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Abstract
Background

Acute lung injury (ALI) is a leading cause of morbidity and mortality in respiratory disease. Astaxanthin, a
natural antioxidant xanthophyll carotenoid, has been shown to possess anti-in�ammatory activity.
However, poor evidence has been reported that whether it has protective effects against ALI.

Methods

 A network pharmacology analysis was carried out combining the construction of the GeneCards
database and the Pharmmapper database, The potential active compounds and targets were predicted
by compound-target prediction, protein-protein interaction analysis, GO and KEGG pathway analysis.
Then, the anti-in�ammation effect of astaxanthin was investigated in LPS-induced RAW264.7 cells in
vitro and LPS-induced ALI mice in vivo.

Results

The results screened by GO and KEGG enrichment analysis suggested that astaxanthin had extensive
associations with 25 known therapeutic targets of ALI. These target genes were further found to be
associated with pathways involved in in�ammatory pathways in ALI, such as the Toll-like receptor signal
pathway, TNF signal pathway, Hif signal pathway, and NF-Kappa B signal pathway. Pre-treatment with
astaxanthin inhibited the TLR4/MyD88 signaling pathway and attenuated LPS-increased in�ammatory
factors in vitro. Furthermore, the administration of astaxanthin signi�cantly protected lung injury in vivo.
Subsequently, we validated astaxanthin binds to the TLR4 pocket using molecular docking.

Conclusion

Taken together, astaxanthin exerts impressively protective effects on LPS-induced ALI in vitro and in vivo
via suppressing the TLR4/MyD88 signaling pathway.

Introduction
Acute lung injury (ALI) is the main cause of morbidity and mortality of respiratory diseases, which is
characterized by lung oedema, interstitial neutrophilic in�ltration, intravascular, and endothelial barriers
resulting in respiratory failure [1, 2]. ALI-related mortality remains high [3]. The pathogenesis of ALI is
complex, and studies have shown that pulmonary in�ammation plays an important role in the
progression of the disease, Alveolar macrophage promotes the development and maintenance of
pulmonary in�ammation by secreting stimulating levels of pro-in�ammatory cytokines, such as tumor
necrosis factor-a (TNF-a), interleukins (e.g.IL-6, IL-1β)[4]. Unfortunately, there are no proven
pharmacological therapies for ALI. Therefore, the identi�cation of effective therapeutic drugs is urgently
needed for the improvement of ALI treatment.
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Astaxanthin (3, 3′-dihydroxy-β, β′-carotene-4, 4′-dione) is a xanthophyll carotenoid, which is mainly
distributed in seafood such as shrimp, salmon, crabs and so on [5, 6]. Astaxanthin has a variety of
potential pharmacological activities, including immunomodulation, antioxidants, anti-obesity, anti-
in�ammatory, anti-cancer as well as neuroprotective effects [7–9]. Studies have shown that astaxanthin
plays an anti-in�ammatory role by decreasing the expression of pro-in�ammatory cytokines in alveolar
lymphocytes, neutrophils, macrophages [10]. Astaxanthin plays an anti-in�ammatory and antioxidant
roles in macrophages in NRF2-dependent and independent manners [11]. Astaxanthin attenuated ethanol-
induced liver injury by blocking STAT3 activity [12]. Furthermore, astaxanthin inhibited in�ammation
response and reverse LPS-induced M1/M2 polarization of microglial cells by targeting RP-1 [13]. However,
the anti-in�ammatory effects and the molecular mechanisms of astaxanthin in the acute lung injury have
not been well studied.

Network pharmacology is a new subject of designing drugs based on the theory of systems biology and
network analysis of biological systems[14]. Network pharmacology adopts the strategy of "network
target, multi-component" to replace the current research method of "one target, one drug" strategy[15].
Because it saves time and costs, it has been considered to be an important tool for drug discovery[16].
The technique has been successfully applied to understand the mechanism of action of several
medicinal plants used for treatment of various diseases [17, 18]. Molecular docking predicts the binding
conformation and a�nity of drug molecules through the interaction between receptors and drug
molecules, which involves the spatial and energy matching between molecules, as an important
technology in the �eld of computer-aided drug research, these two methods provide powerful tools for the
study of modern pharmacological mechanism of traditional Chinese medicine.

In this study, in order to illustrate the possible protection mechanism of astaxanthin against ALI, a
network pharmacology method coupled with molecule docking was conducted, and provide a reference
for further in vitro and in vivo experiments veri�cation, which providing a new insight into potential
therapeutic strategies for ALI.

Materials And Methods
Prediction of target genes

The 2D chemical structure of astaxanthin was obtained from PubChem, and the astaxanthin-related
predicted targets were predicted by the Pharmmapper database. Each of the predicted targets was
inputted into the UniProt database (https://www.uniprot.org/) for further screening. The GeneCards
database was used to obtain known therapeutic targets for treatment of ALI. The potential target of
astaxanthin associated with Ali was obtained by removing the repeated target and deleting the target
with a relevance score <0.001.

PPI network construction and analysis
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The target genes were uploaded to the STRING database (http://string-db.org) to provide the protein-
protein interaction information, including the physical and functional associations. Protein-protein
interactions with con�dence (score at >0.9) were retained in the network. The PPI network was visualized
by Cytoscape software.

GO and KEGG pathway enrichment analysis

The GO and KEGG pathway enrichment analysis were carried out using the web
(https://biit.cs.ut.ee/gpro��ler), and visualized by the OmicShare cloud platform
(http://www.omicshare.com/). The target-pathway, target-pathway, and compound-target networks were
constructed using Cytoscape software.

Molecular docking

The X-ray crystal structure of the TLR4/MD-2 complex was retrieved from the Protein Data Bank (PDB:
5IJB), and the 3D structure of astaxanthin was obtained from PubChem (compound CID: 5281224). The
water molecules and hetero atoms were removed from the proteins using Chimera. The protein receptor
and ligand �les were performed using AutoDock4 Tools, the hydrogen atoms were added, gasteiger
charges were calculated, nonpolar hydrogen atoms were merged, and rotatable torsion bonds were set.
The interactions between astaxanthin and the TLR4/MD-2 complex was visualized, 2D and 3D diagrams
were created by using Pymol.

Cell culture

RAW264.7 cells were cultured in high-glucose Dulbecco’s modi�ed Eagle’s medium (DMEM)
supplemented with 10% FBS, 100 U/ml penicillin and 100 μg/ml streptomycin. The cells were maintained
at 37 °C with 5% CO2.

Western blot

Cells were lysed with RIPA buffer supplemented with PMSF on ice for 10 min. Cell lysates were cleared by
centrifugation for 10 min at 12,000 g. The protein concentration of lysates was detected by BCA assays.
Each sample with 20 µg of total protein was separated by SDS-PAGE gel and transferred onto NC
membranes. Membranes were blocked in 5% (wt/vol) dried milk in TBS-T for 1h at room temperature.
Primary antibodies were added to membranes and incubated overnight at 4°C with gentle rocking. After
washing, blots were incubated with the HRP-conjugated secondary antibody for 1 h at room temperature.
ECL plus system was applied for detection of the protein signal. Antibodies to the following proteins were
used in the blots: COX-2 (CST, cat#12282, 1:1000 dilution), iNOS (CST, cat#D6B6S, 1:1000 dilution),
TLR4(Santa Cruz, cat# sc-293072, 1:1000 dilution), MYD88(Santa Cruz, cat# sc-74532, 1:1000 dilution),
p-NF-κB p65(CST, cat#3033,1:1000 dilution), GAPDH (CST, cat#5174,1:1000 dilution), anti-rabbit IgG
(CST, cat#7074, 1:3000 dilution) and anti-mouse IgG (CST, cat#5127, 1:3000 dilution).

Immuno�uorescence
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Cells were seeded in coverslips and treated with astaxanthin for 1h and then stimulated with LPS for 24h.
Cells were �xed for 10min with 4% paraformaldehyde, permeabilized for 10 min with 0.3% Triton X-100
and blocked for 30 min with 5% goat serum at room temperature. Cells were incubated with the primary
antibodies overnight at 4°C. Samples were washed and incubated with an anti-mouse IgG �uorescence-
labeled secondary antibody for 1 h at room temperature. After three times washed, samples were stained
with DAPI at 1:1000 (Cell Signaling Technology, 4083) for 10 min at room temperature. Finally, coverslips
mounted on slides with �uorescent mounting medium. Images were acquired by a Cytation™ 5 cell
imaging multi-mode reader (BioTek).

ALI mouse model

The animal experiments involved in this experiment were conducted through the Animal Ethics
Committee of Guangdong Medical University (GDY1902062), all animal experiments were performed in
compliance with institutional animal care guidelines and according to committee-approved protocols. 6-
week-Babl/c female mice were randomized to the following three groups of seven mice each: vehicle
group, LPS group, Astaxanthin plus LPS group. Astaxanthin + LPS group mice were pretreated with
astaxanthin (20mg/kg) by i.v injection for daily for 7 consecutive days. Astaxanthin was dissolved in 2%
DMSO(vol/vol), 40%PEG-400(vol/vol), 2% Tween 80(vol/vol), and 56% PBS(vol/vol). On the last day, the
mice were intraperitoneally injected with 5 mg/kg LPS or normal saline 2 h after the injection of
astaxanthin. After 6 h of LPS stimulation, mice were euthanized to collect the BALF, and lung tissue
samples. BALF was collected three times through a tracheal cannula with autoclaved normal saline,
instilled up to a total volume of 1.8 ml.

Lung wet-to-dry weight (W/D) ratio

After mice were euthanized, the lung tissues were yield and weighed, and then dried at 60°C for 72hours,
the lung tissues were weighed again. The ratio of lung wet-to-dry weight was calculated.

Determination total protein concentration in BALF

Bronchoalveolar lavage �uid (BALF) cells supernatant was centrifuged at 3000 rpm for 10 min at 4 C.
The total protein of BALF was quanti�ed using a BCA assay kit according to the manufacturer's
instructions.

Histopathology and Immunohistochemistry

Lung tissues were �xed in 10% formalin, embedded in para�n. The sections were dewaxed using xylene
and dehydrated in a graded series of alcohol solutions. Histological analysis was performed using H&E
staining according to a standard protocol. For histology analysis, the sections were stained with
hematoxylin and eosin (H&E). For IHC analysis, para�n-embedded tissue sections were treated with
citrate buffer solution, and treated with microwave for 15 min, and then the temperature was reduced to
room temperature. Tissues were incubated with 3% H2O2 for 30 min to block endogenous peroxidase
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activity. Subsequently, the sections were incubated with 5% normal goat serum for 30 min, and incubated
with CD68 antibody (CST, cat#76437,1:1000 dilution) at 4 °C overnight. The sections were labeled with
HRP secondary antibodies for 30mins at room temperature. The samples were then stained with 3, 3′-
diaminobenzidine (DAB) for 5-10 min and counterstained with Mayer’s hematoxylin. The sections
dehydrated, cleared in xylene and mounted in mounting medium. Images were acquired by Cytation™ 5
cell imaging multi-mode reader (BioTek).

Statistical analysis

The results are presented as the mean ±SD. The statistical signi�cance of differences was assessed
using the ANOVA and Student’s t-test. P < 0.05 were considered statistically signi�cant.

Results
GO and KEGG enrichment analysis of target genes

Astaxanthin-targeted protein-coding genes are involved in biological processes including cell response to
oxidative stress, regulation of cell apoptosis, and response to in�ammation (�gure 1B). The molecular
functions of these proteins include protein binding, cytokine receptor binding, receptor ligand activity,
receptor regulatory activity, and cofactor binding (�gure 1C). The KEGG pathway analysis further
indicated that astaxanthin-targeted proteins were involved in the Toll like reception signaling pathway,
TNF signaling pathway, HIF signaling pathway and NF-Kappa B signaling pathway (�gure 1A). GO and
KEGG analysis results demonstrated that the genes encoding astaxanthin- targeted proteins may have
the functions of Toll like receptor signal pathway, TNF signal pathway, Hif signal pathway and NF-Kappa
B signal pathway (�gure 1D). These pathways involve in cytokine receptor and ligands activation.

PPI network constitution and identi�cation of candidate targets for astaxanthin against ALI

PPI network analysis of astaxanthin anti-ALI target showed that astaxanthin anti-ALI target genes were
involved in many biological pathways, such as biological processes, cellular components and molecular
functions (�gure 2A). In�ammation plays an important role in this process, and the in�ammatory
response mainly involves the following gene: IL1B, RPS6KA5, HMGB1, IL6, TNF, SPP1, NFE2L2, CXCL8,
PTGS2 (�gure 2B). Moreover, we further analysis showed that astaxanthin targeted proteins are involved
in IL-17 signaling pathway, Chemokine signaling pathway, MAPKsignaling pathway, PI3K-Akt signaling
pathway, FoxO signaling pathway, Toll-like receptor signaling pathway, NF-kappa B signaling pathway,
TNF signaling pathway, Th17 cell differentiation, Cytokine-cytokine receptor interaction, NOD-like receptor
signaling pathway, Jak-STAT signaling pathway, HIF-1 signaling pathway (�gure 2C). Therefore, the
results showed that astaxanthin can inhibit the production of in�ammatory factors through different
signaling pathways and cytokine-cytokine receptors interaction.

T-P network analysis of ALI-related pathways
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Previous data showed that targets of astaxanthin are involved in the regulation of in�ammation [12]. The
results of GO and KEGG enrichment analyses were displayed in �gure 3, the target genes were enriched in
multiple biological process and pathway, it can be seen that astaxanthin regulates the in�ammatory
response in acute lung injury mainly through the following four signaling pathways including HIF-1a
signaling pathway, TNF-a signaling pathway, JAK-STAT signaling pathway, and Toll-like receptor
signaling pathway.

Astaxanthin inhibits LPS-stimulated expression of pro-in�ammatory
cytokines and NF-κB in RAW264.7 cells
We determined whether astaxanthin could modulate LPS-induced iNOS and COX-2 expression in
RAW264.7 cells. As shown in �gure 4B, astaxanthin distinctly suppressed expression of COX-2 and iNOS
in RAW264.7 cells induced by LPS with immunoblotting. The nuclear translocation of NF-κB was
analyzed by an immuno�uorescence assay. As shown in �gure 4B phosphorylated NF-κB p65 (p-p65)
indited that NF-κB was translocated from cytosol to nucleus induced by LPS. Whereas, treatment with
astaxanthin effectively blocked the nuclear translocation of NF-κB (�gure 4A). These results indicate that
astaxanthin decreased LPS-induced in�ammatory responses by attenuating the release of pro-
in�ammatory cytokines via the TLR4/MyD88 signaling pathway.

Network visualization analysis of anti-in�ammatory effect of astaxanthin via TLR4 / myd88 pathway

In order to build a more systematic in�ammatory network, a diagram consisting of in�ammatory
biomarkers was constructed by cytoscape software. There are different degrees of direct or indirect
interaction between node edges in the analysis, in�ammatory factor such as TNF-a, IL-6, NF-kB, IL-1b was
identi�ed as import targets linking astaxanthin to the TLR4/MyD88 signaling pathway (�gure 5A). To
further con�rm the effect of astaxanthin on the TLR4/MyD88 signaling pathway at the molecular level.
As we expected, western blot results showed that astaxanthin effectively suppressed TLR4/MyD88
signaling pathway (�gure 5B).

Binding modes of astaxanthin to TLR4/MD-2 complex
As we known, TLR4 associates with myeloid differentiation factor 2 (MD2) by forming the TLR4/MD2
complex, which recognized by LPS [19]. Thus a molecular docking simulation was performed to predict
potential interaction between astaxanthin and the TLR4/MD-2 complex. The result shows that
astaxanthin may form conventional hydrogen bonds with side chains of PHE-24 and MET-358, and form
carbon-hydrogen bond with LYS-360 of TLR4. Because the sites of PHE-24, MET-358 and LYS-360 are
very close to critical sites of TLR4/MD-2 complex (�gure 6A and 6B), the results suggest that astaxanthin
may inhibit the stable formation of TLR4-MD2 complex, and affect downstream signal pathway of TLR4.

Astaxanthin alleviates lung injury induced by LPS in mice
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Pathologic changes of lung tissues were evaluated by H&E staining. As illustrated in �gure 7A, LPS
induced several obvious in�ammatory histological changes in lung tissues, such as pulmonary
congestion, and in�ammatory cells in�ltration, which were signi�cantly attenuated by astaxanthin
treatment. Accordingly, treatment of astaxanthin signi�cantly decreased LPS-induced lung W/D weight
ratio (�gure 7B). Furthermore, pretreatment with astaxanthin remarkably decreased the number of
in�ltrated cells (�gure 7D) and total protein concentration in BALF (�gure 7C), indicating decreased
pulmonary edema. Additionally, pretreatment with astaxanthin signi�cantly inhibited LPS-induced lung
macrophage cell in�ltration into the lung tissue, as evidenced by CD68-immunostaining in �gure 7E.
Taken together, these data indicate that astaxanthin alleviates LPS-induced ALI in mice.

Discussion
ALI is known as a lung complication with a high rate of morbidity and mortality [3]. Current
pharmacological interventions and therapies have failed to treatment of ALI [20]. Therefore, it is urgent to
understand the mechanisms of ALI and develop new therapeutic strategies. The present study
demonstrated that astaxanthin inhibit pro-in�ammatory cytokine expression in LPS-induced ALI in vitro
and in vivo. The proposed mechanism illustration was presented in Fig. 8.

It is well known that network target recognition can be used to be a target prediction of active
compounds[21]. Pharmacology analysis based on a large number of existing databases can help people
better understand the mechanism of the target and pathway of compounds acting on the corresponding
diseases [22]. In our current study, we found that the infection effect plays an important role in this
process, and the infectious response mainly involves the following gene: IL1B, RPS6KA5, HMGB1, IL6,
TNF, SPP1, NFE2L2, CXCL8, PTGS2. KEGG analysis further showed that four pathways, including HIF-1a
signaling pathway, TNF-a signaling pathway, Toll-like receptor signaling pathway and JAK-STAT
signaling pathway, were closely associated with astaxanthin against ALI, our results further
demonstrated that astaxanthin alleviate LPS-induced ALI by down-regulating the expression of
proin�ammatory cytokine in vitro and in vivo.

It is well known that TLR4 is expressed on monocyte/macrophage surface and induces innate immune
response in mammals through recognition of LPS [23]. LPS induced ALI and activated the TLR4 as well
as NF-κB signal pathway to regulate the in�ammatory cells in�ltration and the pro-in�ammatory
cytokines production [24–26]. Studies have shown that LPS promotes the excessive production of
in�ammatory mediators by activating the TLR4/Myd88 signaling pathway, leading to lung damage and
ALI progression [27, 28]. Recent studies have shown that several natural products modulate the
in�ammatory response by inhibiting the TLR4/NF-κB signaling pathway [29–33]. Our results showed that
astaxanthin inhibit the TLR4/MyD88/NF-κB signaling pathway. We further used molecular docking to
detect whether astaxanthin can be directly targeted to TLR4, thus inhibiting the TLR4 signaling pathway.
The result showed that astaxanthin bound to the hydrophobic pocket of TLR4/MD2 complex, which
partially overlapped with the LPS binding sites on TLR4 surface. These data suggested that anti-
in�ammatory activity of astaxanthin through its inhibitory effect on the speci�c TLR4 signaling pathway.
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Conclusions
In conclusion, we demonstrated that astaxanthin effectively protected ALI against in�ammation damage
through regulation of TLR4/MyD88/NF-κB signaling pathway. Our study provided evidence that
astaxanthin could be a potential therapeutic candidate for the treatment of ALI in the future.

Abbreviations
ALI, Acute lung injury; BALF, Bronchoalveolar lavage �uid; COX-2, Cyclooxygenase-2; INOS, H&E,
Hematoxylin and eosin; Inducible nitric oxide synthase; IL-6, Interleukin-6; LPS, Lipopolysaccharide; MD2,
Myeloid differentiation factor 2; MyD88, Myeloid differentiation factor 88; NF-κB, Nuclear factor-κB; TNF-
α, Tumor necrosis factor-α; TLRs, Toll-like receptors.
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Figure 1

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway and gene ontology enrichment analyses of
25 target proteins (p-value ≤ 0.05). (A) The top 20 KEGG pathways. (B) The top 20 biological processes.
(C) The top 20 molecular functions. (D) The top 18 cellular components. The color scales indicate the
different thresholds for the p-values, and the sizes of the dots represent the number of genes
corresponding to each term.
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Figure 2

Protein–protein interaction (PPI) network construction and analysis. (A) Core target-pathway network. (B)
Identi�cation of candidate targets for astaxanthin against ALI. (C) Drug-compound-target-disease
network map
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Figure 3

Distribution of targets of astaxanthin in in�ammatory-related pathways. Arrows shows activation effect;
T-shaped arrow shows inhibition effect, and dotted arrow represents indirect activation effect or inhibition
effect.
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Figure 4

(A) RAW264.7 cells were pretreated with the indicated concentrations of astaxanthin for 1 h before being
stimulated with LPS for another 24 h. COX-2 and iNOS were determined by immuno�uorescence staining.
DAPI-stained nuclei are indicated by blue �uorescence. COX-2 and iNOS were indicated by green
�uorescence. Scale bar=100μm. (B) Cells were pretreated with the indicated concentrations of
astaxanthin for 1 h before being stimulated with LPS (100ng/mL) for another 24 h. The expression levels
of COX-2 and iNOS were determined by immunoblotting. *P < 0.05, **P < 0.01 compared with the LPS
group.
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Figure 5

Astaxanthin inhibits TLR4/MyD88 signaling pathway. (A) Network visualization analysis of TLR4/MyD88
signaling pathways for anti-in�ammatory effects of astaxanthin. (B) RAW264.7 Cells were pretreated with
the indicated concentrations of astaxanthin for 1 h before being stimulated with LPS (100ng/mL) for
another 24 h. The expression levels of TLR4 and MYD88 were determined by immunoblotting. GAPDH
was used as a loading control.
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Figure 6

Computational docking studies of astaxanthin to the TLR4/MD-2 complex. (A) Schematic
representations 3D of the binding interactions between the mouse TLR4/MD-2 complex active site and
astaxanthin. MD-2 is shown in light green ribbon and TLR4 in light orange ribbon. Close-up view of the
predicted interaction between astaxanthin and the MD-2-binding site of the TLR4-MD-2 complex. (B) 2D
representation of molecular interactions between the TLR4/MD-2 complex and astaxanthin.
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Figure 7

Astaxanthin attenuated the LPS-induced ALI in mice. (A) Representative H&E staining of lung sections
under 200 × magni�cations. (B) Wet/dry ratio in the lung tissues. (C) The total protein concentration in
BALF. (D) The numbers of total cells in BALF. (E) Representative images of CD68 immunohistochemical
staining in the lung sections under 200 × magni�cations. Data were presented as mean ±SD. *P< 0.05,
***P < 0.001 vs. LPS group.
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Figure 8

Schematic diagram of signaling pathways related to anti‐in�ammatory effects of astaxanthin on LPS‐
induced ALI.


