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Abstract Rheumatoid arthritis (RA) is an inflammatory disease accompanied by abnormal synovial

microenvironment (SM). Sesquiterpene lactones (SLs) are the main anti-inflammatory ingredients of

many traditional herbs utilized in RA treatment. a-Methylene-g-butyrolactone (a-M-g-B) is a core

moiety that widely exists in natural SLs. This study was designed to investigate the anti-arthritic potential

of a-M-g-B as an independent small molecule in vitro and in vivo. a-M-g-B exhibited stronger

electrophilicity and anti-inflammatory effects than the other six analogs. a-M-g-B inhibited the

production of pro-inflammatory mediators via repolarizing M1 macrophages into M2 macrophages.

The transcriptome sequencing suggested that a-M-g-B regulated the immune system pathway.

Consistently, a-M-g-B attenuated collagen type II-induced arthritic (CIA) phenotype, restored the

balance of Tregs-macrophages and remodeled SM via repolarizing the synovial-associated macrophages

in CIA mice. Mechanistically, although a-M-g-B did not prevent the trans-nucleus of NF-kB it interfered
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with the DNA binding activity of NF-kB via direct interaction with the sulfhydryl in cysteine residue of

NF-kB p65, which blocked the activation of NF-kB. Inhibition of NF-kB reduced the M1 polarization of

macrophage and suppressed the synovial hyperplasia and angiogenesis. a-M-g-B failed to ameliorate

CIA in the presence of N-acetylcysteine or when the mice were subjected to the macrophage-specific

deficiency of Rela. In conclusion, a-M-g-B significantly attenuated the CIA phenotype by directly

targeting NF-kB p65 and inhibiting its DNA binding ability. These results suggest that a-M-g-B has

the potential to serve as an alternative candidate for treating RA. The greater electrophilicity of a-M-

g-B, the basis for triggering strong anti-inflammatory activity, accounts for the reason why a-M-g-B

is evolutionarily conserved in the SLs by medical plants.

ª 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Rheumatoid arthritis (RA) is a prevalent autoimmune disorder
characterized by aberrant inflammatory synovial hyperplasia,
angiogenesis, and irreversible destruction of cartilage and bone1.
So far, approximately 1%e2% of the global population is deeply
troubled by RA, which seriously affects people’s health and life
quality2. Currently employed conventional medications (such as
NSAIDs, DMARDs, and glucocorticoids) could not cure RA
completely or be linked with significant adverse effects3. There-
fore, seeking available targets and potential therapeutic candidates
is important for RA treatment.

Growing findings have indicated a strong correlation between the
synovialmicroenvironment (SM) and the pathological progression of
RA4. Macrophages, fibroblast-like synoviocytes, and vascular
endothelial cells constitute the primary cellmembers of the SMinRA
joints5. Among the three cell types involved inSM,macrophages play
a crucial role. Macrophages possess the ability to polarize into
distinct phenotypes, namely M1 and M2, depending on the stimuli
they encounter. The presence of M1 macrophages initiates an early
inflammatory response by producing pro-inflammatory cytokines.
Conversely, M2 macrophages secret anti-inflammatory cytokines
like IL-10. Studies have shown that an increased M1/M2 ratio could
break the dynamic balance of SM in the joint, which promotes RA
progression by triggering angiogenesis and synovial hyperplasia6.
Therefore, seeking effective targets and therapeutic candidates to
repolarize M1 macrophages into M2 macrophages would be an
encouraging approach for managing RA.

NF-kB represents a canonical signaling pathway implicated in
the regulation of M1 macrophage polarization and has been
widely acknowledged as the primary inflammatory pathway
involved in RA7. Several RA treatment drugs were reported to
ameliorate RA via regulating NF-kB8. Under basal conditions,
IkBa (a NF-kB inhibitor) binds with NF-kB dimer (p65‒p50) and
confines NF-kB within the cytoplasm. Upon receiving inflamma-
tory stimulation, the IkB kinase complex (IKKg, IKKb, and
IKKa) promptly phosphorylates IkBa which then undergoes
proteasome-mediated disruption. Subsequently, the NF-kB dimer
moves towards the nucleus and physically interacts with DNA to
facilitate the transcription and translation of pro-inflammatory
genes, which promotes the M1 macrophage polarization and in-
flammatory cytokine cascade, leading to the onset and deteriora-
tion of RA7. Hence, the nucleus entry of NF-kB and its physical
interaction with DNA represent the pivotal stage in the activation
process of NF-kB. Interference of NF-kB’s DNA binding activity
is deemed to be a potential therapeutic strategy for RA treatment.

Sesquiterpene lactones (SLs) represent the principal bioactive
constituents of various traditional herbs belonging to the Aster-
aceae9. They have been acknowledged for their remarkable anti-
inflammatory activities in different inflammation models10,11.
However, the complex purification route and low content limit the
development and application of SLs12. Previous studies indicated
that a,b-unsaturated ketone moiety widely existed in the anti-
inflammatory SLs. Helenalin, a natural SL and a commercial
NF-kB inhibitor, was reported to inhibit inflammation through the
presence of two a,b-unsaturated active groups13. Our previous
work demonstrated that Leocarpinolide B, a kind of SL with the
a,b-unsaturated ketone moiety, showed great potential for anti-
inflammation and anti-RA treatment14,15. Based on the most sig-
nificant characteristics of SLs with the conserved moiety of a-
methylene-g-butyrolactone (a-M-g-B) which embodies typical
a,b-unsaturated ketone moiety, we obtained the SLs-structure-
simplified small molecule a-M-g-B. The present study was
designed to elucidate the anti-inflammatory and anti-arthritic po-
tentials of small molecule a-M-g-B independent of the parent
structure of SLs.

Our findings demonstrated that the a-M-g-B effectively
attenuated the arthritic phenotype induced by collagen type II in
mice by directly targeting NF-kB p65 and inhibiting its DNA
binding activity. The greater electrophilicity of a-M-g-B, the basis
for triggering strong anti-inflammatory activity, accounts for the
reason why a-M-g-B is evolutionarily conserved in the SLs by
medical plants.

2. Materials and methods

2.1. Materials

Chemical and biological materials used in this study were listed in
Supporting Information Table S1.

2.2. Cell culture

Human SW982 synovial cells were obtained from Procell
(Wuhan, China). Mouse RAW264.7 and human THP-1 cells were
procured from the ATCC (Manassas, VA, USA). Vascular endo-
thelial cell HUVEC was obtained from ScienCell (San Diego, CA,

http://creativecommons.org/licenses/by-nc-nd/4.0/
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USA). SW982 and RAW264.7 cells were incubated in DMEM
(basal medium, 10% FBS, and 1% P/S) with an atmosphere of 5%
CO2 and 95% humidity at 37 �C. Human THP-1 cells were
cultured in RPMI 1640. THP-1 cells were subjected to stimulation
with 100 ng/mL PMA for 12 h to differentiate into macrophages.
HUVEC was cultured in an endothelial cell medium (basal me-
dium, 5% FBS, 1% P/S, and 1% growth supplement factor). Bone
marrow-derived macrophages (BMDMs) were derived from the
mice and cultured according to a previously established
protocol16.

2.3. Assessment of cellular viability

The cellular viability of RAW264.7 cells and PMA-induced
THP-1 macrophages was performed by MTT assay according to
a previously established protocol17.

2.4. Determination of nitric oxide (NO)

The NO in the collected culture supernatant was determined with
the previously established Greiss reagent method14.

2.5. Enzyme-linked immunosorbent assay (ELISA)

C-reactive protein (CRP), cytokines, and autoantibodies in cell
culture supernatants or mouse serum were conducted with com-
mercial ELISA kits, following the manufacturer’s instructions.

2.6. Transcriptome sequencing

BMDMs were isolated from the mice and grew to 90% conflu-
ence, then cells were incubated with a-M-g-B (6 mmol/L) for 6 h.
Subsequently, precooled PBS was used to wash the cells twice.
Then BMDMs were lysed with Trizol reagent. The resulting ly-
sates were subjected to sequencing for comprehensive tran-
scriptome analysis.

2.7. Synovial cell assays (proliferation, migration, and invasion)

THP-1 was co-incubated with a-M-g-B along with or without
LPS stimulation for 12 h. After removing the medium, THP-1
macrophages were rinsed with PBS and subsequently with fresh
medium for an additional 12 h. The culture medium was gathered
and centrifugated for 5 min at 1200 rpm, followed by harvesting
the supernatant as macrophage-conditioned media (MCM). To
simulate the impact of synovial-associated macrophages on the
synovial microenvironment, we used the MCM to treat the sy-
novial cells and detect their proliferation, migration, and invasion.

Scratch wound healing assay was employed to detect the
proliferation and migration of synovial cells. Specifically, the
SW982 synovial cells were seeded and cultured until reaching
confluence. Subsequently, a sterile pipette tip was employed to
create a scratch wound in each well. The SW982 synovial cells
were subsequently exposed to MCM for 0 or 24 h, then photo-
graphs were obtained by an inverted microscope (Leica, Wetzlar,
Germany).

The effects of a-M-g-B on the invasion of synovial cells were
evaluated using a transwell chamber (NEST, China) supplemented
with an extracellular matrix gel (MCE, USA) before introducing
cells into the upper chamber18. SW982 cells were administered
with MCM for 12 h. Subsequently, SW982 cells were suspended
in a medium without FBS and added into the upper layer. The
lower chamber was supplemented with 600 mL of DMEM con-
taining 10% FBS. After an 8-h incubation, non-migrated cells
were gently removed. Finally, the membrane was fixed with a 4%
polyformaldehyde solution for 20 min and stained with DAPI. The
SW982 cells towards the undersurface of the membrane were
quantified under a fluorescence microscope (Leica, Wetzlar,
Germany).

2.8. Adhesion assay of monocytes to synovial cells

THP-1 monocytes were labeled with 5 mmol/L BCECF/AM in
RPMI-1640 medium for 40 min. Then labeled THP-1 monocytes
were collected through centrifugation and subjected to thrice PBS
washing. SW982 cells were co-treated with MCM established in
method 2.7 for 12 h and then subjected to twice PBS washing. The
treated SW982 cells were incubated with 1 � 105 BCECF/AM-
labelled THP-1 monocytes/well for 1 h. Subsequently, the unat-
tached THP-1 cells were eliminated through PBS washing.
Fluorescent images were obtained through fluorescent microscopy
(Leica, Wetzlar, Germany).

2.9. Tube formation assay

To evaluate the impact of a-M-g-B on the angiogenesis of
vascular endothelial cells in the synovial microenvironment,
HUVECs were subjected to treatment with MCM established in
method 2.7 for 6 h, then the HUVECs were seeded with 50 mL of
Matrigel in a 96-well plate. Tube formation was observed under an
inverted microscope 8 h later. The formation of tube junctions was
meticulously recorded using the angiogenesis analysis plugin
within the ImageJ software.

2.10. Flow cytometry

RAW264.7 cells were seeded for growth overnight. Cells were
pretreated with a-M-g-B (3, 6, 12 mmol/L) for 1 h, then followed
by co-treatment with 200 ng/mL LPS for 12 h. Then the cells were
stained with dichlorodihydrofluorescein diacetate (DCFH-DA),
Arginase 1, or CD86 at the recommended concentrations for
30 min at 4 �C. Following triple PBS washes, a flow cytometer
(Agilent Technologies, CA, USA) was used to quantify the stained
cells. The CD4þFoxp3þ lymphocytes analysis in the immune
organs was performed as our previously reported methods18.

2.11. Immunofluorescence

RAW264.7 cells were seeded on confocal chambers (NEST,
Shanghai, China) overnight. Then cells were pretreated with
12 mmol/L a-M-g-B or 1 mmol/L sulfasalazine (SSZ) for 1 h,
followed by 1 h LPS stimulation. The procedures of immunoflu-
orescence staining were conducted as our previously reported
method14.

Paraffin sections of synovial tissues were processed for
immunofluorescent staining unitizing antibodies against F4/80
(1:100), CD86 (1:100), H-type vessels marker CD31 and EMCN
(1:100), synovial fibroblast marker MMP3 and Vimentin (1:100).
The experimental details were reference to our previous reports18.

2.12. Western blot analysis

The expression of proteins was determined through Western blot
analysis employing previously established methodologies14.
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2.13. Quantitative real-time PCR (qPCR) analysis

RNA total extraction was isolated from cells or tissues utilizing
the RNA-easy isolation reagent (Vazyme, Nanjing, China), then
converted into complementary DNA (cDNA) employing the
reverse transcription kit. The amplification of cDNA was per-
formed by SYBR kit, reference to our reported running program17.
Primer sequences were listed in Supporting Information Table S2.

2.14. Molecular docking between a-M-g-B and IkBa-NF-kB
p65-NF-kB p50 protein complex

3D crystal structure of IkBa-NF-kB p65-NF-kB p50 protein
complex (PDBID: 1NFI) was obtained from the PDB database.
The small molecule ligand was assigned as the ligand and the
1NFI protein was assigned as the receptor. Pymol software was
used to remove the original water molecules in the 3D crystal
structure. Subsequently, AutodockTools (http://mgltools.scripps.
edu/downloads) was utilized to perform receptor hydrogenation,
charge calculation, and generate.pdbqt files. AutoDock Vina 1.1.2
was used for conformation searching and scoring with a searching
box placed to include all the surfaces of the receptor to find the
optimal binding site. Discovery Studio software was used to
visualize the interaction map.

2.15. NF-kB p65 binding activity assay

RAW264.7 was cultured on 100 mm dishes and incubated with
12 mmol/L a-M-g-B for 1 h before LPS stimulation. Cytoplasmic
and nuclear proteins in the RAW264.7 macrophages or the sy-
novial tissue from CIA mice were extracted following the pro-
cedures of a commercially available kit. Finally, NF-kB p65
binding activity was assessed with a transcription factor assay kit
following the manufacturer’s instructions.

2.16. Cellular thermal shift assay (CETSA)

The RAW264.7 cell was lysed in RIPA lysis buffer. Then the cell
lysates were allocated for 20 min centrifugation at 4 �C. The
protein was quantified (3 mg/mL) and aliquoted into new centrifuge
tubes, followed by 3 min boiling at different temperatures (51, 54,
57, 60, 63, 66, 69, 72, 75, 78 �C), using a thermal mixer. Then the
lysates were subjected to centrifugation (12,000 rpm, 20 min,
4 �C). Finally, the supernatants were subjected to 95 �C heating
with 5� loading buffer before blot analysis.

2.17. Isothermal titration calorimetry (ITC)

This experiment was performed on a MicroCal PEAQ-ITC
isothermal titration calorimeter as the manufacturer’s indicated
procedures (Malvern Panalytical Ltd., Malvern, UK). Briefly, a-
M-g-B (10 mmol/L) was titrated at constant temperature into a
pool containing NF-kB p65 protein (100 mmol/L), and the heat
released by binding was recorded in real-time. A binding curve
was obtained by comparing the thermal effect produced by each
titration to the mole of the titration and the titrated molecule.

2.18. Electrophoretic mobility shift assays (EMSA)

This assay was performed unitizing the EMSA kit according to the
directions. Briefly, nuclear protein extracts from RAW264.7
macrophages or the synovial tissue from CIA mice were isolated
using a nuclear protein extraction kit. The nuclear protein and
biotin-labeled DNA probe were co-incubated for 20 min, and the
non-binding probe was separated on the non-denatured poly-
propylene gel electrophoresis. NF-kB consensus oligonucleotide:
50-AGT TGA GGG GAC TTT CCC AGG C-30, 30-TCA ACT
CCC CTG AAA GGG TCC G-50.

2.19. Chromatin immunoprecipitation (ChIP)

The purpose of this assay was to assess the inhibitory effect of a-
M-g-B on the binding capacity of NF-kB p65 to the DNA related
to M1 polarization (NOS2 promoter) and inflammation (IL6 pro-
moter). THP-1 macrophages were cultured overnight in 100 mm
culture dishes, followed by co-treatment with a-M-g-B (12 mmol/
L) and LPS (100 ng/mL). ChIP assay was performed in the treated
THP-1 macrophages following the manufacturer’s procedures.
The primary antibodies were listed in Table S1 and qPCR primers
were listed in Table S2.

2.20. Binding analysis between a-M-g-B and sulfhydryl group

a-M-g-B were solubilized in methanol with N-acetylcysteine
(NAC) or glutathione (GSH) for 12 h. Subsequently, the covalent
binding between the a-M-g-B and sulfhydryl group on NAC or
GSH was identified unitizing a previously established UPLC‒MS
system (Waters Corp., Milford, USA)17. The sample volume per
injection was 5 mL and eluted with the mobile phase consisting of
water:acetonitrile:formic acid (81:19:0.1, v/v/v), at a flow rate of
0.4 mL/min.

2.21. Animals and acute toxicity observation of a-M-g-B

Adult Balb/c male mice, 7e8 weeks, were supplied by Guizhou
Laboratory Animal Engineering Technology Center, Guizhou
Medical University. The mice were maintained under a controlled
laboratory setting18. The experimental procedures involving ani-
mals were granted approval by the experimental animal ethics
committee at Guizhou Medical University (document No.:
2200450). The animal experiments were conducted in compliance
with the authorized guidelines and regulations.

Twelve mice were randomly assigned into two experimental
groups: Ctrl (Control), 100 mg/kg of a-M-g-B. The mice were
intraperitoneally injected once daily. On Day 7, the mice were
sacrificed by implementing CO2 inhalation. Blood chemistry as-
says (alkaline phosphatase, aspartate transaminase, and alanine
transaminase; ALP, AST, and ALT) were conducted by unitizing
the testing kits. Moreover, the kidney, liver, and lung were sub-
jected to histopathological inspection using hematoxylineeosin
(H&E).

2.22. Establishment of NF-kB p65 knockdown, collagen-
induced arthritis, and drug treatment

To establish the macrophage-specific knockdown of NF-kB p65
(Rela) in mice, adeno-associated virus (AAV) vector with the
macrophage-specific promoter F4/80-mediated knockdown of
mouse Rela (AAV-F4/80-MCS-GDGreen-miR30 shRNA (Rela)-
WPRE) and control (AAV-F4/80-MCS-GDGreen-WPRE) were
supplied by OBiO Biotechnology (Shanghai, China). Knockdown
efficiency of Rela in peritoneal macrophages and BMDMs was
verified on the thirtieth day, then mice were subjected to the CIA
model and drug treatment.

http://mgltools.scripps.edu/downloads
http://mgltools.scripps.edu/downloads
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The collagen-induced arthritis (CIA) was reproduced by
employing bovine type II collagen (CII) emulsified in incomplete
Freund’s adjuvant (ICFA). For the anti-arthritic investigation of a-
M-g-B, mice were subjected to random allocation to 6 groups
(n Z 6 in each): Ctrl (Control), CIA (model), CIA-a-M-g-B (2.5,
5 and 10 mg/kg) and CIA‒dexamethasone (DEX). For the
mechanisms of a-M-g-B on anti-arthritis, mice were allocated
into 7 groups randomly (n Z 5 in each): Vehicle, CIA (model),
CIAþa-M-g-B (10 mg/kg), CIAþa-M-g-B (10 mg/kg) þ NAC
(20 mg/kg), CIA þ Ad-scramble, CIA þ Ad-sh-Rela and
CIA þ Ad-sh-Relaþa-M-g-B (10 mg/kg). The experimental mice
were subjected to intraperitoneal injections (saline or the indicated
drugs, once daily) for 19 days. The body weights were recorded,
and the clinical signs of RA were assessed every other day
following previously described methods18. Finally, mice were
euthanized by CO2 inhalation, serum was separated for ELISA,
the lymphocytes from the spleen, thymus, and lymph nodes were
isolated for the flow cytometry analysis, the synovial tissues were
dissected to conduct the qPCR and immunofluorescencedthe rest
hind paw tissues after required experiments were preserved at
�80 �C for subsequent analysis.
2.23. Arthritis score, radiographic and histopathological
evaluation

The severity of arthritis in both hind paws was assessed once every
two days after the primary immunization. Assessment of arthritis
score was performed according to the reported methods15. The
arthritis score was determined by summing up the scores of both
hind paws, with a maximum score of 8 per mouse. On the last day
of the experiment, hind paw plain films were acquired using the
imaging system (Clipper, MA, USA). The hind limbs were
decalcified according to the established protocol and subsequently
subjected to histopathological analysis18.
2.24. Statistical analysis

Results from these experiments were presented as the mean � SD
based on a minimum of three independent tests. GraphPad Prism
6.0 was employed for data analysis. Significant differences be-
tween groups were accomplished by performing a one-way
Figure 1 Methylene-g-butyrolactone (a-M-g-B) is a conserved moiety i

(A) Main skeletal subtypes of SLs with anti-inflammatory activity. (B) Con

simplified small molecule, a-M-g-B. (D) Six a-M-g-B analogs marked w
analysis of variance, followed by Dunnett’s multiple comparisons
test. Significance was set at P < 0.05. ‘NS’ stands for non-
significance.

3. Results

3.1. a-M-g-B is a conserved moiety in natural SLs with anti-
inflammatory activity

There are more than 5000 reported structures of sesquiterpene
lactones (SLs), which are sorted into various skeletal sub-
types10,12. As shown in Fig. 1A and Supporting Information
Table S3, we summarized the main skeletal subtypes of SLs
with anti-inflammatory activity, including germacranolides,
guaianolides, eudesmanolides, heliangolides, and pseudoguaia-
nolides. Interestingly, almost all anti-inflammatory SLs embodied
a core a-methylene-g-butyrolactone (a-M-g-B) moiety (marked
with blue in Fig. 1B), suggesting that a-M-g-B is a conserved
moiety existed in anti-inflammatory SLs.

Inspired by the characteristic of anti-inflammatory SLs with
the conserved a-M-g-B, we obtained the SLs-structure-simplified
small molecule a-M-g-B (Fig. 1C) and other six analogs (Fig. 1D)
including 3-methylenetetrahydro-2H-pyran-2-one (3M2P2O),
2(5H )-furanone (2F), 2-cyclopenten-1-one (2CO), g-methylene-
g-butyrolactone (g-M-g-B), a-methyl-g-butyrolactone (a-M-g-B-
1) and g-butyrolactone (g-B). Among the six analogs, 3M2P2O,
2F, and 2CO were occasionally reported to be independently
embodied in the chemical structures of anti-inflammatory
SLs19e22. But g-M-g-B, a-M-g-B-1, and g-B, which lost the
a,b-unsaturated ketone moiety (marked with red in Fig. 1D), have
not been independently identified in the structures of anti-
inflammatory SLs. This result indicates that the a,b-unsaturated
ketone within the conserved a-M-g-B (marked with red in
Fig. 1B) might play a critical role in the anti-inflammatory SLs.

3.2. Small molecule a-M-g-B with strong electrophilicity
exhibits potent anti-inflammatory activity

The electrophilic a,b-unsaturated ketone group is a Michael
acceptor present in numerous bioactive natural products and
clinically relevant therapeutic agents23. Dimethyl fumarate which
embodied the a,b-unsaturated ketone structure was licensed as an
n natural sesquiterpene lactones (SLs) with anti-inflammatory activity.

served a-M-g-B moiety in anti-inflammatory SLs. (C) SLs-structure-

ith electrophilicity E.
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anti-inflammatory therapeutic agent for multiple sclerosis in
clinic24. However, the anti-inflammatory potential of a-M-g-B, as
an independent small molecule, has not been fully demonstrated.
Thus, we examined the potential anti-inflammatory effects of a-
M-g-B and its six analogs by evaluating their inhibitory capacities
on nitric oxide (NO), a widely used inflammatory marker for
assessing the anti-inflammatory properties of SLs12,25. As ex-
pected, a-M-g-B, 3M2P2O, 2F and 2CO (except g-M-g-B, a-M-
g-B-1, and g-B) suppressed the production of NO in lipopoly-
saccharide (LPS)-induced macrophages (Fig. 2A). Among the
four effective compounds, a-M-g-B showed the lowest EC50 (half
maximal effective concentration) against LPS-induced NO
Figure 2 Small molecule a-M-g-B with strong electrophilicity exhibit

centration (EC50) of a-M-g-B and its structural analogues against LPS-indu

detect the M1 marker CD86 and M2 marker ARG-1 on the cell surface of

genes (Arg-1, Mrc1, Cd86), (G) intracellular ROS, (H) the protein expressi

in LPS-induced RAW264.7 (n Z 6). (L) The maximum inhibition of a-M

against LPS-induced NO in RAW264.7 cells (n Z 6). ***P < 0.001 vs.
production (Fig. 2A), followed by the order of 3M2P2O＜2CO＜
2F. Interestingly, the anti-inflammatory activities of the four
molecules are positively relevant to their electrophilicity E (a-M-
g-B, E Z �19.4; 3M2P2O, E Z �19.5; 2CO, E Z �20.6; 2F,
E Z �20.7) reported by Ofial et al.26. Due to the loss of a,b-
unsaturated ketone moiety, g-M-g-B, a-M-g-B-1, and g-B
exhibited the weakest electrophilicity, as well as the weakest anti-
inflammatory activity at the same time. While a-M-g-B exhibited
both the strongest electrophilicity and strongest anti-inflammatory
activity.

Therefore, we further evaluated the anti-inflammatory proper-
ties and underlying molecular mechanisms of a-M-g-B. As shown
ed potent anti-inflammatory activity. (A) Half maximal effective con-

ced NO in RAW264.7 (nZ 6). (BeC) Flow cytometry was utilized to

RAW264.7 cells (n Z 6). (DeF) mRNA levels of macrophage-related

on of iNOS, and (IeK) cytokines in cultural supernatant were detected

-g-B, dexamethasone (DEX), indomethacin (IND), and aspirin (ASP)

the Ctrl, while #P < 0.05, ##P < 0.01 and ###P < 0.001 vs. the LPS.
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in Supporting Information Fig. S1A and Fig. 2B‒F, under the
nontoxic concentrations, a-M-g-B suppressed the activation of
M1 macrophages and promoted the polarization towards M2 in
LPS-stimulated RAW264.7 and PMA-differentiated THP-1 cells
(Supporting Information Fig. S2A‒S2C). Moreover, a-M-g-B
declined the LPS-induced elevation of pro-inflammatory media-
tors such as NO, iNOS, ROS, IL-1b, IL-6, TNF-a and MCP-1,
while it increased the anti-inflammatory cytokine IL-10, in
RAW264.7 macrophages (Fig. S1B‒S1F and Fig. 2G‒K) and
PMA-differentiated THP-1 cells (Fig. S2D‒S2L). Notably, a-M-
g-B exhibited a superior ability on NO inhibition compared to
commonly used NSAIDs (aspirin and indomethacin) and the
glucocorticoid dexamethasone (Fig. 2L), indicating its heightened
anti-inflammatory potential.

3.3. a-M-g-B significantly attenuates CII-induced arthritic
phenotype in mice

Previously, we demonstrated that Leocarpinolide B (LB), a kind
of anti-inflammatory SL that embodied the a-M-g-B moiety,
attenuated the CII-induced arthritic (CIA) phenotype in mice15.
Other anti-inflammatory SLs, such as budlein A and partheno-
lide, were also reported to be effective in RA treatment27e29.
Thus, we evaluated the anti-arthritic effects of a-M-g-B in CIA
mice. Firstly, acute toxicity was evaluated in mice. The results
showed that a-M-g-B was nontoxicity to the mice when the dose
was �100 mg/kg (Supporting Information Fig. S3). Therefore,
we chose the experimental dose (2.5, 5, 10 mg/kg) reference to
the LB under the nontoxic doses. From a 19-day constitutive
treatment of a-M-g-B, no noticeable alterations in body mass
were observed, suggesting the absence of a-M-g-B-induced
toxicity (Fig. 3A‒B). a-M-g-B attenuated the CIA phenotype,
which was characterized by reduced foot swelling and arthritic
scores in the CIA mice (Fig. 3C‒E). Depicted in the histopath-
ological and radiological images (Fig. 3F‒H), the CIA group
showed the absence of the articular cavity, replaced by inflam-
matory infiltration, severe synovial hyperplasia, cartilage defect,
and bone erosion. a-M-g-B administration effectively mitigated
the aberrant synovial cell proliferation and moderated the damage
to both cartilage and bone. The results showed that a-M-g-B
significantly attenuated CIA phenotype on mice, with comparable
effects to the parent structure LB and positive drug dexametha-
sone (DEX).

3.4. a-M-g-B significantly restores the balance of regulatory T
cells and macrophages in CIA mice

RA is often initiated with an imbalance of T lymphocytes and the
release of autoantibodies, which subsequently triggers the polar-
ization of macrophages to produce numerous cytokines, ultimately
impacting the synovial cells30. Our previous study showed that
LB, a kind of anti-inflammatory SL that embodied the a-M-g-B
moiety, had a regulatory effect on CD4þFOXP3þ T lymphocytes
(Tregs), resulting in the function-normalization of macrophages15.
Results from transcriptome sequencing suggested that a-M-g-B
regulated the immune system pathway (Supporting Information
Fig. S4). Thus, we further evaluated the proportion of immune
cells in immune organs and autoantibodies levels in the serum of
CIA mice. Results from flow cytometry indicated that a-M-g-B
effectively restored the Tregs proportion in the spleen, thymus,
and lymph nodes (Fig. 4A‒E), a-M-g-B also modulated the au-
toantibodies within the normal levels (Fig. 4F and G).
Additionally, administration of a-M-g-B (10 mg/kg) remarkably
reduced the serum CRP, IL-17A, IL-6, and IFN-g in CIA mice
(Fig. 4HeK). Moreover, a-M-g-B (10 mg/kg) was found to
effectively decrease mRNA expression of inflammatory cytokines
(TNF-a, IL-6, and MCP-1) derived from M1 macrophages in the
joint muscle tissue of CIA mice (Fig. 4LeN). These findings
suggest that the therapeutic benefits of a-M-g-B for treating CIA
may involve restoring immune function.
3.5. a-M-g-B improves the synovial microenvironment through
modulating synovial-associated macrophages

In the progression of RA, excessively activated macrophages will
infiltrate into the synovium, where the macrophage polarization
impacts the synovial microenvironment, leading to angiogenesis
and the excessive proliferation of fibroblast-like synoviocytes31.
Therefore, we further investigated the impact of a-M-g-B on the
modulation of macrophages to synovial microenvironment. As
shown in Fig. 5A, the pathological observation showed that a-M-
g-B significantly decreased the infiltration of macrophages to
synovial tissue, which was consistent with the reduced F4/80
(macrophage marker)-positive cells (Fig. 5B) and mRNA
expression of genes including Adger1 and Cd68 (Fig. 5E‒F).
Moreover, a-M-g-B significantly decreased the M1-like macro-
phage marker CD86 (Fig. 5C) and increased the M2-like
macrophage marker ARG-1 (Fig. 5D and G), resulting in a sig-
nificant inhibition of synovitis (Fig. 5H‒I). H-type vessels in the
synovial area marked with the co-localization of CD31 and
endomucin (EMCN) were notably decreased by a-M-g-B treat-
ment (Fig. 5J), indicating a decrease of angiogenesis in the
synovium. Additionally, a-M-g-B decreased MMP3 expression
and its co-localization with synovial fibroblast marker Vimentin
(Fig. 5K). The above results indicate that a-M-g-B might
improve the synovial microenvironment by modulating the
infiltration and polarization of synovial-associated macrophages
in synovial tissues.
3.6. a-M-g-B inhibits the M1 polarization and inflammation via
interference NF-kB p65’s DNA binding

NF-kB is a canonical signaling implicated in the regulation of M1
macrophage polarization, and its involvement in the modulation of
RA has been extensively reported7,31. Several SLs were demon-
strated to inhibit inflammation and ameliorate RA via regulating
NF-kB signal pathway10. The trans-nucleus of NF-kB and its
binding to DNA are the most critical steps in the process of NF-kB
activation. Unexpectedly, our results revealed that sulfasalazine
(SSZ) (a NF-kB inhibitor through inhibition of IkBa degradation)
prevented the trans-nucleus of NF-kB p65, but a-M-g-B did not
reverse LPS-induced IkBa degradation and nucleus entry of NF-
kB p65 (Fig. 6A and Supporting Information Fig. S5). Therefore,
we further detected the effects of a-M-g-B on the DNA binding
activity (DBA) of NF-kB in the nucleus. Interestingly, the results
showed that a-M-g-B significantly impacted the DBA of NF-kB
in macrophages and synovial tissues of CIA mice (Fig. 6B‒D).
Moreover, ChIP-qPCR demonstrated that a-M-g-B disrupted the
binding of NF-kB p65 to the promoter regions of NOS2 and IL6
genes associated with M1 polarization and inflammation
(Fig. 6E‒F). These results indicate that a-M-g-B might attenuate
RA by interfering with the NF-kB p65’s DNA binding to the pro-
inflammatory promoters.



Figure 3 a-M-g-B significantly attenuated arthritic phenotype in mice. (A) The experimental route on mice. (B) Body weight, (C) Hind paw

volume, and (D) Arthritic score were monitored and recorded every 2 days. (E) On the final administration day, photographs were taken to capture

representative morphological alterations in the hind paws of mice. (FeG) Pathological changes in joints were assessed with safranin O-fast green

staining (original magnification � 20; n Z 5) and hematoxylin-eosin (H&E) staining (original magnification � 4; n Z 5). (H) The bone structure

of the hind paw was examined by acquiring X-ray images (n Z 5).
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3.7. a-M-g-B disrupts the DNA binding of NF-kB via direct
interaction with NF-kB p65

Our previous study with network pharmacology predicted that the
RELA gene (responsible for encoding the NF-kB p65) emerged as
a highly significant target implicated in both the occurrence and
progression of RA32. Consistently, several SLs embodied the
structure of a-M-g-B were reported to be anti-inflammation and
anti-RA via targeting NF-kB p6515,33. Molecular docking between
a-M-g-B and IkBa-NF-kB p65-NF-kB p50 protein complex
(1NFI) showed that a-M-g-B preferentially bound to p65, indi-
cating that the binding affinity of a-M-g-B to p65 is stronger than
that of p50 and IkBa (Fig. 7E). Therefore, we hypothesized that a-
M-g-B could exert the therapeutic benefits via direct interaction
with NF-kB p65 and interference the DBA of NF-kB. The inter-
action between NF-kB p65 and a-M-g-B was experimentally
confirmed through an isothermal titration calorimetry (ITC) assay,
wherein the p65 protein was titrated with a-M-g-B. The result
showed that a-M-g-B directly bound to NF-kB p65 (Fig. 7A) with
a KD Z 8.47 � 0.12 mmol/L. In the cellular thermal shift assay
(CETSA), a-M-g-B effectively hindered the heat-induced dena-
turation of NF-kB p65 at various temperatures, resulting in a
noticeable shift towards higher temperatures in the melt curves
(Fig. 7B).

The NF-kB inhibitors, parthenolide and helenalin, were re-
ported to directly bind to the cysteine residues of NF-kB p65 and
disrupt the DBA of NF-kB34,35. Of note, a-M-g-B serves as the
primary active centers for both parthenolide and helenalin to target



Figure 4 a-M-g-B significantly restored the balance of Tregs and macrophages in CIA mice. (A) The percentages of FOXP3þ and CD4þ T

cells in splenocytes, lymph nodes, and thymus were examined. (BeD) The proportion of FOXP3þ in CD4þ T cells in splenocytes, lymph nodes,

and thymus (n Z 5). (E) The spleen index in different treatment groups (n Z 5). (FeK) Proteins in serum were determined by ELISA kits

(n Z 5). (LeN) mRNA expression of inflammatory genes in the joint muscles was detected by qPCR (n Z 5). ***P < 0.001 vs. the Ctrl, while
#P < 0.05, ##P < 0.01 and ###P < 0.001 vs. the CIA.
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NF-kB p6526,34. Thus, we speculated that a-M-g-B could directly
interact with the cysteine residues of NF-kB p65 to initiate anti-
inflammatory effects like parthenolide and helenalin. It was
confirmed by N-acetyl-L-cysteine (NAC) turnover analysis in
Fig. 7B that a-M-g-B could not enhance the thermal stability of
NF-kB p65 when the cells were pretreated with a-M-g-B in the
presence of NAC. NAC is a free cysteine that could competitively
bind to a-M-g-B and antagonize the binding of a-M-g-B to
cysteine residues on NF-kB p65. The covalent binding of a-M-g-
B with NAC was confirmed in Fig. 7C, a-M-g-B also covalently
bound with glutathione (GSH) (Fig. 7C), and both NAC and GSH
contained the thiol group. These results indicated that electrophilic
a-M-g-B could directly target NF-kB p65 via covalent binding on
the nucleophilic sulfhydryl (thiol group) of cysteine residues on
NF-kB p65. Furthermore, a-M-g-B failed to disrupt the DBA of
NF-kB in the presence of NAC (Fig. 7D). Taken together, these
results suggest that a-M-g-B targets the cysteine sulfhydryl in the
p65 subunit of NF-kB, thus interfering the DBA of NF-kB.

3.8. a-M-g-B loses the anti-arthritic effects in the presence of
NAC or on the Ad-sh-Rela mice

Due to the antagonistic characteristics of NAC in interference with
the DBA of NF-kB, we further investigated the anti-arthritic



Figure 5 a-M-g-B improved the synovial microenvironment through modulating synovial-associated macrophages. (A) Inflammatory infil-

tration of macrophages to synovium was assessed with hematoxylin-eosin (H&E) staining (original magnification � 20; n Z 5). (B) Total

macrophage markers F4/80, (C) CD86, and (D) ARG-1 were assessed by immunofluorescence staining (n Z 5). (EeI) mRNA levels of genes in

the synovial tissue were assessed by qPCR (n Z 5). (JeK) Representative immunofluorescent images of positive Vimentin, MMP3, CD31, and

EMCN, and quantification analysis in the synovial tissues (n Z 5). ***P < 0.001 vs. the Ctrl, while #P < 0.05, ##P < 0.01 and ###P < 0.001 vs.

the CIA. Scale bar Z 50 mm.
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effects of a-M-g-B in the presence of NAC. As shown in Fig. 8A‒
D and Supporting Information Fig. S6A‒S6B, a-M-g-B failed to
inhibit the polarization of M1 macrophages and the production of
inflammatory mediators in LPS-activated macrophages in the
presence of NAC, suggesting that a-M-g-B lost the anti-
inflammatory capacity in the presence of NAC. To simulate the
impact of synovial-associated macrophages on the synovial
microenvironment, we used the macrophage-conditioned medium
(from LPS-activated THP-1 macrophages) to treat the synovial
cells and detect the arthritic phenotype of synovial cells. As shown
in Fig. 8E‒F and Fig. S6C‒S6D, both a-M-g-B and SSZ
significantly inhibited the proliferation, migration, and invasion of
synovial cells induced by macrophage conditioned-medium, the
effects of a-M-g-B but not SSZ were reversed by NAC. Also,
NAC reversed the effects of a-M-g-B on the monocyte adhesion
to synovial cells (Fig. 8G‒H) and angiogenesis of HUVECs
(Fig. 8I‒J), but NAC did not impact the effects triggered by SSZ.

Therefore, we investigated the anti-arthritic effects of a-M-g-B
in the presence of NAC or on the Ad-sh-Rela mice (mice sub-
jected to the macrophage-specific deficiency of Rela), the results
showed that co-treatment of NAC and a-M-g-B failed to attenuate
the arthritic phenotype (Fig. 8K‒L) in CIA mice. Importantly, no
additive protection effects were observed when CII and ICFA-
challenged Ad-sh-Rela mice were treated with a-M-g-B
(Fig. S6E‒S6F and Fig. 8K‒L). a-M-g-B also lost the function of
reducing M1 polarization and inhibiting the DBA of NF-kB in the
presence of NAC or on the Ad-sh-Rela mice (Fig. S6G‒S6H).
Taken together, a-M-g-B attenuated arthritic phenotype by



Figure 6 a-M-g-B inhibited the M1 polarization and inflammation via interference DBA of NF-kB. (A) Sulfasalazine (SSZ) but not the a-M-g-

B prevented LPS-stimulated trans-nucleus of p65 in RAW264.7 (nZ 5). (B) Electrophoretic mobility shift assay revealed that a-M-g-B inhibited

the NF-kB p65’s DNA binding in LPS-stimulated macrophages and CIA synovial tissues (n Z 5). (CeD) Results from the transcription factor

assay kit indicated that a-M-g-B inhibited DBA of NF-kB in LPS-stimulated macrophages and CIA synovial tissue (n Z 5). (EeF) Chromatin

immunoprecipitation (ChIP)-qPCR suggested that a-M-g-B interfered with the DNA binding of p65 to promoter area of IL6 and NOS2 genes in

LPS-stimulated THP-1 macrophages (n Z 5). ***P < 0.001 vs. the Ctrl, while ##P < 0.01 and ###P < 0.001 vs. the model (LPS or CIA). Scale

bar Z 10 mm.
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targeting the cysteine residue in NF-kB p65, which could be
counteracted by the antagonist NAC and deficiency of NF-kB p65.

4. Discussion

The pathogenesis of RA involves persistent autoimmune inflam-
mation, hyperplasia of synovial tissue, and progressive degrada-
tion of cartilage and bone. Irreversible destruction of cartilage and
bone may even cause deformities and serious complications1,
which seriously affects people’s health and life quality. Currently
employed conventional medications (such as NSAIDs, DMARDs,
and glucocorticoids) could not cure RA completely or be linked
with significant adverse effects3,8. Natural products have emerged
as a promising alternative for the discovery of drug leads, owing to
their efficacy and safety.

SLs are likely the most abundant group of plant secondary
metabolites, with more than 5000 structures documented so
far9e12. They are identified as the bioactive components of various



Figure 7 a-M-g-B disrupts the DBA of NF-kB via direct interaction with NF-kB p65. (A) Isothermal titration calorimetry assay revealed that

a-M-g-B exhibited a binding affinity towards recombinant human p65 protein, with a measured binding constant KD Z 8.47 � 0.12 mmol/L. (B)

Interaction between a-M-g-B and p65 was demonstrated by cellular thermal shift assay. (C) Covalent binding between a-M-g-B and N-ace-

tylcysteine (NAC) or glutathione (GSH) was identified with UPLC‒MS. (D) Results from the transcription factor assay kit indicated that a-M-g-

B failed to inhibit the DBA of NF-kB in the presence of the NAC in LPS-stimulated macrophages (n Z 5). (E) Molecular docking between a-M-

g-B and IkBa-NF-kB p65-NF-kB p50 protein complex (1NFI) indicated a direct binding between a-M-g-B and NF-kB p65. ***P < 0.001 vs. the

Ctrl, ###P < 0.001 vs. the LPS and &&P < 0.01 vs. the a-M-g-B þ LPS.
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medicinal plants utilized in traditional medicine for managing
inflammatory disorders10,15. There are several skeletal subtypes,
mainly including germacranolides, guaianolides, eudesmanolides,
heliangolides, pseudoguaianolides, and hypocretenolides. Inter-
estingly, almost all anti-inflammatory SLs embodied a conserved
a-methylene-g-butyrolactone (a-M-g-B) moiety. However, it is
unknown why this moiety was chosen to be conserved in the anti-
inflammatory SLs, it is also unknown about the anti-arthritic po-
tentials when the a-M-g-B is an independent small molecule.

Therefore, we obtained the SLs-structure-simplified small
molecule a-M-g-B, which is a natural compound (also called
Tulipalin A) with a well-established chemical synthesis route36.
Then, we demonstrated its anti-inflammatory effects via repolar-
ization RAW264.7 and THP-1 macrophages. Of note, a-M-g-B
exhibited a superior ability on NO inhibition compared to
commonly used NSAIDs (aspirin and indomethacin) and the
glucocorticoid dexamethasone, indicating its heightened anti-
inflammatory efficacy. Additionally, a-M-g-B restored the
imbalance of regulatory T lymphocytes-macrophages and
remodeled the synovial microenvironment by modulating the
infiltration and polarization of synovial-associated macrophages in
synovial tissue, which inhibited the angiogenesis of vascular
endothelial cells and excessive proliferation of fibroblast-like
synoviocytes thus attenuated the arthritic phenotype in CIA mice.



Figure 8 a-M-g-B lost the anti-arthritic effects in the presence of NAC or on the Ad-sh-Rela mice (mice subjected to the macrophage-specific

deficiency of Rela). (AeD) NAC reversed the a-M-g-B-mediated increase of Arg-1 mRNA and decrease of Cd86 mRNA, also limited the

inhibitory effect of a-M-g-B on LPS-induced NO and IL-6 in RAW264.7 macrophages (n Z 6). (EeF) NAC abrogated the action of a-M-g-B on

inhibiting the proliferation and migration of synovial SW982 cells induced by macrophage-conditioned medium (the THP-1 macrophages were

exposed to a-M-g-B along with or without 100 ng/mL LPS for a duration of 12 h, then the supernatant was harvested as macrophage conditioned

media). Scale bar Z 50 mm. (GeH) The inhibitory effect of a-M-g-B on the adhesion of THP-1 monocytes (pre-stained with BCECF/AM) to

synovial SW982 cells induced by macrophage conditioned-medium was counteracted by NAC. Scale bar Z 100 mm. (IeJ) NAC abrogated the

action of a-M-g-B on inhibiting the angiogenesis of HUVECs induced by a macrophage-conditioned conditioned-medium. Scale bar Z 50 mm.

(KeL) a-M-g-B lost the anti-arthritic effects on the Ad-sh-Rela mice (mice were subjected to the macrophage-specific deficiency of Rela). To

establish the macrophage-specific knockdown of NF-kB p65 (Rela) in mice, the adeno-associated virus (AAV) vector with the macrophage-

specific promoter F4/80-mediated knockdown of mouse Rela (Ad-sh-Rela) and control (Ad-scramble) were constructed and injected into the

mice for 30 days. Then, the arthritic model was replicated by subcutaneous injection of CII emulsified in ICFA. On Day 7 of the first immu-

nization, the mice received intraperitoneal injections of saline or drugs once daily. The arthritic score was determined every other day, and the

representative hind paw morphologies of mice were photographed at the end of the experiment (n Z 6). ***P < 0.001 vs. the Ctrl, #P < 0.05,
##P < 0.01 and ###P < 0.001 vs. the LPS, while &&P < 0.01 and &P < 0.05 vs. the a-M-g-B þ LPS.
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Different from the NF-kB inhibitor sulfasalazine which pre-
vented the trans-nucleus of NF-kB through inhibiting IkBa
degradation, a-M-g-B did not impact the IkBa degradation and
trans-nucleus of NF-kB p65. Inspired by the anti-inflammatory
mechanisms of commercial NF-kB inhibitors (parthenolide and
helenalin) through targeting NF-kB p6534,35, we further revealed
the underlying anti-inflammatory and anti-arthritic mechanisms of
a-M-g-B. Specifically, electrophilic a-M-g-B was demonstrated
to interfere DBA of NF-kB by forming a covalent bond with the
nucleophilic sulfhydryl (thiol group) of cysteine residues on NF-
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kB p65, thus inhibiting the NF-kB-mediated M1 polarization and
pro-inflammatory mediators. The anti-arthritic capacity of a-M-g-
B was reversed in the presence of NAC which could competitively
antagonize the binding of a-M-g-B to cysteine residues on NF-kB
p65. Importantly, a-M-g-B could not alter additive protection
effects when the mice were subjected to a macrophage-specific
deficiency of Rela. Previously, Merfort et al. investigated a set
of 103 different SLs (almost all embodied the a-M-g-B moiety)
and revealed their inhibition on DBA of NF-kB33. Taken together,
these results suggest the anti-inflammatory contribution of a-M-g-
B moiety widely existed in anti-inflammatory SLs, and a-M-g-B
is a potential anti-inflammatory and anti-arthritic candidate
via direct targeting to NF-kB p65 and interfering with the DBA of
NF-kB.

Previously reported data from different research groups and
our earlier results predict that the SLs bind to the target protein
through electrophilic addition to exert an anti-inflammatory ef-
fect10. However, there is no direct evidence for an equivalence
relationship between the anti-inflammatory activity and electro-
philicity of SLs. In the present study, we made an anti-
inflammatory comparison among the a-M-g-B and six analogs
including 3-methylenetetrahydro-2H-pyran-2-one (3M2P2O),
2(5H )-furanone (2F), 2-cyclopenten-1-one (2CO), g-methylene-
g-butyrolactone (g-M-g-B), a-methyl-g-butyrolactone (a-M-g-B-
1) and g-butyrolactone (g-B). Interestingly, their electrophilicity
E (a-M-g-B, E Z �19.4; 3M2P2O, E Z �19.5; 2CO,
E Z �20.6; 2F, E Z �20.7) was detected and reported by Ofial
et al.26. Therefore, we can conclude that the electrophilicity of SLs
is positively correlated with the anti-inflammatory activity ob-
tained from our present experiments. a-M-g-B exhibited both the
strongest anti-inflammatory activity and strongest electrophilicity.
Plants might have chosen the strongest electrophilicity a-M-g-B
as the most abundant fragment in anti-inflammatory SLs because
the cyclic scaffold of a-M-g-B can be utilized to incorporate
stereochemical information in living organisms26.

In addition, Ofial et al. proposed that the electrophilic capacity
of a-M-g-B is comparable to that of naturally occurring SLs with
the a-M-g-B structure, such as parthenolide, costunolide, dehy-
droleucodine, and dehydrocostus lactone26. Consistently, our re-
sults showed that both a-M-g-B and parthenolide exhibited
similar EC50 on NO inhibition (Fig. 2A) and therapeutic effects on
CIA based on the reported data28,29. Liang et al. reported that
costunolide and a-M-g-B exhibited similar inhibition on IL-1b37.
From this perspective, a-M-g-B is deemed to be a potential
alternative molecule for most natural SLs, especially those natural
SL compounds that are low in content and difficult to synthesize.
If researchers focusing on natural SLs are aware of the alternative
possibility of a-M-g-B and compare the anti-inflammatory effects
of SLs they are undertaking with a-M-g-B before conducting
follow-up research, it is possible to help them avoid the waste of
research resources. Prospectively, it would be a good research
direction to carry out structural modification based on the struc-
ture of a-M-g-B and find safer and more effective a-M-g-B de-
rivatives for managing inflammatory disorders.
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