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Background:Excessive inflammation results in severe tissue damage aswell as serious acute
or chronic disorders, and extensive research has focused on finding new anti-inflammatory hit
compounds with safety and efficacy profiles from natural products. As promising therapeutic
entities for the treatment of inflammation-related diseases, fusaproliferin and its analogs have
attracted great interest. However, the underlying anti-inflammatory mechanism is still poorly
understood and deserves to be further investigated.

Methods: For the estimation of the anti-inflammatory activity of fusaproliferin (1) and its
analogs (2-4) in vitro and in vivo, lipopolysaccharide (LPS)-induced RAW264.7 macrophages
and zebrafish embryos were employed. Then, transcriptome analysis was applied to guide
subsequent western blot analysis of critical proteins in related signaling pathways. Surface
plasmon resonance assays (SPR) combined with molecular docking analyses were finally
applied to evaluate the affinity interactions between 1-4 and TLR4 and provide a possible
interpretation of the downregulation of related signaling pathways.

Results: 1-4 significantly attenuated the production of inflammatory messengers, including
nitric oxide (NO), reactive oxygen species (ROS), interleukin-6 (IL-6), tumor necrosis factor-α
(TNF-α), and interleukin-1β (IL-1β), aswell as nitric oxide synthase (iNOS) and cyclooxygenase-
2 (COX-2), in LPS-induced RAW264.7 macrophages. Transcriptome analyses based on
RNA-seq indicated the ability of compound 1 to reverse LPS stimulation and the nuclear factor
kappa-B (NF-κB) and mitogen-activated protein kinase (MAPKs) signaling pathways
contribute to the anti-inflammatory process. Experimental verification at the protein level
revealed that 1 can inhibit the activation of inhibitor of NF-κB kinase (IKK), degradation of
inhibitor of NF-κB (IκB), and phosphorylation of NF-κB and reduce nuclear translocation of NF-
κB. 1 also decreased the phosphorylation of MAPKs, including p38, extracellular regulated
protein kinases (ERK), and c-Jun N-terminal kinase (JNK). SPR assays andmolecular docking
results indicated that 1-4 exhibited affinity for the TLR4 protein with KD values of
23.5–29.3 μM.

Conclusion: Fusaproliferin and its analogs can be hit compounds for the treatment of
inflammation-associated diseases.
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INTRODUCTION

Inflammation is generally accepted as a protective response to
various harmful stimuli and contributes to the recovery of tissue
damage. For instance, lipopolysaccharides (LPS) derived from
gram-negative bacteria can bind to toll-like receptor 4 (TLR4)
resulting in strong immune responses. These immune responses
are mainly mediated by the upregulation of nuclear factor kappa-
B (NF-κB) and mitogen-activated protein kinase (MAPK)
signaling pathways and the subsequent secretion of
proinflammatory mediators, including nitric oxide (NO),
interleukin-6 (IL-6), interleukin-1β (IL-1β), reactive oxygen
species (ROS) and tumor necrosis factor-α (TNF-α), to
maintain homeostasis (Li et al., 2017; Attiq et al., 2018; Liu
et al., 2019). However, excessive inflammation usually results
in severe tissue damage, cytokine storms and further organ
dysfunction, and serious acute or chronic disorders (Atri et al.,
2018; Huang et al., 2019). Small molecules suppress TLR4-related
signaling pathways and may thus be an effective strategy for the
treatment of excessive inflammation (Romerio and Peri, 2020).
To date, there are still increasing requirements to develop new
anti-inflammatory drugs, and natural products are promising
sources of hit compounds with anti-inflammatory activity (Pham
et al., 2019; Dona et al., 2020). Meanwhile, natural products have
many advantages such as easy availability, high biocompatibility,
and low cost.

Sesterterpenoids, an important class of terpenoids with 25
carbon frameworks derived from five isoprene units (Liu et al.,
2016), exhibit remarkable biological properties involving
cytotoxic, anti-inflammatory, antimicrobial, and antifeedant
properties and display a vital role in drug development
(Chadwick et al., 2013; Guo et al., 2021; Li and Gustafson,
2021). Among these sesterterpenoids, fusaproliferin and its
analogs are of interest as so-called promising therapeutic
entities for the treatment of inflammation-related diseases due
to their capacity to suppress nitric oxide generation (Huang et al.,
2016; Lai et al., 2017; Peng et al., 2020; Jiang et al., 2021).

However, its mechanism of action is still poorly understood
and deserves further investigation. Analysis on the basis of
transcriptome is an effective way to provide the underlying
mechanism of natural products, which may give a more
practical guide to the investigation of anti-inflammatory
mechanisms of fusaproliferin and its analogs.

As a part of our series of studies investigating natural products
with anti-inflammatory activity from endophytes of characteristic
Chinese medicines in southwestern China (Feng et al., 2020; Guo
et al., 2020; Li et al., 2020), fusaproliferin (1) (Nihashi et al., 2002),
11-epiterpestacin (2) (Nihashi et al., 2002), fusaprolifins A (3) (Liu
et al., 2013) and fusaprolifins B (4) (Liu et al., 2013) were isolated
from Fusarium proliferatum (Figure 1), which was obtained as a
symbiotic fungus of Cordyceps sinensis. In the current manuscript,
LPS-induced Raw264.7 macrophages and zebrafish embryos were
utilized to assess the anti-inflammatory properties of the
abovementioned compounds, and RNA-seq combined with
Western blotting was used to reveal the underlying mechanism
of this type of compound. Transcriptome analyses indicated that 1
can suppress signaling pathways related to inflammation involved in
NF-κB and MAPK signaling pathways mediated by TLR4, which
was experimentally confirmed at the protein level. Furthermore, the
results of the SPR andmolecular docking assays indicate that affinity
interactions between 1 and TLR4might be a potential interpretation
for the downregulation of the aforementioned signaling pathways.
These results suggest that fusaproliferin has potential as a candidate
for TLR4-mediated inflammation-associated diseases.

MATERIALS AND METHODS

General Experimental Procedures
NMR data were obtained using a Bruker-Ascend-400
spectrometer and Bruker-Ascend-700 spectrometer. The semi-
preparative purification of all compounds was performed by an
NP7000 instrument equipped with a U3000 UV detector using a
Kromasil RP-C18 column (10 mm × 250 mm, 5 μm).

FIGURE 1 | Chemical structures of 1–4.
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Fungal Material and Fermentation
The fungal strain F. proliferatum was obtained from the
Cordyceps sinensis. Experimental procedures are described in
our previous work (Li et al., 2019). According to the
molecular biological protocol, the strain (GenBank accession
No. OL548909) was identified as Fusarium proliferatum and
deposited in the Chengdu University of TCM. The
fermentation protocol was to incubate in 250 tissue culture
flasks (each 330 ml flask containing 40 g brown rice and 2 g
peptone) for 30 days.

Extraction and Isolation of Compounds 1-4
The crude extract was obtained by extracting the ferment with
methanol and further extracted by ethyl acetate (EtOAc). The
EtOAc extract was divided into six parts by silica gel column
chromatography (A-F, eluting stepwise with petroleum ether-
acetone 100:0 to 50:50, V/V). The silica gel RP-18 was adopted for
the subseparation of fraction E and fraction F, which was divided
into subfractions E1-E14 and subfractions F1-F12 (300–400 mesh,
eluting stepwise with MeOH-H2O: 50:50 to 100:0, V/V).
Compound 1 (21.8 mg, MeOH-H2O, 85:15, tR = 10.4 min, in
subfraction E10), 2 (7.2 mg, MeOH-H2O, 82:18, tR = 12.5 min, in
subfraction E8), 3 (5.0 mg, MeOH-H2O, 62:38, tR = 20.9 min, in
subfraction E5), and 4 (4.2 mg, MeOH-H2O, 70:30, tR = 12.9 min,
in subfraction E7) were finally obtained using
semipreparative HPLC.

Cell Culture
RAW264.7 macrophages were incubated in DMEM with 10%
fetal bovine serum and 1% antibiotics and then maintained in a
humidified 5% CO2 incubator at 37°C.

Cell Viability Assay
RAW264.7 macrophages were seeded at a density of 8×103 cells/
well (96-well plate), treated with DMSO, LPS, compounds-
30 μM, compounds-60 μM, LPS + compounds-30 μM, LPS +
compounds-60 μM for 24 h, respectively. and then measured
by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT) assay. Finally, the absorbance of the 96-well
plates was measured by a SpectraMax Plus 384 Universal
microplate reader at 570 nm.

NO Inhibitory Assay in LPS-Stimulated
RAW264.7 Macrophages
RAW264.7 macrophages were treated with DMSO,
dexamethasone, and 1-4 for 1 h (the negative control group:
DMSO, the positive control group: 30 μM dexamethasone, the
treatment group: 1-4 at 7.5, 15, 30 μM) and then treated with
1 μg/ml LPS for another 24 h. NO production by RAW264.7
macrophages was detected by the Griess reagent system.

Assessment of Proinflammatory Cytokines
in LPS-Stimulated RAW264.7 Macrophages
RAW264.7 macrophages (4 × 105 cells/well, 12-well plate) were
incubated overnight and subsequently pretreated with 1 ml

medium containing DMSO, dexamethasone or 1-4 for 1 h and
incubated with LPS (1 μg/ml) for another 24 h. The centrifuged
culture medium was used to assess the levels of proinflammatory
cytokine TNF-α, IL-6, and IL-1β by ELISA according to the
manufacturer’s instructions.

Intracellular ROS Accumulation in
LPS-Stimulated RAW264.7 Macrophages
RAW264.7 macrophages (1 × 106 cells/well, 6-well plate) were
cultured overnight and subsequently pretreated with 1 ml
medium containing DMSO, dexamethasone or 1 for 1 h and
incubated with LPS (1 μg/ml) for another 24 h. Then, cells
loaded with 2ʹ,7ʹ-dichlorodihydrofluorescein diacetate
(DCFH-DA) were measured by flow cytometry (BD
FACSVerse, American) and confocal microscopy (Olympus
FV1200, Japan).

Production of NO and ROS in
LPS-Stimulated Zebrafish Embryos
As an in vivo model, LPS-induced zebrafish embryos were
selected to evaluate the anti-inflammatory activities of 1 as
presented in a previous study (Wu et al., 2020). Zebrafish
embryos were exposed to 1 at concentrations of 7.5, 15, and
30 μM for 1 h and then stimulated with exposure solution
containing LPS (10 μg/ml), except the control embryos. The
exposure solution was refreshed every 24 h. After incubation
for 72 h at 28°C, embryos were transferred to a new 24-well
plate and treated with DCFH-DA solution (20 μg/ml) for 1 h
and DAF-FMDA (5 μM) for 2 h in the dark at 28°C. The larvae
were rinsed with fresh media, anesthetized with tricaine and
observed under a laser confocal microscope (Olympus
FV1200, Japan). Using ImageJ software to quantify the
photographs of the fluorescence intensity with individual
zebrafish embryos.

RNA-Seq Analysis
The NO and proinflammatory cytokine assays revealed that 1-
4 had anti-inflammatory activity at a concentration of 30 μM.
Seeded the RAW264.7 macrophages (1 × 106 cells/well, 6-well
plate) and then pretreated with 1 at 30 μM for 1 h before
adding LPS (1 μg/ml) for 24 h as the treatment group (treated
with 0.1% DMSO for 24 h as the control group; stimulated with
1 μg/ml LPS for 24 h as the model group). Using TRIzol
reagent (Invitrogen) to extract the total RNA of cells and
conducting the RNA-seq by an Illumina Novoseq 6000
sequencer. Quality control of raw data was performed with
the FastQC tool. HISAT2 software was used to compare the
reference genome with the clean reads. Raw sequence data are
available on the sequence read archive (SPA) database under
accession number: PRJNA792467.

Western Blotting Assay
RAW264.7 macrophages were plated into 6-well plates
overnight, pretreated with 2 ml medium containing DMSO
(0.1%), dexamethasone (30 μM) or 1 at concentrations of 7.5,
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FIGURE 2 | (A) Cell viability. RAW264.7 macrophages were treated with DMSO, LPS, compounds-30 μM, compounds-60 μM, LPS + compounds-30 μM, LPS +
compounds-60 μM for 24 h, respectively. (B) Inhibition of LPS-induced NO production by 1-4 in LPS-stimulated RAW264.7 macrophages. (C) The IC50 value of
compound 1 against LPS-stimulated NO production in RAW264.7 macrophages. (D) Inhibition of LPS-stimulated TNF-α, IL-6 and IL-1β production in LPS-stimulated
RAW264.7 macrophages. Data are expressed as the mean ± SD. ###p < 0.001, compared with the normal control group. ***p < 0.001, compared with the
LPS group.

FIGURE 3 | (A) Effects of 1 on LPS-induced COX-2 and iNOS levels in RAW264.7 macrophages. RAW264.7 macrophages were pretreated with the tested
compounds (7.5, 15, and 30 μM) and dexamethasone (30 μM) as the positive control (B) RAW264.7 macrophages were pretreated with 1 for 1 h and then exposed to
1 μg/ml LPS for 24 h. Cells that were labelled with DCFH-DA were evaluated by flow cytometry. The geometric mean fluorescence intensity is expressed as the mean ±
SD. (C) The protective effect of 1 in LPS-treated RAW264.7 macrophages. Green fluorescence indicating intracellular ROS stained by DCFH-DA. RAW264.7
macrophages were pretreated with 1 for 1 h and exposed to 1 μg/ml LPS for 24 h. Data are expressed as the mean ± SD. ###p < 0.001, compared with the normal
control group. **p < 0.01, and ***p < 0.001, compared with the LPS group.
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15, and 30 μM for 1 h and incubated with LPS (1 μg/ml). The
details of protein sample extraction and experimental
procedures are described in our previous work (Ju et al., 2021).

Translocation of NF-κB/p65
RAW264.7 macrophages were plated into 12-well plates
overnight, treated with DMSO (0.1%), 1 (7.5, 15, 30 μM) or
dexamethasone (30 μM) for 1 h and then stimulated with 1 μg/
ml LPS for 2 h. NF-κB activation was assessed by detecting the
levels of nuclear translocation of NF-κB (NF-κB activation-
nuclear translocation assay kit, SN368, Beyotime
Biotechnology). Fluorescence detection was performed
under a confocal microscope (Olympus FV1200, Japan).

Molecular Docking to TLR4 Protein
Crystal structures of the TLR4 complex were obtained from the
RCSB Protein Data Bank (PDB ID: 3FXI). Docking analysis for

1-4 with TLR4 was performed using Schrödinger software.
Protein pretreatment, regenerative state of native ligands,
H-bond assignment optimization, protein energy
minimization and water removal were performed in the
Protein Preparation Wizard module. The optimal binding
sites were predicted by the SiteMap module.

Surface Plasmon Resonance Assay
The TLR4 protein (Sino Biological, China) was immobilized
on a CM5 sensor chip in sodium acetate (pH = 4.5) according
to the manufacturer’s instructions for the amine coupling
method. 1-4 were injected into a TLR4 protein sensor
surface according to the multicycle kinetic protocol
(association and dissociation times were 180 and 200 s at a
flow rate of 30 μL/min) in PBS containing 5% DMSO. After
solvent correction, the affinity constant KD was performed
using Biacore T200 evaluation software.

FIGURE 4 | (A) 1 inhibited the generation of NO in LPS-stimulated zebrafish. (B) 1 inhibited the accumulation of ROS in LPS-stimulated zebrafish. Zebrafish were
stimulated with LPS (10 μg/ml) and then treated with 1 or DMSO. Fluorescence intensity was quantified using ImageJ. Data are expressed as the mean ± SD. ###p <
0.001, compared with the normal control group. *p < 0.05, **p < 0.01, and ***p < 0.001, compared with the LPS group.
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Statistical Analysis
The data were analysed by GraphPad Prism 7.0 software (San Diego,
CA, United States) and then expressed as the mean ± SD (standard
deviation) of triplicate measurements of the same experiment. The
data were collected from three independent experiments.

RESULTS

Compounds 1-4 Inhibited the Release of
LPS-Induced NO and Proinflammatory
Cytokines
RAW264.7 macrophages were first employed to evaluate the
proinflammatory mediator inhibition of 1-4 in vitro. The MTT
results indicated that 1-4 did not show significant cytotoxicity at the
administered concentration against RAW264.7 macrophages
(Figure 2A). Moreover, 1-4 significantly inhibited the excretion
of NO, especially 1, with an IC50 value of 16.6 μM (Figure 2B).
Additionally, ELISA analysis revealed that 1–4 decreased the
secretion of IL-6, TNF-α and IL-1β in a concentration-dependent
manner in LPS-stimulated RAW264.7 macrophages (Figure 2C).

Compounds 1-4 Inhibited the LPS-Induced
Protein Expression of iNOS and COX2 and
Intracellular ROS Accumulation
In addition to regulating the production of inflammatory cytokines,
LPS stimulation induces macrophages to commonly overexpress

COX-2 (which regulates prostaglandin production) and iNOS
(which generates NO) (Miletic et al., 2007). In addition, as the
essential components of the innate immune response against
intracellular bacteria in the inflammatory process, ROS can
enhance the bactericidal activity of macrophages (West et al.,
2011). Our results from Western blotting assays and flow
cytometry analysis revealed that 1 can significantly decrease the
expression of iNOS and COX-2 (Figure 3A) and the accumulation
of ROS (Figure 3B) in LPS-induced RAW264.7macrophages, which
was further confirmed by confocal microscopy imaging (Figure 3C).

Anti-Inflammatory Effects of 1 in vivo
Zebrafish are promising animal models for the bioactivity and
safety evaluation of trace natural products (Lin et al., 2021).
The promising anti-inflammatory effects of compound 1 in
LPS-induced RAW264.7 macrophages including the ability to
inhibit release of NO and intracellular ROS accumulation,
which aroused our concern to investigate the in vivo anti-
inflammatory activity using a zebrafish model. The results
indicate that 1 can effectively inhibit NO generation as well
as ROS accumulation in LPS-induced zebrafish embryos in a
concentration-dependent manner (Figure 4).

Investigation of the Potential Mechanisms
of Compound 1 by RNA-Seq
To further explore the molecular mechanisms underpinning the
anti-inflammatory activity of 1, RNA-Seq was used to generate
clues about the inflammation-related signaling pathway in an

FIGURE 5 | (A) A total of 4664 DEGs were upregulated and 4154 DEGs were downregulated in the LPS group versus the CK group, as presented by a volcano
plot. A total of 371 DEGs were upregulated and 394 DEGs were downregulated in the treatment group versus the LPS group, as presented by a volcano plot, involving
the mRNA expression of genes mediating inflammation reversal. (B) Venn diagrams of overlapping genes with DEGs from the LPS group versus the CK group and
treatment group versus the LPS group. (C) Heatmap of 549 common DEGs screened from the Venn diagram intersection. (D) The gene set contains 7885 genes
closely associated with inflammation and GO analysis and KEGG analysis based on gene set enrichment analysis (GSEA).
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FIGURE 6 | (A) The protective effect of 1 in LPS-treated RAW264.7 macrophages. Representative red fluorescence images indicating intracellular p65 stained by
Cy3. RAW264.7 macrophages were pretreated with 1 for 1 h and then exposed to 1 μg/ml LPS for 2 h (B,C) RAW264.7 macrophages were pretreated with 1 for 1 h
and exposed to 1 μg/ml LPS. Expression of IKK, p-IKK (LPS stimulated 1 h), NF-κB/p65, p-NF-κB/p65 (LPS stimulated 2 h), IκBα and p-IκBα (LPS stimulated 2 h) in the
NF-kB pathway. Expressions of ERK, p-ERK (LPS stimulated 1 h), JNK, p-JNK (LPS stimulated 1 h), p38 and p-p38 (LPS stimulated 2 h) in the MAPK pathway.
The levels of signaling pathway proteins were determined by Western blotting. Data are expressed as the mean ± SD. ###p < 0.001, compared with the normal control
group. *p < 0.05, **p < 0.01, and ***p < 0.001, compared with the LPS group.
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unbiased manner (Huang et al., 2021). In the DESeq2 step, the cut-
offs of adjusted p value < 0.05 and absolute fold change ≥1.5 were
applied to select differentially expressed genes (DEGs). Compared
to the control check (CK) group, 4664 upregulated DEGs and 4154
downregulated DEGs were observed in the volcano plot in the LPS
group. A total of 371 DEGs were upregulated and 394 DEGs were
downregulated in the treatment group versus the LPS group, as
presented in the volcano plot, involving the mRNA expression of
genes mediating inflammation reversal (Figure 5A). For example,
nos3, which regulates NO production; ccl3, which encodes
macrophage inflammatory protein 1α; IL36a and IL33, which
are involved the activation of NF-κB and MAPK signaling
pathways. Venn diagram and heat map demonstrate the
reversal effect of treatment with compound 1. To investigate the
potential inflammation-related mechanism of 1, K-means
clustering was adopted to assign genes to 2 clusters (A and B)
(Ge et al., 2018). After GO analysis, cluster B, which contains 7885
genes, was thought to be closely associated with inflammation
(Supplementary Figure S13), andGO analysis and KEGG analysis
based on gene set enrichment analysis (GSEA) were performed
(Subramanian et al., 2005; Huang et al., 2022). The results of
GO_GSEA indicated that 1 could reverse the LPS-induced
upregulation of three biological processes, including cellular
response to molecules of bacterial origin, cellular response to
lipopolysaccharide, and lipopolysaccharide-mediated signaling
pathway. The results of KEGG GSEA suggested that the Toll-
like receptor signaling pathway related to the anti-inflammatory
response was significantly enhanced by LPS and significantly
reversed by 1 (Figure 5D). As a membrane receptor for LPS,
the TLR4-MD-2 heterodimer can trigger the activation of NF-κB)
and MAPK signaling pathways and the subsequent secretion of

many proinflammatory cytokines and chemokines. Therefore, the
potential mechanism of the anti-inflammatory effect of 1 may
involve the MAPK and NF-κB signaling pathways.

Compound 1 Blocked the NF-κB Pathways
and Suppressed the Translocation of
NF-κB/p65
Activation of the NF-κB transcription factor is critically involved
in executing inflammatory and immune reactions (Hochrainer
et al., 2015). IκBα retains NF-κB in the cytoplasm while
preventing its translocation to the nucleus. When the NF-κB
pathway is activated, phosphorylated IκBα becomes
polyubiquitinated and degraded, and activated NF-κB is then
transferred to the nucleus to participate in transcriptional
processes (Baker et al., 2011). Compared to LPS-induced
RAW264.7 macrophages, 1 effectively suppressed the nuclear
translocation of NF-κB/p65 (with red fluorescence) in a
concentration-dependent manner (Figure 6A). Furthermore,
Western blotting was employed to detect key upstream
proteins regulating NF-kB nuclear translocation, including NF-
κB, IκB-α and IKKα/β (Figure 6B). The results revealed that 1
could decrease the ratio of phosphorylated proteins to total
proteins mentioned above and hence block the NF-κB pathways.

Compound 1 Suppressed the MAPK
Pathways
The MAPK pathways mediated by the ERK, JNK and p38 MAPK
family members play a pivotal role in inflammatory stimulus
responses (Kim et al., 2008). The results of Western blotting also

FIGURE 7 | (A) SPR analysis of the binding affinity of 1-4 to the TLR4 protein. Apparent equilibrium dissociation constants (KD) were then calculated by global fitting
using a steady-state affinity model in Biacore T200 evaluation software. The KD values of 1-4 were 28.6, 29.2, 23.5, and 29.3 μM, respectively. (B) Structures and
orthogonal views of the pocket of binding between 1 and TLR4-MD-2 (PDB ID: 3FXI). Molecular docking simulations were obtained at the lowest energy conformation.
Hydrogen bonding interactions are shown by dashes.
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indicated that 1 can block the phosphorylation of JNK, ERK and
p38 MAPK, and the total protein levels of JNK, ERK and p38
MAPK showed an inverse change (Figure 5C), which suggests
that the inhibition of the MAPK signaling pathway may also play
a nonnegligible role in the anti-inflammatory effect of 1.

Compounds 1-4 Demonstrate Affinity for
the TLR4 Protein
Since 1 can effectively inhibit inflammatory responses triggered
by the NF-κB and MAPK pathways, which are downstream of
TLR4, a subsequent SPR assay was performed to further assess the
direct interaction of 1-4 with TLR4 in vitro to provide a possible
interpretation for the inhibition of the downstream signaling
pathways. The results demonstrated that 1-4 presented affinity
for the TLR4 protein with KD values of 28.6, 29.2, 23.5, and
29.3 μM, respectively (Figure 7A), which may modify the
conformation of the TLR4-MD-2 complex and subsequently
obstruct the interaction between LPS and the TLR4-MD-2
heterodimer. Further molecular docking analysis also revealed
that hydrogen bonds were formed between 1 and four amino acid
residues at the TLR4-MD-2 active site, including GLU 92, VAL
93, CYS 95 and ASN 339 (Figure 7B).

DISCUSSION

Immune cells and mediators are involved in the inflammatory
response induced by bacterial invasion, which is essential for
survival (Medzhitov, 2021). As monocyte-derived innate immune
cells, macrophages are extensively involved in inflammation and
regulate tissue homeostasis and adaptive responses (Yu et al.,
2020). In response to bacteria and LPS, macrophages undergo
proinflammatory differentiation, characterized by the release of
large amounts of cytokines such as TNF-α, IL-1β, and IL-6, as
well as ROS (Reuter et al., 2010; Chovatiya andMedzhitov, 2014).
These processes are essential for the organism’s immune defense
and killing of microorganisms. However, excessive inflammatory
activation in macrophages may lead to collateral tissue damage.
Hence, inflammation is inextricably associated with pathology.

As a receptor for LPS, the TLR4/MD-2 complex plays an
important role in inflammation initiated by bacterial invasion.
Upon recognition, the TLR4/MD-2 complex dimerizes and
activates downstream NF-κB and MAPK signaling pathways,
which are frequently upregulated or overactivated in
inflammatory disorders (Baker et al., 2011). The seminal event
in NF-κB activation is the phosphorylation of IκB, which is
mediated by the IKK complex (Suzuki and Verma, 2008). In
addition, TLR4 uses distinct MAP3Ks to activate different MAPK
effectors (JNK, p38, and ERK) (Banerjee et al., 2008). Hence,
small molecules suppressing TLR4-related signaling pathways
may be an effective strategy for the treatment of excessive
inflammation. To date, some TLR4 specific inhibitors have
been identified (e.g., eritoran, naloxone, TAK242) (Takashima
et al., 2009; Barochia et al., 2011; Lewis et al., 2012), but are
limited by toxicity, selectivity, and other disadvantages. Among
these, a highly anticipated small molecule inhibitor of TLR4,

TAK242, was declared failure in Phase III clinical trial, evoked an
urgent need for a new, viable solution (Rice et al., 2010).

Sesterterpenoids are highly rewarding sources of hit compounds
with anti-inflammatory activity. In this study, anti-inflammatory
assays indicated that fusaproliferin (1) and its analogs (2-4)
showed obvious anti-inflammatory activity by attenuating the
secretion of proinflammatory mediators, including NO, ROS, IL-6,
TNF-α, and IL-1β, as well as iNOS and COX-2 in vitro and in vivo.
Transcriptome analysis is an effective way to provide valuable clues
about the mechanism, which may provide a more practical guide to
drug efficacy, drug toxicity assessment, and drug combination therapy.
Transcriptome analyses on the basis of RNA-seq indicated that 1
could reverse the LPS-induced changes in the gene signature involved
in the cellular response to molecules of bacterial origin, and
lipopolysaccharide-mediated signaling pathways such as toll-like
receptor 4 (TLR4) related signaling pathways. As a membrane
receptor for LPS, the TLR4-MD-2 heterodimer can trigger the
activation of nuclear factor kappa-B (NF-κB) and mitogen-
activated protein kinase (MAPK) signaling pathways. Our western
blotting results revealed that 1 inhibited the phosphorylation of IκB,
degradation of IκBα, and phosphorylation of NF-κB and reduced the
transportation of NF-κB. 1 also decreased the phosphorylation of
MAPKs, including p38, ERK, and JNK. SPR assays indicated that 1-4
exhibited affinity for the TLR4 protein with KD values of
23.5–29.3 μM. Notably, molecular docking analysis indicated that
several hydrogen bonds were formed by 1 with four amino acid
residues at the active site of the interaction between LPS and theTLR4-
MD-2 heterodimer. This obstruction might be a possible
interpretation of the deregulation of TLR4-related signaling
pathways. Meanwhile, the interaction between LPS, fusaproliferin
and TLR4-MD-2 complexes is complex, which needs to be further
elucidated bymore direct evidence (Yuan et al., 2019;Wu et al., 2022).
Although we have demonstrated that fusaproliferin does not show
significant toxicity to zebrafish embryos at experimental
concentrations, its safety and efficacy need to be evaluated in more
in vivo animal models.

CONCLUSION

The anti-inflammatory activity of fusaproliferin and its analogs
(1–4) was confirmed by attenuating the production of ROS and
NO (in vitro and in vivo), the secretion of proinflammatory
cytokines, including TNF-α, IL-6, and IL-1β (in vitro) and the
expression of iNOS and COX-2 (in vitro) with better or
comparable activities than those of the positive control,
dexamethasone. Fusaproliferin inhibited the phosphorylation of
essential proteins in the TLR4 downstream NF-κB and MAPK
signaling pathways, which might account for the anti-
inflammatory activity of fusaproliferin. Furthermore,
fusaproliferin demonstrates affinity for the active site of TLR4,
which may modify the conformation of the TLR4-MD-2
complex and subsequently obstruct the interaction between LPS
and the TLR4-MD-2 heterodimer. These results suggest that
fusaproliferin can be considered a promising prototype (for
instance, a hit compound of TLR-4 inhibitor) for the treatment
of inflammation-related diseases.

Frontiers in Pharmacology | www.frontiersin.org May 2022 | Volume 13 | Article 8811829

Kuang et al. Anti-Inflammatory Activity of Fusaproliferin

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


DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found below: https://www.ncbi.
nlm.nih.gov/, PRJNA788753.

ETHICS STATEMENT

The animal study was reviewed and approved by Ethics
Committee of Chengdu University of Traditional Chinese
Medicine.

AUTHOR CONTRIBUTIONS

YuD and D-LG designed the experiment. Q-XK, Q-ZL, and L-RL
performed the experiments. Y-MW, Y-FD, DW, WP and D-LG
analyzed the data. YuD and D-LG supervised the study. Q-XK
and D-LG wrote the manuscript, DW and Y-CG corrected the
manuscript.

FUNDING

This study was funded by the National Natural Science Foundation
of China (81673460, 81973460, U19A2011, 82172723), Department
of Science and Technology of Sichuan Province (2021YFN0134,
2021ZYD0079), and Chengdu University of Traditional Chinese
Medicine (CZYJC1905, 2020XSGG016, 2020JCR006, SKL2021-19,
SKL2021-42).

ACKNOWLEDGMENTS

We also thank the Innovative Institute of Chinese Medicine and
Pharmacy, Chengdu University of Traditional Chinese Medicine for
the measurement of NMR spectra.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2022.881182/
full#supplementary-material

REFERENCES

Atri, C., Guerfali, F. Z., and Laouini, D. (2018). Role of Human Macrophage
Polarization in Inflammation during Infectious Diseases. Int. J. Mol. Sci. 19 (6),
1801. doi:10.3390/ijms19061801

Attiq, A., Jalil, J., Husain, K., and Ahmad, W. (2018). Raging the War against
Inflammation with Natural Products. Front. Pharmacol. 9, 976. doi:10.3389/
fphar.2018.00976

Baker, R. G., Hayden, M. S., and Ghosh, S. (2011). NF-κB, Inflammation, and
Metabolic Disease. Cell. Metab. 13 (1), 11–22. doi:10.1016/j.cmet.2010.12.008

Banerjee, A., Grumont, R., Gugasyan, R., White, C., Strasser, A., and
Gerondakis, S. (2008). NF-kappaB1 and C-Rel Cooperate to Promote
the Survival of TLR4-Activated B Cells by Neutralizing Bim via Distinct
Mechanisms. Blood 112 (13), 5063–5073. doi:10.1182/blood-2007-10-
120832

Barochia, A., Solomon, S., Cui, X., Natanson, C., and Eichacker, P. Q. (2011).
Eritoran Tetrasodium (E5564) Treatment for Sepsis: Review of Preclinical
and Clinical Studies. Expert Opin. Drug Metab. Toxicol. 7 (4), 479–494.
doi:10.1517/17425255.2011.558190

Chadwick, M., Trewin, H., Gawthrop, F., and Wagstaff, C. (2013).
Sesquiterpenoids Lactones: Benefits to Plants and People. Int. J. Mol.
Sci. 14 (6), 12780–12805. doi:10.3390/ijms140612780

Chovatiya, R., and Medzhitov, R. (2014). Stress, Inflammation, and Defense of
Homeostasis. Mol. Cell. 54 (2), 281–288. doi:10.1016/j.molcel.2014.03.030

Doña, I., Pérez-Sánchez, N., Eguiluz-Gracia, I., Muñoz-Cano, R., Bartra, J.,
Torres, M. J., et al. (2020). Progress in Understanding Hypersensitivity
Reactions to Nonsteroidal Anti-inflammatory Drugs. Allergy 75 (3),
561–575. doi:10.1111/all.14032

Feng, D., Tan, L., Qiu, L., Ju, F., Kuang, Q.-X., Chen, J.-F., et al. (2020). Three
New Polyketides Produced by Penicillium crustosum, a Mycoparasitic
Fungus from Ophiocordyceps Sinensis. Phytochem. Lett. 36, 150–155.
doi:10.1016/j.phytol.2020.02.008

Ge, S. X., Son, E. W., and Yao, R. (2018). iDEP: an Integrated Web Application for
Differential Expression and Pathway Analysis of RNA-Seq Data. BMC
Bioinforma. 19 (1), 534. doi:10.1186/s12859-018-2486-6

Guo, D. L., Qiu, L., Feng, D., He, X., Li, X. H., Cao, Z. X., et al. (2020). Three New
Ɑ-Pyrone Derivatives Induced by Chemical Epigenetic Manipulation of
Penicillium herquei, an Endophytic Fungus Isolated from Cordyceps
Sinensis. Nat. Prod. Res. 34 (7), 958–964. doi:10.1080/14786419.2018.1544974

Guo, K., Liu, Y., and Li, S. H. (2021). The Untapped Potential of Plant
Sesterterpenoids: Chemistry, Biological Activities and Biosynthesis. Nat.
Prod. Rep. 38 (12), 2293–2314. doi:10.1039/d1np00021g

Hochrainer, K., Pejanovic, N., Olaseun, V. A., Zhang, S., Iadecola, C., and Anrather,
J. (2015). The Ubiquitin Ligase HERC3 Attenuates NF-κb-dependent
Transcription Independently of its Enzymatic Activity by Delivering the
RelA Subunit for Degradation. Nucleic. acids. Res. 43 (20), 9889–9904.
doi:10.1093/nar/gkv1064

Huang, C. Y., Tseng, Y. J., Chokkalingam, U., Hwang, T. L., Hsu, C. H., Dai, C. F.,
et al. (2016). Bioactive Isoprenoid-Derived Natural Products from a Dongsha
Atoll Soft Coral Sinularia Erecta. J. Nat. Prod. 79 (5), 1339–1346. doi:10.1021/
acs.jnatprod.5b01142

Huang, M., Cai, S., and Su, J. (2019). The Pathogenesis of Sepsis and Potential
Therapeutic Targets. Int. J. Mol. Sci. 20 (21), 5376. doi:10.3390/
ijms20215376

Huang, L. J., Yi, X. H., Yu, X. K., Wang, Y. M., Zhang, C., Qin, L. X., et al. (2021).
High-Throughput Strategies for the Discovery of Anticancer Drugs by
Targeting Transcriptional Reprogramming. Front. Oncol. 11, 762023. doi:10.
3389/fonc.2021.762023

Huang, L. J., Wang, Y. M., Gong, L. Q., Hu, C., Gui, Y., Zhang, C., et al. (2022). N-
Acetyldopamine Dimer Attenuates DSS-Induced Ulcerative Colitis by
Suppressing NF-κB and MAPK Pathways. Front. Pharmacol. 13, 842730.
doi:10.3389/fphar.2022.842730

Jiang, L., Zhu, G., Han, J., Hou, C., Zhang, X., Wang, Z., et al. (2021). Genome-
guided Investigation of Anti-inflammatory Sesterterpenoids with 5-15 Trans-
fused Ring System from Phytopathogenic Fungi. Appl. Microbiol. Biotechnol.
105 (13), 5407–5417. doi:10.1007/s00253-021-11192-3

Ju, F., Kuang, Q.-X., Li, Q.-Z., Huang, L.-J., Guo, W.-X., Gong, L.-Q., et al. (2021).
Aureonitol Analogues and Orsellinic Acid Esters Isolated from Chaetomium
Elatum and Their Antineuroinflammatory Activity. J. Nat. Prod. 84,
3044–3054. doi:10.1021/acs.jnatprod.1c00783

Kim, C., Sano, Y., Todorova, K., Carlson, B. A., Arpa, L., Celada, A., et al. (2008).
The Kinase P38 Alpha Serves Cell Type-specific Inflammatory Functions in
Skin Injury and Coordinates Pro- and Anti-inflammatory Gene Expression.
Nat. Immunol. 9 (9), 1019–1027. doi:10.1038/ni.1640

Lai, K. H., You, W. J., Lin, C. C., El-Shazly, M., Liao, Z. J., and Su, J. H. (2017). Anti-
Inflammatory Dembranoids from the Soft Coral Lobophytum Crassum. Mar.
Drugs 15 (10), 327. doi:10.3390/md15100327

Lewis, S. S., Loram, L. C., Hutchinson, M. R., Li, C. M., Zhang, Y., Maier, S. F., et al.
(2012). (+)-naloxone, an Opioid-Inactive Toll-like Receptor 4 Signaling

Frontiers in Pharmacology | www.frontiersin.org May 2022 | Volume 13 | Article 88118210

Kuang et al. Anti-Inflammatory Activity of Fusaproliferin

https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.frontiersin.org/articles/10.3389/fphar.2022.881182/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2022.881182/full#supplementary-material
https://doi.org/10.3390/ijms19061801
https://doi.org/10.3389/fphar.2018.00976
https://doi.org/10.3389/fphar.2018.00976
https://doi.org/10.1016/j.cmet.2010.12.008
https://doi.org/10.1182/blood-2007-10-120832
https://doi.org/10.1182/blood-2007-10-120832
https://doi.org/10.1517/17425255.2011.558190
https://doi.org/10.3390/ijms140612780
https://doi.org/10.1016/j.molcel.2014.03.030
https://doi.org/10.1111/all.14032
https://doi.org/10.1016/j.phytol.2020.02.008
https://doi.org/10.1186/s12859-018-2486-6
https://doi.org/10.1080/14786419.2018.1544974
https://doi.org/10.1039/d1np00021g
https://doi.org/10.1093/nar/gkv1064
https://doi.org/10.1021/acs.jnatprod.5b01142
https://doi.org/10.1021/acs.jnatprod.5b01142
https://doi.org/10.3390/ijms20215376
https://doi.org/10.3390/ijms20215376
https://doi.org/10.3389/fonc.2021.762023
https://doi.org/10.3389/fonc.2021.762023
https://doi.org/10.3389/fphar.2022.842730
https://doi.org/10.1007/s00253-021-11192-3
https://doi.org/10.1021/acs.jnatprod.1c00783
https://doi.org/10.1038/ni.1640
https://doi.org/10.3390/md15100327
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Inhibitor, Reverses Multiple Models of Chronic Neuropathic Pain in Rats.
J. Pain 13 (5), 498–506. doi:10.1016/j.jpain.2012.02.005

Li, K., and Gustafson, K. R. (2021). Sesterterpenoids: Chemistry, Biology, and
Biosynthesis. Nat. Prod. Rep. 38 (7), 1251–1281. doi:10.1039/d0np00070a

Li, P., Zheng, Y., and Chen, X. (2017). Drugs for Autoimmune Inflammatory
Diseases: From Small Molecule Compounds to Anti-TNF Biologics. Front.
Pharmacol. 8, 460. doi:10.3389/fphar.2017.00460

Li, S., Chen, J. F., Qin, L. L., Li, X. H., Cao, Z. X., Gu, Y. C., et al. (2020). Two New
Sesquiterpenes Produced by the Endophytic Fungus Aspergillus fumigatus
from Ligusticum Wallichii. J. Asian Nat. Prod. Res. 22 (2), 138–143. doi:10.
1080/10286020.2018.1540606

Li, X. H., Han, X. H., Qin, L. L., He, J. L., Cao, Z. X., Gu, Y. C., et al. (2019).
Isochromanes from Aspergillus fumigatus, an Endophytic Fungus from
Cordyceps Sinensis. Nat. Prod. Res. 33 (13), 1870–1875. doi:10.1080/
14786419.2018.1478824

Lin, F. J., Li, H., Wu, D. T., Zhuang, Q. G., Li, H. B., Geng, F., et al. (2021). Recent
Development in Zebrafish Model for Bioactivity and Safety Evaluation of
Natural Products. Crit. Rev. Food. Sci. Nutr., 1–29. doi:10.1080/10408398.
2021.1931023

Liu, C., Tang, X., Zhang, W., Li, G., Chen, Y., Guo, A., et al. (2019). 6-
Bromoindirubin-3’-Oxime Suppresses LPS-Induced Inflammation via
Inhibition of the TLR4/NF-Κb and TLR4/MAPK Signaling Pathways.
Inflammation 42 (6), 2192–2204. doi:10.1007/s10753-019-01083-1

Liu, D., Li, X.-M., Li, C.-S., and Wang, B.-G. (2013). Sesterterpenes and 2H-Pyran-
2-Ones (=alpha-Pyrones) from the Mangrove-Derived Endophytic Fungus
Fusarium Proliferatum MA-84. Hca 96 (3), 437–444. doi:10.1002/hlca.
201200195

Liu, Y., Luo, S. H., Schmidt, A., Wang, G. D., Sun, G. L., Grant, M., et al. (2016). A
Geranylfarnesyl Diphosphate Synthase Provides the Precursor for
Sesterterpenoid (C25) Formation in the Glandular Trichomes of the Mint
Species Leucosceptrum Canum. Plant Cell 28 (3), 804–822. doi:10.1105/tpc.
15.00715

Medzhitov, R. (2021). The Spectrum of Inflammatory Responses. Science 374
(6571), 1070–1075. doi:10.1126/science.abi5200

Miletic, A. V., Graham, D. B., Montgrain, V., Fujikawa, K., Kloeppel, T., Brim, K.,
et al. (2007). Vav Proteins Control MyD88-dependent Oxidative Burst. Blood
109 (8), 3360–3368. doi:10.1182/blood-2006-07-033662

Nihashi, Y., Lim, C. H., Tanaka, C., Miyagawa, H., and Ueno, T. (2002). Phytotoxic
Sesterterpene, 11-epiterpestacin, from Bipolaris Sorokiniana NSDR-011. Biosci.
Biotechnol. Biochem. 66 (3), 685–688. doi:10.1271/bbb.66.685

Peng, C. C., Huang, C. Y., Ahmed, A. F., Hwang, T. L., and Sheu, J. H. (2020). Anti-
Inflammatory Cembranoids from a Formosa Soft Coral Sarcophyton
Cherbonnieri. Mar. Drugs 18 (11), 573. doi:10.3390/md18110573

Pham, J. V., Yilma, M. A., Feliz, A., Majid, M. T., Maffetone, N., Walker, J. R., et al.
(2019). A Review of the Microbial Production of Bioactive Natural Products
and Biologics. Front. Microbiol. 10, 1404. doi:10.3389/fmicb.2019.01404

Reuter, S., Gupta, S. C., Chaturvedi, M. M., and Aggarwal, B. B. (2010). Oxidative
Stress, Inflammation, and Cancer: How Are They Linked? Free Radic. Biol.
Med. 49 (11), 1603–1616. doi:10.1016/j.freeradbiomed.2010.09.006

Rice, T. W., Wheeler, A. P., Bernard, G. R., Vincent, J. L., Angus, D. C., Aikawa, N.,
et al. (2010). A Randomized, Double-Blind, Placebo-Controlled Trial of TAK-
242 for the Treatment of Severe Sepsis. Crit. Care Med. 38 (8), 1685–1694.
doi:10.1097/CCM.0b013e3181e7c5c9

Romerio, A., and Peri, F. (2020). Increasing the Chemical Variety of Small-
Molecule-Based TLR4 Modulators: An Overview. Front. Immunol. 11, 1210.
doi:10.3389/fimmu.2020.01210

Subramanian, A., Tamayo, P., Mootha, V. K., Mukherjee, S., Ebert, B. L., Gillette,
M. A., et al. (2005). Gene Set Enrichment Analysis: a Knowledge-Based
Approach for Interpreting Genome-wide Expression Profiles. Proc. Natl.
Acad. Sci. U. S. A. 102 (43), 15545–15550. doi:10.1073/pnas.0506580102

Suzuki, K., and Verma, I. M. (2008). Phosphorylation of SNAP-23 by IkappaB
Kinase 2 Regulates Mast Cell Degranulation. Cell 134 (3), 485–495. doi:10.
1016/j.cell.2008.05.050

Takashima, K., Matsunaga, N., Yoshimatsu, M., Hazeki, K., Kaisho, T., Uekata,
M., et al. (2009). Analysis of Binding Site for the Novel Small-Molecule
TLR4 Signal Transduction Inhibitor TAK-242 and its Therapeutic Effect on
Mouse Sepsis Model. Br. J. Pharmacol. 157 (7), 1250–1262. doi:10.1111/j.
1476-5381.2009.00297.x

West, A. P., Brodsky, I. E., Rahner, C., Woo, D. K., Erdjument-Bromage, H.,
Tempst, P., et al. (2011). TLR Signalling Augments Macrophage
Bactericidal Activity through Mitochondrial ROS. Nature 472 (7344),
476–480. doi:10.1038/nature09973

Wu, P., Song, Z., Wang, X., Li, Y., Li, Y., Cui, J., et al. (2020). Bioactive
Triterpenoids from Lantana Camara Showing Anti-inflammatory
Activities In Vitro and In Vivo. Bioorg. Chem. 101, 104004. doi:10.1016/
j.bioorg.2020.104004

Wu, S., Lin, C., Zhang, T., Zhang, B., Jin, Y., Wang, H., et al. (2022).
Pentamidine Alleviates Inflammation and Lipopolysaccharide-Induced
Sepsis by Inhibiting TLR4 Activation via Targeting MD2. Front.
Pharmacol. 13, 835081. doi:10.3389/fphar.2022.835081

Yu, W., Wang, X., Zhao, J., Liu, R., Liu, J., Wang, Z., et al. (2020). Stat2-Drp1
Mediated Mitochondrial Mass Increase Is Necessary for Pro-inflammatory
Differentiation of Macrophages. Redox. Biol. 37, 101761. doi:10.1016/j.
redox.2020.101761

Yuan, R., Huang, L., Du, L. J., Feng, J. F., Li, J., Luo, Y. Y., et al. (2019).
Dihydrotanshinone Exhibits an Anti-inflammatory Effect In Vitro and In
Vivo through Blocking TLR4 Dimerization. Pharmacol. Res. 142, 102–114.
doi:10.1016/j.phrs.2019.02.017

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

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

Copyright © 2022 Kuang, Lei, Li, Peng, Wang, Dai, Wang, Gu, Deng and Guo. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org May 2022 | Volume 13 | Article 88118211

Kuang et al. Anti-Inflammatory Activity of Fusaproliferin

https://doi.org/10.1016/j.jpain.2012.02.005
https://doi.org/10.1039/d0np00070a
https://doi.org/10.3389/fphar.2017.00460
https://doi.org/10.1080/10286020.2018.1540606
https://doi.org/10.1080/10286020.2018.1540606
https://doi.org/10.1080/14786419.2018.1478824
https://doi.org/10.1080/14786419.2018.1478824
https://doi.org/10.1080/10408398.2021.1931023
https://doi.org/10.1080/10408398.2021.1931023
https://doi.org/10.1007/s10753-019-01083-1
https://doi.org/10.1002/hlca.201200195
https://doi.org/10.1002/hlca.201200195
https://doi.org/10.1105/tpc.15.00715
https://doi.org/10.1105/tpc.15.00715
https://doi.org/10.1126/science.abi5200
https://doi.org/10.1182/blood-2006-07-033662
https://doi.org/10.1271/bbb.66.685
https://doi.org/10.3390/md18110573
https://doi.org/10.3389/fmicb.2019.01404
https://doi.org/10.1016/j.freeradbiomed.2010.09.006
https://doi.org/10.1097/CCM.0b013e3181e7c5c9
https://doi.org/10.3389/fimmu.2020.01210
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1016/j.cell.2008.05.050
https://doi.org/10.1016/j.cell.2008.05.050
https://doi.org/10.1111/j.1476-5381.2009.00297.x
https://doi.org/10.1111/j.1476-5381.2009.00297.x
https://doi.org/10.1038/nature09973
https://doi.org/10.1016/j.bioorg.2020.104004
https://doi.org/10.1016/j.bioorg.2020.104004
https://doi.org/10.3389/fphar.2022.835081
https://doi.org/10.1016/j.redox.2020.101761
https://doi.org/10.1016/j.redox.2020.101761
https://doi.org/10.1016/j.phrs.2019.02.017
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Investigation of the Anti-Inflammatory Activity of Fusaproliferin Analogues Guided by Transcriptome Analysis
	Introduction
	Materials and Methods
	General Experimental Procedures
	Fungal Material and Fermentation
	Extraction and Isolation of Compounds 1-4
	Cell Culture
	Cell Viability Assay
	NO Inhibitory Assay in LPS-Stimulated RAW264.7 Macrophages
	Assessment of Proinflammatory Cytokines in LPS-Stimulated RAW264.7 Macrophages
	Intracellular ROS Accumulation in LPS-Stimulated RAW264.7 Macrophages
	Production of NO and ROS in LPS-Stimulated Zebrafish Embryos
	RNA-Seq Analysis
	Western Blotting Assay
	Translocation of NF-κB/p65
	Molecular Docking to TLR4 Protein
	Surface Plasmon Resonance Assay
	Statistical Analysis

	Results
	Compounds 1-4 Inhibited the Release of LPS-Induced NO and Proinflammatory Cytokines
	Compounds 1-4 Inhibited the LPS-Induced Protein Expression of iNOS and COX2 and Intracellular ROS Accumulation
	Anti-Inflammatory Effects of 1 in vivo
	Investigation of the Potential Mechanisms of Compound 1 by RNA-Seq
	Compound 1 Blocked the NF-κB Pathways and Suppressed the Translocation of NF-κB/p65
	Compound 1 Suppressed the MAPK Pathways
	Compounds 1-4 Demonstrate Affinity for the TLR4 Protein

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


