPGTT at the age of 10 and
12 weeks (n = 10). (E), Blood glucose level of IPGTT in mice at the age of 24 weeks (***P <0.001vs. T2DM + PTPN2, n = 5). (F), Blood glucose level
of IPITT in mice at the age of 24 weeks (***P<0.001 vs. T2DM + PTPN2, n = 5). (G), Fasting blood glucose level in mice at the age of

24 weeks (n = 5). (H), Body weight of mice at the age of 24 weeks. (I), Total Cholesterol level (left) and Triglycerides level (right) of mice at the
age of 24 weeks. (J), BAT, SAT were stained with H&E (left) and the count of 3T3-L1-derived adipocytes in SAT within the field of the same size
(right) was shown (n = 5, scale bar: 20 um). (K), Representative Western blotting of indicated proteins in BAT of T2DM and T2DM + PTPN2 mice
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with data analysis (n = 5). (L, M), Immunohistochemical staining of P16 (L) and P53 (M) protein in BAT, respectively (brown staining considered to be
positive; scale bar: 20 um). (N), Representative Western blotting of indicated proteins in SAT of T2DM and T2DM + PTPN2 mice with data analysis (n = 5).
(O, P), Immunohistochemical staining of P16 (O) and P53 (P) protein in SAT, respectively. scale bar: 20 um. *P < 0.05, **P <0.01, ***P <0.001.

IL6 and IL1P secreted into the supernatant from cultured 3T3-L1-
derived adipocytes (Figure 4D).

Finally, to investigate whether TAKI has a role in the regulation
of PTPN2 for the MAPK/NF-kB pathway, a recovery experiment
was performed where TAKI protein level was rescued in PTPN2-
deficient 3T3-L1-derived adipocytes. Obviously, when stimulated
with TNFa, the diminished SASP protein level of the PTPN2-
overexpressed group was rescued by TAKI overexpression
(Figure 4E) and similar results were observed from the
phosphorylation level detection of proteins of the MAPK/NF-xB
pathway (Erk, P38, JNK, IkB and P65) (Figure 4F). Therefore,
TAK1 acts as an essential regulator mediating the
dephosphorylation effect of PTPN2 on the MAPK/NF-kB pathway.

PTPN2 overexpression improves IR and lipid
retention of adipose tissue in T2DM mice

The results above suggested that PTPN2 ameliorated adipocyte
senescence and as adipocytes are the major cell type in adipose tissue,
we proposed that PTPN2 could improve senescence in adipose tissue.

A non-genetic rodent model closely resembling human T2DM was
generated by giving male C57BL/6 mice HFD as well as the STZ
treatment (referred to as T2DM hereafter) while normal-diet fed mice
served as controls (Ctrl hereafter). Multiple metabolic parameters of mice
were examined to confirm the model generation. The body weight gain in
the T2DM group was significantly increased compared with that in the
control group after week-10 as expected (Figure 5A). IR in mice was
verified by IPITT which showed that the blood glucose levels of T2DM
group were higher than that of the control group at week-12 (Figure 5B).
IPGTT was also tested at the age of 10 and 12 weeks, showing that blood
glucose levels in the T2DM group were significantly elevated compared to
the control group at all of the 5 time points (Figures 5C, D). Therefore, the
T2DM model induced by HFD and STZ showed typical features of IR,
hyperglycaemia and obesity, resembling the state of human T2DM.

For the T2DM model, IPGTT and IPITT demonstrated that
compared with the control group, blood glucose levels in T2DM
group were higher at all of the points tested at the age of 24 weeks,
while levels in the PTPN2-overexpression group (T2DM + PTPN2) were
lower than those in T2DM mice, indicating an improvement role of
PTPN2 in IR and hyperglycaemia (Figures 5E, F). The fasting blood
glucose level also showed that PTPN2 overexpression improved
hyperglycaemia in T2DM mice (Figure 5G). We also discovered that
the body weight, total cholesterol level and triglycerides level were
decreased in the PTPN2-overexpression group compared with that in
the T2DM group (Figures 5H, I). As adipose tissue plays a pivotal role in
the development of insulin resistance, we isolated BAT, SAT and VAT
respectively for subsequent experiments. The H&E staining
demonstrated that the number of adipocytes in SAT counted in the
T2DM group was lower than that of the control group in a field of
identical size, indicating the bigger size and more lipid content of
adipocytes in T2DM group. However, after Ad-PTPN2 treatment,
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the adipocyte number of SAT in the T2DM + PTPN2 group was
significantly higher than that in T2DM group and a similar trend was
also observed in VAT (data not shown). For BAT, we found that there
were unilocular adipocytes akin to white adipocytes in T2DM mice while
after PTPN2 intervention, there was a switch from unilocular to
multilocular morphology in the T2DM + PTPN2 group (Figure 5J).

Overexpression of PTPN2 alleviates
senescence in adipose tissue in T2DM mice

We have demonstrated that PTPN2 ameliorated cellular senescence
in adipocytes in vitro, then we assessed the effects of PTPN2 on adipose
tissue in vivo and proteins related to senescence were analyzed in T2DM
mice. Western blotting showed that the protein levels of P16, P53,
P27 and P21 was downregulated in BAT of the PTPN2-overexpressing
mice compared with the T2DM group without PTPN2-overexpression
(Figure 5K). Furthermore, two main indicators, P16 and P53, were
characterized by immunohistochemical staining in adipose tissue which
showed that the protein level of pl6 and P53 in the T2DM +
PTPN2 group after PTPN2 intervention was significantly decreased
compared with the T2DM group (Figures 5L, M). Similar results were
also obtained from SAT of T2DM mice, indicating the role of PTPN2 in
improving senescence in adipose tissue (Figures 5N-P).

PTPN2 promotes the browning process of
adipocytes in adipose tissue

As aging aggravates the loss of brown adipocytes (Rogers et al., 2012)
and PTPN2 was demonstrated to regulate senescence in adipose tissue,
we evaluated regulatory genes that promoted adipocyte browning.
Firstly, PTPN2 was silenced in 3T3-L1-derived adipocytes and then
stimulated with TNFa. The expression of specific markers including
UCP1, PGCla [proliferator-activated receptor gamma coactivator-1-
alpha, which regulates mitochondrial biogenesis and fatty acid oxidation
(Yan et al,, 2016)], FABP4 [fatty acid-binding protein-4, which regulates
adipocyte differentiation and -oxidation of fatty acids (Walenna et al.,
2018)] and INSR (insulin receptor, relating to adipocyte differentiation
and function) were assessed at both of the protein (Figure 6A) and
mRNA (Figure 6B) levels. The results revealed that PTPN2 knockdown
inhibited the browning process of adipocytes. White adipocyte browning
develops predominantly in response to cold exposure and adrenergic
stress, and it has become a therapeutic target for weight gain and
metabolic dysfunction (Sidossis et al., 2015; Sakers et al., 2022).

Then we assessed the influence of PTPN2 on adipose tissue
browning activity in vivo. The protein levels of Acoxl (acyl-coenzyme
A oxidase 1, which regulates B-oxidation of adipose tissue (De Carvalho
et al, 2021)), INSR, PGCla, PPARy [peroxisome-proliferator-activated
receptor-gamma, which activates the thermogenic brown fat gene
program (Ohno et al, 2012)], SIRT3 [Sirtuin 3, a NAD-dependent

deacetylase which regulates mitochondrial fatty-acid —oxidation
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FIGURE 6

PTPN2 promotes the browning process of adipocytes in adipose tissue. (A), Western blotting analysis of indicated proteins in 3T3-L1-derived
adipocytes transfected with siCtrl or siPTPN2 in response to TNFa (n = 3). (B), Quantitative PCR analysis of indicated mRNA levels in 3T3-L1-derived
adipocytes transfected with siCtrl or siPTPN2 in response to TNFa (n = 4). (C), Representative Western blotting images of indicated proteins in BAT (left)
and corresponding quantitative analysis (right, n = 5). (D), Immunohistochemical staining of UCP1 in BAT (n = 5, scale bar: 20 pym). (E), Western
blotting analysis of indicated proteins in SAT (n = 5). (F), Immunohistochemical staining of UCP1 in SAT (n = 5, scale bar: 20 pm). *P <0.05, **P < 0.01,

***P <0.001.
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FIGURE 7

PTPN2 overexpression ameliorates adipose tissue functional remodeling in T2DM mice. (A), Western blotting analysis of indicated proteins in 3T3-
L1-derived adipocytes transfected with siCtrl or siPTPN2 in response to TNFa (n = 3). (B), Quantitative PCR analysis of indicated mRNA levels in 3T3-L1-
derived adipocytes transfected with siCtrl or siPTPN2 with TNFa stimulation (n = 4). (C), Representative Western blotting images of indicated proteins in
BAT (left) and corresponding quantitative analysis (right, n = 5). (D, E), Immunohistochemical staining of ATGL (D) and HSL (E) in BAT, respectively
(n =5, scale bar: 20 pm). (F), Western blotting analysis of indicated proteins in SAT (n = 5). (G, H), Immunohistochemical staining of ATGL (G) and HSL (H)

in SAT (n =5, scale bar: 20 pm). *P<0.05, **P <0.01, ***P <0.001.

(Hirschey et al., 2010)], SLC27A1 [fatty acid transport protein 1, which
promotes the WAT-browning process (Guo et al., 2022)] and UCP1 in
adipose tissue were detected by Western blotting. Both mice and humans
have thermogenic BAT. A major murine BAT depot is located in the
interscapular region and is also found in cervical, axillary, perivascular,
and perirenal regions. Human infants also possess BAT depot in the
interscapular region, however, it later regresses and is absent in adults.
Adult humans possess variable BAT and beige adipose tissue in the
paravertebral junctions, cervical/axillary regions and in perirenal/adrenal
locations (Sakers et al., 2022).

BAT, results showed that overexpressed
PTPN2 promoted the protein levels of these browning-related
regulators (Figure 6C). Moreover, the protein level of the best
characterized thermogenic effector, UCP1, was re-confirmed by

For our
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immunohistochemical staining, which indicated that overexpressed
PTPN2 in T2DM + PTPN2 group facilitated the protein level of
UCP1 compared with the T2DM group (Figure 6D). The same
analysis was performed in SAT and the protein level of Acoxl,
INSR, PGCla, PPARYy, SIRT3, SLC27A1 and UCP1 was upregulated
by PTPN2 overexpression (Figures 6E, F), illustrating the role of
PTPN2 in promoting the WAT-browning process.

PTPN2 overexpression ameliorates adipose
tissue functional remodeling in T2DM mice

Adipose tissue remodeling is a complex process and is regulated
by various metabolic challenges. Adipocytes have the ability to act
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rapidly in response to excess caloric intake and hypertrophy and
hyperplasia are the main mechanisms of adipocyte plasticity (Zhu
et al, 2022). Adipose tissue remodeling can be pathologically
accelerated in the obese state, featuring reduced angiogenic
remodeling, a heightened state of immune cell infiltration and
2011).
Disturbance of lipid metabolism contributes to the progression of
IR in T2DM, so we investigated the role of PTPN2 in controlling
lipid metabolism. Experiments in vitro were performed using 3T3-
L1-derived adipocytes transfected with PTPN2-siRNA, and lipid
metabolic gene expression was analyzed at the protein and mRNA

subsequent proinflammatory responses (Sun et al,

levels. The results of Western blotting demonstrated that the levels
of ATGL (adipose triglyceride lipase, which hydrolyzes intracellular
triglyceride), HSL (hormone-sensitive lipase, which is involved in
lipid catabolism (Jocken et al., 2016)) and LPL (lipoprotein lipase,
which catalyzes the hydrolysis of triglyceride-rich lipoproteins
(Jocken et al., 2016)) was reduced in PTPN2-silent 3T3-L1-
derived adipocytes compared with the control group (Figures 7A, B).

Then we assessed the effect of PTPN2 on lipid homeostasis in
adipose tissue in vivo. Compared with the T2DM group, the protein
levels of LPL, ATGL and HSL was significantly higher in BAT in
T2DM + PTPN2 group (Figures 7C-E). Consistently, these
regulators hydrolyzing triglycerides and promoting thermogenesis
were upregulated with PTPN2 overexpression in SAT (Figures
7F-H), confirming the function of PTPN2 on preventing lipid
retention in adipocytes.

Discussion

As a crucial metabolic organ for energy homeostasis, adipose
tissue is critical in regulating IR through its lipid storage capacity,
thermogenic role and endocrine functions. Energy imbalance due to
excess lipid retention results in adipocyte hypertrophy (an increase
in adipocyte size) and WAT remodeling, especially for SAT (Bays,
2014). As a key thermogenic protein in BAT, UCPI plays an
essential role in energy expenditure, which can be regulated by
many environmental factors like diet (Okla et al., 2017). Our study
observed that in a model of T2DM, adipocyte hypertrophy with
more lipids was significant in SAT and BAT, which was reversed by
PTPN2 overexpression. Besides, the protein levels of UCP1 and
other indicators promoting energy consumption was also
upregulated by PTPN2. Therefore, IR could be improved by
PTPN2 via shrinking white adipocyte size, reducing lipid
retention and enhancing energy expenditure. Free fatty acids,
which were derived from hydrolysis of triglycerides, act as fuel
substrate for thermogenesis (Schreiber et al., 2017). Furthermore, we
observed that proteins facilitating hydrolysis of triglycerides
including ATGL and HSL  were upregulated by
PTPN2 overexpression, which confirmed the role of PTPN2 in
promoting

lipid decomposition and energy

Although PTPN2 has been previously reported to be involved in

expenditure.

adipose tissue browning indirectly, our study elucidated its role in
regulating the browning process of adipocytes directly for the
first time.

Senescent cells have been found in adipose tissue of a T2DM
state and aging has been reported to promote IR (Lee et al,, 2022).
Adipose tissue browning is inhibited during aging (Berry et al,
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2017), with a functional decline of mitochondria and
UCP1 activation. Meanwhile, the potential of progenitor cells for
beige adipogenesis declines due to senescence, therefore, the
reduction of UCP1 protein level in WAT and impaired lipid
mobilization were induced in T2DM (Koenen et al., 2021). Our
study suggested that PTPN2 overexpression lowered senescence-
related factors like P16 and P53 in adipose tissue under a T2DM
state. As PTPN2 expression is downregulated in T2DM (Zheng
et al., 2018), we proposed that PTPN2 at the crossroad of adipose
tissue browning, lipid disturbance and IR might be involved in
senescence of adipocytes in T2DM. Adipocytes are the primary cell
type in adipose tissue exhibiting the role of energy reservoir and
endocrine function (Lee et al., 2022). However, adipocyte senescence
still needs to be further studied. Our study in vitro emphasized that
senescence in adipocytes might impede the browning process of
adipocytes and we first demonstrated that PTPN2 improved
adipocyte senescence from the state of preadipocytes, thus
promoting the browning process.

The MAPK/NF-«kB pathway mediates signaling to various
biological processes including cell senescence. Berry et al. (Berry
et al, 2017) showed that phosphorylation of p38/MAPK
to pleé
improved senescence of adipocytes. The activation of TAKI is

contributed expression while dephosphorylation
involved in the activation of downstream kinases including
MAPK/NF-«kB identified in cellular senescence (Rajagopalan
et al, 2014). Our study is the first to investigate that
PTPN2 could interact with TAKI directly and catalyze
dephosphorylation of TAKI1
dephosphorylation of the downstream proteins (Erk, P38,
JNK, IkB, and P65) subsequently. Thus, TAK1 exhibited a role
by which PTPN2 ameliorated cellular senescence and facilitated

in adipocytes, resulting in

the browning process of adipocytes.

In summary, our study revealed that PTPN2 gene
overexpression promoted adipose tissue browning by attenuating
senescence, thus improving glucose tolerance and IR in T2DM mice.
Mechanistically, we are the first to demonstrate that PTPN2 targeted
TAK1 directly for dephosphorylation to inhibit the downstream
MAPK/NF-kB pathway and ameliorated cellular senescence in
adipocytes consequently. Therefore, PTPN2 in adipocytes may be

a potential therapeutic target for T2DM.

Limitation

The recombinant pAdxsi adenovirus system we used in this
study is not specifically expressed on adipose tissue so the non-
specific expression in other tissues may influence the regulation of
glucose and lipid metabolism. Further studies need to be conducted
in the future to determine the function of PTPN2 in adipocytes in
vivo using gene conditional knockout mice or recombinant pAdxsi
adenovirus specifically expressed.
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