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Numerous natural compounds are recognized for their anti-inflammatory properties attributed to anti-

oxidant effects and the modulation of key inflammatory factors. Among them, astaxanthin (AST), a potent

carotenoid antioxidant, remains relatively underexplored regarding its anti-inflammatory mechanisms and

specific molecular targets. In this study, human monocytic leukemia cell-derived macrophages (THP-1)

were selected as experimental cells, and lipopolysaccharides (LPS) served as inflammatory stimuli. Upon

LPS treatment, the oxidative stress was significantly increased, accompanied by remarkable cellular

damage. Moreover, LPSs escalated the expression of inflammation-related molecules. Our results demon-

strate that AST intervention could effectively alleviate LPS-induced oxidative stress, facilitate cellular

repair, and significantly attenuate inflammation. Further exploration of the anti-inflammatory mechanism

revealed AST could substantially inhibit NF-kB translocation and activation, and mitigate inflammatory

factor production by hindering NF-kB through the antioxidant mechanism. We further confirmed that AST

exhibited protective effects against cell damage and reduced the injury from inflammatory cytokines by

activating p53 and inhibiting STAT3. In addition, utilizing network pharmacology and in silico calculations

based on molecular docking, molecular dynamics simulation, we identified interleukin-6 (IL-6) as a pro-

minent core target of AST anti-inflammation, which was further validated by the RNA interference experi-
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1. Introduction

Inflammation is the organism’s defense reaction, triggered in
response to various injurious stimuli, aimed at achieving self-
protection.” In the early stages of inflammation, inflammatory
factors play a crucial role in eliminating harmful agents, pro-
moting wound healing, and generating favorable defense
effects on the organism.> However, when the inflaimmatory
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ment. This IL-6 binding capacity actually enabled AST to curb the positive feedback loop of inflammatory
factors, averting the onset of possible inflammatory storms. Therefore, this study offers a new possibility
for the application and development of astaxanthin as a popular dietary supplement of anti-inflammatory

response becomes persistent, these factors can inflict damage on
normal tissues and cells, leading to the development of various
inflammatory diseases,® including acute or chronic inflam-
mation, autoimmune diseases, or cancer. Currently, various syn-
thetic and natural immune modulators have been explored to
regulate the immune response. However, the majority of syn-
thetic anti-inflammatory drugs are expensive, and their pro-
longed use can lead to adverse effects on the body, such as gas-
trointestinal and respiratory irritation, nephrotoxicity, physical
dependence, and constipation. Opting for cost-effective natural
medicines with low toxicity and better tolerability helps overcome
the toxic side-effects and financial burden associated with the
long-term use of synthetic anti-inflammatory drugs. Fortunately,
there is growing evidence that many bioactive natural products
may antagonize inflammatory responses with little or no side
effects in humans.”® For example, it has been reported that
natural carotenoids play an important role in the regulation of
immunity and disease etiology.®

Astaxanthin (AST) is an oxygen-containing non-vitamin A
source of carotenoid, widely found in nature, especially in
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shrimp, crab, fish, algae (e.g., Haematococcus pluvialis), yeast,
etc.” AST exhibits a broad range of biological activities and has
been extensively utilized in the food, nutraceutical, pharma-
ceutical, cosmetic, and aquaculture industries. The unique
long conjugated double bond in the molecular structure of
AST, along with the reactive electrons of the terminal ketone
and hydroxyl groups, easily provides electrons to free radicals
or attracts the unpaired electrons of free radicals, thereby
scavenging free radicals and playing an antioxidant role.® It
stands as the most potent natural antioxidant in nature, sur-
passing vitamin E by more than 500 times in scavenging free
radicals and quenching singlet oxygen.® Its activity is also 10
times higher those of than zeaxanthin, lycopene, lutein, horde-
nine, and p-carotene, and it is much more effective than
anthocyanin—widely used in medicine and the cosmetics
industry. It is also claimed that AST is the only carotenoid
known to penetrate the blood-brain and blood-retina bar-
riers.'® The conjugated double bond and a-hydroxyl ketone of
AST grant it superb antioxidant properties, providing it with
high application value and substantial market potential.

While the antioxidant effects of AST have been well recog-
nized, its role in anti-inflammation remains to be demon-
strated and investigated. Sustained oxidative stress is a key
mechanism leading to chronic inflammation. Over the last two
decades, numerous studies have revealed the mechanisms by
which sustained oxidative stress leads to chronic inflam-
mation, a mediator of most chronic diseases.""'*> AST may
exert anti-inflammatory effects by regulating oxidative stress/
antioxidant levels. Kang et al. conducted a review of 45 publi-
cations, noting that the antioxidant effect of AST attenuates
inflammation and discussing the mechanism by which AST
inhibits gastritis induced by Helicobacter pylori, correlating it
with the anti-inflammatory effect of AST."® Actually, reactive
oxygen species (ROS) and inflammation are closely related,
and ROS may play a dual role: while they kill pathogens and
remove mid-end effector molecules from damaged tissues,
they also up-regulate the expression of pro-inflammatory
factors, triggering pro-inflammatory cytokines and creating a
positive feedback loop. Antioxidants and antioxidant enzymes
block this positive feedback loop by suppressing the gene
expression of inflammatory factors."* In vitro studies have
shown that AST as an antioxidant has several times more anti-
oxidant activity than B-carotene and o-tocopherol.'® In vivo
experiments in mice have also demonstrated that AST inhibits
various activities associated with burns, muscle damage, oxi-
dative stress, and inflammation."® It has been reported that
AST enhances macrophage sensitivity to lipopolysaccharides
(LPS), thereby increasing the organism’s ability to prevent and
resist inflammation."” All these studies collectively suggest
that AST has anti-inflammatory effects. However, the specific
mechanism of its anti-inflammatory effect remains largely
unexplored.

Therefore, in this study, we attempted to explore the mecha-
nism for the anti-inflammatory function of AST, and particu-
larly, the inflammatory factors that AST may target and inter-
act. For this purpose, THP-1 cells were selected for this study,
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because THP-1 is a cell line established from monocytes in the
blood of leukemia patients and typically used to study the
immune responsiveness of monocytes and macrophages
derived from monocytes.'® Inflammation was induced experi-
mentally using LPS, which is a common predominant pro-
inflammatory factor.'® Stimulation of macrophages is often
used as a model for the study of related inflammatory
responses.”®?! Through cell experiments, we observed that the
cells entered a state of oxidative stress after LPS treatment,
leading to cell damage. We found that AST significantly
reduced the oxidative stress induced by LPS stimulation and
facilitated cell repair. Simultaneously, we found that LPS
caused a significant elevation in inflammation-related factors
at both the transcriptional and translational levels. The
addition of AST intervention significantly reduced the
expression of inflammation-related molecules. We also
revealed that the anti-inflammatory mechanism of AST
involved the nuclear activation of NF-xB and the expression of
NF-kB in LPS-stimulated macrophages. Additionally, we ana-
lyzed the impact of AST on the expressions of p53 and STAT3,
which may explain the reduced cell damage with the AST treat-
ment. Furthermore, by virtue of network pharmacology, which
applies systems biology techniques and database resources to
analyze target molecules,”*® we successfully screened out
interleukin-6 (IL-6) as the most possible core target. This
binding of AST with IL-6 was also further verified by in silico
calculation through molecular docking and molecular
dynamics simulation, as well as by the RNA interference
experiment.

The major aim of this study was to examine the impact and
clarify the anti-inflammatory mechanism of AST. The purpose
of this study is to provide an innovative perspective for the
development of dietary immune modulators and the utiliz-
ation of astaxanthin for individuals with
inflammation.

resources

2. Materials and methods

2.1. Materials

Astaxanthin was purchased from Aladdin (Shanghai, China).
Malondialdehyde (MDA), catalase (CAT), superoxide dismutase
(SOD), and glutathione reductase (GR) kits were purchased
from Beyotime (Shanghai, China). The ROS fluorescent probe
(2’-7'dichlorofluorescin diacetate, DCFH-DA) was purchased
from Sigma-Aldrich (St Louis, USA). Phorbol-12-myristate-13-
acetate (PMA), the superoxide anion (O,”) fluorescent probe
(dihydroethidium, DHE), the NO (nitric oxide) fluorescent
probe (3-amino,4-aminomethyl-2’,7"-fluorescein, diacetate,
DAF-FM DA), the calcium ion (Ca*") fluorescent probe (Fluo-3
AM), and the mitochondrial membrane potential (MMP) fluo-
rescent probe (tetramethylrhodamine, ethyl ester, TMRE) were
purchased from Beyotime (Shanghai, China). LPS, CCK-8, and
bicinchoninic acid assay (BCA) protein quantification kits were
purchased from Biosharp (Hefei, Anhui, China). TRIzol, Evo
M-MLV reverse transcription reagent premixed solution, and

This journal is © The Royal Society of Chemistry 2024
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the SYBR® Green Pro Taq HS premixed qPCR kit were pur-
chased from Accurate Biology (Changsha, Hunan, China).
yYH2AX antibody and NF-kB p65 antibody were purchased from
Cell Signaling Technology (Danvers, MA, USA). The BD™
Cytometric Bead Array (CBA) Human Inflammatory Cytokine
kit was purchased from BD Pharmingen (San Diego, CA, USA).
All primers were synthesized by GENEWIZ (Suzhou, Jiangsu,
China).

2.2. Cell culture

The human acute monocytic leukemia cell line, THP-1 cell
line, was purchased from Procell Life Science & Technology
Co., Ltd (Wuhan, China) and cultured in RPMI 1640 medium
(Gibco, Shanghai, China) with 10% fetal bovine serum (Gibco,
Shanghai, China), and 1% antibiotic-antimycotic (Gibco,
Shanghai, China) under 5% CO, at 37 °C. THP-1 monocytes
were incubated in 6-well plates and exposed to 100 ng mL ™"
PMA for 24 hours to induce their transformation into adherent
macrophages. Morphological observations were recorded,
including images. Flow cytometry was also employed to
measure the expression level of the THP-1-derived macro-
phage-specific protein CD11b.

2.3. Detection of MDA, CAT, SOD and GR

Cells from each treatment group were collected and then lysed
with RIPA lysate on ice to extract the total proteins. The super-
natant was collected by centrifugation (4 °C, 15 000g, 10 min).
The protein concentration was determined and normalized
using the Dbicinchoninic acid assay (BCA) method.
Subsequently, the MDA level and SOD, CAT and GR activities
were evaluated according to the manufacturer’s instructions.

2.4. Detection of ROS, 0,~, NO, Ca>* and MMP

Cells from each treatment group were collected and analyzed
using various fluorescent probes: the ROS fluorescent probe
DCFH-DA, the O, fluorescent probe DHE, the NO fluorescent
probe DAF-FM DA, the Ca®" fluorescent probe Fluo-3 AM, and
the MMP fluorescent probe TMRE. These probes were
employed to detect the levels of ROS, 0,7, NO, Ca**, and MMP,
respectively. The fluorescence intensities of the corresponding
probes were then measured and analyzed using flow cytometry
(EXFLOW-206, DAKEWEI, China) according to the manufac-
turer’s instructions. A total of 10 000 events were collected for
each sample, and the data were further analyzed using FlowJo
(version 10; TreeStar, Ashland, USA).

2.5. Apoptosis detection

THP-1 cells were cultured at a density of 1 x 10> cells per mL
in 6-well plates for treatment. After washing the cells once with
PBS, Annexin V and PI double staining were applied, and the
cells were analyzed using flow cytometry (EXFLOW-206,
DAKEWEI, China). A total of 10 000 events were collected for
each sample, and the data were analyzed using Flow]Jo (version
10; TreeStar, Ashland, USA).

This journal is © The Royal Society of Chemistry 2024
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2.6. Immunofluorescence assay

THP-1 cells were uniformly seeded in 24-well plates with a low
cell density to prevent intercellular contact affecting the mor-
phological observation. After treating each group of cells
accordingly, the culture medium was removed, and the cells
were fixed with 4% paraformaldehyde for 15 minutes at 4 °C.
Subsequently, the fixative was removed, and the cells were
washed three times with pre-cooled PBS buffer at 4 °C. The
samples were then completely covered with an immuno-
staining blocking solution and incubated in a constant temp-
erature and humidity incubator at 37 °C for 30 minutes.
Following this, the blocking solution was removed, and the
diluted primary antibody working solution was added drop-
wise to the samples, ensuring complete coverage. The samples
were incubated at 4 °C overnight. The next day, the samples
were rewarmed at room temperature for 15 minutes, and
washed once with PBST and three times with PBS.
Subsequently, the fluorescent secondary antibody working
solution was added dropwise and incubated at 37 °C for
1 hour. After incubation, the samples were washed once with
PBST and three times with PBS. DAPI staining solution with a
mass concentration of 1 mg mL™" was diluted 5000-fold with
1x PBS. The diluted solution was then added dropwise to the
cell samples for nuclei labeling. The samples were incubated
at room temperature, protected from light for 10 minutes, and
washed once with PBST and three times with PBS. Finally, the
samples were observed and photographed under a confocal
microscope (ZEISS LSM710) (Jena, Germany).

2.7. RNA extraction, reverse transcription, and qPCR

Quantitative real-time PCR was employed to detect the relative
expression of the mRNA of inflammation-related genes after treat-
ing LPS-stimulated THP-1-derived macrophages with AST. The
procedure involved collecting cells treated under optimal con-
ditions, followed by cellular RNA extraction according to the RNA
TRIzol instructions. Subsequently, cDNA synthesis was performed
as per the Evo M-MLV RT Premix for qPCR reagent instructions.
Finally, qPCR was conducted using a 20 pL reaction system: SYBR
premix (10 pL), 1.0 pL each of upstream and downstream
primers, ddH,O (6 pL), and 2.0 pL of the cDNA template. A Roche
480 fluorescence PCR instrument (Basel, Switzerland) was used
for qPCR, following this procedure: pre-denaturation at 95 °C for
5 min; denaturation at 95 °C for 10 s, annealing at 60 °C, exten-
sion at 60 °C for 30 s, 40 cycles; 95 °C, 15 s, 60 °C, 60 s, 95 °C, 15
s to generate a melting curve. The relative expression of the
mRNA of inflammation-related genes was calculated using the
comparative CT method (27*4) and normalized to f-actin. The
primer sequences are provided in Table S1.f

2.8. Cytokine detection

Cytokine expression was detected using the BD™ Cytometric
Bead Array (CBA) Human Inflammatory Cytokines kit. 50 pL of
the capture microsphere mix was added per 50 pL of the stan-
dard or sample, followed by 50 pL of a detection antibody, and
incubated (3 h at room temperature away from light). Washing
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with 1 mL of wash buffer was performed, followed by centrifu-
gation, and the supernatant was discarded. Each tube was
resuspended with 300 pL of washing buffer. The samples were
obtained and detected by flow cytometry (EXFLOW-206,
DAKEWEI, China), and the data were analyzed using FCAP
Array™ analysis software (version 3.0.1).

2.9. Network pharmacology

Using the PubChem database (https:/pubchem.ncbi.nlm.nih.
gov/),>* AST was input to find its 3D structure and obtain the
SMILE name. The SMILE name of AST was then input into the
SWISS Target Prediction database (https:/www.swisstargetpre-
diction.ch/) to identify the target genes of AST.”® In most cases
of utilizing web-based pharmacological methods to study dis-
eases, the collection of disease-related genes is often confined
to a single database. This approach does not guarantee data
integrity, as it may result in issues due to untimely updates of
databases or discrepancies with similar databases. In this
study, recognized disease databases were collectively utilized
to search and collect inflammation-related genes. The genes
were sourced from the GeneCards (https:/www.genecards.org/)
and  DisGeNET  (https:/www.disgenet.org/)  databases.
Duplicate entries were merged to obtain a comprehensive set
of inflammation-related targets.”® The obtained AST targets
and inflammation targets were organized and counted.
Intersecting targets were then screened, and a Venn diagram
was created using the online mapping tool VENNY 2.1.>” The
shared protein targets of AST and inflammation were uploaded
to the STRING database (https:/cn.string-db.org/) to establish
a protein-protein interaction (PPI) network. The downloaded
files were then imported into Cytoscape 3.9.1 software for

mapping analysis.>®?°

2.10. Molecular docking

The AST applied in this study had a 3S,3'S configuration, and
its structure was retrieved from the PubChem database
(https:/pubchem.ncbi.nlm.nih.gov/compound/) in SDF files
and converted to the pdbqt format using the OpenBabel
toolbox in the PyRx 0.8 virtual tool. The crystal structure of the
IL-6 protein (PDB ID 1ALU) was downloaded from the PDB
database (https:/www.rcsb.org/structure/) and saved in the
PDB format. PDB file was prepared by removing the water
molecules and heat atoms, inserting charge, and adding polar
hydrogen to the 3-D protein moiety using PyMol and BIOVINA
Discovery Studio Visualizer v21.1.0.20298 virtual tool.
Molecular docking of AST against IL-6 was performed using
the AutoDock Vina 1.1.2 virtual screening tool. The interaction
between AST and protein complexes was visualized in 2D and
3D structures using Molecular Operating Environment MOE
2015.10 software and PyMol.>°

2.11. Molecular dynamics simulation

The AST-IL-6 complex file was subjected to molecular
dynamics studies using the System Builder module in
Schrodinger Desmond with default protocols.”® The system
was solvated in a TIP3P water box, in which 0.15 M NaCl was
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introduced to neutralize the system. Energy minimization was
achieved using the NPT (number of atoms, pressure, and
temperature) ensemble at a temperature of 310 K with a
pressure of 1.013 bar.*> The hydrogen bonds in the system
were constrained using the SHAKE algorithm. The production
run was performed using the NVT (number of atoms, volume,
and temperature) ensemble for 100 ns with a Langevin ther-
mostat and PME (particle mesh Ewald) method for long-range
electrostatics.®® The force field parameters were generated
using the Force Field Builder module in Schrodinger
Desmond, and the OPLS3 (Optimized Potentials for Liquid
Simulations) force field was used. The trajectory file generated
from the production run was analyzed for RMSD, RMSF,
hydrogen bonds, salt bridges, and free energy of binding using
Desmond, VMD, and PyMOL.**

MM-GBSA analysis was performed utilizing the
thermal MMGBSA.py script from the Prime Desmond module
in the Schrodinger suite. The analysis involved calculating the
free binding energy by generating 0-1000 frames. For the
solvent model, the VSGB 2.0 new energy model was chosen,
and the force field selected was 89 OPLS-2005. The remaining
settings were kept at their default values. The MM-GBSA calcu-
lation of 100 ns MDS data involved processing and analyzing
200 frames. Subsequently, the binding free energies (in kcal
mol ') were computed.*

2.12. Small interfering RNA (siRNA) interference assay

The designs of siRNA sequences that interfere with the IL-6
and TNF-a gene were based on the human IL-6 and TNF-a
gene sequences. The interference sequence information was as
follows: si-IL-6 (sense), 5-GCUGUGCAGAUGAGUACAATT-3'; si-
IL-6 (antisense), 5-UUGUACUCAUCUGCACAGCTT-3'; si-TNF-a
(sense), 5-UGGCGUGGAGCUGAGAGAUTT-3; and si-TNF-a
(antisense), 5-AUCUCUCAGCUCCACGCCATT-3'. The negative
control sequence was as follows: NC (sense), 5'-
UUCUCCGAACGUGUCACGUTT-3; and NC (antisense), 5'-
ACGUGACACGUUCGGAGAATT-3. The experimental cells were
divided into four groups: LPS (NC), AST + LPS (NC), LPS (si-
IL-6 or si-TNF-a), and AST + LPS (si-IL-6 or si-TNF-a). These
groups were transfected with the above si-IL-6 (or si-TNF-a)
and NC. After 24 hours of transfection, the cells in each group
were collected with the corresponding LPS and AST treat-
ments. RNA was then extracted to detect the mRNA expression
levels of IL-6 (or TNF-a), NF-kB and STAT3.

2.13. Statistical analysis

Prism Version 9.0.0 (GraphPad, San Diego, USA) software was
used to analyze the statistical data and create graphs. FlowJo
(version 10; TreeStar, Ashland, USA) was employed for analyzing
the flow cytometry experimental data. Image] software was uti-
lized to analyze the average fluorescence intensity. The presented
data are expressed as mean + standard deviation (mean + SD).
Student’s t-test and one-way analysis of variance (ANOVA) were
employed to test for inter-sample differences. In all trials, a sig-
nificance level of p < 0.05 was considered statistically significant.
Adobe Illustrator (version 2020) software was used for plotting.

This journal is © The Royal Society of Chemistry 2024
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3. Results

3.1. AST alleviates LPS-stimulated oxidative stress in
macrophages

For the macrophage inflaimmation experiment, we initially
induced prompt differentiation into macrophages in THP-1
cells, in which we observed a notable elevation in the
expression of the cell surface-specific protein CD11b after
induction with PMA, which suggests the successful differen-
tiation of THP-1 monocytes into macrophages (Fig. S1%). LPS
is a predominant pro-inflammatory factor, so we used LPS as
the effective inflammation stimulus. For the application of
AST, an optimal dose of 50 pM was found in the experiment
(Fig. S2t), which ensured consistency with the conditions used
in previous studies.>®

It is generally believed that the anti-inflammatory effect of
AST can be manifested as an antioxidant effect, and for this
reason, we first inspected the antioxidant effect of AST. MDA is
a product from membrane lipid peroxidation, and it is gener-
ally regarded as an effective indicator of the level of oxidative
stress imposed on the cell.>! To investigate whether AST could
modulate lipid peroxidation activity in LPS-stimulated THP-1-
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derived macrophages, we measured the intracellular MDA
level. Indeed, we observed a significant increase in the MDA
level after LPS treatment compared with the CK group (the
control group) and a lower amount of MDA in THP-1-derived
macrophages treated with AST compared with the LPS group
(Fig. 1A). CAT, SOD and GR are the key enzymes in the anti-
oxidant enzyme system. By detecting the activity of CAT, SOD
and GR in anti-oxidative stress, we found that after LPS treat-
ment, the activity levels of CAT, SOD and GR were significantly
lower than those in the CK group. In the experimental group
pretreated with AST, the activity levels of CAT, SOD and GR in
the cells increased, and the activity could be restored to the
level of the CK group cells (Fig. 1B-D).

To further check the antioxidant effect, we also investigated
the impact of AST on reactive oxygen/nitrogen species (RONS)
in the LPS-stimulated macrophages. Previous studies have
indicated that increased ROS is associated with inflammatory
activation.>” Fig. 1E shows the results measured by flow cyto-
metry. The effect of AST on the production of ROS in LPS-
stimulated macrophages is illustrated in Fig. 1F. Compared
with the non-stimulated group (CK group), the level of ROS in
THP-1 cells significantly increased after 3 h of LPS treatment,
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Fig. 1 Effects of AST on LPS-stimulated oxidative stress in macrophages.

(A) The effect of AST on the MDA level in LPS-stimulated macrophages. (B)

The effect of AST on the CAT activity of LPS-stimulated macrophages. (C) The effect of AST on the SOD activity of LPS-stimulated macrophages. (D)
The effect of AST on the GR activity of LPS-stimulated macrophages. (E) The gate strategy for flow cytometric analysis. (F) The effect of AST on ROS
in LPS-stimulated macrophages. (G) The effect of AST on O, in LPS-stimulated macrophages. (H) The effect of AST on NO in LPS-stimulated macro-

phages. (n = 3 per group; mean + SD; *** represents p < 0.001.)
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while the level of ROS in the experimental group treated with
AST for 3 h (AST + LPS) showed a much lower level of ROS. O,~
is a kind of ROS, which is the product of single electron
reduction of oxygen molecules in cells,*®*?° and it participates
in many physiological activities such as cell proliferation and
apoptosis and plays an important role in the redox metabolism
of cells. The effect of AST on O,~ in macrophages is shown in
Fig. 1G. Compared with the CK group, the level of O,” in
THP-1 cells after 3 h of LPS treatment increased significantly.
Compared with the LPS group, the level of O, in the experi-
mental group treated with AST for 3 h decreased significantly.
NO is a key inflammatory intermediate.*®™*> Excessive NO pro-
duction can lead to severe inflammatory injury or disease. In
the LPS-stimulated THP-1-derived macrophages, NO was sig-
nificantly increased. After 3 h of LPS treatment, compared
with the CK group, the NO production was significantly
increased, and the NO production in the experimental group
pretreated with AST (AST + LPS group) was significantly lower
than that in the LPS group (Fig. 1H). These results confirmed
that AST could alleviate lipid peroxidation, enhance anti-
oxidant enzyme activities, and resist the abnormal increase of
RONS.

3.2. AST reduces the LPS-stimulated macrophage damage

One phenomenon associated with cell damage is the overload
of intracellular free Ca*>*.** Therefore, to investigate the impact
of AST on LPS-induced macrophage damage, we assessed the
intracellular calcium levels. The results indicated that the CK
group exhibited a certain level of Ca®>". In comparison, macro-
phages in the LPS group showed a significant increase in Ca®*
levels. The addition of AST and LPS to macrophages effectively
inhibited the excessive increase in Ca®>* levels induced by
macrophage overactivation (Fig. 2A). Besides, we also observed
that the MMP of the LPS group was significantly lower than
that of the CK group, while the MMP of the AST-pretreated
group showed a significant increase (Fig. 2B).

Histone yH2AX plays a crucial role in nucleosome for-
mation, chromatin remodeling and DNA repair. YH2AX labels
the site of double-strand breaks, and it recruits cell cycle
checkpoints and DNA repair factors to the damage site.**
Therefore, quantification of yH2AX expression levels can be
used to assess the extent of DNA damage. We found a signifi-
cant increase in the number of macrophage foci after 3 h of
LPS treatment. In contrast, AST reduced the number of macro-
phage foci significantly (Fig. 2C and D).

Apoptosis occurs when DNA damage cannot be properly
repaired.”® To further study the effect of AST on the apoptosis
of LPS-stimulated macrophages, the cells were divided into
three groups: the CK group, the LPS group, and the AST + LPS
group. The effect of AST was evaluated by the sum of early
apoptosis and late apoptosis, representing the total number of
apoptotic cells. When the normalized control group was set at
100%, the number of apoptotic cells in the LPS group was sig-
nificantly higher than that in the CK group, indicating that
LPS could cause apoptosis of cells. However, when cells were
treated with AST, the number of apoptotic cells was signifi-
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Fig. 2 Effects of AST on LPS-stimulated macrophage damage. (A) The
effect of AST on intracellular Ca®* in LPS-stimulated macrophages. (B)
The effect of AST on MMP in LPS-stimulated macrophages. (C and D)
The effect of AST on DNA damage in LPS-stimulated macrophages. (E
and F) The effect of AST on LPS-stimulated macrophage apoptosis. (n =
3 per group; mean + SD; *** represents p < 0.001; the scale bar is
25 um.)

cantly reduced, suggesting that AST effectively reduced LPS-
induced apoptosis (Fig. 2E and F). This observation was con-
sistent with the results of DNA damage. Therefore, all these
results confirmed that AST reduced apoptosis by alleviating
Ca>" overload, MMP reduction and DNA damage.

3.3. AST affects inflammation-related mRNA and protein
expression levels in LPS-stimulated macrophages

The main cytokines produced by macrophages include IL-1p,
IL-6, IL-8, and TNF-o.'® Quantitative analysis of inflam-

This journal is © The Royal Society of Chemistry 2024
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mation-related factor expression is a crucial measure reflect-
ing the severity of inflammation. Therefore, the relative
expressions of Pro-IL-1f, IL-1f, IL-6, IL-8, TNF-a, COX-2,
NLRP3, and caspase-1 mRNA were assessed through qPCR
to determine whether AST can inhibit the release of inflam-
mation-related factors in LPS-stimulated THP-1-derived
macrophages. As shown in Fig. 3A-H, the relative
expressions of Pro-IL-1f, IL-1f, IL-6, IL-8, TNF-a, COX-2,
NLRP3, and caspase-1 mRNA in the LPS group were the
highest, significantly differing from those in the control
group. In comparison with the LPS group, the relative
expression of the inflammation-related factor mRNA in the
AST + LPS group was significantly decreased, demonstrating

View Article Online
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that AST could effectively inhibit the expression of inflam-
mation-related factors.

Therefore, the aforementioned findings have demonstrated
that AST effectively inhibits the expression of mRNA levels
associated with the inflammation-related factors (Fig. 3A-H).
Subsequently, the protein expression levels of inflammation-
related factors (IL-1f, IL-6, IL-8 and TNF-a) were further
detected. As shown in Fig. 3I-L, compared with the control
group, the expression levels of IL-1f, IL-6, IL-8, and TNF-a in
the LPS group were significantly elevated, with a notable differ-
ence. However, when AST was introduced as an intervention,
the expression levels of IL-1p, IL-6, IL-8, and TNF-a were mark-
edly lower than those in the LPS group.
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Fig. 3 Effects of AST on inflammation-related mRNA and protein expression levels in LPS-stimulated macrophages. (A—H) The effects of AST on
inflammation-related mMRNA expression levels in LPS-stimulated macrophages. (I-L) The effects of AST on inflammation-related protein expression
levels in LPS-stimulated macrophages. (n = 3 per group; mean + SD; * represents p < 0.05; ** represents p < 0.01; *** represents p < 0.001.)
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3.4. AST inhibits NF-kB and reduces the production of
inflammatory factors through the antioxidant mechanism

NF-«B is a key transcription factor that regulates pro-inflam-
matory mediators in activated macrophages.”” To detect the
inhibitory effect of AST on the NF-kB signaling pathway, we
examined the effect of AST on the activation of NF-kB into the
nucleus in LPS-stimulated cells. As a result, we found that NF-
kB in the CK group was mainly expressed in the cytoplasm,
and the blue nucleus boundary was clear. The green fluo-
rescence of the nucleus in the model group gradually
increased. After merging the image, the nucleus showed
obvious blue-green fluorescence, indicating that NF-xB was
activated and translocated into the nucleus. The AST + LPS
group showed reduced blue-green fluorescence, and the blue
nucleus boundary was clear, indicating that AST could inhibit
the translocation of NF-xB from the cytoplasm to the nucleus
of THP-1-derived macrophages, that is, AST inhibited the acti-
vation of NF-kB, and ultimately reduced the synthesis and
release of inflammatory factors, as shown in Fig. 4A and B.
The impact of AST on the expression of NF-kB mRNA in LPS-
stimulated THP-1 cells was also investigated. As indicated in
Fig. 4C, there was a significant increase in the expression level
of NF-kB mRNA after LPS treatment. However, in the AST treat-
ment group, these levels were markedly decreased. This result
confirmed that AST inhibited NF-xB and reduced the pro-
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Fig. 4 Effects of AST on NF-kB signaling in LPS-stimulated macro-
phages. (A) The effect of AST on NF-kB p65 nuclear translocation in
LPS-stimulated macrophages. (B) Ratio of NF-xB p65 to nucleus. (C) The
effect of AST on NF-kB mRNA expression level in LPS-stimulated macro-
phages. (n = 3 per group; mean + SD; ** represents p < 0.01; *** rep-
resents p < 0.001, the scale bar is 25 pm.)
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duction of inflammatory factors by decreasing lipid peroxi-
dation, enhancing the activity of antioxidant enzymes, and
countering the abnormal increase in RONS.

3.5. AST suppresses inflammatory cytokine-related cell
damage by activating p53 and inhibiting STAT3

It is known that up-regulation of NF-xB activity promotes the
secretion of IL-6, which can indirectly activate STAT3.*®"° Also,
the IL-6 transmembrane signaling pathway can induce STAT3
activation, and activated STAT3 activates the NF-kB signaling
pathway, thereby regulating the expression of inflammatory
cytokines and exacerbating the organism’s inflammatory
response.’® The expression of STAT3 could lead to a significant
rise in the frequency of DNA damage and gene mutation and
reduce the tolerance of cells to oxidative stress and damage.”"
Therefore, we detected the expression levels of STAT3 in terms
of both mRNA and protein, and investigated whether AST
inhibited the activation of the STAT3 signaling pathway in LPS-
stimulated THP-1-derived macrophages. As shown in Fig. 5,
after LPS stimulation, the expression levels of STAT3 mRNA
significantly increased. However, in the AST pretreatment
group, the expression levels of STAT3 mRNA were significantly
decreased. This indicates that under LPS treatment, the
expression of STAT3 increased, leading to enhanced inflamma-
tory damage in cells, while AST inhibited the expression of
STAT3, thereby alleviating inflammatory damage in cells
(Fig. 5A). In the meantime, we also detected the expression
level of p53 mRNA to check whether AST activated p53 to
enhance DNA repair in LPS-stimulated macrophages, as p53 is
a transcription factor that plays a key role in regulating cell
cycle progression, apoptosis in response to different stress
signals, and DNA repair.*>> The results showed a significant
elevation in p53 mRNA expression after AST pretreatment in
LPS-stimulated macrophages, indicating an enhanced DNA
repair capacity by AST (Fig. 5B). Therefore, all these findings
confirmed that AST could protect against cell damage and
reduce inflammatory cytokines caused by injury by activating
p53 and inhibiting STAT3.

é ps3 1_3 STAT3

g g *ok ok * ¥k

H 2

—:' * kKK -—=- 300

S S

% 400 g~

g g

=8 300 535200

D o

g =3 g =]

£ s £ £ 100

2 2

5 0 & <) ) % ! & o o

g © NN g < AR
£ e
v v

Fig. 5 Effects of AST on p53 and STAT3 mRNA expression levels in LPS-
stimulated macrophages. (A) The effect of AST on the p53 mRNA
expression level in LPS-stimulated macrophages. (B) The effect of AST
on the STAT3 mRNA expression level in LPS-stimulated macrophages. (n
= 3 per group; mean + SD; * represents p < 0.05; ** represents p < 0.01;
*** represents p < 0.001.)
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3.6. Pharmacologic analysis of the AST anti-inflammatory
target network

To identify the specific target of AST in the anti-inflammatory
function, we initially employed network pharmacology, a very
useful system biology tool for analyzing target molecules.”” AST
targets and inflammatory targets were obtained through the
corresponding websites, and a total of 52 intersection targets were
obtained by comparing AST targets with inflammatory targets
(Fig. S3T). VENNY 2.1 was used to draw the AST-inflammation
intersection gene map PPI network (Fig. 6A). The aforementioned
52 potential targets were entered into the String database to con-
struct (Fig. 6B), and the TSV format file was downloaded and
imported into Cytoscape for visualization (Fig. 6C). The color and
size of the nodes reflected the degree of the nodes in the network.
The PPI network was topologically analyzed based on the ‘Network
Analyzer’ function built into the Cytoscape platform. The node
connectivity (degree value), node closeness (closeness value), and
node betweenness (betweenness value) of all targets were
obtained. The larger the degree value, the more important the
position in the network. The core target attributes are shown in
Table S2,7 and it is found that the first target by degree is IL-6
(84), followed by TNF-o (82), MAPK3 (52) and PPARG (42).

3.7. Validation of AST-IL-6 binding via molecular docking,
MMGBSA analysis and molecular dynamics simulation

Molecular docking is a computational chemistry method that has
become essential for the rational drug design process.>*>>
Therefore, the intermolecular interaction between IL-6 and AST
was also investigated using molecular docking analysis. AST inter-
acted with residues in the binding sites of IL-6 protein with
binding energies illustrated in Table S3.f Fig. 7A-F show the
interaction of IL-6 with AST and the co-crystal. One residue
(Phe74) participated in the hydrogen bond interaction between
AST and IL-6, while two residues were observed to form the same
interaction in the co-crystal. Many other amino acids in the IL-6
participated in several interactions with AST, e.g. polar, greasy
acidic, and basic interactions, as shown in Fig. 7E and F.

Besides, molecular dynamics (MD) simulation was utilized
to uncover the stability of the AST-IL-6 complex through

A

Astaxanthin

Inflammation

View Article Online

Paper

RMSD, RMSF, and protein-ligand contacts. Both RMSD and
RMSF are important criteria to evaluate the ligand-protein
stability, through a 100 ns simulation time. The stability of a
protein relative to its conformation can be determined by ana-
lyzing trajectory deviations during simulations. Proteins with
higher deviations are generally considered less stable.>® As shown
in Fig. 7G and H, the RMSD analysis shows a stable trajectory
with a fluctuation range between 1.5 and 2.4 A until the end of
the simulation time. The RMSF trajectory shows a decrease in the
values, which were below 2.4 A except in the residues between 20
and 40 and between 100 and 140, which shows a slight increase
in the fluctuation. RMSD and RMSF show a stable binding of AST
with IL-6. As in Fig. 71, five residues exhibited interaction with
AST. GLU172, GLN175 and Ser176 show hydrogen bonding and
water bridge in the AST-IL-6 complex, while Arg179 shows ionic,
hydrogen bonding and water bridge. Leul78 participated in the
complex formation by hydrophobic interaction. The total
number of specific contacts (top panel) and the nature of resi-
dues involved in the interactions (bottom panel) in every frame
of the 100 ns trajectory are summarized for AST binding with
IL-6 in Fig. 7]. The number of specific contacts reached 6 in the
AST-IL-6 complex during 100 ns. More interacted residues
(darker bands) were observed with IL-6 by GLU172, GLN175,
SER176 and ARG179. The behavior of AST inside the binding
pocket of IL-6 was observed, as shown in Fig. 7K, which was eval-
uated by calculating the ligand RMSD, molecular surface area
(MolSA), radius of gyration (rGyr), polar surface area (PSA), and
solvent accessible surface area (SASA) values. AST RMSD analysis
showed a fluctuation range of 2.5-7.5 A. The obtained rGyr
values of AST were below 6 A after 20 ns until the end of the
simulation time. On the other hand, the MOolSA values were
around 5550-650 A% the obtained SASA values showed fluctu-
ations ranging from 450 to 750 A, while PSA values ranged from
100 to 175 A” and for AST in IL-6.

3.8. IL-6 interference abolishes the AST-IL-6 binding and
affects NF-kB and STAT3

To verify whether IL-6 is the target of AST in cells, IL-6 inter-
ference was conducted on the macrophages. The cells were
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Fig. 6 Network interaction analysis of inflammatory targets inhibited by AST. (A) Venn diagram of AST—-inflammation intersection genes. (B) PPI
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of protein interaction of AST anti-inflammatory related genes. (The color of nodes is from large to small according to the degree value.)
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Fig. 8 The expression of IL-6, NF-kB and STAT3 mRNA levels after the interference of IL-6 siRNA. (n = 3 per group; mean + SD; * represents p <
0.05; *** represents p < 0.001; ns represent no significant difference compared with the control group.)

divided into four groups: the LPS (NC) group, the AST + LPS
(NC) group, the LPS (si-IL-6) group, and the AST + LPS (si-IL-6)
group. After treating the cells accordingly, cell samples were
collected and the expression of the IL-6 mRNA level was
assessed. The result, as shown in Fig. 8A, indicates that when
the normalized LPS (NC) group was set at 100%, the
expression of IL-6 in the AST + LPS (NC) group significantly
decreased, demonstrating that AST could inhibit the
expression of IL-6. The IL-6 in the LPS (si-IL-6) group also sig-
nificantly decreased, confirming the success of the inter-
ference experiment. In fact, no significant difference in IL-6
expression was observed between the AST + LPS (si-IL-6) group
and the LPS (si-IL-6) group, indicating that AST could not
reduce IL-6 expression after IL-6 interference, thereby proving
that IL-6 is the target of AST.

IL-6 is one of the cytokines along with others, e.g. TNF-y,
IL-1p and IL-8, and it is regulated by NF-kB and plays a critical
role in the immune response.>” As a pro-inflammatory cytokine,
IL-6 preferentially activates STAT3-dependent gene expression.>®
Activation of STAT3 by IL-6 plays a crucial role in inflammation-
induced disease pathogenesis.’®*®" To confirm the correlation
between IL-6 and NF-«xB and STAT3, we also examined the
expression levels of NF-xB and STAT3 in macrophages after IL-6
interference. As presented in Fig. 8B and C, the expressions of
NF-«B and STAT3 in the LPS (si-IL-6) group were significantly
decreased compared with the LPS (NC) group, indicating that
interference with IL-6 could affect the expression levels of NF-«xB
and STAT3 in LPS-stimulated macrophages.

4. Discussion

Many experimental studies have shown that AST has many bio-
logical activities,®>®> such as antioxidant activity,’**® anti-
inflammatory activity,”*”’® immunity enhancing activity,”*””
neuroprotective activity,”® liver protection activity,”” anti-dia-
betic activity,”®*®° and anti-cancer activity.®"** Recently,
researchers noticed that AST could strongly inhibit LPS-

induced immune dysfunction of dendritic cells,* and even

This journal is © The Royal Society of Chemistry 2024

demonstrated the antioxidant and anti-inflammatory effects of
AST on dendritic cells and mice.?* Nevertheless, very limited
research had been conducted on the anti-inflammatory
mechanism of AST. Thus, the major aim of this study was to
clarify the anti-inflammatory mechanism of AST.

To explore the mechanism, firstly, we examined the anti-oxi-
dative effect of AST, because it is well known that one of the
important anti-inflammatory mechanisms is closely connected to
anti-oxidative stress. Oxidative stress interferes with the dynamic
balance between pro-inflammatory factors and anti-inflammatory
factors,®>®® and ultimately produces an enhanced inflammatory
response. In particular, immune cells are easily susceptible to
oxidative stress due to the prevalence of polyunsaturated fatty
acids in the plasma membrane.’® In our experiments, we
observed a decrease in antioxidant enzyme activity after LPS treat-
ment, as well as a significant increase when AST was added.
Dong et al. also found that pilose antler peptide attenuated the
increase of MDA and the decrease of SOD induced by LPS chal-
lenge.”® ROS, such as O,~ and the hydroxyl radical, are produced
in cells due to aerobic oxidation of cellular respiration and
energy metabolism in human and animal bodies. When cells are
stimulated by the internal and external environment, an increase
of ROS may destroy the balance between the organism’s oxi-
dation and antioxidant systems, interfere with intracellular redox
homeostasis, and ultimately lead to oxidative stress. Obviously,
our results clearly showed that AST could remarkably alleviate
LPS-stimulated ROS in macrophages.

Secondly, because oxidative stress can cause damage to all
types of macromolecules (including DNA molecules), thereby
impairing their normal function,”* we then examined whether
AST could protect the cell against oxidative damage. For the
cell damage, we observed that LPS caused not only cell fates
such as cell death including apoptosis, but also damage to pro-
teins and DNA. Oxidative stress can also lead to Ca>" overload
and decreased MMP, which eventually leads to apoptosis.”®
Our experimental results confirmed that AST could effectively
alleviate the damage from the oxidative stress by LPS.

But how does AST protect the cells against oxidative stress
by LPS? It is therefore necessary to explore the protection
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effect and the involved mechanism. Since the oxidative stress
may stem from LPS-stimulated inflammatory response-
induced DNA damage, we examined p53 and STAT3. The p53
tumor suppressor plays an important role in regulating cell
survival and death.”> When DNA damage occurs, cells undergo
normal repair, at which point p53 expression increases. STAT3
is an important transcription factor that regulates a series of
genes related to cell proliferation, survival, stress response,
and immune function.’*®> When cells undergo abnormal
repair, cell deterioration will occur, and in this case, STAT3
expression will be increased. Indeed, we found that AST
increased the expression of p53, while decreasing the
expression of STAT3, confirming the role of AST in the protec-
tion of oxidative stress-induced DNA damage.

On the other hand, oxidative stress induces the elevation of
inflammatory factors, and it is necessary to examine the
related signal pathways. Oxidative stress plays an important
role in the process of inflammation,”®®” which can activate a
variety of transcription factors, leading to the activation of
some inflaimmatory pathways, such as the NF-«B signaling
pathway. NF«B is a nuclear factor that regulates gene tran-
scription in the process of inflammation and immunity. The
activation of NF-xB triggers the expression of a variety of
inflammatory and adhesion factors, which directly leads to the
inflammatory response.*® Indeed, we found that AST inhibited
the NF-xB signaling pathway through an antioxidant mecha-
nism, confirming its role in exerting an anti-inflammatory
effect on oxidative stress.

Nevertheless, it is still necessary to answer the question
whether AST plays a role in the inhibition of unfavorable inflam-
matory factors. Macrophages as the central cells in the inflamma-
tory response fulfill crucial roles in phagocytosis, secretion, and
antigen presentation. Upon activation by LPS, they can generate a
substantial number of inflammatory cytokines.”® These cytokines
establish intricate relationships, either inhibiting or promoting
each other, thereby forming a complex cytokine regulatory
network. Therefore, when assessing the extent of inflammatory
response in the body, it is essential to consider the secretion of
inflammatory factors such as TNF-o, IL-1f, IL-8, and IL-6 in cells,
as well as the expression of their genes, which serve as important
reference indicators for evaluating the degree of inflammatory
response injury.”® In fact, as demonstrated in this study, AST
notably inhibits the expressions of these inflammatory factors in
LPS-stimulated macrophages.

It is therefore important to clarify which critical inflamma-
tory factor AST could directly interact with, so that AST could
most efficiently suppress the unfavorable inflammatory
response. To address this, we employed multiple tools and
methods including network pharmacology, in silico compu-
tation, and RNA interference for validation. As an emerging
discipline, network pharmacology was first systematically
expounded by Hopkins, a pharmacology expert at the
University of Dundee in the UK.'° Based on the structural and
efficacy similarities between drugs, network pharmacology
applies systems biology technology and database resources to
analyze target molecules, construct related networks, predict
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drug targets and guide new drug discovery. Wu et al. applied
network pharmacology to identify potential core targets and poss-
ible signal pathways of the anti-inflammatory effects of
B-carotene, including 11-6,"°" but did not perform experimental
validation. Guo et al. also found that TNF-a, IL-6 and IL-1p were
the core target proteins of Er Miao San (EMS) for the treatment
of inflammation, and suggested that EMS mainly exerted its anti-
inflammatory effects by inhibiting the multiple pro-inflammatory
cytokines.'® In our analysis, strikingly, we found that AST itself
could interact with certain inflammatory factors, especially IL-6
(the highest degree is 84) (Table S2%). Furthermore, to improve
the accuracy of the prediction results of the study, we also
applied molecular docking, molecular dynamics simulation, and
RNA interference experiments.

Certainly, AST has other molecular targets, for example, TNF-
a. As indicated by the pharmacology network analysis, TNF-a is
indeed also a core target of AST, as confirmed also by our in silico
calculations based on molecular docking, molecular dynamics
simulation (Fig. S41). However, in this study, we focused on the
interaction between AST and IL-6 because we found that IL-6
could cause adverse inflammatory response of macrophages.
Different from IL-6, TNF-a did not critically affect the regulation
of NF«xB and STAT3, as confirmed by the TNF-a interference
experiment (Fig. S57), in which no significant difference in the
expression of NF-kB and STAT3 was observed between the LPS
(si-TNF-ar) group and the LPS (NC) group.

Moreover, we also confirmed that IL-6 could suppress the
LPS-induced adverse inflammatory response in both primary
peripheral blood mononuclear cells (PBMCs) and zebrafish (as
the animal model) (data not shown). All these results indicate
that AST can bind to certain inflammatory factors, particularly
IL-6, thereby inhibiting the positive feedback of inflammatory
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Fig. 9 Schematic diagram of the anti-inflammatory effects of AST. @
AST inhibits NF-xB and reduces the production of inflammatory factors
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loop of inflammatory factors and prevent the occurrence of inflamma-
tory storms.
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factors and preventing the occurrence of inflammatory storms.
The involved mechanisms are summarized and schematically
depicted in Fig. 9.

5. Conclusions

In summary, our findings indicate that AST exhibits anti-oxi-
dative stress, anti-cell damage, and anti-inflammatory effects
on LPS-stimulated macrophages, and AST protects against cell
damage, stimulates p53, inhibits STAT3, and mitigates inflam-
matory factors resulting from damage. We have also confirmed
that AST inhibits NF-kB, reducing the production of inflamma-
tory factors through antioxidant mechanisms, and in particu-
lar, we have revealed that IL-6 is the key core target for AST’s
anti-inflammatory action. Therefore, we propose that AST can
effectively inhibit the positive feedback loop of inflammatory
factors and prevent the occurrence of inflammatory storms.
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