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Ainsliadimer C, a disesquiterpenoid isolated from Ainsliaea
macrocephala, ameliorates inflammatory responses in adipose
tissue via Sirtuin 1-NLRP3 inflammasome axis
Cheng Chen1, Yong-mei Ren2, Jian-zhong Zhu1, Jia-li Chen1, Zhe-ling Feng1, Tian Zhang1, Yang Ye2 and Li-gen Lin1

Interleukin-1β (IL-1β), a key pro-inflammatory cytokine, is majorly produced by macrophages through NOD-, LRR-, and pyrin
domain-containing protein 3 (NLRP3) inflammasome, which has been identified as the culprit to deteriorate the inflammatory
crosstalk between macrophages and adipocytes. Ainsliadimer C (AC) is a disesquiterpenoid isolated from Ainsliaea macrocephala. In
the current study, we investigated the effects of AC on adipose tissue inflammation in co-culture of macrophages and adipocytes
in vitro as well as in LPS-treated mice in vivo. We showed that AC (20–80 µM) dose-dependently inhibited the secretion of IL-1β
from LPS plus ATP-stimulated THP-1 macrophages by inhibiting the activation of NLRP3 inflammasome. Furthermore, we found
that AC treatment activated NAD+-dependent deacetylase Sirtuin 1 (SIRT1), resulting in reduced acetylation level of NLRP3.
Molecular modeling analysis revealed that binding of AC to sirtuin-activating compound-binding domain increased the affinity of
the substrate to the catalytic domain of SIRT1. Moreover, AC (80 µM) significantly attenuated macrophage-conditioned medium-
induced inflammatory responses in 3T3-L1 adipocytes. In LPS-induced acute inflammatory mice, administration of AC (20, 60
mg·kg−1·d−1, ip) for 5 days significantly suppressed the pro-inflammatory cytokine levels in serum and epididymal white adipose
tissue (eWAT), attenuated macrophage infiltration into eWAT, and mitigated adipose tissue inflammation. The beneficial effects of
AC were blocked by co-administration of a selective SIRT1 inhibitor EX-527 (10 mg·kg−1·d−1). Taken together, AC suppresses NLRP3-
mediated IL-1β secretion through activating SIRT1, leading to attenuated inflammation in macrophages and adipose tissue, which
might be a candidate to treat obesity-associated metabolic diseases.
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INTRODUCTION
Long-term low-grade inflammation is a determining factor in the
onset and development of obesity-associated metabolic disorders
[1]. Growing evidence suggests that abdominal fat is the major
source of inflammatory mediators [2]. In adipose tissue from lean
objects, the resident immune cells secrete pro- and anti-
inflammatory cytokines, and maintain insulin sensitivity [3].
However, in obese objects, more monocytes infiltrate into adipose
tissue and differentiate into pro-inflammatory macrophages,
which produce pro-inflammatory cytokines, including tumor
necrosis factor-α (TNF-α), interleukin-1β (IL-1β), IL-6, and monocyte
chemoattractant protein 1 (MCP-1), causing adipose tissue
inflammation and insulin resistance [4, 5]. Inflammation is mainly
triggered in adipose tissue, and then chronic inflammation of
adipose tissue causes systemic inflammation in other metabolic
organs [6]. Therefore, therapeutic interventions targeting adipose
tissue macrophages (ATMs) have attracted widespread attention
in prevention and treatment of metabolic disorders.

NOD-, LRR-, and pyrin domain-containing protein 3 (NLRP3)
inflammasome, coupled with the adaptor apoptosis-associated
speck-like protein containing a carboxy-terminal caspase-recruit-
ment domain (ASC) and pro-caspase 1, triggers the mutation of
caspase 1, resulting in the cleavage of the cytokine precursor pro-
IL-1β to release the mature IL-1β [3]. IL-1β is a key pro-
inflammatory cytokine majorly secreted by macrophages and
monocytes, which impairs insulin sensitivity and induces the
expression and secretion of pro-inflammatory factors in human
adipocytes [5, 7]. Suppressing IL-1β activity attenuates adipose
tissue inflammation in obese mice [8]. Therefore, suppression of
NLRP3-caspase 1 pathway and subsequent IL-1β production in
macrophages is essential in alleviating adipose tissue inflamma-
tion. Recent study has shown that acetylation of NLRP3 is crucial
for its activation [9]. Sirtuin 1 (SIRT1), a nicotinamide adenine
dinucleotide+ (NAD+)-dependent protein deacetylase, has been
considered as a promising target in alleviating inflammation
[10, 11].
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The plants of Ainsliaea genus (Compositae family) are mainly
distributed in Southeast Asia and widely used as folk medicines to
treat various diseases, such as fever, cold, rheumatism, pharyngitis,
and trauma [12]. Sesquiterpenoids are the major constituents of the
plants of Ainsliaea genus, which have been reported with anti-
inflammatory properties. Ainsliadimer A is a potent inhibitor of
nuclear factor-κB (NF-κB) [13]. Our previous study found that
macrocephadiolides A and B, isolated from A. macrocephala, showed
anti-inflammatory effect on lipopolysaccharide (LPS)-treated
RAW264.7 macrophages [14]. Ainsliadimer C (AC, Fig. 1a) is a
disesquiterpenoid isolated from A. macrocephala [15], possessing a
purity of 94.44% and 98.83% via a diode array detector and an
evaporative light scattering detector, respectively (Supplementary
Fig. S1). Herein, the effects of AC against adipose tissue inflammation
on the co-culture of macrophages and adipocytes and LPS-treated
mice, as well as the underlying mechanisms, were investigated.

MATERIALS AND METHODS
Ethic
The procedures and operations involved in the animal experi-
ments were conducted under the Animal Ethical and Welfare
Committee of University of Macau (No. ICMS-AEC-2014–06)
regulation and conformed to the ARRIVE guidelines. The male
C57BL/6J mice were maintained in the animal facility of Faculty of
Health Science, University of Macau. The mice were fed with
normal chow diet (18% protein, 4.5% fat, and 58% carbohydrate,
Guangdong Medical Lab Animal Center, Guangzhou, China) and
water ad libitum under standard conditions (specific-pathogen-
free) with air filtration (22 ± 2 °C, 12-h light/12-h dark).

Animal experimental procedure
According to the body weight, 33 male mice (6-week-old) were
randomly separated into seven groups (n= 3–5). The vehicle and
LPS+ ATP groups of mice were intraperitoneally injected with 10
mL/kg polyethylene glycol 400 (PEG 400, Sigma-Aldrich, St. Louis,
MO, USA) solution (PEG 400:0.9% saline, 6:4, v/v). The remaining
five groups of mice were intraperitoneally injected with 20 mg/kg
AC (AC-L, 2 mg/mL AC in PEG 400 solution), 60 mg/kg AC (AC-H, 6
mg/mL AC in PEG 400 solution), 10 mg/kg selisistat (Sigma-Aldrich,
EX-527, 1 mg/mL, dissolved with PEG 400 solution under shaking
at room temperature), the combination of 10 mg/kg EX-527 and
60mg/kg AC (AC+ EX-527, 1 mg/mL EX-527 and 6mg/mL AC in
PEG 400 solution), and 4mg/kg dexamethasone (Sigma-Aldrich,
DEX, 0.4 mg/mL dexamethasone in PEG 400 solution), respectively,
once a day for consecutive 5 days. On the sixth day, the vehicle
group of mice was intraperitoneally injected with 10 mL/kg
phosphate buffer saline (PBS). The other six groups of mice were
administered with 4 mg/kg LPS (Sigma-Aldrich, serotype O111:B4,
0.4 mg/mL LPS in PBS) and after 4 h followed by 30mg/kg ATP
(Sigma-Aldrich, 3 mg/mL ATP in PBS, pH 6.2) by peritoneal
injection. 0.5 h after ATP injection, blood samples were collected
from tail vein under anesthesia (0.5 L/min inhalation of 3%
isoflurane). The mice were euthanized by deeply inhaling carbon
dioxide, and peritoneal macrophages and epididymal white
adipose tissue (eWAT) were collected and stored at −80 °C.

Cell culture
Human THP-1 cells and murine 3T3-L1 preadipocytes were obtained
from American Type Culture Collection (Manassas, VA, USA). THP-1
cells (passage number 15‒30) were maintained in RPMI-1640 (Gibco,
Gaithersburg, MD, USA) supplemented with 10% heat-inactivated
fetal bovine serum (FBS, Gibco). To differentiate into macrophages,
THP-1 cells were cultured with phorbol 12-myristate polymerized 13-
ester ester (PMA, 100 ng/mL, Sigma-Aldrich) for 12 h. Peritoneal
macrophages were isolated from 12-week-old C57BL/6J mice. After
sacrificed, the mice were intraperitoneally injected with 5mL PBS
and shaken for 3min. Subsequently, the PBS was aspirated and

centrifuged at 400 × g for 5min. The cell pellet was collected and
incubated in RPMI-1640 supplemented with 10% FBS and P/S (100
units/mL of penicillin and 100 μg/mL of streptomycin, Thermo-Fisher,
Grand Island, NY, USA). After 1 week, the nonadherent cells were
removed and the adherent cells were kept for further experiments.
3T3-L1 preadipocytes (passage number 15‒25) were maintained in

Dulbecco’s modified Eagle’s medium (DMEM) containing 10% calf
serum (Gibco) and P/S. 3T3-L1 cells were differentiated into
adipocytes as reported previously [4]. Two days post confluent, 3T3-
L1 preadipocytes were cultured in DMEM supplemented with 10%
FBS, 1 μM DEX, 0.5mM 3-isobutyl-1-methylxanthine (IBMX, Sigma-
Aldrich), and 5 μg/mL insulin (Sigma-Aldrich) for 2 days. Subsequently,
cells were cultured in maintenance medium (DMEM supplemented
with 10% FBS and 5 μg/mL insulin, changed every other day) for
6 days. The differentiation of 3T3-L1 cells was confirmed by
microscopic observation and Oil-Red O staining. A representative
image of Oil-Red O staining is shown in Supplementary Fig. S2.

Cell viability
Cell viability was evaluated by 3-(4,5-dimethylthiazol-2-yl)−2,5-
diphenyltetrazolium bromide (MTT, Sigma-Aldrich) assay [16].
Macrophages were seeded into 96-well plates at a density of
1 × 104 cells per well. After adherence, macrophages were treated
with compounds for 24 h. Then macrophages were cultured in
DMEM containing MTT (1 mg/mL) for 4 h, and finally 100 μL DMSO
was used to dissolve the formazan crystals attached to the bottom
of well. The absorbance at 570 nm was measured by a SpectraMax
M5 microplate reader (Molecular Devices, San Jose, CA, USA).

Co-culture of macrophages and adipocytes
Macrophage-adipocyte co-culture was performed as described
previously [4]. THP-1 macrophages were treated with or without
80 μM AC for 12 h, and then stimulated with LPS (1 μg/mL) for 4 h
and then 1mM ATP for 1 h. After washing twice with RPMI-1640
medium, THP-1 macrophages were incubated in fresh RPMI-1640
medium for 24 h. The macrophage supernatant was collected as
macrophage conditioned medium (CM). The fully differentiated
3T3-L1 adipocytes were incubated with CM for 24 h. The content
of nitric oxide (NO) in the supernatant was determined with Griess
reagent (Sigma-Aldrich) [4, 17].

Harvest protein from cell culture medium
THP-1 cell culture medium was collected and centrifuged at
15,000 × g for 10min at 4 °C. Supernatant (700 μL) were
transferred to a new tube and mixed thoroughly with 700 μL
methanol and 175 μL chloroform. After standing at room
temperature for 5 min, the mixture was centrifuged, and the
white intermediate layer was collected. After washed with
methanol, the protein sample in culture medium was dissolved
in SDS sample buffer for Western blotting analysis.

Cytokines levels
The ELISA kits (Neobioscience, Shenzhen, China) were used to
determine the cytokine levels in cell culture medium, mouse
serum, and adipose tissue lysates, according to the instructions.

Western blotting analysis
Western blotting was performed as described previously [18]. THP-
1 macrophages, mouse-derived peritoneal macrophages, and
eWAT were fully lysed with RIPA lysis buffer (Beyotime, Shanghai,
China). The protein concentration was determined by the BCA
Protein Assay Kit (Thermo-Fisher). The same amount of protein
was separated by SDS-PAGE and transferred to the PVDF
membrane (Bio-Rad, Hercules, CA, USA). The membranes were
blocked with 5% non-fatty milk in TBST buffer (100 mM NaCl, 10
mM Tris-HCl, pH 7.5, and 0.1% Tween-20) for 1 h at room
temperature, and incubated with specific primary antibodies
(Supplementary Table S1) overnight at 4 °C. After incubating the
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horseradish peroxidase-conjugated secondary antibody for 1 h at
room temperature, specific protein bands were analyzed using
SuperSignal West Femto Maximum Sensitivity Substrate (Thermo-
Fisher), visualized using the ChemiDoc MP Imaging System (Bio-
Rad), and quantitated using Image Lab 5.1 [19].

Computer modeling
Molecular docking was performed on AutoDock 4.2 (The Scripps
Research Institute, La Jolla, CA, USA). The crystal structure of the

quaternary complex (PDB ID: 4ZZJ) [20] was employed as the
receptor. The protein was firstly prepared at pH 7.4 with all the
water molecules removed and corresponding hydrogen atoms
added. The 3D structure of AC was converted from the 2D
structure drawn on ChemDraw 19.0 (PerkinElmer, Waltham, MA,
USA) and then manually checked for its conformation. Gasteiger
charge was assigned, and a 19.5 Å × 20.25 Å × 21 Å grid box with a
grid spacing of 0.375 Å was placed to include the shallow
hydrophobic small molecule sirtuin-activating compound (STAC)

Fig. 1 AC suppressed LPS plus ATP-stimulated IL-1β secretion in THP-1 cells. a Chemical structure of AC. b Cytotoxicity of AC on THP-1 cells
assessed by MTT assay. THP-1 cells were treated with different concentrations of AC (from 1.25 to 160 μM) for 24 h (n= 6). c The levels of IL-1β
in the culture medium from THP-1 cells (n= 3). THP-1 cells were cultured in the presence or absence of AC for 12 h, and stimulated with LPS
for 4 h and then ATP for 1 h. d The expression of NLRP3, pro-caspase 1, cleaved caspase 1, pro-IL-1β in the lysates, and cleaved IL-1β in the
supernatant of THP-1 cells detected by Western blotting. GAPDH was chosen as an internal loading control (n= 5). Immunofluorescence
staining of NLRP3 (e) and cleaved caspase 1 (f) (n= 3). Scale bar= 10 μm. Data are expressed as means ± SEM. #P < 0.05 versus DMSO, ***P <
0.001 versus LPS+ ATP.
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binding domain (SBD). The genetic algorithm was chosen for
docking calculations, and 50 genetic algorithm runs were
performed. The acquired poses were clustered with a tolerance
of 2.0 Å.
All molecular dynamics simulations were carried out on the

Gromacs 2020.4 (KTH Royal Institute of Technology, Stockholm,
Sweden) package using the amber14SB forcefield [21]. The initial
structures of the complex were acquired from the docking results. The
protonation status was determined on the PDB2PQR webserver
(https://server.poissonboltzmann.org/pdb2pqr). All the ligands were
parameterized according to the general amber forcefield [22] using
the antechamber program of AmberTools 18, and the topology/
coordinate files were acquired by parmchk2, tleap, and were further
converted to Gromacs format using the acpype python script [23].
Temperature was maintained at 310 K by the V-rescale thermostat,
and pressure was maintained at 1 bar by Parinello-Rahman barostat.
Periodic boundary conditions were applied to the simulation system,
the bond lengths involved in hydrogen atoms were constrained by
the LINCS algorithm, and the equations of motion were integrated
using the leap-frog scheme with a time step of 2 fs. The particle-mesh
Ewald method was used to evaluate long-range electrostatic
interactions; a cut off value of 1.2 nm was used for Van der Waals
interaction and short-range electrostatic interactions. The system was
solvated in TIP3P water and neutralized by adding Na+ or Cl–. After
energy minimization and pre-equilibration (1 ns), production run was
conducted.

Cellular thermal shift assay (CETSA)
THP-1 cells were treated with or without 80 μM AC for 12 h, and
then fully lysed with RIPA lysis buffer. Cell lysates were adjusted to
2 μg/μL and heated for 5 min at different temperatures (50‒90 °C).
After cooling on ice, samples were collected by centrifugation at
12,000 × g for 20 min at 4 °C for Western blotting analysis [24, 25].

SIRT1 deacetylating activity
SIRT1 deacetylating activity was determined with a SIRT1
fluorometric assay kit (Sigma-Aldrich). Fluorescence intensity was
detected at an excitation wavelength of 355 nm and an emission
wavelength of 450 nm.

Immunoprecipitation
The indicated antibody was mixed with 20 μL protein A/G-
Sepharose beads (Santa Cruz Biotechnology, Santa Cruz, CA,
USA) and incubated at 4 °C for 4 h. Cell lysates were added and
incubated overnight at 4 °C. After washed twice with PBS, lysis
buffer and sample preparation buffer were added. Samples were
boiled for 5 min and then used for Western blotting analysis.

Immunofluorescence staining
Immunofluorescence staining was performed as described pre-
viously [26]. THP-1 cells were fixed on glass coverslips pre-coated
with collagen with 4% paraformaldehyde. Then the specific
primary antibody (1:100 dilution) was added and incubated at 4
°C for 30 min. After washed twice with TBST buffer, the
corresponding secondary antibody (1:1000 dilution) was added
and incubated for 30 min at room temperature. A confocal
microscope (Olympus, Tokyo, Japan) was used for detection of
fluorescent images.

Histological analysis
The eWAT was fixed in 10% buffered formalin, and then
embedded in paraffin. H&E staining was performed according to
standard experimental procedures.

Immunohistochemistry
For immunohistochemistry, 6 μm deparaffinized sections of eWAT
were eluted with different concentrations of xylene-ethanol eluent
gradient. Sodium citrate antigen retrieval solution (Beyotime) was

added for boiling twice, followed by incubating with anti-F4/80
(1:100 dilution, Santa Cruz Biotechnology) and anti-Perilipin-1
(1:100 dilution, Cell Signaling Technologies, MA, USA) antibodies
overnight at 4 °C. The slides were incubated with the correspond-
ing secondary antibodies for 2 h at room temperature.

Druggability analysis
The druggability analysis of AC was calculated by SwissADME, a tool
provided by the Swiss Institute of Bioinformatics (Lausanne, Switzer-
land) [27]. Molecular weight, number of stereo crystal centers, number
of hydrogen bond acceptors, number of hydrogen bond donors,
number of rotatable bonds, number of rings, sp3 carbon fraction, and
aromatic heavy atom fraction of AC were calculated according to the
website instruction [28], to predict absorption, distribution, metabo-
lism, and excretion (ADME) parameters, pharmacokinetic properties,
druglike nature, and medicinal chemistry friendliness of AC.

Statistical analysis
All experimental data were analyzed by the GraphPad Prism 8.0
(GraphPad software, San Diego, CA, USA) and presented as mean
± SEM. Student’s t-test for comparisons between two groups and
one-way analysis of variance for multiple comparisons were
conducted to evaluate the significant differences. P value less than
0.05 was considered statistically significant.

RESULTS
AC suppressed LPS plus ATP-stimulated IL-1β secretion in THP-1
macrophages
Macrophage-secreted IL-1β plays a critical role in insulin resistance
and pro-inflammatory response of adipocytes from obese subjects
[7]. AC is a disesquiterpenoid isolated from the whole plants of A.
macrocephala [14]. LPS plus ATP-induced inflammation model has
been widely used in biological and pharmacological studies
[5, 29]. There are two-step mechanisms for full activation of NLRP3
inflammasome. First, priming signal such as LPS recognizes Toll-
like receptors and induces production of pro-IL-1β. Second, some
cellular danger signals including ATP trigger K+ efflux and
pannexin-1 membrane pore formation, which are responsible for
NLRP3 activation. Then, it activates casepase-1 to cleave pro-IL-1β
to be its active form [30]. Herein, the inhibitory effect of AC on IL-
1β secretion was tested on THP-1 macrophages stimulated by LPS
plus ATP. AC was not cytotoxic to THP-1 macrophages up to 160
μM (Fig. 1b). ELISA results showed that AC dose-dependently
inhibited the release of IL-1β in culture medium from LPS plus
ATP-induced THP-1 cells (Fig. 1c). The NLRP3 inflammasome is the
key regulator of the production of IL-1β in macrophages [31]. As
expected, AC treatment inhibited the expression of NLRP3 and the
cleavage of caspase 1 in the cell lysates, and the expression of
cleaved IL-1β in the cell culture medium from THP-1 macrophages
induced by LPS plus ATP, assessed by Western blots (Fig. 1d). The
expression of the adaptor ASC was unchanged in AC-treated THP-
1 cells (Supplementary Fig. S3). The immunofluorescence staining
of NLRP3 and cleaved caspase 1 provided further support to the
above observation (Fig. 1e, f). These results indicated that AC
suppresses the secretion of IL-1β in LPS plus ATP-induced THP-1
macrophages by inhibiting the activation of NLRP3
inflammasome.

AC inhibited the activation of NLRP3 inflammasome through
activating SIRT1
The acetylation of NLRP3 is a switch of its activation [9]. Consistent
with the positive control DEX, AC decreased LPS plus ATP-induced
increase of acetylated NLRP3 (Fig. 2a). SIRT1, an NAD+-dependent
protein deacetylase, is involved in the activation of NLRP3
inflammasome [32‒34]. Interestingly, LPS plus ATP treatment
significantly decreased the protein level of SIRT1 while AC
treatment increased SIRT1 expression in a dose-dependent
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manner (Fig. 2b). CETSA was performed to explore whether AC
interacts with SIRT1. Compared with the control cells, AC
treatment obviously stabilized SIRT1 at various temperatures
(Fig. 2c). Indeed, the SIRT1 fluorometric assay results indicated that
AC improved the deacetylating activity of SIRT1, which was
comparable with resveratrol, a known SIRT1 activator (Fig. 2d). EX-
527, a highly potent and selective SIRT1 inhibitor (IC50 is 38 nM in
a cell-free assay, exhibits >200-fold selectivity against SIRT2 and
SIRT3) [35], effectively inhibited the deacetylating activity of SIRT1
(Supplementary Fig. S4), which was used to confirm the effect of
AC. When co-treated with EX-527, the suppressing effects of AC on
the acetylation level of NLRP3 and the expression of cleaved
caspase 1 in lysates and cleaved IL-1β in supernatants were almost
blocked (Fig. 2e, f). Furthermore, co-treatment withEX-527 totally
reversed the suppressing effect of AC on IL-1β secretion in cell

culture medium (Fig. 2g). These results suggested that the
inhibitory effects of AC on IL-1β production and NLRP3 activation
were mediated through activating SIRT1 deacetylase.

AC bound to the STAC binding domain to activate SIRT1
To investigate whether AC could bind to SIRT1, molecular docking
was firstly performed to evaluate the binding possibility of AC to
SIRT1. From the 50 runs, 14 conformations were predicted to bind
at the same site with favorable energy (Fig. 3a). The best pose in
the predominant cluster (the green bar, Fig. 3a) showed a score of
−6.67 kCal/mol, and it packed over the shallow hydrophobic
surface depression as previously described (Fig. 3b). Specifically,
AC showed hydrophobic interaction with L206, T209, I210, P211,
P212, L215, I223, and I227; and was hydrogen bonded with the
nitrogen atom (2.6 Å) on the amide moiety from the sidechain of

Fig. 2 AC inhibited the activation of NLRP3 inflammasome through activating SIRT1. THP-1 cells were treated with various concentrations
of AC for 12 h, and then stimulated with LPS for 4 h and ATP for 1 h. a The acetylated and total NLRP3 protein levels (n= 3). b The expression
level of SIRT1 detected by Western blotting (n= 3). GAPDH was chosen as an internal loading control. c CETSA performed on THP-1 cells after
the treatment with or without AC (80 μM) for 12 h (n= 3). d The effect of AC or resveratrol on the deacetylating activity of SIRT1 (n= 6). The
deacetylating activity was determined with a SIRT1 fluorometric assay kit. e The acetylated and total NLRP3 protein levels (n= 3). f The
expression of NLRP3, pro-caspase 1, cleaved caspase 1, and pro-IL-1β in the lysates, and cleaved IL-1β in the supernatant of THP-1 cells
detected by Western blotting (n= 3). GAPDH was chosen as an internal loading control. g The levels of IL-1β in the culture medium from THP-
1 cells (n= 6). Data are expressed as means ± SEM. #P < 0.05 versus DMSO, **P < 0.01, ***P < 0.001 versus LPS+ ATP.
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N226 (yellow dashed line, Fig. 3b). This docking conformation
further supported that AC increased the SIRT1 deacetylating
activity.
To further explore the possible activation conformation, we firstly

evaluated the probability that the key amino acid pair (E230 and
R446, Fig. 3c) bind together from the initial open crystal conformation.
Five independent dynamics simulations using the holo structure (with
AC) were performed (Fig. 3d), where three trajectories showed very
stable binding (blue, magenta, and green line) and one trajectory
displayed fluctuated but still positive binding (black line). However,
this binding trend was also observed in the apo structure without AC
(Supplementary Fig. S5a). Two 1.2-μs long trajectories were accord-
ingly produced to scrutinize the conformation difference. After about
700 ns, the substrate was stabilized in the holo structure (Supple-
mentary Fig. S5b), whereas it seemed to flip between two states in
the apo structure (Supplementary Fig. S6c). Interestingly, E230 and
R446 got separated in the holo structure (Supplementary Fig. S6a, b).
The distance between the amino acid residue pair (E214 and K304)
and the angle defined by the two vectors (Fig. 3c) were monitored to
differentiate the conformations of the SBD, and the scatter plot
produced showed that SBD had greater mobility in the apo structure
(Fig. 3e) with both the angle and the distance between E214 and
K304 showing different probability distribution (Supplementary
Fig. S6c, d). Despite being insignificant, AC enhanced the non-
bonded interaction of the substrate to the catalytic domain (Fig. 3f)
when compared to that in state 2 of the apo structure (Supplemen-
tary Fig. S5c). Although the non-bonded interaction between the

substrate and the catalytic domain in state 1 was stronger than that in
the holo structure (data not shown), state 1 was less stable and less
frequent than state 2. Therefore, the binding of AC could in this way
increase the affinity of the substrate to the catalytic domain, which
could result in the observed enhancement in deacetylating activity
of SIRT1.
The free energy landscape showed a very deep energy basin in

the holo structure (Fig. 4a), whereas the protein flipped from one
state to another by crossing an energy barrier (Fig. 4b). In the
representative holo structure (Fig. 4c, d), extensive hydrophobic
interaction network was found among the hydrophobic moiety on
AC, the phenyl group on the substrate, and the residues (I215,
I223, N226, and I227); N226 was additionally hydrogen bonded
with AC and the substrate in a distance of 1.85 and 1.78 Å,
respectively, whereas only hydrophobic interaction was seen
between the phenyl group on the substrate and the residues
(L206, I210, P211, and P212) on SBD in the representative
conformation of basin 1 (cyan structure, Fig. 4e). Despite that
N226 and S229 formed hydrogen bond with the substrate in the
representative conformation of basin 2 (pink structure, Fig. 4e), it
was less frequent as the conformations in basin 1.

AC attenuated macrophage-CM induced inflammatory responses
in adipocytes
To evaluate the effect of macrophage-secreted cytokines on
inflammatory responses in adipocytes, the fully differentiated 3T3-
L1 adipocytes were treated with CM from THP-1 cells treated with

Fig. 3 AC is a potential activator of SIRT1. a Docking results of AC to the reported allosteric activation site of SIRT1 (PDB ID: 4ZZJ). Cluster
analysis of the acquired conformations from AutoDock 4.2 using a tolerance of 2.0 Å. b Interactions between AC and residues on SIRT1 of the
most possible binding conformation. Residues and AC are shown in white gray and yellow sticks. Hydrogen bond is indicated in yellow
dashed line. c SIRT1 structure showing key domains, amino acid pairs, and the two vectors monitored. Protein structure was shown in
NewCartoon, E214 and K304 were shown in CPK, and R446 was displayed as Licorice; the red dashed circle indicates the catalytic cleft; α-
carbon atoms were shown in VDW; vector defined from the Cα of E230 to that of T219 was termed as vector1 and to that of D239 was termed
as vector 2. d Changes of the distance as a function of time between the carboxyl oxygen atoms of E230 and the nitrogen atoms on the
guanidyl group of R446 from five independent dynamic simulations in the holo structure. e Scatter plots showing the conformation
distribution in the presence/absence of AC using the angle from the two vectors and the distance between E214 and K304. f Non-bonded
interaction energy between the substrate and the catalytic domain calculated from the stable trajectories of the holo structure and that in
state 2 of the apo structure. Coul-SR short-range Coulomb interaction energy, LJ-SR short-range Lennard–Jones potential.
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AC or DMSO (Fig. 5a). Compared with the control group, the
treatment with CM from LPS plus ATP-treated macrophages
significantly increased the production of NO, IL-6, MCP-1, and TNF-
α, which were significantly reversed by the treatment with CM
from LPS plus ATP plus AC-treated macrophages (Fig. 5b–e). On
the contrary, AC did not show anti-inflammatory effect on TNF-α-
stimulated 3T3-L1 adipocytes (Supplementary Fig. S7). These
results indicated that CM from AC-treated macrophages attenu-
ated inflammatory responses in adipocytes.

AC treatment alleviated adipose tissue inflammation in LPS-
stimulated mice
In order to further verify the anti-inflammatory effect of AC, an LPS
plus ATP-induced acute inflammation mouse model was imple-
mented (Fig. 6a). AC treatment showed no obvious effect on the
body weight, indicating that AC was not toxic to mice (Fig. 6b).
ELISA results showed an increase of IL-1β, IL-6, MCP-1, and TNF-α
levels in serum from LPS plus ATP-treated mice, while pre-
treatment with AC dose-dependently reversed this effect to an
extent that was comparable to the positive control group (DEX)
(Fig. 6c‒f). These trends were partially blocked by the co-
treatment with EX-527 (Fig. 6c‒f). In addition, the levels of NLRP3,
cleaved caspase 1, and cleaved IL-1β in the peritoneal macro-
phages from LPS and ATP-induced mice were suppressed by AC,
which was reversed by the co-treatment with EX-527 (Fig. 6g).
Therefore, AC mitigates LPS plus ATP-mediated inflammatory
responses in mice probably through activating SIRT1.
Increased pro-inflammatory cytokines and elevated macro-

phages filtration are the main characteristics of adipose tissue
inflammation. The infiltrated macrophages surround dead adipo-
cytes to form crown-like structure, which is a typical characteristics
of macrophage infiltration and adipose tissue inflammation.
Herein, the H&E staining of eWAT sections from LPS and ATP-

induced mice suggested more infiltration of macrophages when
compared with the vehicle control, whereas the amount of
macrophage infiltrated in eWAT was significantly curbed by AC
treatment to a degree that was comparable with the DEX-treated
mice (Fig. 7a). The immunohistofluorescent staining of F4/80, a
macrophage marker, and perilipin-1, a major coating protein on
the surface of lipid droplets to locate adipocytes, further
supported the above observation (Fig. 7b). LPS and ATP-induced
mice showed increased levels of F4/80 and CD68 in eWAT.
However, this increase was significantly reduced in AC-treated
mice (Fig. 7c). Similarly, the cytokine levels, including IL-1β, IL-6,
MCP-1, and TNF-α, in eWAT from LPS and ATP-induced mice were
elevated, which were significantly blocked by AC treatment
(Fig. 7d‒g). Interestingly, the co-treatment with EX-527 under-
mined the trends described above (Fig. 7a‒g). These observations
suggested that AC alleviates adipose tissue inflammation in LPS
and ATP-induced mice by lessening macrophages infiltration.

DISCUSSION
Adipose tissue inflammation plays a key role in obesity- or aging-
associated metabolic disorders [4, 36, 37]. The infiltration of
macrophages and the expression of pro-inflammatory cytokines in
adipose tissue promote chronic low-grade inflammation [38, 39].
ATMs are the main regulators that maintaining adipose tissue
homeostasis and function in a healthy state by removing cell
debris and absorbing lipids from adipocytes, while in a positive
energy state, long-term over activation of ATM will lead to chronic
low-grade inflammation [40]. From genetic obesity or diet-
induced obese mice, pro-inflammatory cytokines in WAT are
upregulated before the development of insulin resistance [41].
Many small molecules showed the potential to alleviate adipose
tissue inflammation, resulting in salutary effects in metabolic
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Fig. 4 Free energy landscape and representative conformations in the presence/absence of AC. a, b Free energy landscape of the holo
structure and apo structure. Free energy surfaces are colored as gradient, where the units are expressed as KBT. KB is the Boltzmann constant
and T isthe temperature. c–e Representative conformation in the energy basins of the holo structure and the apo structure. The SBD and
catalytic domain were colored as magenta and cyan, respectively; residues, AC (yellow), NAD, and the substrate were shown in sticks;
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disorders [42]. Herein, AC was identified to alleviate inflammatory
responses in LPS-stimulated macrophages and adipose tissue
inflammation in LPS-induced mice, which represents a new
scaffold to treat inflammation-associated metabolic diseases.
IL-1β is a pro-inflammatory cytokine secreted mainly by

monocytes and macrophages, which is formed by cleavage of
pro-IL-1β through NLRP3 inflammasome-mediated caspase 1 [43].
IL-1β is considered as the culprit to deteriorate the inflammatory
crosstalk between macrophages and adipocytes [7]. IL-1β-
mediated subclinical inflammation is involved in the formation
of peripheral insulin resistance and high level of IL-1β has been
found in the vitreous of diabetic retinopathy patient [44, 45]. LPS
plus ATP promotes the production and secretion of IL-1β in
macrophages, which in turn induces inflammation of adipocytes,
leading to chronic low-grade inflammation. Since no ASC protein is
expressed in RAW264.7 cells, mature NLRP3 inflammasome cannot
be assembled to accomplish the cleavage of caspase 1 [46].
Alternatively, human-derived THP-1 macrophages were recruited
in the current study. Our data showed that AC suppresses the
production and release of IL-1β in THP-1 macrophages through
suppressing the activation of NLRP3 inflammasome. In spite of this
fact, we evaluated the anti-inflammation effect of AC on murine-
derived RAW264.7 macrophages. The results indicated that AC
dose-dependently decreased NO secretion through suppressing
inducible NO synthase expression and NF-κB activation (Supple-
mentary Fig. S8). In addition, we determined the expression of
NLRP3, pro-caspase 1, cleaved caspase 1, pro-IL-1β in the lysates,
and cleaved IL-1β in the supernatant of bone marrow-derived
macrophages from mice. As expected, AC effectively curbed the
increased levels of NLRP3, cleaved caspase 1, and cleaved IL-1β

induced by LPS plus ATP in bone marrow-derived macrophages
(Supplementary Fig. S9).
NLRP3 inflammasome is the central link in the development of

metabolic diseases induced by metabolic danger signals [47–52].
The endogenous metabolic danger signals, such as amylin,
cholesterol crystals, palmitate, ceramide, urate crystals, and
amyloid β, activate the NLRP3 inflammasome, promote the
secretion of IL-1β, and accelerate the progression of type 2
diabetes [47], atherosclerosis [48], non-alcoholic steatohepatitis
[49], obesity [50], ulcerative colitis [53], and Alzheimer’s disease
[52]. Growing evidence indicates that suppressing the activation
of NLRP3 inflammasome is beneficial to treat inflammation and
metabolic disorders [54]. Ablation of NLRP3 prevented obesity-
induced inflammation in mice fat depots [50]. The recent study
indicated that acetylation of NLRP3 is essential for its activation
[9]. Herein, AC suppressed NLRP3 inflammasome activation in
both in vitro and in vivo models, which might be through
reducing the acetylation of NLRP3.
SIRT1 is a member of the NAD+-dependent deacetylases

(SIRT1–7). SIRT1 catalyzes the deacetylation of histones and
restores the dense state of chromatin, to downregulate the
expression of many inflammation-related genes [55]. SIRT1
deacetylates the transcriptional factors NF-κB [56] and activator
protein-1 [57] to suppress the expression of pro-inflammatory
genes. SIRT1 decreases the acetylation level of sterol regulatory
element-binding protein [58], to reduce its stability and DNA
binding capacity, thereby inhibiting the activation of inflamma-
somes and the processing and secretion of IL-1β. Many studies
have shown that SIRT1 shows anti-inflammatory effect through
regulating the NLRP3 inflammasome [32, 33]. Our study showed

Fig. 5 AC attenuated macrophage-CM-induced inflammatory responses in adipocytes. a Schematic diagram of the experimental
procedure. THP-1 cells were treated AC (80 μM) or DMSO for 12 h, and subsequently stimulated with LPS for 4 h and ATP (1mM) for 1 h. After
24 h of culturing in fresh medium, the supernatants were collected as macrophage CM, which was used to incubate the fully differentiated
3T3-L1 for 24 h. The production of NO (b) and the levels of IL-6 (c), MCP-1 (d), and TNF-α (e) in 3T3-L1 adipocytes were determined. Data are
expressed as means ± SEM. n= 6. #P < 0.05 versus DMSO, ***P < 0.001 versus LPS+ ATP.
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that AC increases the expression of SIRT1 and its deacetylating
activity in THP-1 cells. It has been reported that SIRT2 directly
interacts with NLRP3 [9]. When co-IP NLRP3, no SIRT1 protein was
pulled down, suggesting no direct interaction between SIRT1 and
NLPR3 (Supplementary Fig. S10). Thus, SIRT1 indirectly regulates
the acetylation level of NLRP3, further studies are needed to
uncover the regulatory loop. SIRT1 activators might be promising
therapeutic agents to treat adipose tissue inflammation-related
diseases.
A quaternary crystal structure (a STAC, NAD+ analog, a p53-

derived substrate, and a mini-hSIRT1) was determined earlier,

where the STAC bound to the shallow hydrophobic surface of SBD
[20]. The interaction mode acquired from docking analysis in this
study agreed well with the described interaction in this complex,
suggesting the potential of AC to activate SIRT1 by binding to the
SBD. It was suggested that E230 could form salt bridge with R446
dynamically, promoting the binding between the activator (or
SBD) and the catalytic cleft [20]. Another salt bridge (between
E214 and K304) was also indicated to be crucial in the activated
binding conformation [59]. In this study, E230 and R446 bound
together regardless of the presence of AC. However, the binding
of AC resulted in a less motile conformation and enhanced the

Fig. 6 AC treatment alleviated LPS plus ATP-mediated inflammatory responses in mice. a The inducement of in vivo acute inflammation
model using LPS plus ATP. DEX: 4 mg/kg DEX; AC-L: 20mg/kg AC; AC-H: 60mg/kg AC; EX-527: 10mg/kg EX-527; AC+ EX-527: 60mg/kg AC
and 10mg/kg EX-527. n= 3‒5. b Changes of body weight. The serum levels of IL-1β (c), IL-6 (d), MCP-1 (e), and TNF-α (f). g NLRP3, cleaved IL-
1β, and cleaved caspase 1 levels in peritoneal macrophages were analyzed by Western blotting. GAPDH was chosen as an internal loading
control. Data are expressed as means ± SEM. #P < 0.05 LPS+ ATP vs. vehicle; *P < 0.05, **P < 0.01, ***P < 0.001 AC-L, AC-H or DEX vs. LPS+ ATP.
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interaction between the substrate and the catalytic domain when
compared to that in the more probable conformation in the apo
structure. Interestingly, the distance between E214 and K304 was
never close as previously reported [59]. The size of AC, in
comparison to resveratrol, and the substrate with a different
structure could be the reasons for this difference. The activation
mechanism through SBD of SIRT1 remains to be elusive. Therefore,
apart from partially supporting the notion that AC is an activator
of SIRT1, we hope the stable binding conformation with AC in our
in silico study here can help gain some insights into the activation
mechanism of STACs in the scientific community. The binding
pattern and specificity of AC on SIRT1 deacetylase are still unclear.
Dexamethasone is a glucocorticoid that prevents the release of

inflammatory substances in the body, which has been widely used

to treat many different inflammatory conditions such as allergic
disorders, skin conditions, ulcerative colitis, and psoriasis [60].
Unfortunately, dexamethasone shows many side effects including
diabetes, peptic ulcer, and Cushing’s syndrome [61]. Thus, a lot of
efforts have been paid to discover non-steroidal anti-inflammatory
drug. AC is a disesquiterpenoid isolated from A. macrocephala, a
widely used folk medicine to treat fever, cold, rheumatism,
pharyngitis, and trauma. Hitherto, shot-term AC treatment did not
show any adverse effect. Further toxicological studies are needed
to fully verify its safety. Not like dexamethasone directly targeting
glucocorticoid receptor, AC activates the deacetylase SIRT1 to
exert its anti-inflammatory effect. SIRT1 modulates the initial and
development of inflammation through deacetylating histones and
critical transcription factor, thus leading to transcriptional

Fig. 7 AC treatment attenuated adipose tissue inflammation. a H&E staining of eWAT sections. Red arrows indicate the infiltrated
macrophages in eWAT. Scale bar= 100 μm. b Immunofluorescence staining of perilipin-1 (red, marker of adipocytes) and F4/80 (green, marker
of macrophages) in eWAT. Scale bar= 10 μm. c Expression levels of F4/80 and CD68 determined by western blotting. GAPDH was chosen as an
internal loading control. The levels of IL-1β (d), IL-6 (e), MCP-1 (f), and TNF-α (g) in eWAT determined by ELISA. DEX: 4 mg/kg DEX; AC-L: 20mg/
kg AC; AC-H: 60mg/kg AC; EX-527: 10mg/kg EX-527; AC+ EX-527: 60mg/kg AC and 10mg/kg EX-527. Data are expressed as means ± SEM (n
= 3‒5). #P < 0.05 LPS+ ATP vs. vehicle; *P < 0.05, **P < 0.01, ***P < 0.001 AC-L, AC-H or DEX vs. LPS+ ATP.
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repression of various inflammation-related genes, which is a
promising therapeutic strategy for inflammation-related diseases
[62].
Many molecules from traditional Chinese medicines have been

reported to attenuate adipose tissue inflammation in various
models [63‒65]. Berberine promotes the polarization toward anti-
inflammatory macrophages to reduce inflammation in adipose
tissue [63], and salvianolic acid B inhibits high-fat-diet-induced
inflammation by activating the nuclear factor erythroid 2–related
factor 2 pathway [64]. The plants of Ainsliaea genus are widely
used as folk medicines to treat inflammatory diseases. Ainsliadi-
mer A is a structural analog of AC isolated from A. macrocephala,
which possesses promising anti-inflammatory activity [13].
Together with our previous [14] and current studies, it might
indicate that guaianolide-type sesquiterpenoids are a type of
novel scaffold with anti-inflammatory potential. To predict its
druggability, the ADME, drug similarity, and drug chemistry
friendliness of AC were analyzed (Supplementary Table S2). And
the physicochemical properties, pharmacokinetics, topological
polar surface area (TPSA), logarithmic (LOG) S and iLOGP, and
bioavailability properties of AC were also listed (Supplementary
Table S2). The Log P value (2.84) and Log S value (−4.55) of AC
indicated low oral bioavailability and poor water solubility. AC has
a molecular weight of 508.60 g/mol, molar refractive index of
134.49, and TPSA of 106.97 Å2. AC matches all Lipinski’s rules
except the molecular weight. The brain or intestinal estimated
permeation method (BOILED-Egg) is proposed as an accurate
predictive model that can predict the passive gastrointestinal (GI)
absorption and brain entry of small molecules [66]. AC shows
good GI absorption potential but poor ability to penetrate the
blood–brain barrier. AC cannot inhibit any one of the five major
isoforms of cytochrome P450 (CYP450), including CYP1A2,
CYP2C19, CYP2C9, CYP2D6, and CYP3A4. Compared to the drugs
from the FDA databases, AC has high drug similarity with
eplerenone (0.954). Used for the treatment of chronic heart failure
and high blood pressure, eplerenone is an aldosterone antagonist
type of potassium-sparing diureti, particularly for patients with
resistant hypertension caused by elevated aldosterone. Thus, AC

might possess antihypertensive effect. Thus, AC has potential to
be developed as a drug candidate. However, further structural
optimization is needed to enhance its bioactivity and improve
solubility and bioavailability.
In conclusion, AC, a sesquiterpenoid from A. macrocephala,

inhibits the production and secretion of IL-1β in macrophages
through the inactivation of NLRP3 inflammasome by SIRT1-
mediated deacetylation (Fig. 8). AC blocks the inflammatory
crosstalk between macrophages and adipocytes, and prevents the
migration of macrophages into adipose tissue (Fig. 8). AC might be
a drug candidate for the treatment of adipose tissue inflammation
and related metabolic abnormalities.
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