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1,2,4-Trimethoxybenzene selectively inhibits NLRP3
inflammasome activation and attenuates experimental

autoimmune encephalomyelitis
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NOD-like receptor (NLR) family pyrin domain-containing-3 (NLRP3) inflalmmasome is implicated in inflammation-associated diseases
such as multiple sclerosis, Parkinson’s disease, and stroke. Targeting the NLRP3 inflammasome is beneficial to these diseases, but
few NLRP3 inflammasome-selective inhibitors are identified to date. Essential oils (EOs) are liquid mixtures of volatile and low
molecular-weight organic compounds extracted from aromatic plants, which show various pharmacological activities, including
antibacterial, antifungal, antiviral, antioxidant, and anti-inflammatory properties. In this study we screened active ingredients from
essential oils, and identified 1,2,4-trimethoxybenzene (1,2,4-TTB) as a selective NLRP3 inflammasome inhibitor. We showed that
1,2,4-TTB (1 mM) markedly suppressed nigericin- or ATP-induced NLRP3 inflammasome activation, thus decreased caspase-1
activation and IL-1(3 secretion in immortalized murine bone marrow-derived macrophages (iBMDMs) and in primary mouse
microglia. Moreover, 1,2,4-TTB specifically inhibited the activation of NLRP3 inflammasome without affecting absent in melanoma 2
(AIM2) inflammasome activation. We further demonstrated that 1,2,4-TTB inhibited oligomerization of the apoptosis-associated
speck-like protein containing a CARD (ASC) and protein—protein interaction between NLRP3 and ASC, thus blocking NLRP3
inflammasome assembly in iBMDMs and in primary mouse macrophages. In mice with experimental autoimmune
encephalomyelitis (EAE), administration of 1,2,4-TTB (200mg-kg ™' -d~", i.g. for 17 days) significantly ameliorated EAE progression
and demyelination. In conclusion, our results demonstrate that 1,2,4-TTB is an NLRP3 inflammasome inhibitor and attenuates the
clinical symptom and inflammation of EAE, suggesting that 1,2,4-TTB is a potential candidate compound for treating NLRP3

inflammasome-driven diseases, such as multiple sclerosis.
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INTRODUCTION

The NOD-like receptor (NLR) family pyrin domain-containing-3
(NLRP3) inflammasome is a multiple protein complex that is
composed of NLRP3, the adaptor molecule apoptosis-associated
speck-like protein containing a CARD (ASC), and the cysteine
protease caspase-1 (Casp-1) [1, 2]. After activation, NLRP3 binds to
ASC and then recruits Casp-1 to form the inflammasome complex,
which cleaves the proinflammatory cytokines pro-interleukin (IL)-
1B and pro-IL-18, resulting in the maturation and secretion of IL-13
and IL-18 [3-5]. Thus, the NLRP3 inflammasome plays a crucial role
in innate immunity and the inflammatory response. Emerging
evidence has shown that aberrant NLRP3 inflammasome activa-
tion is implicated in several inflammation-associated diseases,
including atherosclerosis, colitis, diabetes, Alzheimer’s disease, and
multiple sclerosis [6-10]. Knockout of individual NLRP3 inflamma-
some components and NLRP3 inflammasome inhibitors have
been demonstrated to inhibit inflammasome assembly or activity,

thus ameliorating NLRP3-related diseases [11-15]. Although it has
been suggested that targeting the NLRP3 inflammasome has
multiple beneficial effects in the treatment of inflammation-
associated diseases, currently available treatments for NLRP3-
related diseases in the clinic are limited. The available therapeutic
agents, including the recombinant IL-1 receptor antagonist
anakinra, the neutralizing IL-1B antibody canakinumab and the
soluble decoy IL-1 receptor rilonacept, target IL-13 but not the
NLRP3 inflammasome itself and therefore might cause side effects
related to the other biological functions of IL-13 [16, 17]. Recently,
several NLRP3 inflammasome-specific inhibitors (e.g., MCC950, CY-
09, and oridonin) with potent therapeutic effects in various animal
models of inflammatory diseases have been identified [18-21];
however, their efficacy in the clinic remains unknown. Therefore,
identifying and developing NLRP3 inflammasome-specific candi-
date inhibitors is urgently required for the treatment of NLRP3-
related diseases.
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Essential oils (EOs) are liquid mixtures of volatile and low
molecular-weight organic compounds extracted from aromatic
plants [22]. EOs have been used for medical and commercial
purposes owing to their various biological activities, including
antibacterial, antifungal, antiviral and antioxidant properties [23-26].
A growing number of studies have revealed the anti-inflammatory
effects of EOs in different models of inflammation in vitro and
in vivo [27-30]. However, the mechanism by which EOs exert their
anti-inflammatory effects remains incompletely understood. As the
components of EOs are complex, the active compound(s) that
exhibit anti-inflammatory properties must be identified. In the
present study, we first established a system to screen drugs
targeting the NLRP3 inflammasome to identify the active compound
(s) of different components of EOs that directly and specifically
inhibit NLRP3 inflammasome activity. 1,2,4-Trimethoxybenzene
(1,2,4-TTB), a major component of paulownia EO, was identified by
unbiased drug screening as a selective NLRP3 inflammasome
inhibitor. We found that 1,24-TTB decreased the aggregation of
ASC and its interaction with NLRP3 and disrupted the assembly and
activity of the NLRP3 inflammasome. Furthermore, 1,2,4-TTB
treatment in vivo significantly prevented the development and
progression of experimental autoimmune encephalomyelitis (EAE), a
mouse model of chronic neuroinflammation disease.

Collectively, the current results revealed that 1,2,4-TTB selec-
tively inhibited the activation of the NLRP3 inflammasome by
disrupting the formation of NLRP3 oligomers. By blocking the
activation of the NLRP3 inflammasome, 1,2,4-TTB attenuated the
symptoms and pathogenesis of EAE, which suggests that 1,2,4-TTB
could be a candidate treatment of NLRP3 inflammasome-related
diseases, such as multiple sclerosis.

MATERIALS AND METHODS

Mice

C57BL/6 mice were purchased from SPF (Beijing) Biotechnology
Co., Ltd. Conventional ASC knock mice were provided by Prof.
Feng Shao (National Institute of Biological Sciences, Beijing, China)
[31]. Four to five mice were housed per cage on a 12 h light/dark
cycle and given unrestricted access to food and water. All
experimental animal procedures were approved by the Institu-
tional Animal Care and Use Committee of the Beijing Institute of
Basic Medical Sciences.

Cell culture

Immortalized murine bone marrow-derived macrophages
(iBMDMs) were maintained in Dulbecco’s modified Eagle’s
medium (#11965-092, Life Technologies, Waltham, MA, USA)
supplemented with 10% heat-inactivated fetal bovine serum
(FBS, #04-001-1A, Biological Industries, Beit Haemek, Israel) and 1%
penicillin—streptomycin solution (#03-031-1B, Biological Industries)
at 37°C in a humidified atmosphere with 5% CO,.

Isolation and culture of primary macrophages and microglia
Primary peritoneal macrophages were isolated from adult wild-type
and ASC KO mice. The mice were sacrificed by neck breaking
method and immersed in 75% ethyl alcohol for 5 min. Macrophages
were collected by washing the peritoneal cavity with 5 mL of ice-
cold serum-free RPMI-1640 medium (#C11875500BT, Gibco, Shang-
hai, China). After centrifugation at 300 x g and 4 °C for 5 min, the cell
pellet was resuspended in fresh RPMI-1640 medium supplemented
with 10% heat-inactivated FBS, 1% penicillin, and 1% streptomycin
and seeded in culture plates for subsequent experiments.

Primary microglia from newborn mice were isolated and
cultured as previously described [32].

Western blotting

Western blot analysis was performed as previously described [33].
Briefly, cells or tissues were lysed with RIPA lysis buffer comprising
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a cocktail of protease and phosphatase inhibitors. Total protein
concentrations were measured using the BCA assay, and the
proteins were separated by SDS-PAGE and then transferred to a
polyvinylidene fluoride membrane (#ISEQ00010, Millipore, Darm-
stadt, Hessen, Germany). The membrane was blocked with 5%
nonfat milk in Tris-buffered saline and incubated with primary
antibodies overnight at 4 °C followed by horseradish peroxidase-
conjugated secondary antibodies for protein detection. The
primary antibodies used in the present study were anti-NLRP3
(#AG-20B-0014, AdipoGen, San Diego, CA, USA, 1:1000 for Western
blotting, 2 pg/sample for immunoprecipitation, 1:200 for immu-
nocytochemistry), anti-Casp-1 (#Ag-20B-0042, AdipoGen, 1:1000),
anti-ASC (#67824, Cell Signaling Technology, Beverly, MA, USA,
1:1000 for Western blotting, 1:200 for immunochemistry), anti-IL-
1B (#AF-401-NA; R&D Systems, Minneapolis, MN, USA, 1:1000),
anti-MBP (#78896, Cell Signaling Technology, 1:1000), and anti-f-
tubulin (#CWO0098A, CWBiotech, Taizhou, JS, China, 1:2000).

Enzyme-linked immunosorbent assay (ELISA) for the detection of
IL-1B

The culture medium was collected after cell stimulation and then
centrifuged at 12,000 x g and 4°C for 5 min. The levels of IL-1
(#432604, BioLegend, San Diego, CA, USA) in the supernatants
were assayed using ELISA according to the manufacturer’s
instructions.

ELISA for the detection of anti-MOG antibody

The MOGs3_s5 peptide was diluted in sodium bicarbonate buffer
(0.1 M, pH 9.0) at 1000 ng/uL and added to a 96-well plate (Nunc™
MaxiSorp™ ELISA plates, uncoated, Biolegend) at a volume of
100 yL/well. Then, the plate was incubated at 4 °C overnight and
washed three times with PBS. After washing, the plate was
blocked with blocking buffer (2% bovine serum albumin and 1x
PBS) at 37 °C for 2 h. After blocking, the plate was washed three
times with washing buffer (1x PBS and 0.05% Tween 20). Then,
the serum was diluted 10 times with blocking buffer and added to
the plate at a volume of 100 uL/well.

EAE induction and drug treatment

Six- to eight-week-old C57BL/6 female mice were used to establish
the EAE model as previously described. Briefly, each mouse was
subcutaneously immunized with 150pug MOGss_ss peptide
(synthesized by ChinaPeptides, Beijing, China) emulsified in
complete Freund’s adjuvant (#F5881, Sigma-Aldrich, Shanghai,
China) comprising 4 mg/mL heat-killed Mycobacterium tuberculosis
(#231141, BD Bioscience, San Jose, CA, USA) and then intraper-
itoneally injected with 200 ng pertussis toxin (#516560, Sigma-
Aldrich) on days 0 and 2. 1,2,4-TTB was diluted in sunflower oil and
administered intragastrically (i.g.) at a dosage of 200mg-kg™' -d™"
from day 7 after MOG immunization. The same volume of
sunflower oil was administered i.g. to the animals in the control
group. Body weight and clinical scores were recorded every day
post-immunization. Clinical scores were based on a five-point scale:
0, no disability; 1, flaccid tail; 2, single hind leg; 3, hind limb
paralysis; 4, quadriplegia; and 5, death.

Immunochemistry

Mice were euthanized with tribromoethanol and then intracar-
dially perfused with ice-cold saline. The lumbosacral spinal cords
were fixed with 4% paraformaldehyde (PFA) for at least 48 h and
processed for immunochemistry. Paraffin-embedded tissues were
cut at a thickness of 5pum, and the sections were stained with
Luxol Fast Blue (#G3242, Solarbio Life Science, Beijing, China) or
anti-MBP antibody for the evaluation of demyelination. In some
experiments, 4% PFA-fixed tissues were cut at a thickness of
40 um using a cryostat (#CM3050S, Leica, Buffalo Grove, IL, USA),
processed for immunostaining with anti-ASC and anti-MBP
antibodies, and subjected to confocal analysis.
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Co-immunoprecipitation (Co-IP)

To investigate the effect of 1,2,4-TTB on the protein interaction
between NLRP3 and ASC, iBMDMs (10 cm wells, ~107 cells) were
primed with lipopolysaccharide (LPS) for 3 h. Then, the cells were
pretreated with 1,2,4-TTB or vehicle for 30 min and stimulated
with nigericin (Nig, #481990, Sigma-Aldrich) for 1 h. After two
washes with ice-cold PBS, the cells were lysed with 1 mL IP buffer
supplemented with cocktail protease inhibitor and processed for
IP. Briefly, 2 ug anti-NLRP3 antibody was incubated with 40 pL
Protein G beads (#10004D, Invitrogen, Shanghai, China) at 4 °C
for 2h with rotation. After three washes with IP buffer, the
antibody-conjugated beads were added to the prepared cell
lysates and incubated at 4 °C overnight with rotation. Afterwards,
the beads were washed four times with IP buffer, eluted with
50 uL 1x SDS loading buffer, and subjected to immunoblotting
analysis.

ASC oligomerization assay

Macrophages were exposed to 1 pug/mL LPS for 3.5 h, treated
with 1,2,4-TTB for 0.5 h, and then stimulated with Nig for 45 min
(for primary macrophages) or 1 h (for iBMDM:s). The supernatant
was removed, and the cells were rinsed in ice-cold PBS and then
lysed with hypotonic lysis buffer (10 mM KCl, 1.5 mM MgCl,,
1 mM EDTA, 1 mM EGTA, 0.1 mM PMSF, and 20 mM Tris; pH 7.5)
with end-over-end rotation for 30 min at 4 °C. The lysates were
centrifuged at 6000 x g for 8 min at 4 °C, and the supernatants
contained the soluble components. The pellets were washed
twice in 1 mL ice-cold PBS and resuspended in 500 uL CHAPS
buffer (0.1% CHAPS, 10 mM KCI, 1.5 mM MgCl,, 1 mM EDTA,
1 mM EGTA, 0.1 mM PMSF, and 20 mM Tris; pH 7.5). Disuccini-
midyl suberate (DSS, #51885, Sigma-Aldrich, 2 mM) was added
to the resuspended pellets, which were incubated at 37 °C for
45 min with rotation. The samples were then centrifuged at
6000x g for 15min at 4°C. The crosslinked pellets were
resuspended in 60 uL sample buffer and boiled at 100 °C for
5 min. Then, oligomeric ASC and NLRP3 levels were analyzed by
Western blotting.

Flow cytometry

The mice were sacrificed after being anesthetized, and the spleens
were removed and ground into single cells with the plunger of a
2 mL syringe in cold PBS comprising 2% FBS. The cells were then
filtered with a 70 um strainer and harvested by centrifugation for
5min at 250 X g and 4 °C. After being washed with ice-cold PBS,
the cells were counted, and 2 x 10° cells from each sample were
used for staining with PE-labeled anti-CD4 (#100408, BioLegend,
1:400), FITC-labeled anti-CD3 (#100204, BioLegend, 1:400), and
APC-labeled anti-CD8a (#100712, BioLegend, 1:400) antibodies.
After staining, the cells were washed with PBS and analyzed with a
BD Aria Il flow cytometer.

Real-time quantitative polymerase chain reaction (qPCR)

Total RNA was extracted from the spinal cord using TRIzol reagent
(#15596026, Invitrogen), and then cDNA was synthesized using a
One-Step First-strand cDNA synthesis kit (#AT311-02, Transgen,
Beijing, China). SYBR Green-based real-time gqPCR (#A304, GenStar,
Beijing, China) was performed to measure gene expression. The
primer sequences used in the present study were listed in
Supplementary Table S2.

Statistical analysis

All data are expressed as the mean * standard error of the mean of
three independent experiments. All statistical analyses were
performed using GraphPad Prism software (version 8.0). The
significance of differences was assessed by unpaired Student’s
t test or one-way or two-way analysis of variance followed by
Tukey’s multiple comparisons test. Differences were considered
significant at P < 0.05.
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RESULTS

Screening of the active compounds of EOs that target the NLRP3
inflammasome

To identify the ingredients of EOs that exert anti-inflammatory
effects, we established a potential bioactive compound library
composed of the major components of patchouli EO, camphor EO,
eucalyptus EO and paulownia flower EO. Then, the effects of these
compounds on the activation of the NLRP3 inflammasome were
tested by measuring Casp-1 activation and IL-1f secretion. We first
determined whether the EO compounds affected the secretion of
IL-1B in primary macrophages. Among the 22 EO compounds
(Supplementary Table S1), we found that eight significantly
suppressed the secretion of IL-13 (Supplementary Fig. S1a). For
more stringent screening, iBMDMs were primed with lipopoly-
saccharide for 3.5h and then pretreated with individual active
compounds of EOs for 0.5 h before being stimulated with nigericin
(Nig) (Fig. 1a). The results showed that four of the components,
including 1,2,4-TTB (a major component of paulownia EO), a-
patchoulenel (a major components of patchouli EO), a-terpineol
and camphene (the components of pine EO), exerted potent
inhibitory effects on both Casp-1 cleavage and IL-1 secretion in a
dose-dependent manner (Fig. Tb-d). Further confirmatory experi-
ments showed that 1,2,4-TTB (the structure of which is shown in
Fig. 2a) exhibited the most significant inhibitory effect on NLRP3
inflammasome activation (Fig. 2b). In addition, high doses of a-
patchoulenel, o-terpineol, and camphene caused cytotoxicity
(Supplementary Fig. S1b—d). Therefore, 1,2,4-TTB is a candidate
inhibitor of the NLRP3 inflammasome.

1,2,4-TTB selectively inhibits the activation of the NLRP3
inflammasome

To further investigate the pharmacological activity of 1,2,4-TTB, we
first examined its toxic effects on iBMDMs. Analysis of cell viability
showed that 1,2,4-TTB did not have an obvious toxic effect on cells
when the concentration was below 1 mM (Fig. 2¢). At 1T mM, 1,2,4-
TTB exerted the most significant inhibitory effect on NLRP3
inflammasome activation induced by Nig (Fig. 2b); thus, this dose
was used in subsequent experiments. The NLRP3 inflammasome
can also be activated by stimuli other than Nig, such as ATP.
Therefore, we tested whether 1,2,4-TTB was effective in inhibiting
NLRP3 inflammasome activation induced by ATP. ATP-induced
Casp-1 activation and IL-1 secretion were significantly sup-
pressed by 1,2,4-TTB in both iBMDMs and primary macrophages
(Fig. 2d-f), indicating that 1,2,4-TTB might be a broad-spectrum
inhibitor of the NLRP3 inflammasome. We also examined the
effect of 1,2,4-TTB on microglia, central nervous system-resident
immune cells that mediate neuroinflammation in neurological
diseases. Consistent with the results in macrophages, Casp-1
activation and IL-1f maturation were markedly inhibited by 1,2,4-
TTB treatment when NLRP3 inflammasome activation was induced
in primary microglia by Nig or ATP (Fig. 2g-i). 1,2,4-TTB treatment
did not affect the expression of pro-caspase-1 and pro-IL-1f3 in the
cell lysates, suggesting that 1,2,4-TTB might specifically inhibit the
activation but not the priming of the NLRP3 inflammasome.

To test this hypothesis, we treated iBMDMs with 1,2,4-TTB 0.5 h
before LPS stimulation and then performed gPCR and Western
blotting analysis. Consistently, 1,2,4-TTB treatment failed to alter
the expression levels of pro-IL-1B, pro-caspase-1, and NLRP3
(Supplementary Fig. S2a-d), demonstrating that 1,2,4-TTB did not
suppress LPS-induced priming of the NLRP3 inflammasome.
Together, these results show that 1,2,4-TTB selectively inhibited
NLRP3 inflammasome activation.

1,2,3-TTB fails to inhibit activation of the NLRP3 inflammasome

To explore whether 1,2,3-TTB (Fig. 3a), an isomer of 1,2,4-TTB, also
exhibits anti-NLRP3 inflammasome activity, we performed similar
experiments. As expected, we found that 1,2,4-TTB significantly
inhibited Nig-induced NLRP3 inflammasome activation in both
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iBMDMs and primary macrophages, as indicated by decreased
Casp-1 cleavage and IL-1§3 secretion (Fig. 3b-g). In contrast, 1,2,3-
TTB failed to alter the activation of Casp-1 and maturation of IL-1(3
(Fig. 3b-g); therefore, 1,2,3-TTB could not inhibit NLRP3 inflamma-
some activation. Similarly, ELISA analysis showed that the levels of
IL-13 were markedly reduced by 1,2,4-TTB treatment; however, no
obvious difference was observed between the 1,2,3-TTB and
vehicle (DMSO) groups (Fig. 3h). Together, these data suggest that
the structure-dependent activity of 1,2,4-TTB might be required
for NLRP3 inflammasome inhibition.

1,2,4-TTB does not inhibit activation of the AIM2 inflammasome

Next, we investigated whether 1,24-TTB could inhibit the
activation of the absent in melanoma 2 (AIM2) inflammasome
induced by the dsDNA analog poly(dA:dT) in primary peritoneal
macrophages and iBMDMs. Western blotting (Fig. 4a—c) and ELISA
(Fig. 4d) indicated that 1,2,4-TTB did not affect the LPS- and poly
(dA:dT)-induced cleavage and release of IL-1B in primary
peritoneal macrophages. Consistently, 1,2,4-TTB failed to alter
the release of IL-13 induced by LPS and poly(dA:dT) in iBMDMs
(Fig. 4e, f). Therefore, 1,2,4-TTB did not inhibit the activation of the
AIM2 inflammasome. After activation, both NLRP3 and AIM2 bind
to ASC and recruit Casp-1 for inflammasome assembly. ASC
heterozygote knockout (ASC™™) macrophages, which were used
as positive controls, displayed significantly decreased caspase-1
activation and IL-1B maturation (Fig. 4a-d). Collectively, these
results demonstrate that 1,24-TTB does not inhibit AIM2
inflammasome activation.

1,2,4-TTB blocks NLRP3 inflammasome assembly

To clarify how 1,2,4-TTB specifically inhibits NLRP3 inflammasome
activation, we tested the effect of 1,2,4-TTB on NLRP3 inflamma-
some assembly, which is required for NLRP3 inflammasome
activation. Because 1,2,4-TTB did not alter the expression of ASC
in cell lysates (Fig. 4a), we next examined whether it impaired
NLRP3-dependent ASC oligomer formation. Immunofluorescence
revealed that ASC was condensed into specks after Nig-induced
NLRP3 activation in iBMDMs; however, the number of these specks
was markedly decreased upon 1,2,4-TTB treatment (Fig. 5a, b). The
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DSS crosslinking experiment showed that the formation of ASC
monomers, dimers, tetramers and higher-order complexes was
significantly attenuated by 1,24-TTB (Fig. 5c). Correspondingly,
while 1,2,4-TTB treatment decreased the level of insoluble ASC (the
activated form), it increased the level of soluble ASC (the inactivated
form) without obviously changing total ASC protein expression
(Fig. 5¢), indicating that 1,2,4-TTB inhibits ASC oligomerization
during NLRP3 inflammasome activation. In addition, the inhibitory
effect of 1,2,4-TTB on speck formation was confirmed in primary
microglia (Fig. 5d, e). Consistently, the amount of ASC dimers,
tetramers and oligomers formed as a result of NLRP3 activation was
reduced in 1,2,4-TTB-treated microglia (Fig. 5f).

We next sought to investigate whether 1,2,4-TTB impaired the
protein interaction between NLRP3 and ASC. The results of the Co-
IP assay showed that the NLRP3-ASC interaction was enhanced
upon Nig stimulation but that this change was blocked by 1,2,4-
TTB treatment (Fig. 6a, b), suggesting that 1,2,4-TTB might disrupt
the binding of ASC to NLRP3 after inflammasome activation. A
subsequent study showed that NLRP3 oligomers formed after
NLRP3 activation and that this phenomenon was also suppressed
by 1,2,4-TTB (Fig. 6c—f). Together, these data demonstrate that
1,2,4-TTB inhibits NLRP3 inflammasome activation by preventing
NLRP3 inflammasome assembly in the initial stage.

1,2,4-TTB ameliorates EAE severity

We next evaluated the effect of 1,2,4-TTB in vivo. The EAE mouse
model is a well-established model of human multiple sclerosis, an
autoimmune disease associated with demyelination, reactive
gliosis, and chronic neuroinflammation. Recent evidence has
demonstrated that NLRP3 inflammasome activation occurs during
multiple sclerosis and is required for EAE development [10, 34].
Therefore, we tested the possibility therapeutic effect of 1,2,4-TTB
on EAE. The mice received i.g. administration of 1,2,4-TTB at a
dosage of 200mg-kg~'-d~' starting from day 7 after MOG
immunization (Fig. 7a). The mice treated with 1,2,4-TTB displayed
lower morbidity and less severe EAE than the mice treated with
the vehicle (Fig. 7b). Accordingly, reduced body weight loss was
observed in 1,2,4-TTB-treated mice compared to control mice
(Fig. 7¢). 1,2,4-TTB also attenuated disease pathology, as indicated
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by a smaller MBP-negative area (Fig. 7d) and smaller demyelina- treated mice displayed a slightly increase in the number of CD8"
tion area (Fig. 7e) measured by immunofluorescence and Luxol cells (Supplementary Fig. S3a), suggesting that 1,2,4-TTB did not
Fast Blue staining, respectively. limit the proliferation of T cells in the spleen. Similarly, no obvious

To investigate whether 1,2,4-TTB ameliorated EAE by suppres- alterations in MOG antibody levels in the serum were observed

sing the adaptive immune response, we counted T cells and between the vehicle and 1,24-TTB groups (Supplementary
measured the serum anti-MOG antibody level. First, we analyzed T Fig. S3b), indicating that 1,2,4-TTB did not affect B-cell activation
cell subpopulations when the mice were killed on day 23. FACS or MOG antibody secretion. Together, these in vivo results show
analysis of the spleen revealed that 1,2,4-TTB did not alter the that 1,2,4-TTB attenuates EAE severity without affecting peripheral
percentage of CD4" cells (Supplementary Fig. S3a). The 1,2,4-TTB- adaptive immune responses.
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1,2,4-TTB inhibits NLRP3 inflammasome activation in vivo in vivo. We first performed immunofluorescence analysis of spinal

To address how 1,2,4-TTB ameliorated EAE, we next explored sections. As expected, the NLRP3 inflammasome was aberrantly
whether 1,2,4-TTB could inhibit NLRP3 inflammasome activation activated in the EAE group, as reflected by elevated ASC
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(e), IL-17a (f), CCL-5 (g), and IL-4 (h) were analyzed by real-time PCR. (* indicates P < 0.05, ** indicates P < 0.01 by one-way ANOVA).

expression and aggregation in the EAE group compared to the
control group (naive mice) (Fig. 8a). In contrast, 1,2,4-TTB-treated
mice showed much lower ASC expression and aggregation than
mice treated with the vehicle (Fig. 8a), suggesting that 1,2,4-TTB
inhibits NLRP3 inflammasome activation in EAE. Correspondingly,
Western blot analysis of the spinal cord showed that the
expression of components of the NLRP3 inflammasome complex,
including NLRP3, ASC and cleaved Casp-1, was significantly
downregulated in the mice treated with 1,2,4-TTB (Fig. 8b, c).
These data again demonstrate that 1,2,4-TTB inhibits NLRP3
inflammasome activation in vivo. In addition, we found that 1,2,4-
TTB markedly reduced the mRNA levels of IFN-y and IL-173,
indicating that 1,2,4-TTB suppressed pathogenic T cell activation
in local areas (Fig. 8d, e). Accordingly, while the expression of
chemokine CCL-5 was decreased, the expression of the anti-
inflammatory factor IL-4 was upregulated by 1,2,4-TTB treatment
(Fig. 8f, g). Taken together, these results demonstrate that 1,2,4-

Acta Pharmacologica Sinica (2021) 42:1769-1779

TTB ameliorates neuroinflammation by inhibiting NLRP3 inflam-
masome activation, thus preventing EAE progression (Fig. 9).

DISCUSSION
The NLRP3 inflammasome is one of the major inflammasomes and
has been indicated to promote the development of many diseases.
Inhibition of the NLRP3 inflammasome can be achieved by
targeting the priming, boosting, and posttranslational modification
of NLRP3 components [35-37]. However, agents that target only
NLRP3 selectively block the activation of the NLRP3 inflammasome
and have certain advantages over biologic inhibitors of NF-kB and
IL-1B. Here, we identified 1,2,4-TTB, a natural component of EOs
that inhibits the activation of the NLRP3 inflammasome without
affecting the activation of the AIM2 inflammasome.

EOs are secondary metabolites that are mainly derived from
aromatic plants and have potential application value in the medical
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and commercial fields [38]. EOs of patchouli, paulownia, rosemary,
lavender, pine, and clove exert potent anti-inflammatory effects
[23, 24, 38-40]. However, the mechanisms involved in the anti-
inflammatory properties of EOs remain unknown. As natural
products with multiple biological activities, EOs are promising
sources for the development of novel therapeutic molecules to
treat human diseases [41, 42]. In the current study, we identified
1,24-TTB, a major component of paulownia EO, as a selective
inhibitor of the NLRP3 inflammasome. Although 1,2,3-TTB is an
isomer of and is very similar to 1,2,4-TTB, it fails to inhibit the
activation of the NLRP3 inflammasome, indicating that inhibition of
the NLRP3 inflammasome by 1,2,4-TTB is structure dependent. To
optimize the inhibitory effect of 1,2,4-TTB, its structure-dependent
biological activity should be explored in future work.

Basic and clinical studies have demonstrated that abnormal
activation of the NLRP3 inflammasome is implicated in several
human inflammatory diseases, such as atherosclerosis, colitis,
diabetes, Alzheimer's disease, multiple sclerosis, and post-
traumatic stress disorder [6-11]. MCC950, the first compound
identified to specifically inhibits the NLRP3 inflammasome, has
been demonstrated to have a strong beneficial effect on mouse
models of several of these diseases [18]. Moreover, recent studies
have identified several compounds that can directly inhibit NLRP3
inflammasome activation and effectively attenuate inflammation-
associated diseases in animal models [19, 20, 43]. Therefore, the
NLRP3 inflammasome is a diagnostic biomarker and an attractive
therapeutic target for these diseases [34, 44, 45]. However, there
are currently no available agents that directly and specifically
target the NLRP3 inflammasome in the clinic.

In the present study, we report that 1,2,4-TTB is a novel inhibitor
that selectively blocks NLRP3 inflammasome activation and is thus
an optimal choice for the treatment of NLRP3-driven diseases. Our
data indicated that 1,2,4-TTB selectively inhibited NLRP3 inflam-
masome activation without altering the status of the AIM2
inflammasome. Mechanistically, 1,2,4-TTB blocked NLRP3 inflam-
masome assembly by suppressing NLRP3 oligomer formation, the
NLRP3-ASC interaction, and NLRP3-dependent ASC oligomeriza-
tion. Importantly, 1,2,4-TTB treatment in vivo significantly amelio-
rated EAE severity and pathological progression. Consistent with
previous studies, our data suggest that the NLRP3 inflammasome
is a potential therapeutic target for inflammation-associated
diseases. However, for future development of 1,2,4-TTB and its
application in clinical settings, more optimization, preclinical trials,
and safety testing of the compound are required.

SPRINGERNATURE

Collectively, our results demonstrated that 1,2,4-TTB specifically
inhibited the activation of the NLRP3 inflammasome by suppres-
sing inflammasome assembly and displayed marked beneficial
effects in EAE (Fig. 9). Given the role of the NLRP3 inflammasome
in the development of Parkinson’s disease, gout and multiple
sclerosis, 1,2,4-TTB or its derivatives could be potential pharma-
ceutical agents for NLRP3-driven inflammatory diseases.
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